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ABSTRACT: Applying snake-textured surface to piles enables a direction-dependent interface strength. The
positive effect of this texture on increasing interface strength during pullout has been demonstrated in
centrifuge and field tests. However, these tests are costly, limit the ability to explore a wider range of
influencing parameters, and do not offer information on soil response at the element level. To overcome this
limitation, numerical simulations offer a valuable extension. Currently, few numerical models piles exist that
can enable systematic variation of design parameters beyond physical testing. This study addresses this gap by
developing and validating a numerical model for snake-textured piles during installation and pullout. The
Coupled Eulerian-Lagrangian (CEL) method, which accounts for large deformations, was used to model
snakeskin-inspired piles, and the results were compared with centrifuge test results at prototype scales. The
pile was modelled as a rigid steel element with Lagrangian discretization, while the soil, Ottawa F65 sand, was
represented with Eulerian elements using a hypoplastic constitutive model with intergranular strains. Both
installation and pullout processes were simulated. The numerical results show good agreement with the
centrifuge data, with a mean absolute percentage error of 9.7% regarding base pressure. The developed model
accurately reproduces centrifuge test behavior and provides a basis for extended parametric studies with more
detailed measurements beyond the scope of physical experiments.

while discrete element simulations provide consistent
trends and data on particle level (Zhong et al. 2021).

Although experiments yield valuable insights,
they are limited by cost and experimental constraints
that restrict systematic variation in texture geometry

1 INTRODUCTION

Direction-dependent interface behavior offers new
opportunities for optimizing pile foundations.
Inspired by biological systems, several studies have

explored textured surfaces that create anisotropic
frictional behavior. Snakeskin is a well-studied
example: the ventral scales of snakes generate lower
friction when moving forward and higher friction
when retracting (Gray and Lissmann 1950; Marvi
and Hu 2012). Laboratory tests have shown that such
directional effects can be transferred to engineered
surfaces. Interface shear tests on snakeskin-inspired
textures demonstrated higher strength and dilatancy
in the cranial direction (i.e., soil against scales)
compared to the caudal direction (i.e., soil along
scales) (Martinez et al. 2019; Stutz and Martinez
2021; O’Hara and Martinez 2020; Huang and
Martinez 2021). Centrifuge and field load tests on
piles and soil anchors with snake-textured surfaces
confirmed greater shaft resistance in the cranial
direction during both installation and pullout
(Martinez and O’Hara 2021; Martinez et al. 2024),

and loading conditions and do not capture soil
response information at the element scale. Numerical
modeling can address these limitations. However,
few validated numerical frameworks currently exist
that can reproduce the installation and pullout
responses of snake-textured piles. The objective of
this study is to develop and validate a numerical
model capable of capturing the behavior of snake-
textured piles during installation and pullout.
Centrifuge tests were simulated at prototype scale
using the Coupled Eulerian—Lagrangian (CEL)
method to account for large soil deformations.

2 CENTRIFUGE TESTS

O’Hara and Martinez (2022) conducted a series of
centrifuge tests to investigate the load transfer
mechanisms of snake-textured and reference smooth



and rough piles during installation and pullout in
sand. The experiments were performed at the
University of California Davis Center for
Geotechnical Modeling on the 9-m-radius centrifuge
at an acceleration of 30g. Air-pluviated Ottawa F65
sand was used as the test material at a relative density
of approximately 65%. The aluminum model piles
had a total length of 420 mm, outer diameter, Bpjic, of
19.05 mm, and an average wall thickness of 3.05 mm,
and were instrumented with internal strain gauges to
record axial force distributions along the pile shaft.
The test series examined the influence of surface
texture orientation, asperity geometry, and
embedment depth on the direction-dependent shaft
resistance.

Figure 1 shows the smooth reference pile test, DI-
RP-0.30, in the test environment that was selected for
numerical simulation. The model pile had surface
asperities with a length, L, of 12 mm and a height, H,
of 0.30 mm. The pile was installed by quasi-static in-
flight displacement-controlled pushing to a target
embedment depth of 9D. Following installation,
monotonic pullout loading was applied at a constant
displacement rate. The critical state interface friction
angle of the pile material, §’c, determined from
laboratory testing on planar surfaces with the same
material as the piles and Ottawa F65 sand (Palumbo
2018), was determined as 19.0° in both shearing
directions. The following comparison focuses on the
load—displacement behavior during installation and
pullout.

3 NUMERICAL MODELING

Large soil deformations were modeled using the
Coupled Eulerian—Lagrangian (CEL) formulation
implemented in Abaqus/Explicit. In a purely
Lagrangian description, the mesh follows the
material, allowing accurate tracking of interfaces but
leading to severe element distortion at large strains.
In contrast, the Eulerian description keeps the mesh
fixed while material flows through it, represented by
the Eulerian Volume Fraction (EVF), but may
introduce numerical diffusion.

The CEL approach combines both advantages: the
pile is discretized with Lagrangian elements, while
the surrounding soil and the overlying void space are
represented using Eulerian elements. Interaction
between the two domains is handled through the
built-in Eulerian—Lagrangian contact algorithm with
automatic contact detection, and material transport is
performed via a remapping step (Dassault Systémes,
2016; Noh, 1963; Benson, 1992).
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Figure 1: Chosen pile from centrifuge tests by O ’Hara and
Martinez (2022) for numerical model

The method is well established for geotechnical
problems involving large deformations (e.g., Dao et
al., 2023,2025; Bienen et al., 2021). Time integration
is carried out using an explicit central-difference
scheme, which updates the state variables from the
previous increment without global iterations,
allowing efficient treatment of contact and advection.
Numerical stability is controlled by a critical time
increment that depends on the smallest element
dimension and the local dilational wave speed of the
material, which may require small time steps near
refined contact regions.

3.1 Constitutive model

The soil behavior was modeled using the hypoplastic
constitutive law of Wolffersdorff (1996) combined
with the intergranular strain extension of Niemunis
and Herle (1997) to represent small-strain stiffness,
as well as unloading and reloading due to the bio-
inspired texture. The model relates the stress rate to
the strain rate through a non-linear tensor function:

T =M(T,e):D (1)

where T is the effective stress rate tensor, D is the
strain-rate tensor, and M is a fourth-order tensor that
depends on the current effective Cauchy stress T and
the void ratio e The limits of the void ratio for the
loosest, critical, and densest states (ej, e, and eq) vary
with the mean effective stress, p’ = (1/3) tr(T),
according to Bauer (1996):

sos-sow[(-2)] e

€io €co €do

where /; is the granular hardness and # is an exponent
obtained from oedometer tests. Base parameters for
the hypoplastic model for Ottawa F65 sand,
characterized by a critical state friction angle 0f 29.6°
and a density of 1665.6 kg/m?3, were taken from Liao
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et al. (2023). The parameters were then recalibrated
for the cone penetration tests conducted by O’Hara
and Martinez (2022) as presented in Table 1, and then
used in the soil-structure interaction simulations.

3.2 Numerical model

Figure 2 presents the model setup, where the pile was
modeled as a rigid Lagrangian body controlled by a
reference point located at the pile tip, with prototype
dimensions from O’Hara and Martinez (2022). The
soil domain and an overlying 1 m void layer were
discretized by Eulerian elements to accommodate
large deformations and potential material heave.

Given the inherent symmetry of the model, only
one quarter of the model cross-section was simulated.
The soil domain consisted of a one-fourth vertical
cylinder with a depth of 15 m. The pile shaft was
represented by 25 stacked truncated cones, each 0.36
m in height, creating a slight taper from a lower
radius of 0.277 m to an upper radius of 0.286 m. The
pile tip was modelled as a cone with a 60° apex angle,
as shown in Figure 2.

Table 1: Calibrated hypoplastic parameters of Ottawa sand

Base parameters for the soil were adopted from
Liao (2023) and were recalibrated by adjusting them
within common ranges to match the conducted CPT
results with plane-strain FE simulations of CPT,
following the procedure proposed by Alkateeb and
Grabe (2025) and Alkateeb et al. (2026), resulting in
the parameters summarized in Table 1. The relative
density of 65% from the centrifuge tests corresponds
to a void ratio of 0.604.

General contact in Abaqus was employed to
simulate pile-soil interaction. The friction coefficient
was according to O’hara and Martinez (2022) 19°,
which corresponds to tan J = 0.344.

The pile mesh contained approximately 5.8 x 103
Lagrangian elements, and the soil domain contained
about 103.5 x 10° Eulerian elements, refined near the
pile-soil interface. The mesh size is presented in
Figure 3 and was selected based on a sensitivity
study, Symmetry planes constrained motion normal
to their surfaces, while the base and outer boundaries
prevented normal movement of the Lagrangian
domain.
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Figure 2: Numerical model for installation and pulling ou;)f textured pile
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3.3 Loading steps

The loading sequence consisted of three steps:

1) Initialization: Boundary conditions were
activated, and the Ko stress state was established,
using Ko =1 —sin g =1 —sin 29.6 ° = 0.506.

2) Installation: A constant downward velocity
of 1 m/s was applied at the pile-head reference
point for 7.5 s, corresponding to a penetration
depth of 7.5 m.

3) Pull-out: The pile was subsequently
extracted by imposing an upward velocity of 1
m/s at the reference point for 0.1 s.

3.4 Mesh Sensitivity

The accuracy of the simulations is assessed with the
mean absolute percentage error (MAPE) for the base
pressure during installation. For each data point, the
absolute difference between the predicted and
measured values are taken, expressed as a percentage
of the measured value, and then averaged across all
observations. A low MAPE denotes a good
agreement.

Figure 3 presents the results of the mesh
sensitivity study for the soil domain. The MAPE
decreases slightly starting from 4.6 x 10* soil
elements. To balance computational efficiency and
accuracy, a mesh consisting of 10.4 x 10* elements
was adopted for subsequent analyses.

4 RESULTS AND DISCUSSION

Figure 4 shows the base pressure with depth during
pile installation and Figure 5 presents the pile head
load with depth during pile installation and pullout.
The simulation achieves a MAPE of 9.7% and 35.6%
for base resistance and head load, respectively,
indicating close agreement with the experimental
results and providing a reliable basis for further
analysis.

Figure 6 and Figure 7 present horizontal stress and
void ratio distributions at representative stages during
the simulation. Immediately after stress initialization
(1), the horizontal stresses follow the prescribed
linear increase with depth, and the void ratio displays
the input across the entire soil domain, with a slightly
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looser state, approximately 1% higher, resulting from
minor numerical smearing with the upper void space
during initialization.
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Figure 3: Soil mesh sensitivity
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Figure 4: Comparison of base pressure of simulation and
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Figure 5: Comparison of pile head load of simulation and
centrifuge experiment
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Figure 7: Simulated void ratio distribution due to pile installation and extraction

Upon initial contact between the pile and the soil ~ developing failure mechanism around the pile tip and
(2A), a bulb with increased stress begins to develop  along the upper shaft, in correspondence with the
around the pile tip. The void ratio distribution remains  stress increase. Beneath this area, a slightly denser
largely uniform, with localized dilation within the
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region forms, corresponding to compression of the soil
displaced downward by the advancing pile.

As penetration progresses to the final embedment
depth of 7.5 m, the stress bulb continues to expand
(2B). A continuous band of loose soil develops along
the pile shaft and ahead of the tip. At the pile head, the
soil densifies locally. At the pile-soil interface, a very
narrow zone of soil with the maximum void ratio
develops, marking shear band with strongest dilation.
Adjacent to this zone, thin bands of low void ratio can
be observed around the textured scales, as shown in
Figure 8, suggesting an increase in resistance with
densification due to interlocking and particle
rearrangement.

At the end of pile pullout (Az = 0.1 m), a rapid
unloading occurs, resulting in a marked reduction in
horizontal stress near the pile tip (3). The previously
loosened zone around the shaft remains, indicating
continued dilation along the contact interface. Below
the pile tip, the void ratio is lower, corresponding to
the compressed soil mass formed during penetration.
Localized regions of slightly reduced void ratio also
appear along the shaft, reflecting minor densification
associated with upward soil movement.

Overall, the numerical simulation not only
reproduces the global load-displacement behavior
observed in centrifuge tests but also enables direct
observation of the meso-scale soil response that is
experimentally inaccessible. The stress and void ratio
fields reveal how localized dilation and densification
evolve around textured pile surfaces, revealing the
mechanisms by which surface roughness and
interlocking influence pile resistance.

Horizontal ~ Void
stress  Ratio
on (N/m?)  e(-)

2B)
Penetration

3)
Pull-out

end

7.5m 5 0.7 zZ=T74m
~30 0.69
—64 0.68
-99 0.67
~134 0.65
168 0.64
~203 0.63
-238 0.62
—273 0.61
-307 0.6
~342 0.50
—317 0.58

—411
—446 | 0.55
—481 +1 = 0.54
—515- 0.53
—550 0.52

Figure 8: Stress and void ratio distribution around the
scales

5 CONCLUSIONS

A numerical model was developed using the CEL
method to simulate both the penetration and extraction
of a snakeskin-inspired pile installed in a caudal
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direction and pulled out cranially in prototype size.
This model was used to recreate a centrifuge test that
was previously performed in medium dense Ottawa
F65 sand. The resulting stress and void ratio contours
were found to be physically consistent. Furthermore,
comparison between simulated and measured
responses yielded a MAPE of 9.7% for the base
pressure and 35.6% for the head load, indicating close
agreement. The validated model provides a reliable
basis for extending the analysis to additional geometric
variations, thereby enabling additional investigation of
the load-displacement behavior without the need for
further resource-intensive physical testing.
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