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Partial drainage effects in the interpretation of piezocone tests in Venetian silty soils 
Apport du drainage partiel pour l’interprétation des essais de pénétration statique dans les sols 

limoneux de Venise 

L. Tonni & G. Gottardi 
 DISTART, University of Bologna (Italy)  

ABSTRACT 
The paper presents the results of a field study based on a consistent set of piezocone tests performed within a more ambitious research
programme carried out at the Treporti Test Site (Venice, Italy), with the aim of better understanding the behaviour of the 
heterogeneous and highly stratified silty sediments forming the shallowest layers of the Venetian lagoon basin.  
Such programme included the construction of a full scale vertical-walled cylindrical test bank together with a comprehensive 
monitoring system for surface settlements, water pressures, subsoil strains and stresses beneath the loaded area. The paper refers in
particular to the last in-situ testing campaign, carried out after the complete removal of the test bank and provides a preliminary 
attempt to recognize partial drainage conditions during cone penetration in Venetian soils according to recent interpretation
procedures proposed in the literature.  

RÉSUMÉ
Dans cet article on présente les résultats d’un programme d’essais de pénétration statique (CPTU) déroulé auprès d’une station d’essai
placée à Treporti (Venise, Italie), dans le cadre d’une recherche conçue pour améliorer la connaissance des sédiments limoneux qui
constituent le sous-sol de la lagune de Venise. Le programme comprenait la construction d’un remblai expérimental à parois verticales
ainsi que la mise en place de plusieurs dispositifs de contrôle des tassements, pressions interstitielles, déformations profondes et
contraintes. Faisant référence en particulier aux essais de pénétration statique réalisés après le déplacement du remblai, cette
communication propose une analyse préliminaire des données expérimentales à l’aide de méthodes qui permettent d’évaluer le degré
du drainage au cours de la pénétration de la pointe dans les couches limoneuses du sous-sol lagunaire.   
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1 THE TREPORTI TEST SITE 

The paper presents the more recent results of a field study based 
on a consistent set of piezocone tests performed within an 
ambitious research programme carried out by the Italian 
Universities of Padova, Bologna and l’Aquila at the Treporti 
Test Site (Venice, Italy), with the aim of better understanding 
the behaviour of the heterogeneous and highly stratified silty 
sediments forming the shallowest layers of the Venetian lagoon 
basin.  

Such investigation project, launched in 2001 and now in its 
concluding phase, was basically inspired by the increasing 
interest in developing a reliable geotechnical model of the rather 
complex Venetian subsoil, required by the foundation design of 
the structures intended to protect Venice against recurrent 
flooding (Ricceri, 2007). 

The research programme first consisted of a detailed 
geotechnical characterization through several in-situ tests 
(mainly piezocone and flat dilatometer), continuous coring 
boreholes and related high quality laboratory tests. Thereafter, a 
full scale vertical-walled cylindrical test bank of 40 m diameter 
was progressively built and continuously monitored with regard 
to surface settlements, pore water pressures, subsoil strains and 
stresses. At the beginning of 2007 the monitored removal of the 
loading bank started and was completed after approximately a 
year. Consequently, a new in-situ testing campaign was planned 
and carried out.  

A complete database of piezocone measurements has thus 
become available for interpretation in terms of soil 
compressibility and consolidation parameters on the basis of a 
well-known stress history. The analysis of data gathered in the 
initial phases of the investigation programme confirmed the 

great potential of piezocone as in-situ testing technique, 
especially for stratigraphic profiling of the highly heterogeneous 
Venetian silty sediments, but revealed at the same time evident 
limitations of well-established empirical correlations for the 
estimate of relevant geotechnical parameters. (Gottardi & 
Tonni, 2005; 2009). 

It was also observed that difficulties in interpreting in-situ
testing by using standard approaches could be related to soil 
consolidation characteristics and partial drainage effects. 
Indeed, as a consequence of the essentially silty nature and the 
complex macrofabric of Venetian subsoil, different degrees of 
partial drainage are very likely to occur under a standard rate of 
penetration (v = 2 cm/s) and the preliminary evaluation of such 
condition is of crucial importance for the assessment of 
representative mechanical parameters. 

In this work the issue of drainage degree detection is tackled 
from the perspective of two interpretation approaches (Schnaid 
et al., 2004; Randolph & Hope, 2004) which have been applied 
to piezocone tests recently carried out in Treporti and performed 
at different penetration rates, according to a modified testing 
procedure suggested in the literature.  

2 THE PIEZOCONE TESTING CAMPAIGNS 

Due to a complex depositional history over the last glacial 
Pleistocene period (Würm), the upper 100 m of the Venetian 
subsoil appear to be highly heterogeneous and stratified in an 
endless and chaotic alternation of silts, silty sands and silty 
clays (Cola & Simonini, 2002). 

A representative test site of such subsoil was located outside 
Treporti, an old fishermen village on the Cavallino coast line,   
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Figure 1. Satellite view of the Venetian Lagoon, with location of the 
Treporti Test Site. 

facing the North Eastern lagoon (Fig.1). In this area, an 
extensive piezocone testing programme – among others - was 
carried out by the University of Bologna, according to four 
different phases: first, a preliminary campaign, covering the 
whole area of the test site, was performed in order to get an 
initial description of the subsoil as well as to identify the most 
adequate location for the loading bank to be built. Afterwards, a 
detailed second phase testing programme, including 10 
piezocone tests solely located beneath the circular area of the 
loading bank was carried out (Fig.2). At the end of the bank 
construction (Fig. 3), limited piezocone tests were also 
performed from the top of the bank itself.  

In May 2008, once the loading bank removal had been 
completed, the final piezocone testing programme was 
launched. As shown in Fig. 2, it included a number of tests 
located close to selected verticals already investigated in both 
the second and third phases (CPTU 34, CPTU 39, CPTU 40), 
together with two additional tests (CPTU 34min, CPTU 34max) 
carried out near the centre of the loaded area at non-standard 
penetration rates. The main purpose of this last campaign was to 
examine the stress-history effects on piezocone measurements 
as well as to detect drainage conditions during penetration in 
silty layers.  

3 STRESS-HISTORY 

A typical piezocone log profile of Venetian subsoil is reported 
in Fig. 4, showing the corrected cone resistance qt and the pore 
pressure u of the second phase test CPTU 14 (located at the 
centre of the loading bank area), in conjunction with the log of a  
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Figure 2. Location of the piezocone tests beneath the loaded area 

Figure 3. Overview of the completed loading bank 

nearby borehole. Results confirm a highly stratified system, 
with a well-defined top layer of fine clean sand, 6-7 m thick, 
followed by clayey silts interbedding sandy silts. 

Reliable OCR estimates of the predominantly sitly layer – 
between 7.7 and 20 m depth, in its initial conditions were 
determined by interpreting subsoil strain measurements from 
the sliding deformeters installed beneath the loading bank (Fig. 
5). Indeed, such devices provide, every 1 m intervals, field axial 
strain measurements which can be suitably plotted versus  local 
stress increments in order to have an indication of the 
preconsolidation pressure (Simonini, 2004). OCR values after 
the bank removal could be easily back calculated from the stress 
history applied with the loading bank.  

Such OCRs can be then compared with estimates obtained 
using the well-known relationship proposed by Powell et al.
(1988), given by: 

Figure 4. Log data of CPTU 14 
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Figure 5. Subsoil OCRs for different phases of the stress history. 
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with k = 0.3 for the data of the fourth phase test CPTU 34. 
As expected, due to the new loading history, final OCR

values are higher than initial OCRs, especially down to 14 m 
depth, though never exceeding 2.5. It is worth observing that 
Powell’s formula provides rather unrealistic predictions, thus 
confirming that the application of existing empirical and semi-
empirical approaches developed for clays generally results in 
unreliable soil parameter values for Venetian sediments 
(Gottardi & Tonni, 2009). Indeed, as already observed by 
several authors, when partial drainage during cone penetration 
is likely to occur and neglecting viscosity effects, the cone 
resistance clearly tends to be higher than in fully undrained 
conditions and to provide an overestimate of relevant 
geotechnical parameters: OCR values based on Powell’s 
relationship are in fact higher within the silty unit where the 
sandy fraction is greater (Fig. 5). The preliminary evaluation of 
such condition is therefore of paramount importance for the 
assessment of representative mechanical parameters.  

4 PARTIAL DRAINAGE CONDITIONS 

Fig. 6 shows the application of the approach recently proposed 
by Schnaid et al. (2004) as a development of the pioneering 
work of Hight et al. (1994), based on plotting the normalized 
cone resistance Qt vs. the pore pressure parameter Bq in 
combination with the undrained strength ratio su/σ’v0, to CPTU 
14 data from 7.7 to 20 m depth, again related only to the 
predominantly silty unit. A cone factor Nkt equal to 15 was 
assumed to convert the cone resistance to undrained shear 
strength. It is evident that most points fall in the range where Bq

< 0.3, corresponding to the domain in which partial drainage is 
prevailing when testing normally consolidated soils at a 
standard rate of penetration (v  =  2 cm/s). It is worth noting 
that the calculated undrained strength ratio is in general 
significantly higher than values commonly accepted (0.2-0.3; 
e.g. Ladd et al., 1977) for NC or slightly OC soils (Fig. 6) and 
exhibits considerable scatter, thus suggesting that deviation 
from this pattern in the case of Venetian sediments is essentially 
related to partial drainage phenomena.  

In Fig. 6 data from the adjacent CPTU 34 test, referring to 
the post-loading bank phase, are also plotted. Due to the 
undergone compression and overconsolidation, silty sediments 
show a more pronounced dilative behaviour, with very lo w o r   
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Figure 6. Soil classification from piezocone data (CPTU 14) addressing 
drainage conditions during penetration 

even negative excess pore pressures (Bq < 0). Therefore, such 
approach for the evaluation of partial drainage should be strictly 
related to non-dilative soils, as it is further discussed in the 
following section with reference to the piezocone tests 
performed at non-standard penetration rates. 

5 DRAINAGE ASSESSMENT 

As observed by Randolph (2004), in order to verify the 
transition point from undrained to partially drained response, 
the simplest approach is to conduct penetration tests at different 
rates. Fig. 7 shows cone resistance profiles of CPTU 34min and 
the adjacent CPTU 34max, carried out at v = 0.15 cm/s and 4 
cm/s respectively.   

A general increase in cone resistance can be observed 
within the silty unit from 7 to 20 m depth when the rate of 
penetration is slower than standard. The dependence of 
penetration resistance on both partial drainage and viscous 
effects has been discussed by several authors (e.g. Finnie & 
Randolph, 1994), who demonstrated that as the rate of penet ra-  

Figure 7. Comparison between cone resistance of adjacent CPTU tests 
performed at different penetration rates. 
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Figure 8. Comparison between pore pressure in the silty layer referring 
to adjacent CPTU tests performed at different penetration rates 

tion reduces the resistance starts to increase, owing to partial 
consolidation in the soil ahead of the advancing cone. Fig. 8 
shows that a reduction in the rate of penetration also results in 
lower pore water pressures u.

Following Randolph & Hope (2004), in Fig. 9 data from 
tests CPTU 34, CPTU 34min and CPTU 34max are represented 
in terms of the pore pressure ratio Bq vs. the normalized 
penetration rate V = v·d/cv, where d is the probe diameter and cv

is the coefficient of consolidation. In Fig. 9, the curve provided 
by Randolph & Hope (2004) is also plotted, as obtained by 
fitting model piezocone data from centrifuge tests in normally 
consolidated kaolin. Such curve, useful for assessing drainage 
degree in a given penetration test, shows that transition from 
undrained to partially drained response starts at V ~ 100 while 
the limiting drained conditions are reached for V ~ 0.1. 

It is rather evident that data from Treporti do not fit the same 
trend. Discrepancies could be due to uncertainties on the 
evaluation of the relevant coefficient of consolidation. Although 
Randolph (2004) suggests to carefully evaluate cv from 
independent tests, in this work it was determined from the 
available dissipation tests carried out during piezocone testing 
and according to the well-known procedure proposed by Teh & 
Houlsby (1991), which would imply a theoretical initial pore 
pressure distribution associated to a fully undrained response 
during penetration. Two different representative values were 
thus selected along the silty layer: cv equal to 2·10-5 m2/s and  
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4·10-6 m2/s. However, even assuming  higher values of cv, as 
suggested by Simonini (2004) for such soils, the overall trend 
would not be substantially modified. 

Despite partial drainage effects are certainly crucial for the 
data interpretation, it should be also considered that dilative 
soils in undrained conditions would develop a different Bq trend 
(Schneider et al., 2007), in much better agreement with these 
silty soils. 

6 CONCLUDING REMARKS 

The paper has focused on the evaluation of drainage degree 
during cone penetration in Venetian subsoil, characterized by an 
endless alternation of predominantly silty sediments, always 
combined with sands and/or clays. 

Assessment of drainage conditions has been performed 
through the application of two existing approaches to specific 
piezocone tests, also conducted at different penetration rates in 
order to capture the transition point from undrained to partially 
drained conditions. Preliminary results have clearly confirmed 
the occurrence of partial drainage within the predominantly silty 
unit, but at the same time have shown difficulties in the 
interpretation of available data, when potentially dilative 
behaviour must be taken in careful consideration. 
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