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ABSTRACT

Soil characterization is a vital step preceding the development of any site. During site investigation
(SI) activities, penetration through stiff or deep layers poses challenges due to the required large
vertical reaction forces. To provide these, rigs for SI are typically large and heavy, creating
challenges in accessing sites or with soft surficial soils, increasing mobilization costs and carbon
footprint. This paper investigates a plant root-inspired strategy called circumnutation-inspired (CI)
penetration which reduces the vertical penetration resistance. The CI probes have a bent tip and
are rotated and vertically advanced at constant rates while recording the mobilized forces (F:) and
torques (7%). CI penetration in layered deposits were investigated by performing a set of tests at
varying relative velocities, defined by the ratio of tangential to vertical velocity of the tip of the CI
probe (wR /v). The F: and 7> mobilized in the layered deposit are compared with those mobilized
in respective uniform sand deposits that make up the layered deposit. Cone Penetration Test (CPT)
soundings were performed in each of these deposits as well. In all cases, CI penetration resulted
in an exponential decrease in F, with increasing wR/v, while the T, increases with initial
increases in wR /v before reaching a stable value. Both CPT and non-rotational CI penetration
mobilize similar F, in the layered and uniform sand deposits. The total work done during CI
penetration at low wR /v in layered and uniform deposits has similar magnitudes as conventional
testing (98-118% of CPT), while mobilizing significantly lower F, (46-65% of CPT). Thus, CI
penetration can facilitate the use of more compact and lightweight rigs to conduct SI tasks, such
as classifying soils or installing sensors.

INTRODUCTION

Soil penetration is crucial for soil characterization in geotechnical investigations and other fields,
including agriculture, environmental monitoring, ecology, and climate change (Guireli Netto et
al., 2020; Moraes et al., 2014). Standard geotechnical soil characterization methods, such as Cone
Penetration Tests (CPT) and Dilatometer Tests (DMT), often encounter difficulties in generating
sufficient vertical reaction forces to penetrate deep or dense soil layers, resulting in early
termination of tests (Jamiolkowski, 2012). To address this issue, larger and heavier rigs are
typically employed to provide the necessary vertical reaction forces. However, these rigs pose
additional challenges related to the carbon footprint of mobilization, transportation costs, and
reaching sites with limited accessibility or soft surficial layers (Purdy et al., 2022). Strategies to
mobilize lower vertical resistances would facilitate the use of smaller, light-weight rigs to
overcome these challenges.
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Organisms that interact with soil have developed efficient ways to penetrate soils over
millions of years of evolution. Recent developments have taken inspiration from these natural
adaptations to develop more efficient soil penetration strategies for soil characterization (Martinez
etal., 2022; Martinez et al. 2024). Chen et al. (2021) and Isava & Winter (2016) investigate radially
expanding a portion of the probe (anchor) to provide vertical reaction forces during penetration,
facilitating the development of self-burrowing probes. Chen et al. (2024) performed numerical
simulations to investigations oscillatory motions of the probe tip to aid penetration. Bengough et
al. (1997), Tang & Tao (2022), and Yang et al. (2024) investigated rotational CPT probes while
Anilkumar et al. (2024), Chen & Martinez (2024), and Del Dottore et al. (2017) performed tests
with Cl-inspired rotating probes to reduce the soil vertical resistances and work done during
penetration. Apart from CI motion, plants have been shown to reduce the penetration resistance by
releasing exudates or growing radially (Oleghe et al. 2017; Bengough et al. 1994).

This study draws inspiration from a strategy observed in plant roots called circumnutation,
an autonomous movement where the root tip, which is slightly bent, rotates as it penetrates the soil
(Figure 1a). A CI probe was fabricated as a cylindrical probe with a conical tip that has a bent end
characterized by the bend angle («) and bent length (L1), as shown in Figure 1b. The CI probe is
rotated while it is vertically advanced into the soil. The trajectory of the helical path traced by the
tip of the probe (Figure 1c) is governed by the relative velocity, defined as the ratio of the tangential
velocity (wR) to vertical velocity (v) of the tip of the probe.
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Figure 1: (a) Circumnutation motion exhibit by a rice plant root (modified from Taylor et
al. 2021). (b) Circumnutation-inspired probe used for experimental investigations. (¢)
Trajectory of the central line of the bent end of the circumnutation-inspired probe (in red)
and the tip of the probe (in blue).

Previous studies that investigated CI strategies for soil penetration show that increased
angular velocity reduces the vertical resistance and within a certain range slightly decreases the
work done. Numerical simulations by Chen & Martinez (2024) demonstrated that the wR/v of the
probe controls the resistance and work involved in CI penetration. Experimental investigations
performed byDel Dottore et al. (2017), Anilkumar & Martinez (2024a), and Anilkumar & Martinez
(2024b) highlighted consistent variations of mobilized forces and work done in uniform soils,
including deposits with varying sand density and soil type. This study explores CI penetration in
shallow layered sand deposits considering the variation of vertical forces and torques with
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increasing relative velocity. The results are then compared with corresponding tests in uniform
sand deposits.

MATERIALS AND METHODS

A CI probe with a fixed geometry is used to perform experiments in layered sand deposits. The CI
probe used in this study has a diameter (D) of 12.7 mm, an L, equal to 1D (i.e., 12.7 mm) and an
a = 10°. These values were chosen based on the results of Chen and Martinez (2023) and
Anilkumar and Martinez (2024b) who tested a broader range of L1 and a values. The probe is
fabricated from aluminum tubing and its conical tip has an apex angle of 60°. All tests were
performed with a spacing of 10 to 12D between adjacent testing locations or between testing
location and the container wall to prevent boundary effects. Relative velocities (wR /v) between 0
and 2 m were used as they are representative for the range observed in different plant species (Chen
and Martinez 2023). The probe is moved downwards at a velocity v by a UR16e robotic arm
(Universal Robots) and rotated at an angular velocity w by a stepper motor (Teknic ClearPath
NEMA 23) and a gearbox (Carson Manufacturing S-Series Planetary) while the F, and 7: are
measured with a NET six-axis load cell (ATI Industrial Automation) (Figure 2a). Tests with
different wR /v are obtained by maintaining v constant and changing w. Tests with a CPT probe
with the same diameter and apex angle as the CI probe were performed at the same vertical velocity
as the CI tests for comparison.
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Figure 2: (a) Test setup for the experimental investigations. (b) Schematic of the layered
soil profile used for the first set of tests. (¢) Particle size gradation of the three sands used in
the experimental investigation.

The total depth of penetration in tests was 15 cm. The first set of tests were conducted on
sand deposits with layers of equal height, comprising of sand with varying grain size distributions.
The layered deposit consisted of uniform fine-grained sand (100A) as the top layer, well-graded
sand as the middle layer (25ABCD), and uniform coarse-grained sand (100C) as the bottom-most
layer, as shown in Figure 2b. Figure 2c shows the grain size distributions of these sands, and
Ahmed et al. (2023) presents a detailed characterization of the triaxial shearing behavior. Table 1
shows the properties of the sands. Each of the layers were prepared at uniform target relative
densities of 40% using air pluviation from a fixed drop height. Three additional sets of tests were
performed in uniform sand deposits of 100A, 25ABCD and 100C at target Dg of 40% for
comparison with the resistances mobilized in the layered sand deposit. Repeated CI tests in the
uniform deposits reveal variations in vertical force smaller than 15% and of torque smaller than
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0.01 Nm; therefore, the trends reported are not considered to be influenced by experimental
variability.

Table 1: Properties of sands used in the study

Properties 100A 25ABCD 100C

10th percentile particle size, Dio (mm) 0.12 0.16 0.91
Median particle diameter, Dso (mm) 0.18 0.8 1.31
Coefficient of curvature, Cc 1.02 0.67 1.02
Coefficient of uniformity, Cu 1.68 7.44 1.54
Critical state friction angle, ¢ 32.1 33.7 32.1

Ci Penetration In Layered Sand Deposit.

The first set of tests on the layered sand deposit was performed to investigate the effect of wR /v
on the mobilized F, and T,. The v, w, and wR /v used in all tests are presented in Table 2. These
results are compared to those obtained from CPT soundings in the same deposit. The F, and T,
mobilized during CPT and CI penetration in the layered deposit increase with depth. The
magnitude of mobilized F, decreases significantly as wR /v is increased, while the F, generated
during CPT and non-rotation CI penetration have similar magnitudes (Figure 3a). The T, increases
from negligible values for the non-rotating probes (i.e., 0.0  CI penetration and CPT penetration)
to higher magnitudes with initial increase in wR/v, but further increases result in similar
magnitudes (Figure 3b). The above-mentioned trends in F, and T, with wR /v are consistent at all
depths. There is no strong trend in the change in F, and T, as the probe penetrates the different
sand layers as their sensing and development distances are likely larger than the layer thickness of
5 cm, which are approximately equal to 4D. Using the Boulanger & DeJong (2018) sensing
distance charts for the top and middle layers, the greatest distance between the probe tip and the
top of an underlying layer for which the F, is affected (i.e., sensing distance) is estimated to be
around 6D in the 100A layer and 8D in the 25ABCD layer. Using the Boulanger & DeJong (2018)
development distance charts for the middle and bottom layers, the greatest distance between the
bottom of the overlying layer and the probe tip for which the F, is affected (i.e., development
distance) is around 3D in the 25ABCD layer and around 5D in the 100C layer. Thus, in the layered
sand deposit, the F, in each layer is likely influenced by the adjacent layers.

Table 2: Test variations for each sand deposit.

Test No Probe Type v (mm/s) w (RPM) wR /v(m)
1 CPT 0.5 0 0
2 CI 0.5 0 0
3 CI 0.5 0.91 0.25
4 CI 0.5 1.82 0.5
5 CI 0.5 7.29 2

The cumulative vertical (W),), rotational (W) and total work (W) done to penetrate a fixed
depth of sand is computed as given by equations 1-3.

Wy =3 Foont (1)
Wy = 3y T,wht )
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Wr =W, + Wy 3)
where d; is the initial depth, df is the final depth, and At is the time difference between subsequent
data points. Since the W}, and Wj are computed as the incremental sum of the product of F, and
T, with the corresponding vertical and rotational displacements through the depth of penetration,
both increase monotonically with depth (Figure 3c and 3d). The transition depths between layers
are also not prominent in the variations of work components. The W}, and W}y done to penetrate a
certain depth have contrasting trends with increasing wR/v, where W), decreases and Wy
increases. These trends are consistent with depth as well.
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Figure 3: Variation of (a) vertical force, F, (b) torque, T, (¢) vertical work, Wy, and (d)
rotational work Wy with wR /v in the layered sand deposit (100A top, 2SABCD middle,
100C bottom).

Comparison To Penetration In Uniform Sand Deposits.

The F, and T, mobilized in the layered deposits are compared with tests performed in uniform
sand deposits that make up each of the sand layers. CPT and non-rotational CI penetration tests
in the uniform deposits show that F, increases with depth in a similar fashion as the tests on the
layered deposit (Figure 4a and 4b). In general, the F, in the layered deposit is between that
mobilized by the strongest (25ABCD) and weakest (100A) deposit. The F> magnitudes
mobilized during CPT and non-rotational CI penetration are similar to one another in both the
layered and uniform sand deposits. In comparison to the uniform 100A deposit, the rate of
increase in F, with depth in the layered deposit increases slightly at the first transition zone,
between the 100A and 25ABCD sands, while the difference in slope at the second transition
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zone, between 25ABCD and 100C sand, is not as prominent. The F, and T, mobilized during CI
penetration at varying wR /v depict similar trends in the layered and uniform deposits (Figures
Sa to 5f). The F, and T, mobilized in the top layer (100A) have similar magnitudes as those
obtained in the uniform 100A deposit while those mobilized in the next two layers are similar or
higher in magnitude than those mobilized in uniform 100C but lower than those mobilized in
uniform 25ABCD deposits.
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Figure 4: Variation of vertical force, F, during (a) CPT tests, (b) non-rotational CI
penetration in layered sand deposit (100A top, 2SABCD middle, 100C bottom) and uniform
deposits of 100A, 2SABCD and 100C sand.
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Figure 5: Variation of (a) vertical force, F, (b) torque, T, (¢) vertical work, Wy, and (d)
rotational work Wy with wR /v in the layered sand deposit (100A top, 2SABCD middle,
100C bottom) and uniform deposits of 100A, 2SABCD and 100C sand.
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DISCUSSION

Given the consistency of E, and T, trends with depth, the average values across the different layers
are considered to examine their variation with wR /v. The first layer is excluded in this analysis as
the initial few centimetres of penetration may have inconsistencies due to the partial penetration
of the probe and boundary effects due to the free-soil surface. The resistances mobilized at any
particular depth in the layered deposit vary from the those mobilized in the corresponding uniform
deposits as the resistances are mobilized by larger volumes of soil and are thus influenced by the
adjacent sand layers (Figure 6a and 6b). The average F, mobilized in the middle layer of 25SABCD
sand of the layered deposit (depth ranging from 5-10 cm) exponentially decreases as the wR /v is
increased (Figure 6a), in a similar fashion as those mobilized at similar depths in the uniform
deposits. The average T, during penetration of this layer increases considerably with an initial
increase in wR /v, while further increases yield slight reductions, similar to the trends obtained in
the uniform deposits (Figure 6b). The magnitude of average F, and T, mobilized at this depth in
the layered profile is in between those mobilized in uniform 100A and 25ABCD sand deposits.
The average F, and T, mobilized during CPT penetration in the same depth range have similar
magnitudes as those mobilized during non-rotational CI penetration. The average F, and T,
mobilized during penetration in the bottom layer of the layered deposit follow similar trends as the
middle layer, with similar or slightly higher magnitudes than the 100C sand uniform deposit.
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Figure 6: Variation of average (a) vertical force, F, (b) torque, T, with @R /v during
penetration between 5-10 cm. Variation of average (a) vertical force, F, (b) torque, T, with
wR /v during penetration between 10-15 cm.
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The cumulative total work done during penetration through the entire soil deposit is
computed along with the vertical and rotational components of work using Equations 1 to 3. For
all soil deposits the W}, and W show opposite trends with wR /v, where W exponentially decays
and Wy monotonically increases (Figure 7a and 7b), leading to small initial W} variations
followed by a steady increase at larger wR /v (Figure 7c). Since all the tests were performed at a
constant vertical velocity and depth of penetration, W, follows the same trends as the average F,.
While the T, magnitudes vary slightly for different non-zero wR/v, increasing w due to the
increase in wR/v results in greater rotational displacements (i.e., wAt), which produce a
monotonic increase in Wy. The variation of W with wR /v is governed by rate of change of W,
and Wp, where the influence of W, decreases as wR/v is increased while the influence of Wy
steadily increases. The initial stagnation of the magnitude of W, at small wR/v is due to the
similar rate of change in W}, and Wy with increasing wR/v. The Wy, W and W done during
penetration in the layered deposit lie between the respective bounds of work components from in
the uniform deposits. The Wy, W and W done during CPT penetration is similar to those done
during non-rotational CI penetration (i.e., at wR /v of 0 m).
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Figure 7: Variation of (a) vertical force, F, (b) torque, T, (¢) vertical work, Wy, and (d)
rotational work Wy with wR /v in the layered sand deposit.

Irrespective of the soil profile, the total work done during CI penetration has similar
magnitudes with initial increase in wR /v while F, exponentially decays with an increase in
wR /v. This indicates that CI penetration requires a similar amount of work done compared to a
CPT sounding while significantly decreasing the mobilized vertical resistance. For example, at an
wR /v of 0.25 m, the total work done during CI penetration is less than 20% greater than that done
during CPT, while mobilizing about 50% of the vertical force mobilized by the CPT sounding
(46% for 100A, 65% for 25ABCD, 61% for 100C and 52% for layered deposit). The variations of
F,, T, and W with wR /v are consitent with other studies on CI penetration (Anilkumar and
Martinez, 2024a, Anilkumar and Martinez, 2024b, Del Dottore et al., 2017). This comparison
provides encouraging results for enabling the use of smaller, lightweight rigs while limiting the
total work done for SI activities by means of CI penetration.

CONCLUSION

This study explores the circumnutation root-inspired strategy for penetration in shallow, layered
sand deposits. The resistances mobilized in CI tests are compared to those from traditional CPT
penetration in the same deposits. Results from CI and CPT soundings in uniform sand deposits



ICBBG2025-99: Plant root-inspired penetration experiments in layered sand profiles

allow examining the effect of the layering in the penetration results. The F, and T, mobilized in
the layered and uniform sand deposits during CI and CPT penetration were analyzed and the
associated mechanical work components were computed.

The penetration resistances from CI tests in uniform and layered deposits have similar
trends. CI penetration deposits show an exponential decay in F, as wR /v is increased, while T,
increases significantly with initial increase and has minor increases with further increase in wR /v.
The average F, and T, mobilized in the different layers of the layered deposit are within the range
mobilized in the uniform deposits. The forces and torques in CI tests increase with depth in a
similar fashion as in CPT soundings. The F, and T, during both CPT and CI penetration in the
layered model do not significantly change between layers, likely due to the relatively small layer
thickness.

The cumulative work components during penetration in layered deposits show similar
trends as those in the uniform deposits. The Wy exponentially decays and the W monotonically
increases as wR /v is increased. The W has minor changes in magnitude with initial increase in
wR /v, but increases at higher rates with further increase in wR /v. Due to this initial stagnation in
W, CI penetration at small wR /v can significantly lower the penetration resistance (i.e., 46-65%
of CPT) while requiring similar amount of work done (i.e., 98-118% of CPT) as conventional
testing. This can facilitate the use of smaller, lightweight rigs for soil penetration. To enable
integration into SI applications, further research should evaluate the effects of depth, confining
stresses, and soil types on the penetration resistance and work done during CI penetration.
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