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ABSTRACT: This project aims at improving the interpretation of the CPT (without measurement of
pore pressure) for the recognition of liquefiable soils. We present numerical and experimental ap-
proaches exploring the possibility of using cyclic loading data from the tip of a CPT to evaluate the
liquefaction potential of the soil. The experimental part is based on CPTU and cyclic CPT tests devel-
oped by Equaterre performed in a calibration chamber. The numerical model of the penetrometer is
based on a coupling between the discrete element method to describe the solid phase and a finite vol-
ume method defined at the pore scale to solve the dynamics of the pore fluid in saturated conditions.
The experimental and numerical results are analyzed in a complementary way to highlight how this
information could be used to evaluate the liquefaction potential of the soil.

RESUME : Le présent projet vise a améliorer l'interprétation du CPT (sans mesure de la pression
interstitielle) pour la reconnaissance des sols liquéfiables. Nous présentons des approches numériques
et expérimentales explorant la possibilité d'utiliser des données issues d'un chargement cyclique de la
pointe d'un CPT pour évaluer le potentiel de liquéfaction du sol. La partie expérimentale est basée sur
des essais CPTU et CPT cyclique developpé par Equaterre effectués dans une chambre de calibration.
Le modele numérique du pénétrometre est basé sur un couplage entre la méthode des eléments discrets
pour décrire la phase solide et une méthode de volumes finis définis & I'échelle des pores pour résoudre
la dynamique de la phase fluide interstitiel en condition saturée. Les résultats expérimentaux et numé-
riques sont analysés de maniere complémentaire pour mettre en évidence comment ces informations
pourraient étre utilisées pour évaluer le potentiel de liquéfaction du sol.

Keywords: cyclic CPT; calibration chamber; DEM,; fluid-solid coupling; soil liquefaction.
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1 INTRODUCTION

The cone penetration test (CPT) is commonly

used for in-situ investigation of sub-surface soil
layers. Empirical correlations from CPT tests or
more advanced penetration tests like CPTu al-
lows evaluating the liquefaction potential of soils
(Robertson et Wride, 1998). In this paper, both
numerical and experimental approaches, investi-
gating the possibility to use data resulting from a
cyclic loading of the cone tip, are presented to
evaluate the liquefaction potential. The experi-
mental part is based on a comparison between
standard CPTu tests and cyclic cone penetration
tests performed in a calibration chamber using an
original cyclic CPT device specifically devel-
oped by Equaterre Company (Riegel, 2017).
The numerical model of the CPT associates the
discrete element method which describes the
solid phase, and a finite volume method defined
at the pore scale (Catalano et al., 2014), to solve
the seepage flow in saturated conditions. In addi-
tion to the tip resistance, this model gives access
to the fields of stresses, displacements, pore pres-
sure and fluid velocity in the whole soil volume.
Experimental and numerical results are analyzed
in a complementary way to highlight: first, the
key information which can be provided by a cy-
clic CPT in typically loose and dense fine sands
and, second, how this information could be used
to evaluate the liquefaction potential of a soil.

2 CYCLIC CONE PENETRATION TEST

For more than 20 years, Equaterre-group has
monitored soil investigation campaigns, in partic-
ular in post-glacial lands (moraine ...). The prec-
edence of the penetrometer practice has led to the
use of a double measure by a "Gouda" tip (Figure
1), which consists in measuring successively the
tip resistance at a driving speed of 2cm.s®
(Qc%*™s) and the stationary force on the tip meas-
ured after stopping at a particular position (Qc*°P).
By analogy with the loading of the soil by a foun-
dation, the measurement at standstill (Qc) is
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noticeably closer to the behavior of the future
structure than the measurement while the tip is
moving (Qc%™s) (Hosseini et al, 2016; Riegel et
Hosseini, 2014). The so-called double measure
quantifies the difference Age = QM- QS°P.

[e]

The values of Aqgc vary considerably with the type
of soil. Experience also suggests a specific re-
sponse in the context of liquefiable materials.
After assessment of possible liquefiable soils
with the double measure method, the liquefaction
potential is assessed by performing a direct load-
ing with a cyclic CPT. The cyclic CPT device
(Riegel, 2017) includes an innovative additional
module to impose a cyclic loading directly to the
cone tip. By this way, the direct reaction of the
soil against the cyclic loading can be monitored.
It can be used in either a controlled-force mode
or in a controlled-displacement mode. The fre-
guency can be chosen from 0.5 to 25 Hz. In this
study, it was set to 1 Hz. For the sake of simplic-
ity and robustness of the cyclic CPT device, the
latter does not include a pore pressure cell.

3 CALIBRATION CHAMBER TESTING
PROGRAMME

This section aims to present the experimental
set-up and the operative steps performed during
CPT testing programme in the large 3SR Calibra-
tion Chamber. CPTu and cyclic Equaterre CPT
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tests were performed in fine siliceous sand spec-
imens in two different density states (subse-
quently referred to loose and medium dense
states).

3.1 Tested material

GA39 Fontainebleau sand (Gs = 2.65, emin = 0.56,
emax = 1.01) was selected because of its fineness
(dso=110um), its uniformity (Cy=1.2) that makes
it prone to liquefaction in relevant conditions.
Medium dense specimens (Dr~55%) were recon-
stituted by dry tamping of 100 kg sand layers,
whereas loose specimens (Dgr < 40%) were ob-
tained by pluviating the sand in water with a
small drop height.

100,0
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Grain-size diameter [mm]

Figure 2. Particle size distribution of Fontainebleau
GA39 sand

3.2 Calibration chamber tests equipment

The main features of Calibration Chamber
tests are represented by the simultaneous possi-
bility to create large soil samples with specific
state parameters, to control independently differ-
ent boundary conditions and to follow stress
paths typical of in-situ tests. In the present case,
the lateral boundary condition is similar to oe-
dometric conditions, e.g. no lateral displacement.

3.2.1 The large 3SR Calibration Chamber

The 3SR Calibration Chamber (Silva, 2014) is
schematically illustrated in Figure 3. It consists
of three cylindrical rigid steel sections of 0.5 m
height and 1.20 m internal diameter. The three
steel sections are assembled together by metal
bolts up to a total height of 1.5 m. A pressurized
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membrane exerts a vertical stress on the top sur-
face, just below the top cap fitted with a central
hole, allowing the driving of penetrometers for
instance.

An unexpected leakage in the lateral ring resulted
in an incomplete saturation of the specimens, as
shown by the pore water measurements during
CPTu driving. Therefore, only tests done in the
fully saturated zone, in the bottom part of the
specimens, are presented.
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Figure 3. Grenoble Laboratory 3SR Calibration
Chamber equipment.

3.3 Calibration Chamber CPT test

CPTu tests were first carried out on specimens
vertically consolidated at a vertical stress of
100 kPa to validate the liquefaction potential of
the sand specimens, following Robertson’s chart.
Then, a second specimen was tested in the same
conditions (medium dense or loose) using the
Equaterre cyclic CPT. The medium dense speci-
men was consolidated at a vertical stress of 100
kPa, whereas no confinement was applied in the
loose specimen, still to favour liquefaction.

3.3.1 CPTu test results

The two series of CPTu in medium dense and
loose sands were performed with a double meas-
ure of tip resistance (Q:™*) and (Q*°) each 10
cm. Pore pressure was also recorded. Values of
tip resistance validate the liquefiable nature of the
loose specimens and the non-liquefiable nature of
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the medium dense specimen. In figure 4 the dila-
tant behaviour of dense sand with reduction in
pore pressure during driving and pressure recov-
ery during stop is observed. On the contrary, for
loose sands, the contractive behaviour induces an
increase in pore pressure during driving and a dis-
sipation during stop (Figure 5). Evolution of pore
pressure seen experimentally will be confirmed
in the subsequent numerical simulations.
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Figure 4 Medium dense sand tip resistance and pore
pressure.
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Figure 5 Loose sand tip resistance and pore pres-
sure.

3.3.2  Cyclic tests with Equaterre’s CPT

The cyclic tests with Equaterre’s CPT device
(without pore pressure measurements) consists in
a first monotonic driving up to a specified tip
load. Then the tip is maintained in a fixed posi-
tion for one minute, at the end of which the cyclic
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loading is applied between two prescribed values
of the tip load (Figure 6).
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Figure 6 Controlled force loading for the dense sand
specimen.
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Figure 7 response cyclic CPT in dense and loose

sand.
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Figure 8 Evolution of force and displacement in
loose sand.

During cyclic loading, dense specimens do not
exhibit any significant displacements of the tip.
(Figure 7). On the contrary, in loose sand, accu-
mulation of vertical displacements of the tip oc-
curred, up to a sudden collapse after 13 cycles,
which may be interpreted as the result of the soil
liquefaction below the CPT tip (Figures 7 and 8).
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Figure 9. Geometry of the numerical model of the
calibration chamber.

4 NUMERICAL FLUID-SOLID
PENETRATION MODEL

4.1 DEM-PFV method

The 3D numerical model is based on the combi-
nation of the Discrete Element Method (DEM) to
describe the mechanical behavior of the solid soil
skeleton with a pore scale finite volume (PFV)
method to solve the pore fluid dynamics (Cata-
lano et al., 2014). Concerning the DEM part, the
particles are spheres interacting through solid
contacts with sliding and rolling friction. The
fluid flow is supposed Stokesian and incompress-
ible (Darcy flow). The fluid mesh is made of tet-
rahedra with a solid particle at each vertex. They
are advected in a Lagrangian way to follow parti-
cle motion. The application of the PFV solver
gives the field of pore pressure at every instant,
from which the forces exerted by the fluid on the
solid grains are deduced and integrated into the
DEM cycle. The model includes six mechanical
parameters: normal, tangential and rolling con-
tact stiffnesses, contact and rolling friction coef-
ficients, and permeability. A detailed presenta-
tion of the coupled DEM-PFV method is given
by Catalano et al. (2014) and Chareyre et al.
(2011). Nevertheless, the model presented here
differs in the description of the fluid flow defined
by a macroscopic conductivity (Darcy’s
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conductivity) independently of the particle sizes.
An adaptation that was necessary due to the par-
ticle coarsening method presented hereafter —
which would have caused a gradient, a Darcy per-
meability across the chamber in the original
model.

4.2 Calibration chamber model.

Thanks to the symmetry of revolution of the
calibration chamber, only a quarter of the real ge-
ometry has been represented in the numerical
simulations to limit the computational cost (Hos-
seini et al., 2016). The model has the shape of a
prism. One of the edges of the prism coincides
with the axis of symmetry, which is also the axis
of the penetrometer (Figure 9). The boundaries of
the prism consist of fixed rigid walls (zero fric-
tion between the particles and the walls) and im-
pervious to the fluid. The ratio Rq between the ra-
dius of the tip and the radius of the calibration
chamber was set at 60 in order to limit the bound-
ary effects on the tip resistance. Finally, to opti-
mize again the computation cost, a coarsening of
the particle size distribution with distance from
the tip was implemented (Figure 10). By filling
remote zones with bigger particles computational
power can be spend on computing more accu-
rately the soil-tip interactions with fine particles.
The granular assembly is initially generated in the
form of a random loose cloud of non-contacting
particles, with a gradient in size distribution re-
flecting the distance from the tip, and compacted
by a sphere growing procedure preserving the
shape of the size distribution. By tuning contact
friction or adhesion during the compaction phase
two different initial states were generated, dense
and loose respectively (adhesion is removed, and
contact friction is restored to an independent
value after the compaction process). The porosi-
ties of the dense and loose assemblies are 0.35
and 0.45 respectively. The permeability is set at
107 m/s. Such a relatively low numerical perme-
ability value has been chosen in order to empha-
size the effect of the pore pressure in the numeri-
cal model.
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The ratio of tip diameter to particle diameter is 18
near the tip. Initial confinement is applied to the
granular assembly, prior to the driving of the pen-
etrometer, reflecting the effect of the depth.

Figure 10. Discretisation refinement around the tip.

Figure 11. Pore-pressure field for a monotonous
loading of the tip in a loose granular assembly.

4.3 Monotonous loading

A CPT test is simulated at a constant penetra-
tion rate under an initial confinement stress of
100 kPa (effective stress). The driving speed is
1 m/s (monotonous loading). This penetration
rate is higher than in situ conditions, however a
parametric study showed that, for the numerical
model, the effect of the driving speed on Q. (tip
resistance) was negligible up to this penetration
rate (but not beyond).
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4.3.1 Pore pressure characterization

The pore pressure is followed at four points (A,
B, C and D, defined in Figure 11), relative to the
position of the tip and moving with it.
Figures 12 and 13 present the pore pressure evo-
lution in the dense and loose sands with the tip
displacement. As observed with the CPTu test in
the calibration chamber, a reduction of the pore
pressure in the nearest zone of the tip (points A &
B) is simulated for the dense granular assembly,
in agreement with the dilatant behaviour of dense
sands. For the loose granular assembly, the in-
crease of the pore pressure, relative to the con-
tractant behaviour of the soil, is also found nu-
merically around the tip. Point B is an exception
where the pressure, even if it is higher than in the
dense case, is not always positive; this is the con-
sequence of local deformation mechanisms
around the tip.

0.1

displacement(m)
5 5 2
B 8 &

o
@

-0.35 -

04 . . . . . . . .
-12000 -10000 -8000 -6000 -4000 -2000 0 2000 4000 6000
pore-pressure(Pa)

A —o— B —v— C —o— D

Figure 12. Pore pressure in dense assembly.
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Figure 13. Pore pressure in loose assembly.
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4.4 Cyclic loading.

A cyclic loading of the tip of the penetrometer
has been simulated in a similar way to the Equa-
terre cyclic CPT performed in the calibration
chamber. After driving the tip monotonously un-
til a given depth, the cyclic loading of the tip is
controlled by imposing the tip stress between two
prescribed values (both lower than the tip re-
sistance) with a period T = 0.004s. This period is
relatively low with respect to the period used in
the calibration chamber. It has been chosen to
limit the computation cost by limiting the physi-
cal time to be simulated. A parametric study per-
formed for a period from 0.004s to 0.4s showed
that the effect on the tip resistance is negligible
with current settings. This parametric study needs
to be completed.

Figures 14 &15 present the evolution of the tip
displacement in dense and loose granular assem-
blies respectively. The results are in good agree-
ment with the ones obtained from the calibration
chamber. The numerical model has not been cal-
ibrated so far on the mechanical behaviour of the
sand used in the calibration chamber. Conse-
guently, we focus on the general trend of the nu-
merical model and the comparison is only quali-
tative. The vertical displacement of the tip is
almost reversible for the dense assembly whereas
an accumulation of the displacement is obtained
in the loose assembly. The reversible and irre-
versible behaviours of the soil-tip system, for
dense and loose assemblies respectively, are
highlighted in Figures 16 and 17, showing the tip
stress-displacement relation.

No collapse of the soil below the tip was ob-
served numerically for the loose assembly, con-
trary to the test in the calibration chamber. This
may be due to the too low number of cycles sim-
ulated numerically. Responses of the numerical
model over a larger number of cycles still need to
be investigated.

IGS

-0.00075

-0.0008 |-

-0.00085

-0.0009

-0.00095 |

displacement(m)

-0.001

-0.00105

-0.00

1" 1 . H 1 H i
100000 150000 200000 250000 300000 350000 400000 450000
iter-numb

Figure 14. Tip displacement in the dense assembly
for a cyclic stress control loading.
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Figure 15. Tip displacement in the loose assembly for
a cyclic stress control loading.
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Figure 16. Evolution of tip stress and displacement in
the dense assembly.
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Figure 17. Evolution of tip stress and displacement in
the loose assembly.

5 CONCLUSIONS

Preliminary tests in a large calibration cham-
ber, coupled with numerical simulations per-
formed at the particle scale, aimed at developing
and validating the expected performances of an
original cyclic CPT.

The experimental and numerical results show
that the Equaterre cyclic CPT could be a promis-
ing tool to assess the potential of liquefaction of
sandy soils, without the direct measurement of
the pore pressure as in a CPTu. In particular, an
accumulation of irreversible vertical displace-
ments of the tip is observed during the force con-
trol cycles in the loose fine sand, eventually
evolving, in the calibration chamber, toward a
loss of controllability of the tip loading when soil
liquefaction is expected to occur.

The results presented in this paper give a first
insight about how the data from the cyclic CPT
could be used to characterize the encountered soil
layers. Nevertheless, they need to be confirmed
and complete by more thorough tests in calibra-
tion chamber, numerical simulations, but also
field tests in real conditions.
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