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Abstract. Offshore monopile foundations are subjected to combined loading from waves, wind, and operational forces, which
progressively degrade the surrounding soil and threaten long-term stability. Conventional approaches, such as increasing pile
size or incorporating steel fins, offer enhanced stiffness but remain limited in improving resistance to cumulative lateral
deformation. To address these challenges, a bio-inspired design mimicking the frictional anisotropy of snake ventral skin is
proposed to enhance shaft resistance through directionally textured pile surfaces. This study investigates the long-term behavior
of offshore monopile foundation equipped with snakeskin-inspired surface geometries under repetitive lateral loading. A semi-
empirical numerical scheme is employed to extract stress and strains at the first cycle using the Modified Cam Clay model, and
to track the progressive plastic deformation during repetitive loading using the polynomial-type accumulation function that
includes volumetric strain, shear strain, and stress obliquity. Parametric analyses are performed to evaluate the influence of scale
geometry (height and length) and installation orientation (cranial vs. caudal) on performance of snakeskin-inspired pile. The
results show that greater scale height and shorter scale length (particularly under cranial installation) improve lateral resistance
and limit displacement accumulation by enhancing load transfer efficiency. Deviatoric stress contours reveal a coupled
mechanism where early-stage strain hardening transitions into localized softening, accompanied by progressive stress
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redistribution and displacement accumulation.
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1. Introduction

The extensive use of fossil fuels has accelerated the
global shift toward to sustainable energy sources. Among
various renewable energy sources, offshore wind energy
offers significant advantages including high power
generation efficiency, the resolution of land use issues, and
the minimization of noise and ecological disturbance. By
the end of 2023, global offshore wind capacity has reached
67.4 GW, with an additional 16.2 GW under construction
(WFO 2023).

Offshore monopile foundation is subjected to combined
loading from ocean waves, wind and their own operational
forces. These loads induce progressive soil deformation
around the foundation, which can eventually lead to
excessive tilting and serviceability issues. To enhance the
stability of offshore monopile foundation, traditional
techniques have included increasing pile length and
diameter, adopting battered piles or pile groups (Choo ef al.
2014, Wang et al. 2022, Jeon and Lee 2023, Lv et al. 2023,
Kim et al. 2025).
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While traditional approaches have focused on modifying
pile dimensions or configurations to improve foundation
performance, alternative designs have been explored to
enhance the frictional resistance of pile surfaces. One such
example is the steel fin pile, which consists of a structural
steel pile with a projecting steel plate. These fins increase
the lateral and torsional load capacity by enlarging the
pile’s cross-sectional area and stiffness (Nasr 2014,
Albusoda et al. 2018, Pei and Qiu 2022, Sallam et al. 2024).
However, fin piles exhibit limited pullout resistance, as the
fins primarily contribute to lateral stability rather than
vertical load transfer.

Recently, bio-inspired designs derived from nature have
gained attention as efficient, sustainable, and
multifunctional alternatives in geotechnical engineering.
Bio-inspired geotechnics seeks to emulate adaptive
strategies observed in biological systems to enhance load
transfer, improve anchorage, and manage deformation
(Zhang et al. 2024). Several studies have explored diverse
applications of this approach. For example, bio-inspired
burrowing mechanisms mimic the penetration strategies of
organisms like worms and razor clams to improve
installation efficiency in soft soils (Zhang et al. 2023).
Root-inspired anchorage systems replicate the hierarchical
branching and interlocking behavior of plant roots to
enhance pullout resistance and slope reinforcement (Fang et
al. 2024, Jayashree and Sathyapriya 2025). Additionally, the
ventral skin of snakes, characterized by frictional anisotropy
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Fig. 1 Semi-explicit numerical algorithm that combines Modified Cam Clay model to extract stress and strain from the 1%
loading cycle into polynomial-type strain accumulation function to track accumulated strain during repetitive horizontal

loads (Modified from Chong et al. 2019)

induced by locomotion, which allows snakes to glide
smoothly in the forward direction while generating
substantial resistance in the opposite direction, has inspired
the development of pile surfaces with enhanced shaft
resistance (Hazel et al. 1999). Experimental studies have
been conducted to better understand the mechanisms of load
transfer at the interface between the snakeskin-inspired
surface and soil. Interface direct shear tests, including both
monotonic and repetitive loading conditions, were
performed to evaluate the shear behavior based on scale
geometry (Lee ef al. 2023, Nawaz et al. 2024). In addition,
penetration and pullout tests were carried out under
monotonic and cyclic loading to assess the anisotropic
resistance characteristics of Dbio-inspired pile surfaces
(O’Hara and Martinez 2020, O’Hara and Martinez 2022,
Kim et al. 2024). General observations confirm that when
loading occurs in the cranial direction (i.e., against the
ventral scales), higher interface resistance is observed
compared to loading in the caudal direction (i.e., along the
ventral scales). This anisotropic behavior suggests that
snakeskin-inspired surfaces could be advantageous for
installing bio-monopile in low shear resistance, as well as
for mitigating lateral displacement accumulation and
stiffness degradation under repetitive lateral.

This study explores the long-term soil behavior around
snakeskin-inspired pile surfaces within the framework of

the finite element method (FEM). A semi-empirical
numerical scheme is employed to extract stress and strains
at the first cycle using the Modified Cam Clay model, and
to track the progressive accumulation of plastic deformation
during repetitive loading using the polynomial-type
accumulation function that includes fundamental features
such as volumetric strain (terminal void ratio), shear strain
(shakedown and ratcheting), strain accumulation rate, and
stress obliquity. A series of parametric analyses are
conducted by varying scale dimensions and installation
direction (cranial vs. caudal). The results are analyzed to
characterize the accumulation of displacement in the
surrounding soil, and reveal how anisotropic surface
geometry influences the stress redistribution along the pile
shaft.

2. Numerical algorithm: Semi-explicit scheme

Accurate numerical modeling of long-term geostructural
behavior requires tracking incremental plastic strains at
each loading cycle and updating the corresponding stress
responses. However, it is essential to ensure that the
accumulation of physical deformation exceeds the
numerical errors that occur during simulation. To address
the limitations of implicit numerical schemes, previous
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Fig. 2 Generalized mesh configurations proposed in this study for snakeskin-inspired pile and surrounding soil domain: (a)
full 2D mesh layout, (b) detailed mesh arrangement around pile for cranial and caudal installation and (c) dimensions and

element sizes used for each mesh zone

studies have proposed semi-empirical explicit methods that
embed classical constitutive models into empirical strain
accumulation functions (Suiker and de Borst 2003,
Niemunis et al. 2005, Frangois et al. 2009, Kuo et al. 2012,
Pasten et al. 2014). Certain forms of these accumulation
functions require numerical cutoff criteria to terminate
plastic strain accumulation once cyclic strain falls below the
elastic threshold or when the void ratio converges to its
terminal value. This process demands that strain conditions
be evaluated at every load cycle across all nodes, which
increases  computational  effort for long-duration
simulations. In this study, a semi-empirical explicit
approach is adopted to reproduce the long-term asymptotic
trends of both volumetric and shear strains. The algorithm,
implemented through UMAT subroutine in ABAQUS, is
executed in two stages and summarized in Fig. 1. Previous
studies calibrated the model under the zero-lateral strain
condition (Chong2017) and triaxial condition (Chong et al.
2019), and confirmed that the simulation results show good
agreement.

Step 1. Geostatic stress and the initial static load are
applied to the offshore foundation using the ABAQUS
platform and the Modified Cam Clay model. Sequential
loading is then introduced, consisting of a maximum load, a
minimum load, and the initial static load. The average static
load and cyclic amplitude are determined based on the
ultimate static load and a predefined safety factor. The
stress and strain responses generated during the first loading
cycle reflect the combined effects of the initial void ratio,
initial effective stress, cyclic stress amplitude, and stress
obliquity. These computed values are imposed on the nodes
and elements as initial conditions for next step.

Step 2. This stage involves tracking the accumulation of
volumetric and shear strains during repetitive loading. This

is achieved by employing polynomial-type strain
accumulation functions. These functions incorporate the
fundamental characteristics of volumetric strain (terminal
void ratio), shear strain (shakedown and ratcheting), strain
accumulation rate, and initial stress state. At each cycle, the
cumulative strains at N+AN are predicted and imposed on
every element. The corresponding stress increment is
computed from the updated strain vector defined by the
plasticity model. Numerical iteration is then performed to
satisfy with both strain compatibility and force equilibrium.

3. Numerical modeling of boundary value problem
3.1 Finite element mesh modeling

Mesh generation plays a critical role in the accuracy and
stability of finite element simulations. The pile surface with
snakeskin-inspired protrusions is required localized mesh
refinement to capture the complex soil-structure
interactions around the scaled geometry. In particular,
arbitrarily generated mesh around the pile can introduce
numerical artifacts, cause convergence issues, or lead to
underestimation of localized responses. Therefore, this
study proposes generalized mesh size for a snakeskin-
inspired pile and its surroundings.

The overall mesh layout is presented in Fig. 2. The
monopile is simulated using plane strain conditions with
six-node full integration elements (CPE6). The soil domain
is 100 m wide and 100 m deep, while the pile has a
diameter (D) of 3 m and a total height of 25 m, including a
moment arm (R) of 5 m, and an embedded depth (L) of 20
m. As shown in Fig. 2(a), the width is divided into four
parts: Wo, Wy, Wy, and W,. Wy and W, which include the
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Table 1 Model parameters used in this study: (a) Modified Cam Clay parameters and (b) polynomial-type strain
accumulation function parameters. The parameters a, b, and ¢ are constitutive parameters that reflect the effect of
the average stress obliquity Nayve (=qave/Pave) and critical state frictional state M (refer to Fig. 1). The properties of
loose sand for k, condition are adopted as detailed in Chong et al. (2019)

Symbol Value
(a) Modified Cam Clay Parameters

Unit weight [kN/m?] y 18
Isotropic compression [-] A 0.01
Isotropic recompression [-] K 0.001
Drained Poisson’s ratio [-] v 0.3
MCC strength M 1.42
Friction angle [°] o 35
Void ratio at 1kPa [-] €1kPa 0.785
Coefficient of earth pressure at rest [-] ko 0.58
(b) Polynomial-type strain accumulation function
Accumulated strain rate o 1.14
Accumulated volumetric strain Aey**‘|n al 1.34

a2 0.5
Accumulated shear strain Agq**|n bi -6.21

b2 0.0

ci 0.0

Table 2 Snakeskin-inspired pile geometries. Pile diameter D
depth L =20 m are fixed in all cases

=3 m, Pile moment arm R = 5 m, and Pile embedded

# Scale length 1 [m] Scale height h [m] Installation direction
1 1 Cranial
2 Caudal
3 Cranial
2 1
4 Caudal
5 4 Cranial
6 Caudal
7 . Cranial
8 Caudal
9 Cranial
2 2
10 Caudal
11 4 Cranial
12 Caudal
13 | Cranial
14 Caudal
15 Cranial
2 4
16 Caudal
17 4 Cranial
18 Caudal
19 Smooth

pile and bio-inspired scale, have a consistent mesh element
size of 1 m per element (m/elt). While the size of W, are
varies according to the scale height (h), the element size
within each part remains constant at 1 m/elt. W5 is modeled

using a geometric progression (0.65 to 3.23 m/elt) to obtain
computational efficiency by reducing unnecessary fine
meshing in the far-field region. The depth is divided into
five parts: Ro, Rj, Rs, R» and R3. The snakeskin-inspired
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Fig. 3 Effect of scale height on the displacement evolution of a snakeskin-inspired pile: (a) Horizontal displacement and
(b) Vertical displacement. The scale length 1 is fixed as 2 m in all cases.

pile, which composed of Ry, Ri, Ry, and R, maintains the
same clement size as the width direction (= 1 m/elt).
Although R, various depending on the scale length (1), it
consists of the same element size per elements. R; is
generated using a geometric progression, with element sizes
ranging from of 1.27 to 6.38 m/elt. In all cases, the
snakeskin-inspired surfaces are designed on both side of the
pile and positioned 10 m below the ground surface. To
investigate the effects of frictional anisotropy on soil
response, two installation orientations (cranial and caudal)
are modeled, as shown in Fig. 2(b). The generalized mesh
sizes modeled with a snakeskin-inspired pile and its
surroundings are summarized in Fig. 2(c). The proposed
mesh sizes are used for all numerical simulations.

3.2 Boundary conditions and material properties

Lateral boundaries are sufficiently placed far from the
pile to satisfy semi-infinite conditions, allowing only
vertical displacement, while the bottom boundary is pinned,
and the top surface is free. A surface-to-surface contact
function in ABAQUS is employed to model the interaction
between soil and snakeskin-inspired pile under repetitive
horizontal loading. In the soil-structure interaction model,
the pile is assigned as the master surface due to its
significantly higher stiffness, which governs the contact
behavior. Conversely, the soil is designated as the slave
surface, as it exhibits greater deformability due to pile
movement. The tangential behavior is defined using a
penalty friction formulation with an isotropic friction
coefficient of 0.2 to allow controlled sliding at the interface.

The pile is modeled as a linearly elastic material,
assigning concrete with unit weight (yeon) of 25 kN/m?3,
Young’s modulus (Econ) of 30 GPa, and Poisson’s ratio
(Veon) Of 0.2. The model parameters are summarized in
Table 1. A total of 19 cases are simulated to systematically
explore the soil response with respect to snakeskin-inspired
surface modifications. This study simulates ten different
pile configurations, including one smooth pile and nine
snakeskin-inspired piles with varying scale heights and
lengths. Additionally, two installation orientations (cranial
and caudal) are analyzed, as summarized in Table 2.

4. Numerical simulation of snakeskin-inspired pile

4.1 Accumulation displacement according to scale
geometry conditions

The bio-inspired monopile foundation is simulated by
first applying a static load, followed by a repetitive load due
to the absence of the load history. The initial static load and
repetitive load amplitude are determined based on the
ultimate static load. Thus, the ultimate lateral load is
numerically investigated under static load, followed by a
monopile response to repetitive loading. In this simulation,
a monopile foundation in sand is subjected to an static load
(Hatowable), followed by repetitive lateral load (+AH). The
predicted ultimate lateral load is Hyx 4.1 MN.
Accordingly, the average static load is set to Haiiowabie = 0.68
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Fig. 4 Effect of scale height on the displacement evolution of a snakeskin-inspired pile: (a) Horizontal displacement and
(b) Vertical displacement. The scale height h is fixed as 2 m in all cases.

MN, considering a safety factor (FS) of 6, and the cyclic
load amplitude is defined as AH = 0.068 MN, which is 10%
of Halowable. These loads are applied at the node at pile top.
Fig. 3 illustrates the accumulated displacement behavior
of bio-inspired monopiles subjected to repetitive lateral
loading, comparing cranial and caudal installation
orientations under varying scale heights (h = 1, 2, and 4 m).
For all cases, the scale length is fixed at 2 m. A rapid
increase in displacement is observed during the initial
loading cycles (N < 100), after which the displacement
accumulation  gradually  stabilizes and converges
asymptotically with increasing cycle numbers. In both
cranial and caudal configurations, increasing the scale
height significantly reduces horizontal displacement over
the number of loading cycles [Fig. 3(a)]. This reduction is
more pronounced in the cranial direction, where the scale
geometry promotes concentrated shearing and improved
load transfer. This trend is consistent with the interface
direct shear experiments conducted by Nawaz et al. (2024),
which demonstrated that cranial shearing mobilizes higher
interface friction angles and dilative response compared to
caudal shearing. Compared to smooth-surfaced monopile,
the addition of snakeskin-inspired surfaces notably
decreases the accumulation of horizontal displacement. This
suggests that the anisotropic geometry promotes better
resistance against lateral loads by altering the local load
transfer mechanism and increasing the effective contact
area. On the other hand, vertical displacements exhibit
limited sensitivity to wvariations in scale height and
installation orientation [Fig. 3(b)]. This implies that the

primary role of surface geometry is to enhance lateral
resistance, with only a minor effect on vertical settlement.

Fig. 4 presents the displacement behavior of snakeskin-
inspired monopiles under repetitive lateral loading, focusing
on the influence of scale length 1 (1, 2, and 4 m) while
keeping the scale height fixed at 2 m. Both cranial and
caudal installation orientations are considered. As shown in
Fig. 4(a), horizontal displacements consistently decrease as
the scale length decreases in caudal case. This trend
highlights the role of the scale edge being positioned closer
to the ground surface, which mobilize greater shear
resistance under lateral loading. In the cranial installation,
the distance between the scale edge and the ground surface
remains constant regardless of scale length. In particular,
the effect of scale length is more pronounced under cranial
installation, as the enhanced frictional resistance from
cranial shearing dominates the response regardless of scale
length. As expected, vertical displacements remain largely
unaffected by scale length in both orientations [Fig. 4(b)].

The reduction in horizontal displacement observed with
higher scale height and shorter scale length is attributed to
enhanced shear stress mobilization and progressive strain-
hardening propagating from the soil-scale surfaces. Under
cranial installation, the orientation of the scales promotes
forward-directed resistance during loading, intensifying
plastic shearing zones and enabling more effective load
transfer along the pile shaft. In contrast, caudal
configurations tend to permit partial slip over the scale
surface, which limits shear mobilization and results in more
localized deformation near the interface.
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Fig. 5 Horizontal displacement contours under repetitive horizontal loading for selected cycles, showing the influence of

scale height and installation orientations (Scale length 1 =2 m)

4.2 Redistribution of stress and strain fields

The long-term response of snakeskin-inspired pile,
including the distributions of stress and strain, is analyzed
over selected loading cycles (N = 1, 95, and 9,100) and
scale geometry (height and length) under two installation
orientations. Fig. 5 shows the distribution of horizontal
displacement in the surrounding soil of the pile according to
two scale height and scale installation direction at selected
domain (37 m x 59 m). The plastic displacement of the soil
initially occurs at the ground surface, yet gradually extends
along the pile surface down to its toe. For a smooth pile, the
horizontal displacement (du) is approximately 3 cm at N =
1, increasing to 4 cm at N = 9,100. The snakeskin-inspired
scale significantly reduces soil deformation around pile,
depending on the scale geometry and orientation. As the
scale height (h) increases, the horizontal displacement
reduction becomes more pronounced due to the enlarged
cross-sectional interaction area between bio-inspired

surface and the surround soil, regardless of scale installation
direction. Furthermore, under the cranial installation, the
region of cumulative displacement at a given number of
loading cycles is significantly smaller than that observed in
the caudal installation. In the caudal installation, the large
displacement region continues to expand, resulting in a
wider disturbance region in the ground.

Fig. 6 shows the distribution of horizontal displacement
in the surrounding soil of the pile according to two scale
length and scale installation direction. Shorter scale length
minimizes the plastic deformation in caudal direction.
Consistent with the previous results, the accumulative
horizontal displacement under repetitive lateral loading is
lower in the cranial direction compared to the caudal
direction.

Figs. 7 and 8 illustrate the evolution of deviatoric stress
fields surrounding the bio-inspired piles subjected to
repetitive horizontal loading, highlighting the effects of
scale height and scale length, respectively. Note that the
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deviatoric stress is directly related to shear strength
response in Modified Cam Clay model. In Fig. 7, where the
scale length is fixed at 2 m, the deviatoric stress patterns
reveal a strong dependence on scale height. During the early
loading cycles (N = 1 and 95), stress concentrations emerge
near the scale tips on the loading side, reflecting localized
strain-hardening. However, as the number of cycles
progresses (N = 9,100), the stress magnitudes near the
upper protrusions begin to relax, especially for larger scale
heights. This transition toward stress redistribution and
strain-softening is accompanied by enhanced stress
propagation along the pile shaft and toward the pile toe.
While stress concentrations continue to develop near the
protrusions, they become broader and less intense, resulting
in increased lateral deformation in regions where local shear
resistance degrades. In Fig. 8, with the scale height fixed at
2 m, varying the scale length leads to distinct differences in
stress distribution patterns. Shorter scale lengths result in
more localized deviatoric stress near the upper interface,

which diminishes more rapidly over the loading cycles. In
contrast, longer scales induce sustained stress
concentrations along the interface, particularly in the caudal
orientation. These stress accumulations contribute to larger
disturbed zones, consistent with the corresponding
displacement fields. Overall, the results emphasize a
coupled mechanism: stress concentrations due to initial
strain-hardening govern the early response, while
progressive strain-softening with continued cyclic shearing
leads to redistributed stress and accumulated displacement.
The spatial extent and intensity of stress evolution are
highly dependent on scale geometry and orientation,
particularly around the tips of the protrusions, where peak
stress gradually relaxes and spreads under repeated loading.

5. Conclusions

This study numerically investigates the long-term



Numerical study on snakeskin-inspired pile subjected to repetitive lateral loads

137

N
Type Legend
P 1 95 9,100 g
Smooth :E
Deviatoric stress
[kPa]
300
h=1m ,
200
Cranial
: 150
h=4m p '
50
h=1m g ‘
0
Caudal
- ﬁ |

Fig. 7 Distribution of deviatoric stress under repetitive horizontal load for selected load cycles, illustrating the effect of

scale height and installation orientation (Scale length 1 =2 m)

behavior of offshore monopile foundation equipped with
snakeskin-inspired surface under repetitive lateral loading
using a semi-empirical scheme embedded with the
Modified Cam Clay model and generalized mesh to reduce
the numerical error for bio-inspired surface. A total of 19
cases are conducted to examine the soil response to
snakeskin-inspired surface modifications, including pile
configurations varying scale geometries and scale
installation orientation. The main conclusions are as
follows:

* Monopiles subjected to repetitive lateral loading exhibit
rapid horizontal displacement during the initial cycles (N <
100), followed by a gradual convergence in displacement
accumulation over the loading cycles. Meanwhile, bio-
monopiles significantly reduce lateral displacement
accumulation compared to smooth-surfaced piles.

* Cranial installation (against the ventral scales) mobilize
less horizontal displacement around the pile compared to

caudal installation (along the ventral scales), regardless of
scale geometry (height and length). However, the vertical
displacements remain largely unaffected according to scale
geometry and orientation.

* The reduction in horizontal displacement becomes more
significant with greater scale height as it increases the
effective contact area with the surrounding soil in both scale
orientations. The scale length induces different load transfer
behaviors according to the scale installation. In caudal
installation, shorter lengths mobilize increased lateral
resistance, whereas in cranial installation, variations in scale
length had minimal influence on the displacement
accumulation.

* Under repetitive loading, plastic deformation initiates near
the ground surface and progressively extends downward
along the pile. In cranial installation, higher scale height
helps confine plastic deformation, resulting in smaller
disturbed zones in surrounding soil. It also facilitates
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broader stress redistribution and deeper propagation along
the pile shaft, thereby improving load transfer efficiency.
Moreover, shorter scales tend to induce more localized and
transient stress concentrations near the scale tip, limiting the
extent of stress redistribution.

The future study will (1) calibrate the numerical model
with physical validation of the numerical results in
laboratory tests, (2) evaluate the variation of penetration-
pullout load transfer under groundwater conditions and
different scale geometries, (3) and eventually propose
optimized scale geometries for filed application.
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