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Abstract

Soil penetration is an energy-intensive process that is common in both nature and civil
infrastructure applications. Many human construction activities involve soil penetration that is
typically accomplished through impact-driving, pushing against a reaction mass, excavating, or
vibrating using large equipment. This paper presents a numerical investigation into the
self-penetration process of a probe that uses an ‘anchor—tip’ burrowing strategy with the goal of
extending the mechanics-based understanding of burrower—soil interactions at the physical
dimensions and stress levels relevant for civil infrastructure applications. Self-penetration is
defined here as the ability of a probe to generate enough anchorage forces to overcome the soil
penetration resistance and advance the probe tip to greater depths. 3D Discrete element modeling
simulations are employed to understand the self-penetration process of an idealized probe in
noncohesive soil along with the interactions between the probe’s anchor and tip. The results
indicate that self-penetration conditions improve with simulated soil depth, and favorable probe
configurations for self-penetration include shorter anchor—tip distances, anchors with greater
length and expansion magnitudes, and anchors with a greater friction coefficient. The results shed
light on the scaling of burrowing forces across a range of soil depths relevant to civil infrastructure
applications and provide design guidance for future self-penetrating probes.

1. Introduction

Many aspects of civil infrastructure rely on soil pen-
etration processes. From the characterization of soil
engineering properties at project sites, required for
engineering design, to the selection of equipment
for construction activities such as the installation of
foundations and tunneling, soil penetration is ubiqui-
tous in the fields of geotechnical and civil engineering.
Soil penetration is typically accomplished by impact
loading (e.g. pile driving), pseudo-static loading (e.g.
pile jacking, CPT penetration), excavation (e.g. tun-
neling, borehole excavation), or vibration (e.g. sonic
excavators). It is an energy-intensive process in all
cases, typically requiring large equipment such as
cranes, driving hammers, drill rigs, and excavators
(figure 1). The use of such equipment is responsible
for a significant portion of the environmental impacts

of construction activities (e.g. Raymond et al 2020,
Purdy et al 2020).

Challenges associated with soil penetration are
also encountered by many animals and plants; they
have developed a range of adaptations to burrow in
soils of different types (e.g. clays, silts, sands) and
in varying environmental conditions (e.g. moisture,
depth) (Dorgan 2015). Previous research has pro-
vided insight into the strategies that marine and
earth worms, plant roots, and razor clams use to
burrow (figure 1). Animals such as the polychaete
Armandia brevis (Dorgan et al 2013), oigochaete
Lumbriculus variegatus (Kudrolli and Ramirez 2019),
sandfish lizard (Maladen et al 2009), and sand lance
(Gidmark et al 2011) have been observed to burrow
using undulatory body motions. This mode of loco-
motion has been associated with burrowing at shallow
depths (i.e. less than 10 cm) and in unconsolidated
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Figure 1. Soil penetration in civil engineering applications and living organisms: (a) pile driving uses impact loading applied by a
hammer. Reproduced from https://commons.wikimedia.org/wiki/File:PileDriving.jpg. CCBY2.0. (b) Borehole excavation uses a
combination of shear and normal forces. Reproduced from https://commons.wikimedia.org/wiki/File:Drilling_a_building_pile,
NW_corner_of_Berkeley_and_Front,_2014_01_20_(22).jpg. CCBY4.0. (c) In situ testing uses the dead mass of a drill rig to
overcome the penetration resistance. (d) Polychaete in photoelastic gel showing zones with stress concentration and relaxation.
Reproduced with permission fromDorgan et al 2007. (e) Results of finite element simulation of plant growth showing stress
relaxation in warmer colors. Reproduced with permission from Savioli et al 2014. (f) Schematic of ‘dual anchor’ strategy
employed by razor clam (Trueman 1968a, 1968b, 1968¢, 1968d). Reproduced with permission from Dorgan 2015.

soils. At greater depths, different marine worms and
clams employ peristalsis or the ‘dual anchor’ strat-
egy. These strategies broadly consist of sequences of
radial expansion and longitudinal elongation, where
the former is used to generate anchorage forces to
overcome the penetration resistance at the burrow
tip (Trueman 1968a, 1968b, 1968¢, 1968d, Dorgan
2018). Radial expansion of a body segment located
near the burrow tip has been shown to aid in the
burrowing process by altering the state of stresses in
the surrounding soil (figure 1). In cohesive soils (i.e.
clays), this radial expansion can create fractures and
produce deformation-induced softening ahead of the
tip (Trueman 1968a, 1968b, 1968¢, 1968d, Abdalla
et al 1969, Greacen and Oh 1972, Dorgan et al 2005,
2007), whereas in noncohesive soils (i.e. sands), it
can result in relaxation of the soil’s effective stresses
ahead of the burrow tip (Shin and Santamarina 2011,

Khosravi et al 2018). Other strategies for soil pene-
tration have been reported for polychaetes and razor
clams, including the movement of mouth parts to
shear the soil, and fluid injection to soften the soil and
reduce frictional drag (e.g. Trueman 1968a, 1968Db,
1968¢, 1968d, Murphy and Dorgan 2011, Dorgan
2015).

Researchers have performed experimental and
numerical investigations to study bio-inspired bur-
rowing strategies with the aim of extending the find-
ings to engineering applications. Penetration tests of
plant root-inspired robots showed that penetrating
by developing additive structures near the tip (i.e. tip
growth) can reduce the penetration force and energy
consumption in comparison to directly pushing the
entire robot through the soil (Sadeghi et al 2014,
Naclerio et al 2018). Experimental and numerical tests
on probes and robots inspired by polychaetes and
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clams showed that radial body expansion can facili-
tate penetration into soil by reducing the penetration
resistance (e.g. Khosravi et al 2018, Cortes and John
2018, Ortiz et al 2019, Ma et al 2020, Huang and Tao
2020) while cyclical inflation and deflation of a buried
soft robot can facilitate the burrowing out of soil (Tao
et al 2020, Huang et al 2020). These studies, however,
have focused on scales relevant to the biological sys-
tems being studied (typically, dimensions and depths
smaller than 20 cm).

This paper presents a numerical investigation into
the self-penetration process of an idealized probe that
uses an ‘anchor—tip’ burrowing strategy with the goal
of extending the mechanics-based understanding of
burrower—soil interactions at the physical dimensions
and stress levels relevant for civil infrastructure appli-
cations. Self-penetration is defined here as the abil-
ity of a probe to generate enough anchorage forces to
overcome the soil penetration resistance and advance
the probe tip to greater depths. Discrete element mod-
eling (DEM) simulations are used to evaluate the
self-penetration ability of the probe in noncohesive
soils (i.e. sands and gravels) subjected to overbur-
den stresses of 5 to 400 kPa (equivalent to depths
of 0.5 to 40 m). The anchor—tip strategy consists
of the radial expansion of a portion of the probe
(i.e. anchor) and subsequent displacement of the tip
and the anchor in opposite directions using velocity-
controlled motion with force limits. This investiga-
tion focuses on noncohesive (i.e. granular) soils as
previous research has shown that they present greater
challenges for self-penetration than clayey soils (Mar-
tinez et al 2020). DEM simulations are used to eval-
uate the effect of the probe geometry (i.e. anchor
length L, anchor—tip distance H, anchor expansion
magnitude EM, and anchor friction coefficient fynchor)
and soil depth on the self-penetration ability of the
idealized bio-inspired probe.

2. Modeling and parameters

2.1. Model configuration and parameters
DEM simulates the interactions between individual
particles within a granular assembly and between
particles and other objects, such as boundaries or
inclusions (Cundall and Strack 1979). These interac-
tions are simulated based on specific contact models
(e.g. linear, Hertz, bonded) and the particle kinemat-
ics are determined through the solution of Newton’s
second law. Thus, DEM can properly capture many
of the behaviors of granular materials, such as
shear strength—dilatancy, pressure and density depen-
dency, jamming, and flow, because these behav-
iors are controlled by individual particle interactions
(Santamarina 2001, O’Sullivan 2011).

The DEM simulations performed in this study
used the PFC 5.0 3D software developed by Itasca
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(Minneapolis, MN). The model consists of a cylin-
drical virtual calibration chamber with a height
(H chamber) 0f 1.2 m and a diameter (Dchamper) 0f 0.7 m,
shown in figure 2(a). The chamber has one top, one
bottom, and 14 radial ring boundaries. The diameter
of the 14 ring boundaries can change independently
from each other to maintain a uniform distribution
of radial stresses along the chamber height (figures
S1(a) and (b) (https://stacks.iop.org/BB/16/046012/
mmedia)). The top and radial boundaries apply con-
stant pressure boundary conditions to the specimen
contained within to apply a horizontal to vertical
effective stress ratio (Ko = o//07) of 0.5, which is typ-
ical of normally-consolidated sandy soils (e.g. Mayne
et al 2001). The size of the particles can be upscaled
in DEM modeling to reduce the computational cost,
as done previously by other authors (e.g. Belheine
et al 2009, Zhao and Evans 2009). In this study, the
granular assembly is simulated by 210,000 spherical
particles with a mean particle size (Ds) of 14.4 mm.
Figure 2(b) shows the particle size distribution of the
simulated soil. All the specimens tested in simulations
have an initial density of 1646.3 kg m, a void ratio
of 0.61, and a porosity of 0.38.

Spherical particles were used for all the DEM
simulations. The interactions between the particles
and between the particles and probe were modeled
using the linear contact model with rolling resistance,
which reproduces the mechanical behavior of assem-
blies composed of subrounded to subangular parti-
cles (Ai et al 2011, Wensrich and Katterfeld 2012).
The linear contact model with rolling resistance sim-
ulates the inter-particle normal contact response with
a constant-stiffness spring (k,) and the shear and
moment responses with constant stiffness springs
(ks and k) and sliders (us and p,). Dashpots are
included for viscous energy dissipation (Chen et al
2020) and local damping is included only during
sample preparation. Figure 2(c) provides schemat-
ics of selected mechanical components of the contact
model. Table 1 presents the modeling parameters used
in this study, which were calibrated by Kuei et al
(2020) to model the behavior of coarse-grained cohe-
sionless soil under triaxial compression conditions.

The simulated probe is modeled with wall ele-
ments in PFC. It is composed of a cylindrical shaft
with an initial diameter (Dprope) of 0.044 m and a tip
with an apex angle of 60° (half apex angle, 6, of 30°).
This configuration is equivalent to that of cone pen-
etration testing (CPT) probes used to estimate soil
engineering properties in the field (Lunne et al 1997,
ASTM D 5778 2009). The vertical component of the
total contact force between the particles and the probe
tip are used to calculate the tip penetration resistance
(qc, units of pressure) while the shear forces along the
bottom 0.16 m of the shaft are used to calculate the
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Figure 2. DEM model. (a) Simulated probe and calibration chamber, (b) simulated particle size distribution, and (c) schematics
of contact model relationships for normal force, shear force, and moment. R is the particle radius and 6 is the half-apex angle.

Table 1. DEM simulation parameters.

Input parameter Symbol  Value
Normal stiffness to particle diameter (Nm~2)  k,/d 1.0 x 10°
Normal to shear stiffness ratio ke / ks 1.5
Sliding friction coefficient 1 0.4
Rolling friction coefficient Ly 0.4
Ball-wall friction coefficient w 0.1
Particle density (kg m~) G, 2650

sleeve friction stress (f, units of pressure), as follows:

N
4> Qziip,i
=1
Q=" (1)
D érobe
N
Z stleeve,i
i=1
== (2)
% T Dprobe

where Q,; is the vertical component of the contact
force i acting on the probe tip, Q geeve,; 15 the vertical
component of the contact force i acting on the probe
shaft, and N is the total number of contacts vertical
force acting on the tip or sleeve.

Suitable relative dimensions of the chamber,
probe, and particles are important for reproduc-
ing field conditions, reducing boundary effects, and
maintaining computational efficiency in DEM sim-
ulations (Khosravi et al 2020). In this investiga-
tion, the chamber diameter to probe diameter ratio
(Dchamber/Dprobe) is 15.9 and the probe diameter to
particle size ratio (Dprope/Dso) is 3.1. These dimen-
sions were chosen based on results from Khosravi

et al 2020 who showed that this model configura-
tion provides trends between penetration resistance
and parameters such as assembly density, overbur-
den stress, and other calibration parameters that
are in agreement with measurements and trends
from experimental and field tests. The Dcpamber/Dprobe
and Dprobe/Dso ratios used in this investigation are
in agreement with those used by previous probe
penetration studies in 3D DEM simulation, as sum-
marized in table 2. For instance, Cianta et al (2016),
Zhang et al (2019), and Arroyo et al (2011) used
Dchamber/Dprobe ratios of 10.5, 15, and 16.6, respec-
tively, and Dprope/Dso ratios of 3.3, 3.1, and 2.7,
respectively.

2.2. Simulation sequence

The idealized probe employs a simplified ‘anchor—tip’
strategy for self-penetration. Each simulation con-
sists of the following three stages: cone penetration
(CP), anchor expansion (AE), and self-penetration
(SP) (figure 3(b)). During CP, the probe penetrates at
arate of 0.02 m s~ ! to a target depth of 0.9 m within
the chamber while the penetration resistance and fric-
tion against the shaft behind the tip are measured
according to equations (1) and (2). Subsequently,
during the AE stage, an anchor with a length L posi-
tioned at a distance H behind the tip (figure 3(a))
is expanded radially at a rate of 0.2% per second
of initial radius to the target expansion magnitude
(EM = Daynchor/Dprobe — 1) while the radial anchor
pressure (P,) and bearing anchor pressure (P},) are
recorded (figure 3(b)). During the last simulation
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Table 2. Comparison of relative sizes of probe penetration DEM simulations.

Chamber diameter,

Probe diameter,

Mean particle

Stlldy Dchambcr (mm) mebc (mm) size, DS[) (mm) Dchambcr/mebc mebe/DS[)
Huang and Ma 1994 (2D) 80 5.0 0.8 16.0 6.3
Calvetti and Nova 2005 (2D) 1200 100.0 13.5 12.0 7.4
Arroyo et al 2011 (3D) 1200 72.1 26.5 16.6 2.7
Lin and W 2012 (3D)* 20 2.0-0.5 0.167 40-10 3-12
McDowell et al 2012%" (3D)*° 300 18.0 2.0 16.7 9.0
Butlanska et al 2014 (3D) 1200 72.1 26.5 16.6 2.7
Jiang et al 2014 (2D)* 5000 160.0 7.6 31.3 21.1
Zhang and Wang 2015 (3D) 12 1.0 0.172 12.0 5.8
Cianta et al 2016 (3D) 760 72.1 22.0 10.5 33
Zeng and Chen 2016 (3D) 40 2.75 2.0 14.5 1.4
Sadek et al 2017 (3D) 150 25.0 5.0 6.0 5.0
Zhang et al 2019 (3D) 760 50.8 16.6 15.0 3.1
Ciantia et al 2019 (3D) 432 36.0 8.19 12.0 4.4
This study (3D) 700 44.0 14.4 15.9 3.1

*Used axisymmetry to reduce model size.
"Employed the particle refinement method.
“Investigated inclined CPT soundings.

(@) ®  op

CP: Cone Penetration
AE: Anchor Expansion
SP: Self-Penetration
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Figure 3. (a) Probe geometrical parameters and (b) schematic of simulation stages. The arrows acting against the probe represent
soil forces. Note that the motion of the probe’s tip and anchor is velocity-controlled.

7/

Reaction Force

stage, SP, the tip is loaded downward and the anchor
is loaded upward using a velocity-controlled motion
with force limits (figure S2). Throughout the analyses,
a convention is adopted such that downward displace-
ment is positive and upward displacement is as nega-
tive. A cylindrical wall with a diameter equal to Djrope
is added between the anchor and the tip to avoid par-
ticles from getting inside the probe during this stage.
The algorithm for velocity-control motion assigns a
constant velocity V to the tip or anchor until a target
force (Fiarget) is reached. This algorithm is run inde-
pendently for the probe sections such that the tip or
anchor continues to displace at a rate of V until the
force on each section reaches a magnitude equal to
Fiarger- Once both the tip and anchor reach Fyrgei, the
Fiarger value is increased by a constant increment AF
and the process is repeated. The SP stage is completed
once the anchor is displaced upward for 0.04 m or
the tip is displaced downward for 0.14 m. Velocity-
controlled motion is used because it better models the

actuation of construction equipment which is often
powered by hydraulic pressure. Velocity-controlled
motion with force limits may also better capture the
mechanical constraints of animals and plants, whose
motions are limited by muscular capacity and inter-
nal pressure limits (e.g. Whiteley et al 1981, Bengough
and Mullins 1990, McKenzie and Dexter 1988, Ruiz
and Or 2018).

During the SP process, the component reaction
forces (anchor friction force F, and anchor bearing
force Fy, figure 3(b)) are measured and summed to
determine the total reaction force F; (F, = F, +
F},). The component reaction forces are related to the
anchor pressures as follows:

Fa = 2’/TP3L (1 + EM) Dprobefanchor (3)
_T 2 2
Fb — ZPprrobe [(EM—F l) - l] (4)

where funchor 18 the friction coefficient of the
anchor-soil interface and Doy can be expressed as
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Dyrobe (EM + 1). The component resistance forces
(penetration resistance force Q. and sleeve friction
force Qs, figure 3(b)) are also measured and summed
to determine the total resistance force Q, (Q; = Q. +
Qs). The component resistance forces are related to
the penetration resistances as follows:

™
QC = ZqCDIZ)robe (5)

QS = WﬁDprobe (6)

2.3. Model validation

In this section, the behavior of the simulated soil is
examined to confirm through triaxial compression
and CP tests that it successfully reproduces trends
characteristic of coarse-grained soils at the represen-
tative elementary volume and field scales (e.g. Lee and
Seed 1967, Holtz et al 2011, Jamiolkowski et al 2001,
Robertson 2016).

Triaxial compression tests were performed at
isotropic confining stresses of 5, 25, 100, and 400 kPa.
The cylindrical specimens were prepared to initial
void ratios of 0.61. During shearing, the specimens
were loaded by increasing the vertical stress (o,) while
the radial stress (o) was kept constant using a servo-
control algorithm. This resulted in a uniform increase
in the specimen’s axial strain (¢,) while the radial
(er) and volumetric strains (g,) changed based on
the dilatancy behavior of the specimens. The triaxial
test imposes stress and strain conditions in the spec-
imens such that the vertical direction is the major

principal direction and the horizontal direction is
the minor principal direction, i.e. o, = o}, o, = 0},
g, = €1, and ¢, = e3. The DEM simulations exhibit
the expected trends for a dense subrounded granu-
lar soil (e.g. Lee and Seed 1967, Holtz et al 2011):
(i) the greater confining stress led to a greater devia-
toric shear stress g (@ = o} — o) (figure 4(a)); (ii) the
lower confining stress led to a greater rate and total
amount of soil dilation (i.e. increase in volumetric
strain €,, figure 4(b)) and to a greater maximum devi-
atoric stress to mean effective stress ratio q/p’ (where
P’ is the mean effective stress, p’ = (o + 20%)/3),
figure 4(c)); (iii) the stress ratio q/p’ collapsed to a
unique value at large strains but the specimens con-
fined under lower stresses exhibited a stiffer stress
ratio response (figure 4(c)); and (iv) the stress paths
converged to a unique critical state line (CSL) at the
end of the TXC simulation with a slope of 1.46:1, con-
sistent with a soil friction angle of 36.0° (figure 4(d))
(note: see Schofield and Wroth 1968 and Wood 1990
for detailed information regarding the CSL for soils).

A second validation exercise was used to evalu-
ate the ability of the DEM model to reproduce trends
observed in the field. CP test data (i.e. penetration
resistance g and sleeve friction f) is typically used
to determine the stratigraphy of soil deposits and to
estimate their engineering properties (Schmertmann
1978, Baldi et al 1986, Jamiolkowski et al 2001). The
standard probe used in the field is 0.044 m in diame-
ter, has a conical tip with a 60° apex angle and a sleeve
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Figure 5. Signatures of (a) tip penetration resistance and (b) sleeve friction with depth, and (c) SBT classification based on
penetration resistance measurements.

Table 3. DEM simulation matrix. Note that the CP, AE, and SP stages are simulated during

each simulation.

Anchor Anchor—tip Expansion magnitude, Vertical stress, ~ Anchor friction
# length, L distance, H EM o', (kPa) coefficient, funchor
1? 4Dprobe 4Dprobe 0.5 100 0.3
2 4Dpr0be lerobe 0.5 100 0.3
3 2Dprobe
4 3Dprobe
5 6Dprobe
6 8Dprobe
7 2Dprobe 4Dprobe 0.50 100 0.3
8 6Dprobe
9 8Dprobe
10 4Dprobe 4Dprobe 0.25 100 0.3
11 1.00
12 4Dprobe 4Dprobe 0.50 100 0.1
13 0.5
14 4Dprobe 4Dprobe 0.50 5 0.3
15 25
16 250
17 400

*Reference simulation, Dygpe = 0.044 m.

with alength 0f 0.16 m behind the tip, and is advanced
at arate of 0.02 m s~!. DEM simulations of CPT tests
with the same features were performed on four spec-
imens that were prepared to a void ratio of 0.61 and
confined at vertical effective stresses o/, of 5, 25, 100,
and 400 kPa with K, of 0.5 to simulate soil depths
from 0.5 to 40 m. As expected, greater penetration
resistances and friction sleeve values were measured
in specimens confined at greater stresses (figures 5(a)
and (b)). The soil behavior type (SBT) chart is typi-
cally employed in geotechnical practice to classify soils
based on normalized tip resistance and sleeve fric-
tion measurements. In this study, the SBT chart from
Robertson (2016) was used to assess the simulation
results (figure 5(c)). The SD and SC classifications
represent sands with dilative and contractive behav-
ior, respectively. As expected, all simulated specimens
are classified as sands, and the specimens confined
under smaller stresses are classified as dilative whereas
those confined under greater stresses are classified as
contractive. These results indicate that the DEM sim-

ulations provide results and trends consistent with
those observed in the field.

3. Results

The CP, AE, and SP stages were modeled during
a total of 17 simulations to parametrically evaluate
the efficacy of the anchor—tip penetration strategy
at overburden stress levels relevant for geotechni-
cal applications (table 3). Simulation #1 is the ref-
erence case which was used to investigate the evolu-
tion of the forces and displacements of the tip and
anchor during the simulation sequence for a probe
with an anchor—tip distance (H) of 0.176 m (four
times Dprobe ), an anchor length (L) of 0.176 m (equal
to Dprobe), an expansion magnitude (EM) of 50%, an
anchor friction coefficient (fynchor) 0£0.3, and an over-
burden stress (o)) of 100 kPa. Comparisons of the
remaining simulations provide insight into the effects
of H (simulations #2 to #6), L (simulations #7 to #9),




10P Publishing

Bioinspir. Biomim. 16 (2021) 046012

Y Chen et al

CP = AE

1,400

O=_2NWPL,OONO®

.._.._,-——-—.T
1

1,200
fﬁ \% 1,000
800
600
400
200

0

Tip Resistance, q. (MPa)

—

N
(=}
(=}
o
)
—
(=}
—_
o

Anchor Pressure, P (kPa)

2.0 2.5 3.0
0.025

(
—
o

T

—Tip = =Anchor —Anchor

il ol el el
onN Bd O ®

O
N

VA 0.020
0.015

0.010

1

1

0.005

- - -

Radial Expansion (m)

0.000

Vertical Displacement

o
o

05 1.0 15
N

Normalized Timestep:

[0,1], CP
Ne! [1,2], AE
[2,3], SP

Figure 6. Tip and anchor pressures and displacements during CP, AE, and SP stages simulation #1 (note: N is normalized
timestep, CP takes place when N € [0, 1], AE takes place when N € [1, 2], SP takes place when N € [2, 3]).

2.0 2.5 3.0

EM (simulations #10 and #11), fanchor (simulations
#12 and #13), and o/, (simulations #14 to #17) on the
interactions between the tip and anchor and the SP
ability of the simulated bio-inspired probe.

3.1. Reference simulation

In DEM, physical time is divided into time steps to
implement a convergent integration algorithm when
calculating time-related variables such as accelera-
tion, velocity, and displacement. In order to present
the evolution of simulation measurements, a normal-
ized timestep (N) is defined as follows:

n/m (n < ny)
N=S1+(n—m)/(np—m)

(m(n < ny)

24+ (n—m)/(ns —ny) (n)ny)

(7)

where #n is the time step and n,n,, and n3 are the
time steps at the end of CP, AE, and SP stages, respec-
tively. The definition of N is such that values smaller
than 1 correspond to the CP stage, values between 1
and 2 correspond to the AE stage, and values greater
than 2 correspond to the SP stage. The N parameter is
employed here to allow for visualization of the CP, AE,
and SP stages in one single plot. While a time history
of the measurements would convey similar informa-
tion, the comparison of results across stages is chal-
lenged by the fact that the timestep differs between
simulation stages (i.e. it is a function of the mini-
mum eigen-period of the total system and of the par-
ticle mass and contact stiffness matrix, Cundall and
Strack 1979, Potyondy 2009, Itasca 2017). In addition,
the time duration of the CP process is significantly
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greater than that for the AE and SP processes due to
the greater penetration distance during CP.

The tip resistances and anchor pressures from
simulation 1 as a function of N are presented in
figure 6. As the probe is penetrated in the cham-
ber during CP (N € [0, 1]), the penetration resis-
tance increases to values that average 4.8 MPa (with
variations between 3 and 6 MPa), which represents
the penetration resistance exhibited by the specimen
(figure 6). The tip vertical displacement increased lin-
early with time since probe penetration occurs at a
constant rate.

During AE (N € [1,2]), the anchor is radially
expanded leading to an increase in the anchor radial
and end bearing pressures (P, and Py, respectively).
The value of P, approaches an asymptotic limit-
ing pressure of about 780 kPa, which is referred
to as the limit pressure (Pr) and is consistent with
simulations using cavity expansion theory from Yu
and Houlsby (1991), Salgado and Prezzi (2007), and
Martinez et al (2020) which predict limit pressure
values between 600 and 1000 kPa for mildly dilatant
sands with a friction angles between 30 and 36°. The
penetration resistance decreases from its value of 4.8
MPa at the end of CP to a value of about 3.4 MPa
at an N of 2, showing that the AE process influences
the penetration resistance and suggests a change in the
stresses around the probe tip, consistent with previous
related experimental and numerical studies (Dorgan
et al 2007, Shin and Santamarina 2011, Khosravi et al
2018, Huang and Tao 2020, Ma et al 2020, Chen et al
2020).

During SP (N € [2,3]), the displacement of
the anchor and tip are controlled using velocity-
controlled motion with force limits (figure S2). The
measurements shown in figure 6 are presented in
figure 7 in terms of force components (F,, Fp, Qs,
Q.), total forces (F, and Q), and displacement of
the anchor and tip. At N < 2.5, the anchor remained
stationary while the tip moved downward. This is
because the total reaction force (F;) was greater than
the target force (Fiarger) While the total resistance force
(Qu) was smaller than Fi . Therefore, the anchor
friction force component (F,) and bearing anchor
force component (F,) remained constant. At N of
about 2.5, both F, and Q achieved values equal
Farget 50 the Fiyeer Was increased by AF At 2.50 <
N < 2.65, Farget continued to be greater than F; and
smaller than Qy, so the anchor moved upward while
the tip remained stationary. This led to a decrease
in F, and an increase in F,. At N > 2.65, Farget Was
greater larger than F, and Q,, so both the tip and
anchor were displaced to generate the Fiyrge Tequire-
ment. At the end of SP, the penetration resistance
(qc) reached an average value of 4.3 MPa. Figure
S3 presents time histories of the force components,
total forces, and displacements. As shown, the trends
are similar to those shown in figure 7. In addition,
the constant slope of the displacement time histories
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Figure 7. Tip and anchor forces and displacements during
SP stage of simulation #1.

reflect the constant velocity assigned to the anchor
and tip when their respective forces are smaller than
F target+

The DEM simulations produce information
regarding the interactions and kinematics of all the
particles in the granular assembly. These are shown
for the end of the CP, AE, and SP stages along vertical
planes through the middle of the simulation #1
specimen. Figure 8(a) shows force chain maps, where
the normal contact forces between the particles and
between the particles and the probe greater than
50 N are represented by lines whose thickness and
color are proportional the contact force magnitude.
Figure 8(b) shows particle displacement vectors
where the color of the arrows is proportional to the
particle displacement magnitude. During the CP
stage, force chains with greater magnitudes occur
near the probe tip which generate the penetration
resistance. The particle displacement vectors show
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that the particles directly below the probe are dis-
placed downwards and radially outward due to
the compressive and shear stresses induced by the
probe penetration while the particles surrounding
the probe shaft are displaced downward due to the
friction at the probe—particle interface. During the
AF stage, large contact forces form around the anchor
while the magnitude of the contact forces near the
tip decreases, reflecting the decrease in g. shown
in figure 6. The particles around the anchor move
radially outward due to the applied compressive
stress while the particles near the tip move upward
due to the reduction in the compressive stress in that
location. During SP, large contact forces develop near
the tip as the probe is displaced downward and large
contact forces are generated on the upper base of the
anchor as it is displaced upward. This upward anchor
displacement causes a decrease in the contact forces
around it, which produces a decrease in F, as shown
in figure 7. During AE and SP, the contact forces at
locations between the anchor and the tip significantly
decrease, as evident by the absence of force chains
with magnitudes greater than 50 N. This is caused by
the reduction in compressive stress that is developed

as the anchor is expanded and as the anchor and tip
are displaced away from each other.

3.2. Anchor-tip interactions

Changes in probe forces and stresses reveal how the
anchor and tip interact with each other during the AE
and SP processes. Figures 9(a)—(e) show the effects
of the anchor—tip distance (H ), anchor length (L),
expansion magnitude (EM), anchor friction coeffi-
cient (fanchor)> and overburden stress (¢’,) on these
interactions in terms of the evolution of tip resis-
tance (g.) and anchor radial pressure (P,) during the
AF stage, while figures 10(a)—(e) and 11(a)—(e) show
these effects in terms of the g. and P, magnitudes at
the end of the CP, AE, and SP stages.

The distance H has an important influence on the
interactions between the anchor and tip during AE.
A greater decrease in g, was observed for simulations
with smaller H (figures 9(a) and 10(a)). For instance,
g decreased from a value of 4.5 MPa at the end of
CP to 1.9 MPa at the end of AE when H was equal
to Dprobe (0.044 m). In contrast, g. only decreased to
4.3 MPa when H was equal to 8Djope (0.352 m). The
decrease in g, is due to the changes in stresses caused

10
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by the AE process, where the interparticle forces in the
soil around the anchor increase but the forces at loca-
tions ahead of the probe decrease. This phenomenon,
consisting of a reduction of compressive stresses in the
soil located ahead of an elongated cavity, is described
by Shin and Santamarina (2011). The authors refer
to this phenomenon as an open-mode discontinu-
ity and they show its occurrence during root and ice
lens growth. In the context of the DEM simulations,
the reduction of stresses that takes place around the

probe tip increases as H is decreased, as shown by
the changes in the force chains and particle displace-
ment vectors around the probe tip (figures 11(a) and
(b)). Namely, there are fewer force chains near the tip
during simulation #2 (H = 1Dpyob.) than during sim-
ulation #1 (H = 4Dy, figure 8(a)), and the particle
displacement vectors have a greater upward magni-
tude during simulation #2 (figures 8(b) and 12(a)).
The results in figures 9(a) and 10(a) show that H had

11
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no significant effect on P,, indicating that the fail-
ure of soil around the anchor is independent of this
parameter.

The anchor length L also has an effect on the g,
and P values at the end of AE. As L was increased
from 2Dprobe (0.088 m) to 8Dpope (0.352 m), qc
decreased to lower values and lower P; magnitudes
were generated (figures 9(b), 10(b), and 11(b)). The
greater decrease in gq. with increasing L is due to
the greater soil volume failed as the longer anchor is
expanded (figures 8(a), (b), and 12(b)). The smaller
P, values generated by the longer anchors are in agree-
ment with other studies (e.g. Schnaid 1990, Ajalloeian
and Yu 1998) and are associated with the shape of
the soil failure zone. This trend is captured by cav-
ity expansion theory which predicts that expanding
a spherical cavity requires between 2.5 and 5.0 times
greater pressure than expanding a cylindrical cavity,
where the range reflects the effect of the soil strength
and stiffness properties (Collins et al 1992, Yu et al
1996). In this case, the shape of the failed soil zone

becomes more spherical for shorter anchors and more
cylindrical for longer anchors.

The effect of the remaining parameters can be
summarized as follows: (i) greater EM resulted in
lower q. and greater P, values at the end of AE
(figures 9(c), 10(c), and 11(c)), (ii) the funchor magni-
tude had no obvious effect on g. and P, (figures 9(d),
10(d), and 11(d)); however, funchor does have an influ-
ence on the SP ability of the bio-inspired probe
because the anchorage friction force (F,) is directly
proportional to funchor (equation (3)), and (iii) q.
and P, increased as the overburden stress increased
(figures 9(e), 10(e), and 11(e)). The influence of the
overburden stress is complex since the different force
components scale differently with increasing o7; this
is further described in the discussion section.

Figures 10(a)—(e) and 11(a)—(e) show g, and P,
at the end of the SP stage. As shown, the g, values
returned to values close to those measured at the end
of CP. This trend was observed across all the H, L, EM,
fanchor> and o, values considered in this investigation.
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The tendency of . to be remobilized is likely detri-
mental for penetration efficiency and energy con-
sumption, as it indicates that the reduction in tip
resistance due to AE is lost once the tip is advanced.
However, the remobilization of ¢q. is beneficial for
geotechnical site characterization, as a fully mobi-
lized g. measurement during pseudo-static penetra-
tion (i.e. CP stage) is one of the most widely-adopted
measurements used to estimate soil stratigraphy and
engineering properties (Lunne et al 1997, NCHRP
2019). These results suggest that while expanding
an anchor can decrease the penetration resistance, a
steady q. value can still be obtained during SP.

3.3. Self-penetration

The ability of a bio-inspired probe to self-penetrate
in soil depends on the magnitude and evolution of
the total reaction and penetration resistance forces
(Fy and Q). During the SP stage, the anchor and the
tip are displaced upward and downward, respectively,
using velocity-controlled motion. In this manner, the
probe section (i.e. the anchor or the tip) that gener-
ates forces smaller than the F,r is displaced. The
downward tip displacement 6;, is defined as positive
and upward anchor displacement dnchor 1s defined as

negative. The SP displacement is defined as follow:
AD = 5tip + 5anch0r (8)

The SP displacement was determined to evaluate
the probes’ SP ability since it reflects the relative mag-
nitudes of F; and Q; with respect to Fiyrger. A positive
AD indicates net downward displacement (i.e. SP)
whereas a negative AD indicates that the anchor is
lifted. Figures 13(a) through 13(e) show the measure-
ments of AD during SP for probes with varying H, L,
EM, and fynchor» and under varying o”, levels.

The SP displacement AD increased as H was
decreased (figure 13(a)). For an L equal to 4Dpobe
(0.176 m), SP was only achieved when H is smaller
than 4Dpebe (0.176 m). This is because a sufficient
reduction in ¢, is required for the reaction forces to
prevail. In fact, the P, magnitude at the end of AE,
which determines the anchorage force (F,), is shown
to be independent of H (figure 11(a)); thus, the effect
of H is limited to its influence on the penetration
resistance during AE. Figures S4(a) and (b) high-
light these trends, where Q. for the probe with an
H equal to Dy (simulation #2) has a lower initial
value of 3.2 kN and slowly increases during SP while
F, and F, remain relatively constant. In contrast, Q.
for the probe with H equal to 8 Dpop. (simulation #6)

13
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remains constant with a value of about 6.2 kN while F,
and F}, continue to decrease and increase, respectively.

Figure 13(b) shows the results of varying L and
produces a similar finding to figure 13(a). In this case,
when H is held constant at 4Dppe (0.176 m), SP
occurs only for anchors with L greater than 4D gb..
An increase in L has two benefits for SP. First, the
longer anchors produce a greater reduction in g,
(figures 9(b) and 10(b)). Second, the longer anchors
generate greater F, due to their greater surface area
(equation (3)). These effects, evident in figures S5(a)

and (b), show the smaller initial Q. for the probe
with the longer anchor (4.8 kN for simulation #9
versus 6.0 kN for simulation #7) and the greater F,
for the probe with the longer anchor (average of
7.5 kN for simulation #9 versus average of 3.2 kN for
simulation #7).

The SP displacement AD increased as the AE mag-
nitude was increased (figure 13(c)), and the effect of
EM on g, F,, and Fj, is similar to that of L. Namely,
a greater EM led to a greater reduction in g. and
greater F, and F, magnitudes (equations (3) and
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(4)). Because F, is directly proportional to firchor, an
increase in fynchor results in a greater SP displacement
(figure 13(d)).

Increases in the overburden stress (o7,) increased
the SP ability of the bio-inspired probe (figures 13(e),
S5(a), and (b)). For the reference probe geome-
try in simulation #1 (L = 4Dprobe, H = 4Dprobes
EM = 0.50), the probe was lifted at a o/, of 5 kPa,
as shown by the negative AD values. In contrast, SP
was accomplished at greater o7, with the simulation at
0!, = 400 kPa showing a steady SP. This is because the
reaction forces increase at a greater rate with increas-
ing overburden stress than the resistance forces. For
example, when o/, increases from 5 kPa to 400 kPa,
the total penetration resistance (Q,) increases from
0.40 kN to 18 kN (about 45 times) while the total reac-
tion force (F,) increases from 0.38 kN to 24 kN (about
63 times) (figures S6(a) and (b)).

4. Discussion

4.1. Scaling tip and anchor forces with increasing
depth

Analysis of the scaling of the tip and anchor forces
with increasing overburden stress is necessary for
assessing the applicability of the ‘anchor—tip’ strategy
to civil infrastructure applications. This is necessary
because burrowing animals habituate depths that are
typically shallower than a couple of meters whereas
infrastructure applications typically require penetra-
tion to depths of tens to hundreds of meters. In addi-
tion, from an energetic and physiological point of
view, the magnitude of the burrowing forces imposes
limits on how deep animals and plants can pene-
trate due to limits in muscular capacity and internal
pressure (Bengough and Mullins 1990, McKenzie and
Dexter 1988, Ruiz et al 2015).
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Simulations at different o) magnitudes are
employed here to investigate the effect of simulated
depth (0, = pgz where z is depth). Analysis of the
component and total resistance and reaction forces
reveals that they scale in a power-law fashion with
increasing overburden stress (simulations #1 and
#14—#17, figures 14(a) and (b)). The exponent of
the fitted relationships reflects the sensitivity of a
given force to the overburden stress magnitude. As
shown, the anchor friction force (F,) and anchor
bearing force (Fp) relationships have exponents of
0.76, while the Q. relationship has a smaller exponent
of 0.70 (figure 14(a)). The Qs relationship has a
larger exponent of 1.08, but the Q, magnitudes
are much smaller than those of the other three
component forces. As a result, the F, relationship
has a greater exponent than the Q, relationship, with
respective values of 0.80 and 0.71 (figure 14(b)).
These results agree qualitatively with experiments on
living animals. For instance, Dorgan (2015) presents
a summary of burrowing strategies showing that at
greater depths where enough anchorage forces can
be generated, animals tend to use strategies that rely
on anchorage forces such as peristalsis. In contrast,
animals tend to use an undulatory motion strategy
at shallower depths. Similarly, Kudrolli and Ramirez
(2020) provide evidence indicating that L. variegatus
specimens adapt their locomotion strategy based
on the medium, using peristalsis in consolidated
sediments and undulatory motion in unconsolidated
sediments. Overall, these results suggest that the
‘anchor—tip’ strategy becomes more efficient at
greater depths in the situation where the burrowing
capacity is not limited by energetics or physiological
limits, as may be the case for construction activities
using diesel- and hydraulically-powered equipment.

4.2. Self-penetrating probes for geotechnical site
characterization

The simulation results can provide guidance in the
design of future SP technologies for geotechnical and
infrastructure engineering. One particular opportu-
nity exists for site characterization, which is one of the

first steps in the design of infrastructure systems as
it provides the soil properties required for engineer-
ing design and helps identify potential challenges and
risks (e.g. a weak foundation beneath a dam). The
generation of a sufficient reaction force to advance
probes typically requires the use of large 20-ton truck
rigs to provide the reaction by means of dead mass
(figure 1(c)). However, many projects require site
characterization in areas with limited access to large
equipment, such as at the toe of or beneath existing
dams, congested urban areas, forested areas, and even
in outer space, or in locations with stiff layers that can
lead to ‘penetration refusal’.

Implementation of the anchor—tip strategy as an
alternate means to generate the reaction force neces-
sary for geotechnical site characterization technology
may lead to the development of lighter or portable
equipment that could improve access at difficult sites
and reduce environmental impacts. As shown in
this study, the expansion of an anchor can provide
enough reaction force to overcome the penetration
resistance and advance a probe. Probe configurations
that enable SP include shorter anchor—tip distances,
longer anchors, greater AE, and a greater anchor fric-
tion coefficient. In addition, increasing overburden
stress (i.e. depth) increases the SP ability of the bio-
inspired probe. While the effect of density was not
explicitly considered in this study, analytical results
have shown that SP can be more challenging to realize
in denser coarse-grained soils (Martinez et al 2020),
such as the ones considered in the present study.

5. Conclusions

This paper presents the results of simulations of the SP
process of a bio-inspired probe in granular soils per-
formed with a calibrated 3D discrete element model.
The simulations consist of three stages: (1) CP, during
which the probe is pseudo-statically pushed into the
granular assembly, (2) AE during which an anchor is
radially expanded, and (3) SP during which the probe
tip and anchor are displaced in opposite directions
using velocity-controlled motion with force limits.
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The simulation results indicate that the SP abil-
ity of the bio-inspired probe, defined as its ability
to generate enough anchorage forces to overcome
the soil penetration resistance and advance the probe
tip to greater depths, depends on the probe config-
uration and the soil conditions. Greater anchorage
forces can be generated by longer anchors, anchors
with greater expansion magnitudes, and anchors with
greater coefficients of friction. In addition, radial
expansion of the probe’s anchor produces a tempo-
rary decrease in the penetration resistance, which was
more pronounced when the anchor was positioned
closer to the tip and when the anchor was longer or
more expanded.

The SP ability of the probe increased as the over-
burden stress was increased from 5 to 400 kPa (simu-
lated depths of 0.5 to 40 m). The probe forces involved
in SP are shown to have a power-law relationship
with overburden stress, and the total anchorage force
increases at a greater rate with increasing simulated
depth than the total penetration force. These results
may shed light on the mechanisms involved in the
burrowing behavior of animals such as polychates and
oigochaetes which have been shown to employ strate-
gies such as peristalsis or the so-called double-anchor
strategy at greater depths or in more consolidated
soils where anchorage forces with enough magnitude
can be generated.

Bio-inspired burrowing strategies implemented
in construction equipment may facilitate soil pen-
etration in more efficient ways, possibly enabling
the development of more lightweight and portable
equipment that would reduce the challenges of char-
acterizing low-accessibility sites such as areas near
dams, congested urban regions, and outer space
bodies. While the development of such technology
requires advances in other areas, such as actuation and
advanced materials, the results presented herein pro-
vide evidence indicating that the ‘anchor—tip’ strat-
egy could be successfully employed in developing
self-penetrating technology capable of penetrating to
depths in the order of tens of meters.
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