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1 INTRODUCTION 

From the time of the first use of cone penetration 
test, over four decades ago, CPT (and its variation 
CPTU) has become the most popular in situ testing 
technique worldwide. CPT/CPTU results may be 
used for detailed stratigraphic profiling as well as for 
estimating geotechnical parameters, allowing cheap 
and fast interpretation of data compared to sampling 
and laboratory testing. 

At ASTM standard cone velocity (20 mm/s), soil 
response typically turns out to be fully drained in 
sands and fully undrained in clays; by contrast, par-
tially drained conditions may pertain to silts and oth-
er naturally soil deposits at such penetration rate. 
This implies evident limitations on the applicability 
of well-established empirical correlations, developed 
for sands or clays, to intermediate soils for the esti-
mate of their geotechnical parameters (Gottardi & 
Tonni 2009). 

A proper interpretation of CPT/CPTU in silts and 
other naturally mixed soil deposits is generally diffi-
cult to achieve and should be based on the prelimi-
nary assessment of drainage conditions during the 
test. As shown in a number of research contributions 
(e.g. Randolph 2004; Schneider et al. 2007), an ef-
fective procedure for identifying drainage degree 
around the advancing cone consists in performing 
CPTU tests at variable penetration rates, which re-
sult in different tip resistance and pore pressure 
measurements. In order to assess the drainage de-

gree, Finnie and Randolph (1994) proposed the use 
of a normalized velocity, V, defined as: 

vc

dv
V


  (1) 

where v is the penetration rate, d is the cone diameter 
and cv is the vertical coefficient of consolidation. 
According to the experimental data collected from 
centrifuge CPTU in kaolin clay, Randolph (2004) 
stated that drained penetration would occur at V less 
than about 0.03-0.01 whilst undrained penetration 
occurs at V larger than 30-100. 

Compared to the relatively large amount of data 
collected in recent years from non-standard rate 
CPTU in physical models, a rather limited database 
from field scale tests on natural deposits is at present 
available (Kim et al. 2008; Suzuki et al. 2013; Gar-
cía et al. 2014, Krage et al. 2014). According to the 
experience so far collected, interpretation of field 
tests is not always straightforward due to soil heter-
ogeneity and equipment capability to embrace a suf-
ficiently wide range of penetration rates. 

This paper aims at providing some insight into 
the interpretation of CPTU measurements in inter-
mediate soils, by presenting results from a piezocone 
campaign recently performed in a silty deposit locat-
ed in the southern margin of the river Po valley (For-
lì, Italy). The research programme included CPTUs 
carried out at different rates, ranging from about 0.9 
to 61.7 mm/s, combined with laboratory tests per-
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formed on undisturbed samples. Rate effects on 
normalized CPTU measurements are investigated 
and compared with results reported by other authors. 

2 FIELD TESTING 

2.1 Overview 

The variable rate CPTUs were conducted in an in-
dustrial area (Figure 1) located in the surroundings 
of the city of Forlì (Emilia-Romagna, Northern Ita-
ly). The experimental programme included No. 8 ad-
jacent piezocone tests, all pushed over 15 m in 
depth, carried out by the Soil Mechanics Laboratory 
of the University of Bologna (Italy) using an inte-
grated Delft Geotechnics piezocone equipment, with 
a hydraulic system having a pushing capacity of 200 
kN. A standard cone was employed, with a diameter 
of 35.7 mm and a section area of 10 cm2.  

The pore pressure was recorded at the shoulder 
position (u2). Special attention was paid to the satu-
ration procedure in order to achieve a fully saturated 
pore pressure system before penetration. It is worth 
observing that insufficient saturation may be caused 
by either an inadequate choice of saturation methods 
or by penetration of unsaturated zones or dilative 
soils (Sandven 2010). 

2.2 Site details and CPTU campaign 

The city of Forlì is located along the Romagna Ap-
ennines-Po Plain margin, in a foreland basin in 
which Plio-Quaternary deposits built up. 

During Late Quaternary, erosion phenomena in-
duced the current mountain relief. As a consequence 
of the deposition of the erosional sediments in the Po 
plain, a thick alluvial deposit was formed in this ar-
ea. The thickness of such sediments underneath the 
city is over 200 m. 

The deposits are referable to the Ravenna AS8 
Subsystem, consisting of clayey-sandy silts, and to 
the Unit of Modena AS8a, consisting of silty-clayey 
sands. 

Such stratigraphic condition was confirmed by a 
32 m-deep borehole, as well as by standard CPTU 
results, which revealed that the upper 29 m basically 
consist of silty-clayey sediments, with local inter-
bedded silty sand levels from 8 to 9 m, 12 to 16 m 
and 19 to 21 m in depth. Below such macro-unit, 
gravels were encountered. The water table was lo-
cated at about 2 m in depth. 

Laboratory tests were also performed on samples 
extracted from the borehole in order to determine 
physical and mechanical properties of the soils under 
investigation. Table 1 shows the basic physical soil 
properties; particle size distribution curves are de-
picted in Figure 2. 

 
 
Table 1. Basic physical soil properties. _________ 

Depth (m)   n (kN/m3)  wn (%)  wL (%)  wP (%) _________ 

6.2-6.7    19.8    25    57.6   21 
12.2-12.5   19.2    31.3   25    17 
15.0-15.5   20.6    22.2    -     - 
18.0-18.5   19.2    31.5   50.8   23.1 _________ 

 
 
Figure 3 shows the corrected tip resistance, qt, 

and the pore pressure, u2, measurements from the 
test performed at the standard penetration rate 
(CPTU 1) as well as the Soil Behaviour Type (SBT) 
profile according to the well-known CPTU-based 
classification system proposed by Robertson (2009), 
providing a very detailed description of stratigraphy. 
As it can be observed, the upper 4 meters mainly 
consist of silt mixtures (SBT = 4) with occasional 
presence of silty sands/sandy silts (SBT = 5); below 
4 m in depth sediments consist of an alternation of 
silt mixtures (SBT = 4) and clays (SBT = 3) with in-
terbedded sand mixtures (SBT = 5 and SBT = 6). The 
soil lithology detected by an adjacent borehole, also 

Forlì

Bologna

ROME

Test Site

 
Figure 1. Location of the test site. 

 
Figure 2. Grain size distribution of representative soil samples.  
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reported in Figure 3, is in substantial agreement with 
the SBT-profile, hence confirming the effectiveness 

of the approach to predict soil behaviour. 
Dissipation tests were also carried out at the site 

in order to measure the piezometric head and to 
evaluate the coefficient of consolidation. Figure 4a 
shows the dissipation curves at a depth of 12.2 m 
and 15.2 m (curves A and B hereafter), correspond-
ing to clayey silt and silty sand level respectively. 
The pore pressures in curve A is always greater than 
hydrostatic, but show a short (~5 seconds) initial rise 
before dissipating probably owed to a redistribution 
of pore pressures around the tip in such slightly 
overconsolidated soil (Sully et al. 1999). Besides, 
the negative excess pore pressures that occur in the 
silty sand (curve B) are probably due to the contribu-
tion of the shear component (Wroth, 1984) of pore 
pressure. 

The well-known method proposed by Teh & 
Houlsby (1991) was used to estimate the value of ch 
in the clayey silt. Figure 4b shows the normalized 
excess pore pressures, ∆u/∆umax, plotted against the 
time factor T*, defined as: 

r

h

Ir

tc
T

2

* 
  (2) 

where t is the time, r is the cone radius and Ir is the 
rigidity index. The initial maximum excess pore 
pressures, ∆umax, were found by back-extrapolating 
to t=0 the straight-line part of the u2-√t curve (square 
root method) and an estimate of t50 was directly de-
rived. Then, assuming Ir  22, ch turned out to be 
equal to 3.7·10-5 m2/s. Compared to experimental 
data from laboratory results, it turns out that the ch-
value derived from the dissipation test is one order 
of magnitude higher than the vertical coefficient of 
consolidation cv deduced from the oedometer test. 
Moreover, it must be emphasized that the method 
used for interpreting dissipation tests is based on the 
assumption of fully undrained response during cone 
penetration at standard rate, which may be not obvi-
ous in silts. 

The adjacent CPTUs were performed at eight dif-
ferent penetration rates, ranging from about 0.9 
mm/s to 61.7 mm/s. Lower and upper values of test 
velocity were established on the basis of the equip-
ment capability to vary the penetration rate. 

Figure 5 shows the qt and u2 profiles obtained 
from tests CPTU 1 to CPTU 8. Although tests were 
performed along close verticals, a certain horizontal 
spatial variability can be appreciated.  

Tip resistance and pore pressures were approxi-
mately equal up to 8 m thus indicating that penetra-
tion remained undrained within the entire range of 
penetration rates performed. In the interbedded silty 
sand levels, from 8 to about 9.5 m and from about 
12.7 to 16 m, qt increases and u2 generally decreases 
as cone penetration rate is reduced; it is worth ob-
serving that within the latter depth interval, the u2 
profile at 1 mm/s follows the hydrostratic pressure 

 
Figure 3. a) CPTU 1 log profiles and b) SBT profile according 
to Robertson (2009). 

 
Figure 4. a) Dissipation tests and b) Normalized dissipation 
curve and root-square method. 
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distribution, thus indicating that the penetration is 
fully drained. From 9.5 to 12.7 m and from 16 m up 
to the end of the probes, the qt profiles are almost co-
incident whereas the pore pressures seem to be more 
sensitive to different testing conditions. 

3 PENETRATION RATE EFFECTS  

Figure 6 shows averaged values of qt and u2 within 
thin homogeneous clayey silt layers from 10.0 to 
10.3 m and from 11.8 to 12.2 m, for each penetration 
rate (v) performed. As shown in the figure, the qt 

values between 10.0 to 10.3 m were almost constant 
from 61.7 mm/s to 40.9 mm/s; for v < 40.9 mm/s 
cone resistance increases due to partial consolida-
tion. However, for the clayey silt between 11.8 to 
12.2 m, qt remains almost constant from 61.7 mm/s 

to 9.2 mm/s (around 1 MPa) and slightly increases as 
penetration rate is reduced up to 0.9 mm/s. 

The trend behaviour of u2 with penetration veloci-
ty is similar at both range of depths. As evident from 
Figure 6, the pore pressure increases as penetration 
is reduced from 61.7 mms/s up to around 40.9 mm/s, 
due to viscous effects. On the other hand, as cone 
velocity keeps reducing below 40.9 mm/s, u2 de-
creases due to partial consolidation occurrence 
around the cone.  

Despite a certain difficulty in correlating the vari-
ation of u2 with the variation of qt as penetration rate 
changes in such sediments, it seems reasonable to 
assume that the transition point from undrained to 
partially drained response occurs at around v = 40.9 
mm/s. 

3.1 Normalized variable rate CPTU results 

In recent years, emphasis has been put on the nor-
malization of variable rate CPTU measurements, by 
representing a curve that relates the normalized tip 
resistance (or normalized excess pore pressure) ver-
sus the normalized cone velocity (e.g. Randolph & 
Hope 2004, Kim et al. 2008, Jaeger et al. 2010, 
Schnaid et al. 2010, Suzuki et al. 2013). 

DeJong & Randolph (2012) presented consolida-
tion trends obtained by processing variable penetra-
tion rate data referred to both field and laboratory 
measurements on soft soils as well as numerical re-
sults. Measurements were analysed in terms of the 
normalized variable Q/Qref as a function of the di-
mensionless cone velocity V according to Equation 
(1), in which Q = (qt - σv0)/σ′v0 whereas Qref is the 
reference values the normalized cone resistance in 
fully undrained conditions. The following equation 
to capture the overall trend was proposed: 

  















c

refdrained

ref VV
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Q

Q

50/1

1/
1  (3) 

where V50 is the normalized velocity corresponding 
to the penetration velocity at which 50% of the ex-
cess pore pressure for fully undrained penetration is 
mobilized, c is the maximum rate of change of 
Q/Qref with V and Qdrained/Qref is the normalized 

 
Figure 6. Variation of qt and u2 with penetration rate within clayey silt layers from a) 10 to 10.3 m and from b) 11.8 to 12.2 m.  

 
Figure 5. CPTU profiles from adjacent tests at variable rate. 
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drained resistance. For all the examined data, they 
obtained V50 values varying from about 0.3 to 8, and 
c varying from 0.5 to 1.5. However, due to insuffi-
cient site specific data, they finally suggested to use 
V50, c and Qdrained/ Qref equal to 3, 1 and 2.5 respec-
tively (DeJong & Randolph 2012). 

On the other hand, Oliveira et al. (2011) present-
ed an analytical approach to the backbone-shaped 
curve equation to fit test data: 
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in which b is the ratio between the fully drained and 
the fully undrained tip resistance, c is a coefficient 
that describes the probe-soil interaction and n is the 
normalized velocity associated with the maximum 
rate of increase in resistance. Their work presented 
centrifuge tests with variable rate CPTU performed 
on a silty tailing. Furthermore, they compared the re-
spective backbone curve to those already published 
by other researchers (e.g. Randolph & Hope 2004, 
Schneider et al. 2007). Table 2 shows the constants 
from centrifuge penetration tests based on Equation 
(4).  
 
Table 2. Constants based on Equation (4). _________ 

Data           soil      b   c     n _________ 

Randolph & Hope (2004)  UWA(1) kaolin 3.65 0.55  0.61 
Schneider et al. (2007)     SFB(2)  3.57 4.45  0.92 
Oliveira et al. (2011)   Silty tailings  3.40 1.00 15.00 
Chung et al. (2006)*   Burswood Clay 3.77 1.00  1.75 _________ 
(1) University of Western Australia. 
(2) Silica Flour and Bentonite. 
* Data modified from Poulsen et al. 2011. 

 
 

Figure 7 represents the data on Figure 6 in terms 
of Q/Qref as a function of V, using the horizontal co-
efficient of consolidation obtained from dissipation 
tests in the clayey silt layer. The plot in Figure 7 
suggests that the transition point from partially 
drained to fully undrained penetration occurs at V ≈ 
30. On the other hand, the transition from partially 
drained to fully drained response can not be clearly 
identified due to the lack of slow rate CPTU data. 
However, it still may be related to V < 1.  

From the above-mentioned, it is reasonable to as-
sume that for a CPTU performed at 20 mm/s with a 
standard cone (d = 35.7 mm), undrained penetration 
is very likely to occur when ch < 2.4∙10-5 m2/s. 

Based on Equation (3), the span of experimental 
data in Figure 7 can be captured for V50 ranging be-
tween 0.01 and 4.14 and for c varying between 0.76 
and 1.80. Best fit-values were achieved, however, 

for V50 = 3.14, c = 1.46 and Qdrained/ Qref = 2.90. It 
should be noticed that the ratio Qdrained/ Qref  is diffi-
cult to be retrieved from field. As evident, these con-
stants turn out to be close to those proposed by 
DeJong & Randolph (2012). 

The data in Figure 8 are now fitted by the expres-
sion given in Equation (4). The figure also plots the 
backbone curve equation using the constants pre-
sented in Table 2. As can be observed, the compari-
son between the field data and the centrifuge test re-
sults shows that the b value turns out to be lower in 
the field (b = 2.52). Regarding the field value of c (= 
0.57), it falls between that obtained from Randolph 

 
Figure 7. Normalized cone resistance versus V.  

 
Figure 8. Backbone curves from centrifuge tests and present 

(field) study.  
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& Hope (2004) and from Oliveira et al. (2011). On 
the other hand, the n value obtained for the field data 
is almost twice the value associated to the Chung et 
al. (2006) curve, remaining at the same time below 
the value determined by Oliveira et al. (2011). 

4 CONCLUSIONS 

This paper presents results from field CPTU per-
formed at various rates in a saturated clayey silt de-
posit, with the aim of providing some fundamental 
insights into the consolidation pattern during cone 
penetration and thus identifying drainage conditions 
in standard tests. Previous experiences in the context 
of variable rate CPTU tests have mainly dealt with 
centrifuge physical models and predominantly fine 
sediments, whereas this study presents a contribu-
tion, though preliminary, in the analysis of the rate 
effects on natural silt mixtures using a full size pene-
trometer. 

From the accurate analysis of CPTU measure-
ments, it turned out that in these soils, the transition 
point from undrained to partially drained conditions 
corresponds to a normalized velocity V30. The ef-
fects of penetration rate on CPTU measurements in 
the fully drained region could not be investigated 
due to the difficulty of achieving in the field very 
low cone penetration rates, but  a preliminary esti-
mate of the velocity at which drained conditions ap-
ply, could be proposed by applying some recently 
developed interpretation procedures to the available 
data. 

The drainage trend curves of the normalized cone 
resistance as a function of the normalized velocity 
have been presented and compared to those obtained 
by previous researchers from field and centrifuge 
CPTU. Despite a certain difficulty in interpreting 
field data in intermediate soils compared to centri-
fuge, a substantial agreement in the overall response 
could be observed. 
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