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ABSTRACT: The paper shows a numerical simulation of a fall cone test done on a soft and sensitive marine clay sample
collected from the Gulf of Finland in the Baltic Sea. The simulation involves large deformations and takes into account the
destructuration of clay, strain rate effects, and non-linear material behaviour. First, the analysed fall cone test was captured with
a high-speed camera (1000 frames/sec). MATLAB image processing tools helped to quantify the cone displacement, velocity,
and acceleration during the indentation process. Further, we simulate the process of indentation of the cone into the soils using
the Generalized Interpolation Material Point Method (GIMP). In the simulation, the undrained shear strength of soil (s,,) is taken
as a function of strain rate to consider the effect of strain rate on cone indentation, as well as a function of destructuration. The
presented numerical simulation replicates well the shown experiment. The simulation results indicate that the present material

framework, along with GIMP, can be used to simulate the dynamic penetration process on soft and sensitive clay.
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1 INTRODUCTION

Dynamic penetration is commonly encountered in many
practical geotechnical engineering problems, such as
pile driving, as well as in laboratory and in-situ soil
tests. The numerical simulation of the dynamic
penetration of a rigid body into the soil is a challenging
problem due to large deformations and strains, the
evolution of shear bands, material nonlinearity, and
strain softening (e.g., Lu et al., 2001).

The Generalized Interpolation Material Point Method
(GIMP) has been successfully used to study different
penetration problems, such as the penetration of strip
footing (Sotowski & Sloan, 2015), modelling of pile
installation (Phuong et al., 2016), and cone penetration
tests (Ceccato et al., 2016). The above studies ignore the
effects of strain rate and destructuration on the shear
strength of soil during the penetration process.
However, the dynamic penetration processes are
associated with a wide range of strain rates. So, not
considering the influence of the strain rate on the
undrained shear strength of clay could have a
considerable impact on numerical simulation.
Furthermore, many clays are sensitive, with the
undrained shear strength reducing during the
indentation 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.

This paper shows the numerical simulations of free-
fall cone tests on soft and sensitive marine clay by using
GIMP combined with an extended Tresca material
model to consider the effects of strain rate and
destructuration of clay. The displacement, velocity, and
acceleration profiles associated with the cone
indentation process of the fall cone experiment are
obtained by using MATLAB image processing tools.
The numerical simulation results that take into account
the effect of strain rate and clay destructuration match
the experimental observations very well.

2 FALL CONE TEST

The fall cone test is commonly used for the rapid
determination of the undrained shear strength (s,) of
cohesive soil. In this test, a metal cone of weight Q (g)
is positioned so that its tip touches the surface of the soil
sample and is then released to fall freely under its own
weight. Assuming that the final penetration depth of the
cone into the soil is d,(mm), the undrained shear
strength of the soil sample is (Koumoto & Houlsby,
2015):

=g (1)
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where K is the cone factor, which depends, among
others, on the type and roughness of the cone and strain
rate parameters.

3 EXPERIMENTAL INVESTIGATION OF
CONE PENETRATION MECHANISM

In the present study, marine clay samples were collected
from the Gulf of Finland in the Baltic Sea using PVC
sampling tubes. The clay specimens for the fall cone
tests are of approximately 40 mm thickness and were
extruded from the sampling tube and then cut with a
wire saw. The cylindrical specimen is directly placed in
the basement of the fall cone apparatus, and the fall cone
test with a 30° 100g cone is carried out at 3 different
points on the sample surface (labelled Experiment 1,
Experiment 2, and Experiment 3). The tests yielded
final penetration depths (d,,) of 15.4mm, 16.5mm, and
16.2mm for the three associated points. The
representative average value of the penetration depth
(dp) s 16.03 mm. The contact between the cone and soil
is assumed to be rough, which corresponds to the cone
factor K= 1.03 (Koumoto & Houlsby, 2001). Equation
(1) indicates that the measured average penetration
depth corresponds to the theoretical value of the
undrained shear strength (s,,) of soil of 3.92 kPa.

Tracking
Marker

Figure 1. The 30°, 100 gm cone set up used in the experiment
to track the cone.

The present study used a non-contact tracking
method involving high-speed photography and
subsequent 1image analysis to track the cone
displacement throughout the fall cone experiment
without influencing the motion of the cone. A high-
speed camera (1000 frames/sec) recorded the whole
process of the fall cone test. A white paper featuring a
grid of black tracking markers attached to the cone as

shown in Figure 1 for more precise tracking. The
experiment used different light and background colour
combinations (shown in Figure 1) to avoid reflections
and reduce noise. The digital images recorded by the
camera contain brightness data recorded at each pixel
point. The present study used MATLAB image
processing codes based on the Kanade-Lucas-Tomasi
(KLT) feature-tracking algorithm (Lucas & Kanade,
1981; Shi & Tomasi, 1994) to track the tracking markers
on the cone and obtain the displacement-time profile of
each tracking marker. Using an appropriate scaling
factor, the displacement-time profiles produced from
the image analysis in image space coordinates (pixels)
are transformed to object space coordinates (meters).
The velocity-time profiles associated with the tracking
markers are obtained by numerically differentiating the
displacement-time profiles using the central difference
method. Figure (2) shows that the velocity-time profile
associated with the individual tracking markers is noisy.
The noise in the velocity-time curve may be due to the
error induced by the use of numerical differentiation or
due to the error associated with the displacement
estimation. The smoothed velocity curve (shown in
black) is obtained by taking the average velocity of 100
tracking points. The smoothed velocity profile is further
differentiated numerically to obtain the acceleration-
time profile of the cone.
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Figure 2. Velocity profiles of different tracking markers on
the cone during the cone penetration process.

Table 1. Final penetration depth of cone ( dp ) from different
experiments

d,, mm d,, mm
(Experiment) (image processing)
Experiment 1 154 15.5
Experiment 2 16.5 16.5
Experiment 3 16.2 16.3

The above-mentioned image processing technique is
used to obtain the displacement, velocity, and
acceleration profiles associated with the three
experiments. Table 1 shows that the final penetration
depth, obtained with the image processing technique,
matches well with that obtained from the experiments.
Figures 7-9 show that the displacement, velocity, and
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acceleration profiles associated with different points in
experiments are similar. In all cases, the penetration
process takes less than 0.1 sec. The acceleration profiles
in Figure 5 show that the acceleration at the very
beginning of the experiment 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.

4 NUMERICAL MODELLING USING GIMP

4.1 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 where the conventional mesh-based methods
fail due to large mesh distortion (Sulsky et al., 1995).
However, the original MPM has lots of numerical
instability. 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 (Bardenhagen & Kober,
1970). This paper uses GIMP as encoded in Uintah
software (http://uintah.utah.edu/) for simulations of the
fall cone test.

4.2  The constitutive model

The entire process of cone penetration in the fall cone
test 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, (Boukpeti et al., 2012; Einav & Randolph, 2006;
Jeong et al., 2009) show that the undrained shear
strength of clay depends on the shear strain rate and
destructuration of clay. The undrained shear strength of
clay under a higher shearing rate is higher than the shear
strength of the same clay under a low shearing rate.
Similarly, the sensitive clays show shear strength
degradation with the increase in accumulated plastic
strains. 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 (Einav & Randolph, 2006; Tran &
Sotowski, 2019). The undrained shear strength of clay
is expressed as a function of strain rate (&y),
accumulated shear strain (§), and sensitivity (S;) as:

(67,6,5) = (—‘” )B 1i(1-3) e @
Su\0Y,6,9¢t) = Su,ref 5Vref S S e

where sy, o 1s reference shear strain at reference strain
rate (§Yrer), B is the strain rate parameter associated

with the power law, and &g5 is the accumulated shear
strains required to obtain 95% reduction of the shear

strength. For small deformations, the dynamic
undrained shear modulus depends on the shear strain
rate, therefore the dynamic undrained shear modulus
can be estimated as

Sy B
Gy (5]/) = Gu,ref (m) (3)

4.3  Numerical Modelling of fall-cone test

The GIMP simulation of the fall cone test replicates the
experiment using an axisymmetric assumption to
reduce the computational cost associated with the 3D
MPM simulation. Figure 3 shows the numerical model
and associated boundary conditions. The GIMP
simulation uses the rigid material model to model the
steel cone with 100g weight and 30° cone angle. The
Tresca material model, with the cohesion dependent on
the strain rates and sensitivity (as mentioned in
Equations (2) and (3)) is used to model the marine clay.
The measured value of sensitivity of the clay (s;)
sample is 10. As mentioned in Section (2), the value of
reference undrained shear strength (s, ,.r) is 3.92 kPa
based on the theoretical solution of (Koumoto &
Houlsby, 2015) for rough cone-soil interface
conditions. The range of strain rate in a fall cone test is
roughly the same as in a vane shear test. The value of
the reference shear strain is set to 0.5 s~ based on the
vane shear data of (Boukpeti et al., 2012). The value of
B is set to be 0.06, which is the reasonable average of
the values of 8 reported in different literature (Chung et
al., 2006; Rattley et al., 2008). The reference elastic
shear modulus is set to be 167 times the undrained
reference shear strength value as indicated by
(Moavenian et al., 2016). Table (2) summarizes the
various model parameters considered in the study.

Table 2. Material parameters for numerical simulation

Sure f 8)/1‘2 f ﬂ Gu,re f Uy S t 595
(kPa) (s (kPa)
3.95 0.5 0.06 167sy,.r 0499 10 25

The simulations assume frictional contact with
friction coefficient (u) developed by Bardenhagen et al.
(2001). The friction coefficient between cohesive soil
and steel lies between 0.5-0.65 (Tsubakihara et al.,
1993). A series of numerical studies have been
conducted to examine the influence of the friction
coefficient on cone penetration depth by varying the
friction coefficient (u) from 0 to 1. Figure (4)
demonstrates that friction coefficients, greater than 0.6,
do not significantly change the penetration depth. This
shows that the friction coefficient (x = 0.6) is enough
to prevent sliding between the cone and the soil.
Therefore, in the present analysis, we selected the
friction coefficient u = 0.6.
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Figure 3. Schematic of a fall-cone test. Unit: mm
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Figure 4. Influence of friction coefficient on the penetration
depth of the cone

5 GIMP SIMULATION RESULTS

5.1 Numerical error due to grid density

The grid density in GIMP plays a crucial role in the
accurate simulation of the fall cone test (Tran et al.,
2017). To investigate how the grid density impacts the
simulation results, the analysis discretizes the problem
domain in Figure (1) 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 4960, 19840, 79360, and 317440 material
points in the simulation, respectively. For a given value
of undrained shear strength, the theoretical penetration
depth (dy,theo) computed theoretically using Equation
(1) and the numerical value of penetration depth

(dp num) is obtained from the numerical simulation. The

error associated with the fall cone analysis is defined
as:

dp theo—d
error = 22 P oy 4)
dp,theo

Figure (5) demonstrates that when the number of grid
cells increases, the error decreases. For a given mesh
density, the error associated with a higher penetration
depth is smaller than that associated with a lower
penetration depth. That may be because there are fewer
material points in the area of penetration. Additionally,
Figure (5) shows that the error associated with h =
0.125mm is less than 5% in all the cases, and for
dp,theo= 16 mm, the value of the numerical penetration
depth is almost the same as the theoretical penetration
depth. Therefore, the present analysis uses h=0.125mm
to simulate the fall cone test numerically. Figure (5) also
confirms that the theoretical value of undrained shear
strength obtained by using Equation (1) can be used for
further simulation of the fall cone test.
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Figure 5. Spatial discretisation errors of numerical solution

5.2 Numerical replication of fall-cone tests

The numerical simulation uses grid size h = 0.125 mm
and material parameters as given in Table 1 for u = 0.6.
Figure 9 shows that the cone takes around 0.01s of time
from the beginning to reach the free-fall condition. This
is taken into consideration in the numerical simulation
by increasing the acceleration due to gravity linearly
from O to 0.01s. After 0.01s, the acceleration due to
gravity is fixed to a constant value (9.819 m/s?). In this
way, the weight of the clay at the very beginning of the
simulation (0 to 0.01s) will not accurately represent the
actual weight of the clay. To examine the impact of the
inaccurate weight of clay on displacement at the
beginning of the simulation (0 to 0.01s), the numerical
simulations of the fall cone test are carried out for
different unit weights of the soil by keeping all other
parameters unchanged and the simulated cone
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displacements are presented in Figure (6). Figure (6)
shows that the inaccurate value of the unit weight of soil
does not significantly impact the numerical simulation
results, as the displacement of the soil in the first 0.01s
is minimal. Furthermore, the soil weight affects the
overall results only marginally, as the majority of the
initial potential energy of the cone is dissipated via
plastic work during shearing.
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Figure 6. Cone displacements simulated with three different
soil unit weight assumptions (all the other parameters con-
stant)

Figures 7, 8, and 9 compare the development of
penetration depth, velocity, and acceleration over time
between the experiments and the numerical simulation.
Figures 7-9 demonstrate that the numerical and
experimental profiles of displacement, velocity, and
acceleration associated with the cone penetration
process match quite well. In the experiments, the cone
reached its final penetration depth in roughly O.1s,
whereas in the numerical simulation it took around
0.09s. The final penetration depth obtained from the
numerical simulation (15.99 mm) is close to the average
penetration depth obtained from the experiments (16.03
mm). Figure 7 also shows that the cone rebounded
around 0.25mm in Experiment 2 and Experiment 3,
while Experiment 1 did not show any rebound. The
numerical  simulation shows a rebound of
approximately 0.2mm. Figure 8 demonstrates that the
numerical model predicts the maximum velocity to be
approximately 0.33 m/s, which is close to the average
maximum velocity from the experiment (0.31 m/s).
Figure 9 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.
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Figure 7. Cone displacement during penetration
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Figure 8. Cone velocity during penetration
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Figure 9. Cone acceleration during penetration

6 CONCLUSIONS

The fall cone test is frequently used to measure the
undrained shear strength of soil. The interpretation of
the undrained shear strength of soil based on the fall
cone test is rather challenging since it is dependent on
various factors such as the cone angle, the roughness of
the cone, the strain rate parameters related to cone
penetration, and so on. In this study, the fall cone
experiment is carried out on soft and sensitive marine
clay samples collected from the Gulf of Finland in the
Baltic Sea. The displacement, velocity, and acceleration
profiles associated with the cone indentation process in
the fall cone experiment are obtained by using
MATLAB image processing tools. The numerical
simulation using the Generalized Material Point
Method (GIMP) combined with the Tresca material
model extended to consider the effect of strain rate and

NUMGE 2023 - Proceedings



Finite element, finite difference, discrete element, material point and other methods

strain softening due to the destructuration of clay shows
a good agreement with both theoretical and
experimental results. The experimental results are very
well replicated by the numerical simulation, with an
excellent agreement not only of the final depth of the
penetration but also of the displacement, velocity, and
acceleration profiles during the penetration. The results
show that with the right strain rate and sensitivity, the
dynamic penetration parameters and high grid density,
GIMP simulations can replicate the mechanisms
relevant to the penetration of cone into clay. The study
also suggests that the strain rate and destructuration of
clay greatly affects the kinematic behaviour of the cone.
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