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1 INTRODUCTION 

In general, the cone penetration resistance qc of an 

uncemented and unaged soil depend on the material 

properties (i.e. mineralogy, shape, asperities and 

roughness of grains, grading and fabric) and the state 

of the soil (stress level and density). The latter two 

quantities can be expressed by the state parameter ψ 

(i.e. the distance along the void ratio axis of a given 

state from the critical state line, Been and Jefferies, 

1985), which, among the many properties, is an indi-

cator of the direction of volumetric strains, δεv, (dila-

tion or contraction) during shearing and so it can be 

directly related to the soil resistance. 
This paper presents the results of a large amount 

of centrifuge calibration CPTs, carried out on differ-
ent materials (Ticino, Toyoura, Fontainebleau, San 
Carlo, Stava sands), which have been interpreted in 
the frame of the critical state soil mechanics to eval-
uate the state parameter ψ (Been & Jefferies 1985) 
from the cone resistance qc. 

The results of CPTs performed in centrifuge con-
firm and strengthen what has been observed in pre-
vious studies based on large calibration chamber 
(CC) tests, that is the existence of a simple exponen-
tial relationship between a normalised cone re-
sistance and ψ (Been et al., 1986, Jefferies and Been, 
2006). In respect to CPTs performed in large Cali-
bration Chambers, those performed in centrifuge 
have the advantage of giving a whole qc profile over 
a wide range of stresses and ψ values, rather than a 
single qc value associated to the specific values of 
the state parameter and applied stress level of a sin-

gle sample, but have the disadvantage of one fixed 
boundary conditions (rigid walls) and scale effects 
(i.e. size of the cone in respect to soil grains dimen-
sion); the latter have to be minimized. 

2 THE TESTING SOILS 

Three among of the five soils investigated in this re-
search are well-known standard silica sands: Ticino, 
Toyoura and Fontainebleau NE34 sands hereafter re-
ferred to as TS4, TOS, FNE34S, respectively. In ad-
dition, two natural sands were tested: SCS is a sand 
with 12.5% of fine content, retrieved at the site of 
San Carlo (Italy) where liquefaction occurred during 
the 2012 Emilia seismic sequence; SS is a soil com-
posed of 70% sand and 30% non–plastic silt, coming 
from the mine tailings dam in Stava (Italy), which 
collapsed the 19

th
 of July 1985 (Chandler and To-

satti, 1995). 
The index properties and the grain size distribu-

tion of the tested sands are given in Table 1 and Fig-
ure 1, respectively. Their mineralogical composition 
is given in Table 2. 

Their critical state parameters are listed in Table 
3, in terms of shearing resistance angle at critical 
state φcs, and Γ, λ and α, which are the material con-
stants defining the position of the critical state line in 
the e – p’ plane, according to Li & Wang, 1998: 

ecs=Γ–λ(p’/pa)
α
                (1) 
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Table 1. Index properties of the tested sands. 

Sand 
min max emin emax Gs D50 Uc 

kN/m
3
 kN/m

3
 - - - mm - 

TOS 13.09 16.13 0.61 0.99 2.65 0.22 1.31 

TS4 13.64 16.67 0.57 0.92 2.7 0.53 1.3 

FNE 

34S 
13.8 16.5 0.58 0.88 2.65 0.20 1.5 

SCS 13.37 16.95 0.55 0.96 2.67 0.21  

SS 13.2 17.8 0.51 1.04 2.74 0.12  

 

Table 2. Mineralogy of the tested sands. 
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Sand % 

TOS 90 8 2     

TS4 30 65 5     

FNE34S 99.7      0.3 

SCS 59 17  17 4  3 

SS 55-60 20-25  7-8  16  

 

Table 3. Critical state parameters. 
Sand Γ λ α φcs 

TOS 0.934 0.019 0.7 31 

TS4 0.923 0.046 0.5 34 

FNE34S 0.95 0.017 0.8  

SCS 0.99 0.12 0.59 34.7 

SS 0.747 0.102 0.4 36 
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Figure 1. Grain size distribution of the tested sands. 

3 CENTRIFUGE TESTS 

3.1 The ISMGEO seismic geotechnical centrifuge 

The model cone penetration tests were performed us-

ing the ISMGEO seismic geotechnical centrifuge 

(ISGC), which is a beam centrifuge made up of a 

symmetrical rotating arm with a diameter of 6 m, a 

height of 2 m and a width of 1 m, which gives it a 

nominal radius of 2 m. The arm holds two swinging 

platforms, one used to carry the model container and 

the other the counterweight. During the tests, the 

platforms lock horizontally to the arm to prevent 

transmitting the working loads to the basket suspen-

sions. An outer fairing covers the arm; arm and fair-

ing concurrently rotate to reduce air resistance and 

perturbation during flight. The centrifuge has the po-

tential of reaching an acceleration of 600g at a pay-

load of 400 kg. The maximum dimensions of the 

model are: length = 1 m, height = 0.8 m, width = 0.5 

m; further details can be found in Baldi et al. (1988). 

3.2 Test program and procedures 

The test program consisted of 64 centrifuge CPTs, 

27 carried out on TS4 models, 10 on TOS models, 

13 on FNE34S models, 4 on SCS models, 4 on SS 

models. All the models were dry. Tables 4 - 8 report 

the main properties (referred to the end of the in-

flight consolidation) of each soil model, including 

the acceleration level and the model average void ra-

tio. 
The tests were carried out using the ISMGEO 

miniaturized electrical piezocone, which has a diam-
eter dc = 11.3 mm, an apex angle of 60°, a friction 
sleeve 11.3 mm in diameter and 37 mm long. One 
load cell measures the cone resistance and another 
one measures the cone resistance plus the shaft fric-
tion, up to forces of 9.8 kN. A Druck PDCR42 pres-
sure transducer (35 bar capacity) is installed on the 
tip for interstitial pressure measurements in saturated 
models. 

Each soil model was reconstituted at 1g to the 
target void ratio by pluviating in air the dry sand into 
a cylindrical container using a travelling sand 
spreader. Only the FNE34S models T1-FB1, T2-
FB1, T3-FB1 were reconstituted within a rectangular 
container. The target density was obtained by cali-
brating the height of fall and the size of the spreader 
hole. The cylindrical container had an internal diam-
eter of 400 mm; the rectangular container was 800 
mm long and 395 mm wide; both had rigid walls to 
avoid lateral displacements of the soil. The contain-
ers dimensions were large enough to minimize rigid 
wall boundary effects, according to Bolton et al., 
1999. 

After the deposition, a very rigid frame, which 
held the piezocone, two linear displacement trans-
ducers (LDT) to monitor the cone displacement and 
the sand surface settlement, respectively, and a hy-
draulic actuator, was fixed to the container walls.  

Each model was loaded in the centrifuge and ac-
celerated to the target acceleration. As the soil model 
was subjected to the acceleration field in the centri-
fuge, the soil surface slightly settled due to the self-
weight and the model compressed, as monitored by 



the LDT. When the surface settlements ended up, the 
cone penetration test was carried out applying a pen-
etration rate of 2 mm/s. The penetration was inter-
rupted at 20dc of distance from the container bottom 
to avoid rigid boundary effects (Bolton et al., 1999). 
In order to take into account the progressive mobili-
zation of the cone resistance from the model free 
surface (Schmertmann, 1978), the measures regis-
tered in the first 10dc of penetration from the surface 
were removed in the test interpretation. One test per 
model was performed in the central axis of each 
sample accelerated at one target value. 

 

Table 4. Main properties of TS4 models. 
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TS4-1 30 14.30 0.834 25 

TS4-2 30 14.40 0.822 28 

TS4-3 80 14.45 0.815 30 

TS4-4 80 14.53 0.805 34 

TS4-5 30 16.11 0.629 84 

TS4-6 30 15.94 0.646 79 

TS4-7 80 16.02 0.638 82 

TS4-8 80 16.03 0.637 82 

TS4-11 30 14.54 0.804 34 

TS4-12 30 14.31 0.834 26 

TS4-13 80 14.44 0.816 31 

TS4-14 80 14.47 0.813 32 

TS4-15 80 15.09 0.738 53 

TS4-16 30 15.18 0.728 56 

TS4-17 50 15.22 0.724 57 

TS4-18 50 15.24 0.721 58 

TS4-19 30 16.19 0.620 87 

TS4-20 80 16.27 0.613 89 

TS4-21 50 16.21 0.619 87 

TS4-22 50 16.16 0.623 86 

TS4-23 50 14.42 0.819 30 

TS4-24 50 14.47 0.813 32 

TS4-25 30 14.41 0.821 29 

TS4-26 80 14.41 0.821 29 

TS4-28 50 16.23 0.617 88 

TS4-29 50 15.25 0.720 58 

TS4-30 30 14.38 0.824 28 

Table 5. Main properties of TOS models. 
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TYC1 30 15.71 0.655 88 

TYC2 30 15.71 0.654 89 

TYC3 80 15.69 0.657 88 

TYC4 80 15.75 0.650 90 

TYC5 80 14.66 0.774 57 

TYC6 80 14.58 0.783 54 

TYC7 80 15.08 0.724 70 

TYC8 80 15.02 0.730 68 

TYC9 30 15.12 0.719 71 

TYC10 30 15.04 0.728 69 

 

Table 6. Main properties of FNE34S models. 
T

E
S

T
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T1FB1 70 16.16 0.609 89 

T1FB2 70 16.06 0.619 86 

T1FB3 70 16.09 0.616 87 

T1FC1 70 16.08 0.617 87 

T1FC2 70 16.14 0.611 89 

T1FC3 70 16.15 0.610 89 

T1FC4 70 16.14 0.611 89 

T1FC5 70 16.17 0.608 89 

T1FC6 70 15.99 0.626 84 

T1FC7 70 16.01 0.624 84 

T1FC8 70 16.17 0.608 89 

T1FC9 70 15.10 0.722 53 

T1FC1

0 
70 15.13 0.719 54 

 

Table 7. Main properties of SCS models. 
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SC1 100 15.463 0.695 0.64 

SC2 100 14.779 0.774 0.45 

SC3 100 16.233 0.615 0.84 

SC4 100 15.900 0.649 0.75 

 



Table 8. Main properties of SS models. 
T

E
S

T
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g
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N
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3
] 

e c
  

[-
] 

D
R
  

[%
] 

SS1 100 16.37 0.642 75 

SS2 100 15.76 0.706 63 

SS3 100 17.22 0.561 90 

SS4 100 17.47 0.539 95 

 
The unit weight γdry, void ratio e and relative den-

sity DR values reported in Tables 4-8 refer to the end 
of in-flight compression. The soil models at the end 
of the in-flight compression can be considered as 
normally consolidated.  

3.3 Test results 

The results of the centrifuge CPTs are shown in Fig-

ures 2-6, where the measured tip resistance qc is 

plotted as a function of the mean effective stress. 

The results of centrifuge CPTs carried out on Fon-

tainebleau NE34 Sand at the Universities of Cam-

bridge and Bochum within the EPIC project (Euro-

pean Programme of Improvement in Centrifuging, 

Bolton et al., 1999), were also considered in this pa-

per and are shown in Figure 7. The reported qc 

measures are not affected by top and bottom bounda-

ry effects.  
It should be noted that during the centrifuge tests 

the actual horizontal stresses, σ’h cannot be meas-
ured. The mean effective stress p’ of the soil at rest 
was evaluated as: 

p’ = σ’v(1 + 2k0)/3             (2) 

where: 

σ’v = vertical effective stress, computed accounting 

for the acceleration field distortion;  

k0 = stress ratio at rest computed as a function of the 

critical state angle. 
The test results show that the soil models were ra-

ther homogeneous and the tests were repeatable. 
As expected, the penetration resistance strongly 

depended on the void ratio. For a given value of e, a 
behavioral trend, comparable to that observed in 
large calibration chamber tests in homogeneous sand 
models can be observed, i.e. a less than linear in-
crease of qc with the stress level.  

This behavior was originally interpreted consider-
ing the cone resistance as a square root function of 
the vertical stress (Baldi et al., 1986). In recent years 
there have been several publications regarding the 
appropriate stress normalization of qc (Olsen and 
Malone, 1988; Robertson, 1999; Jamiolkowski et al., 
2003; Idriss and Boulanger, 2004; Robertson, 2010). 

All the methods agree that the stress exponent is 
close to 0.5 in clean sand at constant relative density. 
Been et al. (1986), analyzing the results of calibra-
tion chamber tests on Monterey sand at constant 
state parameter, showed that the cone resistance is 
directly proportional to stress level. 

3.4 Interpretation 

To better understand the physical meaning of the 

non-linear increase in qc with the stress level, the 

variables which influence the cone penetration re-

sistance have to be considered and, if possible, ana-

lyzed separately. 
As shown by Carter and Yeung (1985), Carter et 

al. (1986), Salgado et al. (1997), Jefferies and Been 
(2006), the zone around the penetrometer is charac-
terized by intense shearing with substantial changes 
in void ratio, which can decrease (contraction) or, 
more likely, increase (dilation). This tendency to di-
late causes a stress increase around the tip (herein 
simply called δp’), respect to the stress value at rest. 
δp’ is proportional to the dilatancy D, which in turn 
can be linked to the value of the state parameter ψ at 
rest, before penetration (Jefferies and Been, 2006). 

Therefore in this paper, as a working hypothesis, 
qc was considered affected by two major contribu-
tions: 

 the first given by the overburden stresses acting at 

the depth of the tip, herein represented by the mean 

effective stress p’; 
 the second, and more relevant at depths commonly 
investigated via CPTs (< 50 m), due to the increment 
of stresses around the tip caused by the volumetric 
change induced by the penetration, δεv, which can be 
represented by ψ. 

In a homogeneous soil model ψ at rest increases 
as the depth increases, so the tendency of a soil to di-
late reduces with depth. The ψ values relating to the 
first and last depths relevant for the penetration tests 
are indicated in Figures 2-7. It’s worth noting that 
the compressibility of TS4, TOS and FNE34S is 
very low, while that SCS and SS is relevant. As a 
consequence, in the computation of ψ, the void ratio 
was considered constant and equal to the average 
value in TS4, TOS and FNE34S models, while its 
variability with depth was accounted for in SCS and 
SS models. 

During the penetration in a homogeneous sandy 
soil the cone resistance experiences two opposite ef-
fects: (i) an increase in stress level due to the depth 
increase, which cause qc to rise, and (ii) a decrease in 
the soil dilative tendency which imply a reduction of 
the rate of increase in qc. To analyze the contribution 
of the overburden stress (p’) and of the soil dilatancy 
(or state parameter ψ) on the measured cone re-
sistance the following procedure was followed: 



1. Effect of p’: following the procedure described by 

Fioravante and Giretti 2015, profiles of qc character-

ized by constant ψ values were derived from the cen-

trifuge CPTs. These qc profiles were normalized by 

the reference atmospheric pressure (pa= 101 kPa) 

and their dependence on the normalized overburden 

stress p’/p’a analyzed. At constant ψ, qc resulted a 

power law of p’. The following relation was derived: 

qc/pa (pa/p’)
β
 = qc*              (3) 
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Figure 2. CPTs in TS4 models: tip resistance qc as a function of 

mean effective stress p’. 
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Figure 3. CPTs in TOS models: tip resistance qc vs p’. 
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Figure 4. CPTs in FNE34S models (a = 70g): tip resistance qc 

as a function of mean effective stress p’. 

The values of β given in Table 9 were found for 
the different sands analyzed. 

2. Effect of ψ: the qc* values obtained as described 

above were plotted vs. ψ, as reported in Figure 8. 

The qc* - ψ trend was interpreted with the equation 

(adapted from Been et al., 1986): 

qc* = k∙e
–mψ

                 (4) 

where: 

m and k are dimensionless fitting parameters, whose 

values are given in Table 9. 
The data fitting curves are also plotted in Figure 

8. Physically, the intercept k represents the qc* value 
when ψ = 0, while m allows to establish the contri-
bution of dilatancy on the cone penetration re-
sistance at a given value of ψ.  Equation 4 expresses 
the effect of dilation (or δp’) on the normalized cone 
resistance. It allows to re-write Eq. 3 as follows: 

ψ = -1/m ∙ ln[1/k ∙ (qc/pa) (pa/p’)
β
]       (5) 

4 CLOSING REMARKS 

Calibration chamber CPTs have been performed in 

centrifuge on five sandy materials and interpreted in 

the frame of the critical state soil mechanics to eval-

uate the state parameter from the cone resistance. 
The tip resistance was considered a function of 

the overburden stresses acting at the depth of the tip, 
(Eq. 3) and of the increment of stresses around the 
tip caused by the volumetric change induced by the 
penetration, represented by ψ (Eq. 4). The ψ vs. qc* 
correlations were calibrated for the material tested. 
From Table 9 and Figure 8 it can be inferred that the 
contribution of dilatancy on the tip resistance is 
straightforward: uniform sands have higher values of 
m, particularly TOS and FNE34S, while the pres-
ence of fine content reduces dilatancy effects, partic-
ularly SS has the lowest value of m. 
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