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Abstract

In nature, seeds of some flowering plants such as Erodium and Pelargonium can bury themselves into the ground
effectively for germination. Jung et al. (Phys Fluids 29:041702. https://doi.org/10.1063/1.4979998, 2017) hypothesized that
rotation induced by the hygroscopic coiling and uncoiling movement of the awn reduces the penetration resistance.
Rotational penetration was also studied in geotechnical engineering, as it is relevant to the rotary installation of piles.
However, there are limited fundamental explanations of the effect of rotation on the reduction of penetration resistance. In
this study, shallow rotational penetration in dry sand is studied using the discrete element method (DEM); the directly
available particle-scale data and the derived meso-scale data were analyzed to reveal the underlying mechanism of the
rotational effect on penetration. A series of rotational penetration tests with different rotational speeds were conducted. It
was confirmed that the penetration resistance at the cone decreases with rotational speed. Analysis of the particle—cone
contact data shows that rotation does not only result in the inclination of the contact forces, but also significantly reduces
their magnitude and the overall contact number. The force chain network, displacement fields and particle trajectories
visualize the rotational effects at the particle-scale; and the evolution of the principal stresses of the soil provides a meso-
scale explanation. The new multi-scale data tested the “force chain breakage” hypothesis and challenged the assumptions
previously used in developing analytical models. Insights were also provided to power consumption and implications on
the design of a self-burrowing robot, which could take advantage of the rotational effect on penetration.
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Fie Vertical component of the total contact normal
force on the cone (N)
Fy Vertical component of the total contact shear

force on the shaft (N)

Fonis Fpy  Vertical components of the individual contact
normal forces and that of the contact shear
forces (N)

Fne, Fpe Vertical component of the contact normal force
and contact shear force on the cone (N)

H, Height of the shaft (m)

ky Rolling stiffness coefficient

ks Tangential (shear) contact stiffness (kPa)

M. Elastic contact moment (N m)

M, Plastic contact moment (N m)

np Cone-to-particle diameter ratio

P Power (W)

qe Cone penetration resistance (kPa)

Gemax Non-rotational cone penetration resistance at
the maximum penetration depth (kPa)

qcRot Rotational cone penetration resistance (kPa)

0 Vertical penetration force (N)

O, O (Vertical components of) the penetration force
acting on the cone and shaft (N)

Tas b Radii for two contacting particles (m)

rd Chamber-to-cone diameter ratio

R Radius of the cone (m)

T Penetration torque or the total contact torque
on the penetrator (N m)

T, Rotational period (s)

T, The vertical component of the total contact
torque (N m)

Ty, Ty Vertical components of the torque on the cone
and shaft (N m)

u Relative slip velocity

Vp Vertical penetration velocity (m/s)

Vg Tangential velocity (m/s)

1 Introduction

Bio-inspired geotechnics, as a subfield of the emerging
subject field of biogeotechnics, concerns how geotechnical
engineers can learn from biological solutions to improve
the sustainability, resilience and sophistication of the tools
and methods in geotechnical practice [26, 39]. One par-
ticular topic of bio-inspired geotechnics, penetration/bur-
rowing mechanisms and robots, has gained much traction
recently [8, 26, 36, 39, 54, 62]. It is envisioned that self-
burrowing robots can be used for exploration, search-and-
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rescue, sensor deployment, inspection, monitoring,
surveillance, transport, and construction purposes [53].

Numerous organisms move in soil effectively and effi-
ciently. Examples include burrowing bivalves, polychaetes,
earthworms, burrowing fish, sandfish lizards, and tree roots
[3, 17,37, 41, 45, 51, 55-57]. They achieve this by using a
spectrum of traits but mainly through changing their body
shapes so as to decrease the penetration resistance or to
increase the thrust and anchorage. Many of these traits
have also been investigated to inspire the design of self-
burrowing robots [18, 38, 40, 43, 46, 54, 60]. This study is
inspired by the self-burial mechanism of some flowering
seeds.

It has been found that the seeds of Erodium cicutarium
and Pelargonium species can bury themselves into the
ground by cyclically alternating the coiling and uncoiling
motion of its awn structure [21, 22, 50]. In general, the awn
is a bristle-like appendage on the seeds. Elbaum and
Abraham [1, 2, 19, 20], among others, found that the awn
has a bilayered structure, which includes a hygroscopically
contracting inner layer and a stiffer outer layer. Humidity
changes cause the double-layer structure to deform in a
non-uniform fashion, resulting in a coiling and uncoiling
motion. This periodical process leads to a rotational pen-
etration movement of the seed. As a result, seeds bury
themselves into the ground for future germination. It is
believed that the net penetration thrust originates from the
asymmetric kinematics of the helical motion [15], and the
penetration resistance is also reduced by the rotational
motion [31, 52]. Specifically, Jung et al. [30] experimen-
tally investigated the rotational movement of the seeds of
the Pelargonium species. By penetrating a seed analog into
a rotating container full of glass beads, the penetration
resistance decreased up to 75% at a rotation rate of 7 rpm
and a vertical velocity of 0.2 mm/s as compared to the case
without rotation. They developed a mathematical model to
empirically correlate the penetration resistance with the
relative slip velocity (i.e., the ratio between the slip
velocity and the penetration velocity) of the grains. They
hypothesized that the rotation of the intruder induces
additional interparticle movements, which facilitate the
breaking of the force chains around the penetrator, thereby
reducing the vertical penetration forces. Bengough et al. [7]
also investigated the effect of rotation on frictional and
total penetration resistance to understand why the friction
portion of the resistance force of a penetrator probe is much
larger than that on a plant root. They conducted penetration
tests, with or without rotation, in different soil types. It was
hypothesized that the rotation altered the orientation of the
vector of frictional resistance so that it reduced the total
penetration resistance [7]. Assuming that the soil is
homogeneous and the stress normal to the cone surface is
not affected by rotation, a theoretical model was developed
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to include the effect of rotation period and penetration rate
in the estimation of penetration resistance [7].

Although macroscopic continuum or empirical models
have been developed to reflect the effect of rotation on
penetration resistance, a mechanistic explanation at the
micro (particle) and meso (stress/strain) levels is necessary
to unveil the fundamental mechanisms. In this context,
discrete element method (DEM) is an ideal tool. In fact,
Sharif et al. [47] recently investigated the effects of the
installation pitch (the ratio between rotational and vertical
velocity, the same as relative slip ratio) and base geometry
on the installation requirements of rotary installed piles
using DEM. But their objective was to develop a prediction
method based on the cone penetration test; only limited
insights on the microscopic behavior were provided. This
study aims to complement the above works by providing a
“micro to macro” DEM data analysis of shallow rotational
penetration of a rod in dry cohesionless soil; the force,
torque, and power involved in rotational penetration were
also examined to offer implications for the design of self-
burrowing robots.

This paper starts with an overview of the simulation and
analysis methodologies, including the numerical methods,
model construction, and data analysis approaches. Subse-
quently, the simulation results, including the particle—
penetrator interface contact information, force chain net-
work, displacement field, and particle trajectory, are ana-
lyzed to elucidate the reduction of the penetration
resistance. A detailed discussion on the fundamental
mechanisms is then presented, followed by implications for
robot design and some conclusions based on the results of
this study.

2 Methodology

The DEM method has been used to simulate different soil—
structure interaction problems, such as the cone penetration
test [9], screw pile installation [48], and general soil—
structure interface behavior [29]. Recently, DEM method
was also used to investigate the soil-organism interactions
[38], and soil-robot interactions [11, 26, 36]. Nevertheless,
the DEM method still cannot handle these sophisticated
engineering problems on a real physical scale due to the
computational limitations. Therefore, some simplifica-
tions—such as increasing the critical timestep, using
upscaled spherical particles, and adopting simple consti-
tutive laws—are usually made to reduce computational
costs without significantly reducing the computational
accuracy.

2.1 Numerical method

This study uses the open-source software YADE [49] to
investigate the soil-penetrator interactions. In YADE, the
kinematics of the particles is controlled by Newton’s sec-
ond law of motion and the constitutive relationship
between particle force and displacement. In this study, the
sand particles are simplified as spherical balls. A built-in
linear elastic—plastic constitutive model (Cundall-Strack
law) is used to describe the interactions between any two
contacting particles. The contact shear failure criterion
used here follows the Mohr—Coulomb law. Besides, a
moment transfer law [6] was introduced to account for the
effects of sand particles’ roughness and angularity. More
information on this law [6, 44, 61] can be found in the
“Appendix”, while the detailed information on the DEM
theory is not duplicated here and can be found elsewhere
[49, 52, 61].

2.2 Model construction and microscopic
parameters

A virtual calibration chamber was constructed with key
geometric considerations [4, 10], including the particle size
distribution, cone-to-particle diameter ratio (np), the
chamber-to-cone diameter ratio (r4), and the sample
height-to-cone diameter ratio (ny). The particle size dis-
tribution was based on that of the Ottawa F65 but scaled up
by 25 times (Fig. la). Sample parameters in this study
(Table 1) were selected as a compromise between the
available computational power and the simulation accu-
racy. Specifically, the height and diameter of the sample
are 0.25 m and 0.4 m (Fig. 1b); the penetrator consists of a
cylindrical shaft with a length of 0.15 m and a diameter of
0.025 m; a conical tip with a semi-angle of 30° connects to
the bottom of the shaft (Fig. 1c). The justification of the
selection of these geometry ratios are provided in the
“Appendix”. When implementing in YADE, the cross
section of the penetrator was approximated with a regular
decagon (a polygon with ten equal sides) with an equiva-
lent diameter of 0.025 m.

The microscale parameters (Table 1) were calibrated to
match the experimental triaxial compression stiffness and
peak strength of dry Ottawa F65 samples [5, 58]. Details of
the calibration process and results can be found in Tang
et al. [52]. The calibrated and validated curves for devia-
toric stress—axial strain and volumetric strain—axial strain
were shown in the “Appendix” for convenience.

The sample for the rotational penetration simulations
was prepared using a multi-step tuning approach. A loose
sample was first generated using a “pluviation” method
within the frictionless cylindrical calibration chamber

@ Springer
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Fig. 1 Simulation setup: a original and scaled particle size distribution curves; b penetration test chamber geometry: the colors of the sample
represent the magnitude of the particle radii; the relative positions of the monitoring sphere (MS; D = 0.025 m) and the measurement box (MB;
L =0.075 m) are also shown; before penetration, the penetrator tip is located 0.01 m above the sample surface; ¢ the penetrator model and its

dimensions

Table 1 Key sample and microscale parameters for the Ottawa sand
F65 sample

Parameters Values
Sample height (mm) 250
Sample diameter (mm) 400
Number of particles 367,000
Sample porosity (1) 0.412
Particle density (kg/m®) 2,648
Acceleration of gravity (m/s?) 9.81
Interparticle friction angle (°) 19.5
Penetrator—particle friction angle (°) 19.5
Young’s modulus (MPa) 400
Ratio of shear to normal stiffness (o) 0.3
Plastic moment coefficient (1) 0.5
Rolling stiffness coefficient () 0.2

using a high initial interparticle friction angle (45°). The
targeted porosity was then achieved by gradually reducing
the interparticle friction angle. Following this process, the
friction angle was reset to the calibrated value after the
unbalanced force decreased to 0.001 N, ensuring that the
sample was in the quasi-static equilibrium. Afterwards,
some particles on the top were removed to ensure a flat
surface. The samples were then rerun to achieve a final
equilibrium state. The penetrator was initially generated so
that the tip was located at 0.01 m above the top surface of
the sample (Fig. 1b).

Five cases were conducted with a common vertical
penetration velocity (0.04 m/s) but different rotational
velocities (0, 40, 100, 200, and 400 rpm). The rotation of
the penetrator was realized by assigning a rotational
velocity in the horizontal plane around the penetrator’s
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central axis. In addition, since this study concerns shallow
penetration, gravity was considered.

2.3 Data analysis

Figure 2 presents the schematic for the contact force
between the cone and a contacting sphere. From a particle-
scale perspective, the vertical penetration force (Q)
includes contributions from the contact normal force (F,,)
and the contact shear force (Fy), as shown in Eq. (1).

CN CN
Q=Fun+Fa=Y Fmi+ Y Fu (1)
i=0 i=0

From a macro-scale perspective, Q can be seen as the
sum of the vertical components of the resultant contact
forces (F;), which depend on the magnitudes of the forces
(F;) and the contact angles (0;) as defined in reference to
the positive z direction (Eq. 2).

CN CN

0= ZFU = ZFi - cosf
i=0 i=0

in . in

Fi  YFL+F?

cost); =

Fig. 2 Schematic for the contact force components between the cone
and the contacting spheres
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Alternatively, Q can also be viewed as the sum of
contributions from the forces acting on the cone (Q.) and
shaft (Qy).

0=0.+0s=

where Q. and Qy are the vertical penetration forces acting
on the cone and shaft, respectively; F,. and F, are the
vertical components of the total contact forces on the cone
and shaft, respectively.

The rotational movement generates torque on the pen-
etrator and consumes energy during the penetration pro-
cess. The total power consumption (P), or the energy
consumption per unit time, can be expressed as the sum of
contributions from vertical components of the penetration
force (F, = Q) and torque (7). The power is a key per-
formance metric for robot design, and it can be expressed
as,

P=0xv+T,xw=(0c+ Q) Xvp+ (Tye +Tys) x ®
(4)

where T,. and T are the vertical components of the tor-
ques acting on the cone and shaft, respectively; v, and @
are the vertical velocity and
respectively.

In addition, a measurement sphere (D = 0.025 m) and a
measurement box (L = 0.075 m) are used to monitor the
trajectory of select particles and the meso-scale principal
stress in the sample during the penetration process
(Fig. 1b). The sizes of the measurement sphere and box are
large enough to serve as representative volume elements
and are within the range of commonly adopted values
(Table 2).

The underlying mechanism of rotation effect on pene-
tration resistance can be explained by examining the
changes of the multi-scale terms in Egs. (1)-(3) and by
relating to the particle-level displacements, trajectories,

zc + FZS (3)

rotational velocity,

Table 2 The ratio between the measurement sphere and the average
particle diameter in the literature

Model Measurement Particle D/Ds References

sphere diameter D Diameter

(mm) Dsp(mm)
3D 20 4.2 5 [35]
3D 20 1.984 10.1 [14]
3D 300 51 5.9 [27]
3D 180 41 4.4 [24]
3D 3000 540-660 4.5-5.5 [12]
3D 36 8.91 4 [13]
3D 104 4.6-5.2 20-22.6 [59]
2D 180 7.6 23.7 [28]
2D 10.0-50.0 3.0-4.0 3.3-16.6  [32]
2D 20-30 0.78 25.6-38.5 [34]

force chains and changes of meso-scale principal stresses.
Each of these aspects are discussed in Sect. 3.

3 Results

3.1 Macro-scale resistive force and torque
on the cone and shaft

The penetration forces on the cone (Q.) and shaft (Qs) are
shown in Fig. 3. Q. increases with increasing penetration
depth and decreases with the rotational speed, while Qq
contributes much less to the total penetration force (less
than 10% of Q. for the control case). Although differences
in Qg exist among cases, there is no obvious trend due to
the coarseness of data (Fig. 3b).

Rotational movement reduces the penetration force with
a cost related to torque (Fig. 4). Theoretically, there should
be no torque for the control case if the sample is a
homogenous continuum medium. However, as shown in
Fig. 4, a net torque exists on the cone and shaft for the
penetrator with a pure downward motion (0 rpm). This
observation implies that the original sample is not
homogenous, and the components of the contact forces on
the xy plane do not balance off. Figure 4a shows that a
faster speed of the cone actually does not result in higher
torque since higher rotational speed significantly reduces
the particle—cone contact forces and numbers. For the shaft
(Fig. 4b), the differences among the rotational cases are not
obvious.

Note that the calculated torque is likely overestimated,
since the surface of the penetrator is not perfectly round,
but a ten-sided polygon. The authors also constructed
models with polygons of higher number of sides to
approximate a perfect round cross section. The results (see
“Appendix”’) indicate that the cone penetration force only
increases slightly with the increase in the number of sides,
while the shaft resistive force does not show any clear
trend.

3.2 Contact number at the particle-penetrator
interface

The penetration forces (Q. and Q) are affected by the
number of particles that contact the cone and shaft (Egs. 1,
2). Figure 5 summarizes the evolution of the number of
particle-cone and particle—shaft contacts under different
rotational velocities. During the penetration process, the
particle—cone contact number increases sharply until the
cone is fully submerged (penetration depth of 0.025 m).
After that, the particle-cone contact number maintains at a
relatively constant value with some fluctuations. The
average particle—cone contact number is 34 for the control

@ Springer
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Fig. 3 Penetration force under different rotational velocities: a cone penetration force (Q.); b shaft penetration force (Qs). Note that the scales for
the vertical axis are different for a and b
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Fig. 4 Torque under different rotational velocities: a torque on the cone; b torque on the shaft
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Fig. 5 Contact number (CN) under different rotational velocities: a contact number on the cone (the red dash-dot line indicates the fully
submerged region); b contact number on the shaft
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case (0 rpm), while that for 400 rpm is only 13. The par-
ticle—shaft contact number (Fig. 5b) increases almost lin-
early with the increase of the penetration depth for all cases
mainly due to the increase in the length of shaft that is
submerged. The stabilized average contact number (dash—
dotted line in Fig. 5a) and the particle—shaft contact num-
ber both decrease with increasing rotational speed.

3.3 Magnitude and components of the contact
forces at the particle—penetrator interface

The total cone penetration force is the sum of vertical
contributions from the normal (F,,.) and shear (Fy.) con-
tact forces (Eq. 1). From Fig. 6, both F;,. and F. increase
with increasing penetration depth but decrease with the
rotational velocity. During the penetration process, the F;c
contributes more to the cone penetration force when
compared to the F,. under the same rotational velocity.
When the rotational velocity is large enough (above
200 rpm), the F on the cone becomes negligible.

Figure 6 shows that the relative reduction of the cone
penetration force are not linear with respect to the rota-
tional velocity but increases with the rotational velocity,
although the reduction rate decreases. For example, the
relative reduction of F,. (or Q.) from 40 to 100 rpm is
almost the same as the reduction from 200 to 400 rpm;
both are around 20%.

The total cone penetration force can also be expressed as
a resultant contact force with a corresponding contact angle
(Eq. 2). The evolutions of the resultant contact force and
contact angle on the cone during the penetration process
are shown in Fig. 7. The resultant contact force increases
with penetration depth and decreases with the rotational
velocity; the stabilized contact angle (after the cone is fully

submerged) increases with the rotational velocity. The
maximum contact angle is around 60°, which is the same as
the apex angle of the cone, indicating that the resultant
shear contact force is perpendicular to the penetration
direction and no longer contributes to the penetration
resistance.

3.4 Statistical summary and visualization
of the contact forces

A clearer picture of the individual interface contact forces
at a certain penetration depth can be obtained by examining
the statistical polar plot (Fig. 8) and the visualized force
chain network (Fig. 9).

The polar bars become shorter (Fig. 8) with the increase
of the rotational velocity, indicating the decrease of the
contact numbers. Meanwhile, the force chains become
weaker and more sparse (Fig. 9). The polar bars spread to a
wider range and shift to higher contact angles in general
(Fig. 8), indicating an increase in the average contact
angle. The average contact angle changes from 47.32 to
58.93°, which is close to the contact angle of the resultant
contact forces (Fig. 7b). The average contact force
decreases with rotational velocity, except for the case for
400 rpm (2.99 N). The contact force changes from 2.55 N
for the control case to 1.09 N for the 200 rpm case. In
summary, the decreasing number of contacts, the smaller
and more horizontal contact forces all contribute to the
decrease of the penetration force.

Figure 9 also shows that with increasing rotational
velocity, the distribution of the strong contact forces (the
forces that are larger than the average contact normal force
[42, 63]) within the soil sample becomes more localized.
This indicates that the soil stress state at a location farther
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Fig. 6 Cone penetration force components and the relative reductions under different rotational velocities: a vertical component of the contact
normal force on the cone (F,;c); b vertical component of the contact shear force on the cone (Fy.); ¢ relative reduction of cone penetration force
(Force differences were calculated between the rotational cases (40 rpm, 100 rpm, 200 rpm, and 400 rpm) and the control case (0 rpm) when the
penetration depth is from 0.06 to 0.09 m; the relative reduction was calculated by normalizing the force difference with the cone penetration

force in the control case)
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from the cone is less affected for the fast-rotating cases 3.5 Particle trajectory and displacements
and, thus, the increasing rate of penetration resistance

(slope of curves in Fig. 3a) decreases with rotational  Changes in contact forces are associated with the trajectory

velocity.
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and displacement of particles. Trajectories of 53 particles
in the measurement sphere are analyzed (Fig. 22 in the
“Appendix”). Only the trajectories for a single select



Acta Geotechnica

Contact Normal Force (N)

Fig. 9 Force chain network at the final stage under different rotational velocities: a O rpm (control case); b 100 rpm; ¢ 400 rpm. The color
indicates the magnitude of the contact normal force; contact normal forces smaller than the average value (0.3 N) are represented using gray

color; the white spaces indicate there are no contact normal forces

particle, which was initially located along the centerline of
the penetrator, are provided in Fig. 10 to illustrate the
general trends. Figure 10 reveals distinct differences
between the spatial trajectories of the particle in the control
case and those in the 400 rpm case. While the particle
moves downward and sideways in the control case, it is
forced to move along a spiral path in the 400 rpm case.

The trajectories can be divided into three stages based
on the relative vertical positions between the cone tip and
the monitoring particle. In Stage I, the cone tip is above the
monitoring particle; in Stage II, the particle is above the
cone tip but below the cone shoulder; and Stage III occurs
after the cone shoulder has passes the monitoring particle.
In Stage I, the particles move slightly downward and
sideways in both the control case and the case at 400 rpm;
this finding is attributed to the compression effect from the
early penetration. In Stage II, the particle in the control
case mainly moves sideways, following more or less the
same radial direction as in Stage I; the particle in the
400 rpm case starts to rotate around the cone as it is pushed
downward and sideways; at the end of Stage II, the particle
in both cases is pushed to a radial distance that is
approximately the radius of the cone shoulder. In Stage III,
the particle in the control case moves mainly downward
along the shaft while the particle in the 400 rpm case
continues to spiral around the shaft. After Stage I, the
particle in the 400 rpm case completes about 1.5 rounds of
rotation, while the penetrator itself completes about 16
rounds; the particle also travels much deeper than that in
the control case.

The particle displacement field around the cone and
shaft were also analyzed (Figs. 20 and 21 in the “Appen-
dix”). In general, penetration without rotation pushes the
particles around the centerline of the penetrator downward
and sideways; pure rotation causes particles close to the

penetrator to rotate; the particle displacement fields caused
by rotational penetration appear as the combination of
those by vertical penetration and pure rotation.

4 Discussions

Previous studies attribute the rotation-induced reduction of
penetration force to either the breakage of force chains [30]
or the rotation of the contact shear forces [7, 47]; although
empirical or analytical correlations between penetration
resistance and the relative slip velocity (the ratio between
rotational and translational velocities) have been proposed,
the involved assumptions were often too strong and did not
reflect the fundamental mechanisms. In this section, the
findings from this study are used to validate or challenge
the assumptions used in previous studies and to provide
insights on the design of self-burrowing robots.

4.1 Testing the “force chain breakage”
hypothesis

Jung et al. [30] proposed that the reduction in penetration
force on a rotary conical intruder is solely due to the
breaking of the force chains around the cone. The current
study provides direct particle-level evidence to support the
breakage of the force chains near the cone, as shown in
Fig. 9, and the reduction of the contact numbers as shown
in Figs. 5 and 8.

In Jung et al. [30], it was also postulated that since the
rotational velocity (or slip velocity v,) on the cone surface
depends on the angular velocity (w) and the radial distance
from the cone centerline (r): (v¢ = wr), the force chain
breakage will be more effective in the outer region (near
the cone shoulder) than the inner (near the cone tip).
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Fig. 10 Particle trajectories of select particles in the measurement sphere for the control case and the 400 rpm case shown in: a the 3D space; b
the xy plane; ¢ the xz plane; and d the yz plane. In a, the colored spheres indicate the evolution of the position of the same select particle but at
different time instants; the starting and end time instants were indicated by the locations of the penetrator. In b—d, the arrows indicate the
traveling directions of the particles; the red points mark the change of stages; and the dashed lines indicate the coordinate bounds of the

penetrator

Figure 11 visualizes the particles in contact with the cone
at a penetration depth of 0.11 m for the control, 100 rpm,
and 400 rpm cases. To obtain the distribution of the
number of contacts on the cone, the cone surface was
divided into four regions with equal height as shown; the
number of particles per unit cone surface area is shown in
Fig. 11d. The results confirm that the contact force chain
breaks more effectively with a higher slip velocity, which
can result from increased rotational angular velocity and/or
the radial distance from the cone centerline.

The particle-scale data provided direct evidence to
support the force chain breakage theory. However, the
explanations provided in Jung et al. [30] overlooked the
contributions from the changes in both the magnitude and

@ Springer

the direction of the individual contact forces (Fig. 8),
which are discussed below.

4.2 Challenging the common assumptions
in developing analytical models

Analytical expressions of rotational penetration resistance
were presented in Bengough et al. [7] and Sherif et al. [47].
Despite differences in the terminologies and notations, both
expressions are equivalent, and they were derived based on
the same assumptions. For simplicity, only the expression
in Bengough et al. [7] is presented here (Eq. 5).
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where g.ro 18 the rotational penetration resistance; ¢ is the
stress normal to the cone surface; ¢ is the soil-penetrator
friction angle; ¢, is the soil-penetrator adhesion (the
adhesion is zero for Ottawa sand F65); R and « are the
radius and semi-angle of the cone, respectively; and v, and
T, are the vertical penetration velocity and the rotational
period, respectively.

The detailed derivation for Eq. (5) can be found in [7],
in which three major assumptions were made: (1) the soil
properties are homogenous at the scale of the cone; (2) the
soil is in continuous contact with and slides along the cone
surface; and (3) the normal contact stress does not change
during rotation. Another implicit assumption is that the soil
body does not move in relative to the cone, so that the
rotation of the shear stress on the cone surface can be
related to the rotational speed (Fig. 12a and Eq. 6).

60
1%
Vp Tp Prpm

cost = =

272 220082 2
\/vap + 4n*r*cos; \/vg (rS_Om) +47m2r2cos2
(6)

The findings in this study, however, challenge all these
assumptions. As shown in Fig. 9, the distribution of the
contact forces around the cone is not homogenous; the
trajectory of the monitor particle in Fig. 10 shows that the
soil is not in continuous contact with the cone surface and
in fact, the forming and breaking of particle-penetrator
contacts are dynamic and complex. The rotation of the
contact shear force vector can also be directly calculated as
the angle between the particle—penetrator contact shear
force vector and the vector pointing from the tip to the
contact itself (Fig. 12a). The comparison between the
analytical and numerical results for two rotational cases is
shown in Fig. 12b. The analytical results show that the
rotation of the contact shear force increases with the rota-
tional speed and the radial distance from the contact to the
cone centerline (r); with a rotational speed of 400 rpm, the
rotation of the contact shear force vector approaches 90°
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Fig. 12 a Illustration of rotation of the contact shear force vector due to rotation. The left and right halves of the cone represent a non-rotational
and a rotational case, respectively. The non-rotational contact shear force aligns with the vector connecting the cone tip and the contact point.
The angle ©} denotes the change of the direction of the contact shear force; b the angle ¥, which is calculated using Eq. (6) and the results from

the numerical simulation

near the cone shoulder, indicating negligible contribution
to the vertical penetration resistance. However, the
numerical data shows wide distributions of rotation angles
although more data points are indeed located close to the
analytical curves.

The strongest assumption in developing the analytical
models is that the magnitude of the normal contact stress
on the cone does not change due to rotation. From Fig. 6a,
it is evident that the contact normal force, and thus the
normal contact stress, decreases with increasing rotational
speed. By assuming a constant normal contact stress, it
seems to overestimate the rotational penetration resistance.
This is indeed the case when comparing the normalized
penetration resistance calculated using the analytical model
(Eq. 5) and that directly obtained from the DEM simula-
tions in this study (Fig. 13). Both models capture similar
trends for the development of penetration resistance with
depth without rotation and for the decrease in penetration
resistance with increasing rotational speed; however, the
analytical model predicts higher penetration resistance than
the DEM model, and the overprediction is more significant
for higher rotation speeds. The overprediction is mainly
due to the assumption of constant normal stress on the
cone.

4.3 Meso-scale interpretation: principal stress
reduction and rotation

The analytical models discussed above were used as an
attempt to correlate the penetration resistance with meso-
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Fig. 13 Normalized cone penetration resistance vs. normalized
penetration depth. The cone penetration resistance g, is normalized
by the resistance for the control case at the maximum depth of 0.11 m
(gemax); the penetration depth is normalized by the radius of the
penetrator. When the rotational velocity approaches oo, the rotational
penetration resistance approaches G in Eq. 5)

scale stress terms, but they neglected the changes in the
magnitude of the stress. Here, the numerically obtained
contact force data in a measurement box (Fig. 1b) is
homogenized, and the principal stresses are computed and
analyzed. Since the particles in contact with the penetrator
also interact with the surrounding particles, meso-scale
analysis can provide a perspective on how the soil mass
collectively responds to rotational penetration and how the
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Fig. 12a)

reduction in penetration resistance can be interpreted using
stress terms. It also highlights the needs to consider the
rotation-induced reduction on normal stress on the cone
when developing continuum-based analytical models.

Figure 14a—c show the evolution of the magnitude of the
principal stresses during rotational penetration up to the
point where the tip of the cone approaches the bottom of
the measurement box. All the three principal stresses
increase with penetration depth but decrease with the
rotational velocity; the reduction of the major principal
stress is more significant than that of the intermediate
principal stress and minor principal stress.

The principal stresses also rotate due to the penetration
and rotation of the rod. The change of the orientation of the
major principal stress is shown in Fig. 14d—f. 0, 0, and
0, represent the angle between the major principal stress
and the x, y, and z direction, respectively (See Fig. 12a for
the coordination system). Before penetration, 0, 0, and
01, are 90°, 90°, and 0°, respectively, indicating that the
major principal stress is in the z direction and the soil is in
the at-rest state. As the cone tip approaches the measure-
ment box, 0, keeps around 90° (Fig. 13e), indicating that
the major principal stress is always perpendicular to the y
direction and that the shear stress induced by the rotation
(along the y direction) is relatively small comparing to that
induced by the penetration (along z direction). Meanwhile,
01, decreases and 0, increases with the penetration depth,
and the two angles are complementary angles in the xz

plane. Furthermore, the major principal stress inclines
more towards the z direction and away from the x direction
as the rotation speed increases, due to rotation-induced
reduction of the magnitude of the stresses.

Figure 15 presents the direction and magnitude of the
major principal stress at the final penetration depth on the
xz plane. It shows that a higher rotational velocity results in
reduced magnitude of the major principal stresses as well
as reduced angles with respect to the positive z axis. The

2.0
Bl 0rpm
S8 40 rpm
400 rpm
=
[~
=< 1.0
&
0.0 | | |
-3.0 -2.0 -1.0 0.0
o1, (kPa)

Fig. 15 The rotation and shrinkage of the major principal stress
vectors in the xz plane with increasing rotational velocity. The data
plotted in this figure corresponds to the maximum penetration depth
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overall effect is that the vertical component of the major
principal stress is reduced.

4.4 Absolute rotational velocity vs. relative slip
velocity

Previous studies indicate that the reduction in the cone
penetration force does not solely rely on the absolute value
of the rotational velocities; it is commonly held that the

relative slip velocity or pitch (u =r= ‘;’—’) dictates the
P P

effectiveness of reduction [16, 30, 47]. To further validate
this argument, a second series of simulations were con-
ducted in which the relative slip velocities were kept as the
same as the original series but with reduced vertical pen-
etration velocity (0.01 m/s) and adjusted rotational speeds
(0, 10, 25, 50, and 100 rpm). The results confirmed that it is
the relative slip velocity rather than the rotational velocity
itself that controls the effectiveness of reduction (Fig. 16).

4.5 Implications to self-burrowing robot design:
low penetration force and low power
requirement

The above analysis validates that rotation causes significant
disturbance to the surrounding soil, contributing to the
reduction of penetration resistance. The importance of a
lower penetration resistance for an autonomous penetrator
is underscored by the recent unsatisfactory performance of
NASA’s Heat Flow and Physical Properties Package (HP)
probe, which was not able to penetrate the Martian ground
as planned [23]. If the design purpose is just to enable the
robot to burrow into the soil as easily as possible, a higher
rotational velocity and thus a lower penetration force
would be preferred. However, force is not always the only
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Fig. 16 Normalized cone penetration resistance under different
relative slip velocities
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design criterion. When considering the energy efficiency of
a robot, power consumption (Eq. 4) can be used as a metric
for optimization.

Figure 17 presents the average power consumption of
the penetrators during the entire penetration process (0-
0.11 m). The power consumption first decreases and then
increases with the increasing rotational speed. The power
consumption of the non-rotational penetrator case is about
25.68 W, while that of the penetrator with a rotational
speed of 200 rpm is 17.67 W, which is equivalent to a 30%
reduction. At an even higher rotational speed, the power
consumption increases again. The general trend can be
explained by Eq. (4), which shows that the power con-
sumption depends not only on the magnitude of force and
torque, but also the vertical velocity and rotational speed.
One can notice the sharp increase of the torque on the shaft
at a depth of 0.09 m for the 400 rpm case (Fig. 4b). This
sharp increase is most probably an outlier due to the dis-
crete nature of the soil. At depths below 0.09 m, the torque
level quickly reverted to a much lower level and continued
the previous trend as if the outlier was not present. How-
ever, even if the outlier is removed, the power consumption
of the 400 rpm case was still much higher than the 200 rpm
case. This confirmed that the power increase in the
400 rpm case is mainly due to the much higher rotational
speed (term w in Eq. 4) instead of the sharp increase in
torque at a random depth.

This analysis indicates that there may exist an optimal
rotational speed to minimize the power consumption.
Figure 17 also shows that from 0 to 200 rpm, the reduction
of the total power is caused by the reduction in the con-
tribution of the cone (the lower part of the bars in Fig. 17),
since the power consumed on the shaft (the upper part of
the bars) increases with the speed of rotation. These results
imply that rotating only the tip may further reduce the
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Fig. 17 Power consumption under different rotational velocities
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Fig. 18 Calibration and validation of parameters using triaxial test of Ottawa F65: a deviatoric stress—axial strain curve; b volumetric strain—axial

strain curve

energy consumption but can still be effective in reducing
the penetration force. Inspired by the self-burial of seed-
awns and the findings from this study, a prototype hori-
zontal self-burrowing robot has been developed and tested
in the authors’ group; the preliminary results can be found
in Huang and Tao [25].

5 Conclusions

In this study, rotational penetration in shallow dry sand was
investigated using DEM simulations. With the rich multi-
scale data obtained in this study, the fundamental mecha-
nisms on penetration force reduction were investigated, and
existing hypotheses were tested. The findings of the
research also shed light on the design of self-burrowing
robots.

The numerical simulation results confirm that the cone
penetration force decreases with the increase in the rota-
tional velocity, or more rigorously, the relative slip
velocity. The rotation-induced reduction in the cone pen-
etration force is attributed to combined effects of reduced
particle—penetrator contact number, reduced contact forces,
and increased inclination of the contact forces with
increasing relative slip velocity.

The results from this study validated the existing “force
chain breakage” hypothesis: the force chain network
around the cone becomes weaker and more sparse with the
increase in rotational velocity; in addition, the force chain
breakage is more effective at the cone shoulder region than
the tip region. The results also challenged the commonly
adopted assumptions in developing the analytical models
for rotational penetration. It is demonstrated that the con-
tact forces are neither homogeneous nor continuous; the
normal stress is not a constant value but decreases with the

increase of rotational velocity; the rotation of the contact
shear force vector does not follow the simple trigonometry
based on the penetration and rotational velocities. Future
improvements on the analytical models may include the
rotation-induced reduction and inclination of the contact
forces on the cone.

The findings from this study also suggest that incorpo-
rating rotation in a self-burrowing robot may reduce not
only the burrowing forces but also the overall power
requirement.

6 Appendix
6.1 Moment transfer law

The computational costs can be kept at a lower level even
for a large number of particles by using the regular
spherical shape for the particles. Rolling resistance can be
included to consider the granular geometry or rough sur-
face texture of the soil particles [6, 44, 61]. An elastic
contact moment (M.) is introduced to account for the
rolling effect between two contacting spherical particles.
The elastic contact moment can be expressed as,

M, = k.0,
where k; and 6, are the rolling stiffness coefficient and the
rotation angle between two contacting particles.

The rolling stiffness is a function of tangential contact
stiffness (ks) and a dimensionless coefficient (f3).

kr:ﬁ'ks’ra’rb

where r, and r, are the radii for the two contacting
particles.
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The elastic contact moment, and thus the rolling resis-
tance, can be limited by the introduction of a plastic
moment (M) as

ra+np
My =n(“32) 1 Fa
where 7 is a dimensionless coefficient used for the plastic
moment; || Fy, || is the normal value of the normal contact
force.

Therefore, the rolling moment can be represented as,

M, = min (M, M,)

6.2 Justification of the selected model geometry
parameters

Theoretically, the parameters used in the numerical model
should be set as close to the field condition as possible to
achieve maximum accuracy. However, if realistic sizes of
the particles, penetrator, and chamber are to be simulated,
hundreds of billions of particles should be prepared, which
is far beyond the capability of our computational resources.
Butlanska [9] found that there is no significant effect on the
macroscale properties of the sand if the particle size is
scaled up by 50 times in DEM. Butlanska et al. [10] and
Arroyo et al. [4] found that a higher ratio n, results in
smoother penetration resistance curves. Khosravi et al. [33]
reported that the typical n, values used in previous 3D
DEM modeling studies were in the range of 2-25, with the
most commonly adopted value being around 3.

The diameter of the measurement sphere is 0.025 m,
which is the same as the diameter of the penetrator. The
length of the measurement cubic box is 0.075 m. The
average diameter of the soil particle is 0.005 m. The pur-
pose of the measurement sphere was to record the trajec-
tories of the 53 circumscribed particles during the
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penetration process. The ratio between the length of the
measurement box and the average diameter of the granular
particle is D/Dsy = 15. There are around 4000 particles
inside the measurement box. The authors reviewed the
selection of measurement circle/sphere sizes adopted in
existing DEM studies (Table 2) and found that D/Dsg
varied within a broad range. Both the ratios for the mea-
surement sphere and for the measurement box in this study
are within this range.

6.3 Calibration and validation of the particle-
level parameters

Triaxial compression tests of Ottawa F65 dry sand with
confining pressure levels of 100 kPa and 200 kPa [5, 58]
are used as the reference of calibration and the reference
for validation, respectively. The numerical triaxial data
match well with the experimental results based on the peak
strength and stiffness (Fig. 18). The slight discrepancy in
the volumetric strain curves in the validation set indicates
that using the calibrated parameters may result in a slightly
smaller dilation angle than the experimental results.

6.4 Effect of the cross section geometry
of the penetrator on resistive force

The resistive force for the control case and the 100 rpm
case with penetrators approximated using different number
of segments is shown in Fig. 19. The cone penetration
force increases slightly with the increase of the segments,
while the shaft resistive force does not show any clear
trend.
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Fig. 19 Resistive force for the control case and 100 rpm case with different segments: a cone penetration force; b shaft resistive force
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Fig. 21 Top view of particle displacement field around the shaft under different rotational velocities: a 0 rpm; b 100 rpm; ¢ 400 rpm; d pure
rotation at 400 rpm (the color represents the magnitude of the displacement)

6.5 Particle displacement field around the shaft
under different rotational velocities

A bottom view of the particle displacement field around the
cone (at the final penetration depth of 0.11 m) under dif-
ferent rotational velocities is shown in Fig. 20, which also
includes that of a pure rotational case (with zero vertical
velocity) for comparison. Without rotation (Fig. 20a), the
cone pushes the particles sideways; with pure rotation
(Fig. 20d), the particles close to the cone rotate, and those
far from the cone are pushed sideways. The displacement
field of the rotational penetration cases (Fig. 20b, c)
appears to be a combination of the displacement field of the
control case and that of the pure rotation case; the rota-
tional particle movement are more pronounced for the case
with faster rotation. A top view of the particle displacement
field around the shaft, which presents similar trends, was
also included in the “Appendix” (Fig.21) for
completeness.

A top view of the particle displacement field around the
shaft under different rotational velocities is shown in
Fig. 21. The particle displacement patterns are similar to
those around the cone Fig. 20. The particles travel side-
ways without rotation (Fig. 21a), while the particles rotate
around the shaft with the rotational movement (Fig. 21b-
d). The particles adjacent to the shaft rotate, but those far
away from the shaft are pushed sideways for the case with

pure rotation (Fig. 21d). With both rotation and penetra-
tion, the displacement of the particles close to the shaft
present a combination of rotational and sideways transla-
tional movements. The coherent rotational movements of
the particles around the shaft are much clearer than those
around the cone due to the uniform cross section of the
shaft.

6.6 The trajectories of particles
in the measurement sphere

The trajectories of the particles in the measurement sphere
are shown in Fig. 22. The trends are found to be consistent:
the particles for the control case mainly travel sideways
and downward (Fig. 22a), while the particles for the
400 rpm case move along spiral paths (Fig. 22b).
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