VI International Conference on Particle-Based Methods
PARTICLES 2023
U. Perego, M. Cremonesi, A. Franci (Eds)

NUMERICAL SIMULATION OF A LABORATORY-SCALE FREE
FALL CONE PENETROMETER TEST IN MARINE CLAY WITH THE
MATERIAL POINT METHOD

D. MOHAPATRA!, M. SARESMA?, J. VIRTASALO?AND W. SOLOWSKI] *

! Department of Civil Engineering
Aalto University
Rakentajanaukio 4, 02150 Espoo, Finland
email: debasis.mohapatra@aalto.fi, www.aalto.fi

2 Geological Survey of Finland
Vuorimiehentie 5, 02150 Espoo, Finland
email: gtk@gtk.fi, www.gtk.fi

Abstract. This paper shows a numerical replication of a laboratory-scale free fall cone
penetrometer test of marine clay. The numerical simulation involves large deformations and
considers the destructuration of clay, strain rate effects, and non-linear material behaviour. The
numerical simulation well replicates the laboratory experiment captured on a high-speed
camera. The penetration process is replicated accurately in time, and the depth of the penetration
corresponds to that obtained in an experiment. The simulation results indicate that the numerical
framework implemented in Uintah software, consisting of an advanced soil model and the
Generalized Interpolation Material Point Method, is well-suited for replication of the dynamic
penetration process in soft and sensitive marine clay.
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1 INTRODUCTION

The free fall cone penetrometer tests (FF-CPT) are simple, rapid, and cost-effective tests that
can be used in seabed characterization [1]. However, there are still uncertainties in the
interpretation of the test data and its correlation with the soil properties. The currently used
correlations are empirical [2—4], mainly because of the complexities associated with the
numerical simulation of the dynamic penetration process. Therefore, the development of
reliable numerical models that can replicate the dynamic penetration process may lead to more
accurate correlations and data interpretation, improving the accuracy of the soil properties
obtained with FF-CPT.

In recent years, many experimental [2,3,5] and numerical studies [6,7] investigated the cone
penetration mechanism associated with the FF-CPT. The studies point out that the uncertainties
in FF-CPT data interpretation could be due to the wide range of strain rates associated with the
test. However, the determination of the strain rate effect on the shear strength of soil is quite
complicated due to its possible dependency on soil properties, cone penetrometer parameters
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(e.g., geometry, density), and impact velocity. Further, the marine clays are also sensitive, and
their undrained shear strength reduces during the cone penetration process due to the
destructuration of clay. Not considering the effects of strain rate and destructuration on clay
will significantly influence the accuracy of the numerical simulation.

In the present study, we replicate a laboratory-scale free fall cone penetrometer test results
with the Generalized Interpolation Material Point Method simulation. The numerical simulation
results that consider the effect of strain rate and destructuration of clay well replicate the
dynamic penetration process of the cone penetrometer dropped from a height.

2 LABORATORY-SCALE FREE FALL CONE PENETROMETER TEST SETUP
AND TEST PROCEDURE

The study uses soft and sensitive marine clay samples collected from the south of Kyt6 island
in the Gulf of Finland, north of the Baltic Sea. The clay parameters are summarized in Table 2.
To understand the dynamic cone penetration mechanism associated with the FF-CPT, a series
of well-controlled laboratory tests are conducted using a model cone penetrometer. The model
cone penetrometer, shown in Figure 1b, has a similar geometry to the Graviprobe 2.0
(©dotOcean), which is often used in FF-CPT. The cone penetrometer is a steel cone of 5 mm
diameter and 60 mm length with 60° apex angle (Figure 1c). The model cone penetrometer is
attached to a steel shaft, as shown in Figure 1b. Some additional steel weights are attached at
the bottom of the shaft to make its weight 60 g. Figure 1a shows the laboratory free fall cone
setup. The model cone penetrometer, along with the shaft, is attached to a frame, from where it
can be released from different heights into the soil sample. The dial gauge is attached to the
frame to measure the final penetration depth (Figure 1a).

The present test program involves five test series, including 10 fall cone tests and 15
laboratory-scale free fall cone penetrometer tests. The fall cone tests are carried out to obtain
the theoretical value of the undrained shear strength (s,,) of clay by using two different cones,
namely, (i) a 30° 100g cone and (ii) a 60° 60g cone. The value of undrained shear strength of
clay is found to be 7.4 kPa for a 30°cone and 6.96 kPa for a 60° cone [8]. The laboratory-scale
FF-CPTs are conducted by releasing the cone penetrometer from different heights: 0 mm, 10
mm, and 20 mm. This paper focuses on a replication of a single test from the testing program,
where the cone penetrometer is dropped into the soil surface from a height of 10 mm. The free
fall cone penetrometer tests are carried out at five different points on the sample surface (labeled
FFP-1-1 to FFP-1-5). A minimum separation of 2.5 times the cone diameter is maintained
between the two tests to minimize interference and any boundary effects. This separation is
believed to be sufficient, as numerical simulation (Figure 7) shows that most of the radial
deformations are concentrated within 2 cone diameters. The final penetration depths (dy)
associated with these tests are reported in Table 1. The displacement, velocity, and acceleration
profiles associated with the cone indentation process in the free fall cone experiments are
obtained by using the MATLAB image processing technique described in [9]. Figures 4-6 show
that the displacement, velocity, and acceleration profiles of the cone associated with different
points in the experiments are similar. Figure 4 shows that the cone hits the ground soil surface
after approximately 0.05 sec.In all cases, After the cone penetrometer hits the ground, the
process of cone penetration into soil takes less than 0.05 seconds. Figure 5 shows that The cone
penetrometer hits the soil surface at a velocity of approximately 0.43 m/s. The acceleration
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profiles in Figure 6 indicate that the acceleration at the very beginning of the experiment (up
to approximately 0.02) was lower than the gravitational acceleration. This slowdown may be
caused by friction mobilized in the cone shaft during the cone release for free fall. After that,
the cone penetrometer moves with gravitational acceleration untill it hits the soil surface.

Table 1: Final penetration depth of cone (dy) from different experiments

Tests Final penetration depth, df
(mm)

FFP-1-1 11.1

FFP-1-2 10.1

FFP-1-3 11.6

FFP-1-4 11.0

FFP-1-5 10.6

Numerical Analysis 9.6

a (c)
Figure 1: (a) Model te)st set-up; (b) Model cone penetrometer; (c) Cone penetrometer geometry; (d) Numerical
model of FF-CPT. Unit: mm

3 NUMERICAL MODELLING USING GIMP
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3.1 Description of the Generalized interpolation material point method (GIMP)

The material point method (MPM) is a particle-based method well-suited to solve dynamic large
deformation problems [10]. However, the original MPM has lots of numerical instability issues when
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particles pass through element boundaries. The generalized material point method (GIMP) is an
updated version of the material point method that uses a particle characteristics function to reduce cell-
crossing errors [11]. This paper uses GIMP as encoded in Uintah software (http://uintah.utah.edu/) for
simulations of the fall cone test.

3.2 The material constitutive model

The entire process of the laboratory FF-CPT is very short (less than 0.1 sec). Therefore, for
fully saturated clay, there will be no volume change (undrained conditions). Hence, the shear
strength will be related to the undrained shear strength. Among others, [12-14] show that the
undrained shear strength of clay depends on the shear strain rate and destructuration of clay.
Therefore, in the simulations, we use the Tresca material model extended to consider the effect
of strain rate and destructuration on undrained shear strength as mentioned in [12,15]. The
undrained shear strength of clay is expressed as a function of strain rate (8y), accumulated shear
strain (&), and sensitivity (S;) as:

1 -3¢
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where sy, is reference shear strain at reference strain rate (6y,.r), f is the strain rate
parameter associated with the power law, and &4 is the accumulated shear strains required to
obtain 95% reduction of the shear strength. For small deformations, the dynamic undrained
shear modulus also depends on the shear strain rate and can be estimated as

oy B
Gu(SV) = Gu,ref (m) (3)

3.3 Numerical model of FF-CPT and selection of material parameters

The GIMP simulation of the laboratory FF-CPT assumes the axisymmetric condition of the
fall cone experiment to avoid the computational cost associated with a 3D MPM simulation.
Figure 2d shows the numerical model and associated boundary conditions. The analysis uses
the average of soil impact velocities obtained from the experiments as the initial velocity of the
cone penetrometer. The lateral and vertical spread of the soil domain is decided based on a few
trial analyses, so that the boundaries will not influence the outcome of the numerical simulation.
The GIMP simulation uses the elastic material model to model the steel free fall cone
penetrometer. The density of the fall cone material in the simulation is such that the simulated
cone weight is 60 g, corresponding to the experiment.

The experimentally measured value of sensitivity (s;) of the clay sample is approximately
10 and the density of the material is 15 kN/m3. As mentioned in Section 2, the reference
undrained shear strength (s, ,.) Of clay is set to be 7.2 kPa based on the laboratory fall cone
test. The reference elastic shear modulus is set to be 167 times the undrained reference shear
strength value, as mentioned in [6]. The undrained Poisson’s ratio is set equal to 0.499 to
enforce the undrained loading condition. The range of strain rates in a standard fall cone test is
approximately 1 to 10 s [16,17]. As the duration of the laboratory FF-CPT is shorter than the
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standard fall cone test, the associated range of strain rate is supposed to be higher. The value of
the reference shear strain is assumed as 0.5 s~1. As the tests are carried out on a similar type of
soil as that used in [9], The value of B and &, is set to be 0.08 and 10 s~1, respectively. The
simulations assume frictional contact with a friction coefficient (u) developed by [18]. The
friction coefficient between cohesive soil and steel lies between 0.5-0.65 [19]. A series of
numerical studies have been conducted to examine the influence of the friction coefficient on
final cone penetration depth by varying the friction coefficient (u) from 0 to 1. Figure 2
demonstrates that friction coefficients greater than 0.6 do not significantly change the
penetration depth. In the present analysis, we have selected the friction coefficient (u = 0.65) to
prevent sliding between the cone and the clay. Table 2 summarizes the various model
parameters considered in the study.

Table 2. Material parameters for numerical simulation

Su,ref SYref B Gu,ref Uy S t E95 P u
(kPa) (s71) (kPa) (s (kN/m3)
7.2 0.5 0.08 1675y, rer 0495 10 10 15 0.65
11.2
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Figure 2. Influence of friction coefficient on the penetration depth of the fall cone penetrometer

3 NUMERICAL REPLICATION OF FREE FALL CONE PENETROMETER
TESTS

The grid density in GIMP plays a crucial role in the accurate simulation of the dynamic
penetration process [9,20]. To investigate how the grid density impacts the simulation results,
the analysis discretizes the problem domain in Figure 1d by using a structured mesh of square
sizes (hx h) where h =1, 0.5, 0.25, and 0.125 mm, each time with 4 material points in the cell.
These correspond to 1028, 4114, 16455, and 65820 material points in the simulation,
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respectively. Figure 3 demonstrates that with an increase in the number of grid cells, the
numerical value of the final penetration depth of the fall cone penetrometer increases and
approaches the experimental value of penetration depth. The final penetration depth does not
change significantly for h <0.125 mm. Therefore, the present analysis uses h = 0.125 mm for
the numerical simulation. The accuracy of numerical simulations can be further improved by
increasing the grid density.
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Penetration depth, dp (mm)

Figure 3. Influence of spatial discretization on the penetration depth of the fall cone penetrometer

The numerical simulation uses grid size h = 0.125 mm and the material parameter as given
in Table 2. The cone penetrometer is assigned with an initial velocity of 0.43 m/s based on the
value of impact velocity obtained from the experiments. Table 1 shows that the numerical value
of the final penetration depth (9.6 mm) is quite close to the average penetration depth obtained
from the experiments (10.6 mm). Figures 4, 5, and 6 compare the development of displacement,
velocity, and acceleration of the cone pentrometer over time between the experiments and the
numerical simulation. Figures 4-6 demonstrate that the numerical and experimental profiles of
displacement, velocity, and acceleration associated with the cone penetration process match
quite well. Both the numerical and experimental results show that after hitting the soil surface,
the cone penetrometer takes around 0.05 seconds to come to a standstill position. The rebound
of the cone observed in experiments is quite well simulated numerically. Figure 5 demonstrates
that the numerical model predicts the maximum velocity to be approximately 0.46 m/s, which
is close to the average maximum velocity from the experiment (0.45 m/s). Figure 6 shows that
the numerical cone acceleration oscillates at the completion of the penetration process, with the
amplitude of these oscillations decreasing gradually over time. As GIMP is a completely
explicit approach that takes into account dynamic forces, the oscillations are presumably the
result of the assumed elastic behaviour of the material in the Tresca model at stresses below
yield. The small rebounds observed in some of the experiments are well replicated in the
numerical simulations. Figure 7 shows the displacement contours associated with the FF-CPT.
Figure 7 further shows that the soil surrounding the cone moves in an upward direction with
the penetration of the cone. That creates a heave at the soil surface. Figure 7 demonstrates that
the radial deformations are concentrated within 10 mm ( 2 times the diameter of the cone
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penetrometer) from the centre of the cone. The experiments should be conducted with a
minimum spacing of 2 times the cone diameter to avoid overlapping of distorted zones.
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Figure 4: Variation of the Cone penetrometer displacement vs. time
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Figure 5: Variation of the Cone penetrometer velocity vs. time
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Figure 6: Variation of the Cone penetrometer acceleration vs. time
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Figure 7: The displacement contours of FF-CPT for different drop heights at the end of cone penetration process

5 CONCLUSIONS

This paper shows a complete numerical simulation of a laboratory-scale free fall cone
penetrometer test on marine clay by using the generalized interpolation material point method
(GIMP). The theoretical value of the undrained shear strength of the clay obtained from the fall
cone test is used for the numerical simulation. An extended Tresca material model is used to
consider the effect of strain rate and strain softening due to the destructuration of clay associated
with the dynamic cone penetration process. The simulation uses the same material parameters
as those used for the numerical replication of the fall cone test in [9]. The experimental results
are well replicated by the numerical simulation, with an excellent agreement of the
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displacement, velocity, and acceleration profiles of the cone during the penetration process. The
results show that the numerical framework used in this work can capture the dynamic
penetration mechanism associated with soft and sensitiveclays. The study results give some
assurance that the present numerical framework can be used for similar replication in large-
scale simulations, such as the in-situ FF-CPT, the installation of dynamic torpedo anchors, and
the installation of driven piles. Further, the numerical simulation shows that the cone
penetration process during this test influences a surrounding soil zone of two times the cone
diameter. Therefore, a minimum separation of two times the cone diameter should be
maintained between two adjacent tests to minimize the interference and boundary effect.
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