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Abstract: The microscale mechanisms underlying the suction anchor–sandy soil interaction under
slidable pulling actions of mooring lines remain poorly understood. This technical note addresses
this knowledge gap by investigating the suction anchor–sandy soil interaction from micro to macro,
with a particular emphasis on the effect of interface friction. The discrete element method (DEM) was
utilized to simulate the sandy soil, while the finite element method (FEM) was employed to model
the suction anchors. The peak pulling forces in numerical simulations were verified by centrifuge
test results. The research findings highlight the significant influence of interface friction on the
pulling force–displacement curves, as it affects the patterns of suction anchor–sandy soil interactions.
Furthermore, clear relationships were established between the magnitude of interface friction, rotation
angle, and pullout displacement of suction anchors. By examining the macro-to-micro behaviors of
suction anchor–sandy soil interactions, this study concludes with a comprehensive understanding of
failure patterns and their key characteristics under different interface friction conditions. The findings
proved that the interface friction not only influences the anti-pullout capacity but also changes the
failure patterns of suction anchor–soil interactions in marine engineering.

Keywords: soil–structure interaction; sandy soil; micromechanics; DEM-FEM coupling; suction
anchor; failure pattern

1. Introduction

With the rapid development in marine engineering, suction anchor foundations have
gained increasing popularity for anchoring floating buildings and structures in the sea [1,2].
These anchor foundations, consisting of cylinder suction anchors and mooring line systems,
are commonly connected to floating buildings and structures using the mooring lines that
are attached to the annular pad eyes [3,4], as displayed in Figure 1a,b. Throughout the
lifespan of floating buildings and structures, the suction anchor and the surrounding soil
experience significant pulling forces from mooring lines to ensure engineering safety [5,6].
Therefore, comprehending suction anchor–soil interactions is essential for the design of
suction anchor foundations in marine engineering.
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Figure 1. The interactions among mooring lines, suction anchors, and granular soil. 

Suction anchor–soil interactions in marine engineering have garnered significant at-
tention in previous studies. Researchers have carried out a sequence of experimental tests 
to examine the anti-pullout capacity of suction anchors and explore the correlation be-
tween pulling forces and the displacement of suction anchors in granular soil [7,8]. Exper-
iment test results have demonstrated that various factors, including pulling directions of 
mooring lines, towing positions, and soil properties, affect the anti-pullout capacity of the 
suction anchors, while interface friction between suction anchors and surrounding soils 
plays a critical role in determining the behavior of interactions between suction anchors 
and soil [9,10]. Nevertheless, prior studies on suction anchor–soil interactions primarily 
focused on evaluating the resistance to pullout and the displacements of suction anchors. 
As a result, the microscale mechanisms of suction anchor–soil interactions under different 
interface friction conditions remained poorly understood. 

Moreover, previous numerical studies have usually simplified the pulling actions of 
mooring lines on pad eyes as a constant force or fixed pulling movements [11,12], over-
looking the contact sliding behaviors between hangers (tail end of mooring lines) and pad 
eyes, as well as the variations in force (Figure 1c). Because variable soil resistances influ-
ence the hanger sliding within pad eyes, the movement direction of the hanger cannot be 
predetermined and is usually in a substantial deviation from the intended pulling direc-
tion (as depicted in Figure 1c). Consequently, assuming a constant load or displacement 
instead of contact action between hangers and pad eyes (structure–structure interaction) 
is improper. Although continuous numerical methods including the finite element 
method (FEM) are capable of simulating the deformation of suction anchors and struc-
ture–structure interactions, these methods fall short in terms of accurately simulating 
large soil deformation and failure (see Figure 1d) [13,14]. Consequently, the discrete ele-
ment method (DEM) is popular among many researchers, as it can analyze sandy soil 
behavior on a microscale and model significant soil deformations [15,16]. However, mod-
eling the contact behaviors between hangers and suction anchors poses challenges for ex-
isting discrete element method (DEM) approaches in structure–structure interaction sim-
ulation [14]. Hence, harnessing the strengths of both DEM and FEM could offer valuable 
insights into the interactions between suction anchors and sandy soils under pulling ac-
tion from mooring lines. To date, there have been no studies that have utilized a DEM-
FEM simulation to examine the influence of interface friction on suction anchor–soil inter-
actions under slidable pulling actions. 

This technical note endeavors to investigate the underlying mechanism of the inter-
action between suction anchors and sandy soil under slidable pulling action from micro 
to macro, considering various interface friction conditions. The study initiates by analyz-
ing pulling force–displacement curves under different interface friction conditions. Sub-
sequently, a comprehensive analysis is carried out to evaluate the displacement features 

Figure 1. The interactions among mooring lines, suction anchors, and granular soil.

Suction anchor–soil interactions in marine engineering have garnered significant
attention in previous studies. Researchers have carried out a sequence of experimental tests
to examine the anti-pullout capacity of suction anchors and explore the correlation between
pulling forces and the displacement of suction anchors in granular soil [7,8]. Experiment
test results have demonstrated that various factors, including pulling directions of mooring
lines, towing positions, and soil properties, affect the anti-pullout capacity of the suction
anchors, while interface friction between suction anchors and surrounding soils plays
a critical role in determining the behavior of interactions between suction anchors and
soil [9,10]. Nevertheless, prior studies on suction anchor–soil interactions primarily focused
on evaluating the resistance to pullout and the displacements of suction anchors. As a result,
the microscale mechanisms of suction anchor–soil interactions under different interface
friction conditions remained poorly understood.

Moreover, previous numerical studies have usually simplified the pulling actions of
mooring lines on pad eyes as a constant force or fixed pulling movements [11,12], overlook-
ing the contact sliding behaviors between hangers (tail end of mooring lines) and pad eyes,
as well as the variations in force (Figure 1c). Because variable soil resistances influence the
hanger sliding within pad eyes, the movement direction of the hanger cannot be prede-
termined and is usually in a substantial deviation from the intended pulling direction (as
depicted in Figure 1c). Consequently, assuming a constant load or displacement instead of
contact action between hangers and pad eyes (structure–structure interaction) is improper.
Although continuous numerical methods including the finite element method (FEM) are
capable of simulating the deformation of suction anchors and structure–structure inter-
actions, these methods fall short in terms of accurately simulating large soil deformation
and failure (see Figure 1d) [13,14]. Consequently, the discrete element method (DEM) is
popular among many researchers, as it can analyze sandy soil behavior on a microscale
and model significant soil deformations [15,16]. However, modeling the contact behaviors
between hangers and suction anchors poses challenges for existing discrete element method
(DEM) approaches in structure–structure interaction simulation [14]. Hence, harnessing the
strengths of both DEM and FEM could offer valuable insights into the interactions between
suction anchors and sandy soils under pulling action from mooring lines. To date, there
have been no studies that have utilized a DEM-FEM simulation to examine the influence of
interface friction on suction anchor–soil interactions under slidable pulling actions.

This technical note endeavors to investigate the underlying mechanism of the interac-
tion between suction anchors and sandy soil under slidable pulling action from micro to
macro, considering various interface friction conditions. The study initiates by analyzing
pulling force–displacement curves under different interface friction conditions. Subse-
quently, a comprehensive analysis is carried out to evaluate the displacement features of
suction anchors and soil behaviors at the particle scale. Lastly, the patterns of interaction be-



J. Mar. Sci. Eng. 2024, 12, 535 3 of 12

tween suction anchors and soil under varying interface friction conditions are summarized.
The results of this study offer a reference for designing the suction anchor foundations used
in marine engineering.

2. Numerical Research on Suction Anchor–Soil Interaction
2.1. The Centrifuge Model Tests

This study utilized the centrifuge tests carried out by Bang et al. [17] to investigate the
anti-pullout capacity of model suction anchors under slidable pulling actions from mooring
lines. The centrifuge tests were conducted in a tank. The foundation soil was a type of
sandy soil. The specific gravity of the soil was 2.62, while the grain size was 0.1~1.0 mm.
An actuator was utilized to generate the pulling action on mooring lines in the experimental
tests. The model suction anchors, as shown in Figure 2b, were constructed using a smooth
steel tube. The model suction anchor had an underwater weight of 40.3 g. Pulling actions
during the tests were applied on the pad eye at a depth of h = −45 mm (75% depth), which
is approximately the location with the highest anti-pullout capacity [14,18,19]. The tests
were carried out at the gravitational acceleration of 100 g (981 m/m2). Note that the model
of the suction anchor (shown in Figure 2) under the gravitational acceleration of 100 g
corresponds to a suction anchor with a diameter of 3.0 m and a length of 6.0 m in prototype
dimensions. To prevent the suction anchor from experiencing obvious excess pore water
pressure, two air holes (refer to Figure 2a) were drilled at the top. It should be emphasized
that the model tests were conducted using sandy soil that was easy for the dissipation of
excess pore water pressure. Similar to prior studies [20,21], excess pore water pressure was
not taken into account in the experimental tests. Further information regarding the specific
details can be found in the study by Bang et al. [17].
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vestigations [14,19,26], the one-way transient coupling method was employed in simula-
tions. This method encompasses the analysis of boundary data, specifically particle con-
tact forces on the structure’s surfaces in the DEM simulation; then, these forces are inte-
grated into the FEM simulation as boundary conditions at each step, without any feedback 

Figure 2. Experimental anti-pullout tests for suction anchors in granular soil (modified from Bang
et al. [17]).

2.2. The Numerical Model in DEM-FEM Simulations

In this study, coupled DEM-FEM simulations were employed. The size of the model
suction and the pulling position in the simulations were the same as that in the experi-
mental tests carried out by Bang et al. [17]. DEM simulations are well suited for sandy
soil, while FEM is commonly used for modeling solid structures [22,23]. Following the
approach of previous studies [14,18,19], a DEM-FEM coupling method was adopted in this
research. Balls in DEM were utilized to simulate the sandy soil, while meshes in FEM were
employed to create the suction anchors. The deformation of the suction anchors in the
centrifuge tests was small relative to the displacement, satisfying the criteria for employing
the one-way transient coupled DEM-FEM simulations [24,25]. Similar to previous investi-
gations [14,19,26], the one-way transient coupling method was employed in simulations.
This method encompasses the analysis of boundary data, specifically particle contact forces
on the structure’s surfaces in the DEM simulation; then, these forces are integrated into the
FEM simulation as boundary conditions at each step, without any feedback from the FEM
part to the DEM part. In the computing process, the initial geometry of the suction anchor
was shared between the DEM and FEM components. Firstly, the DEM part collected particle
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contact forces on the suction anchor’s boundary, which consisted of facet elements. These
loads were then transformed into vertex forces on each boundary element. Subsequently,
the forces exerted on vertices were utilized for conducting transient structure analysis
within the FEM component. Consistent with prior research [14,19], the buoyant unit weight
of the grains (as indicated by the density of grains in Table 1) was employed to take the
underwater state of sandy soil into consideration.

Table 1. Main numerical parameters for modeling suction anchor–soil interactions.

Parameters Value Unit

Grains
Density (ρ) 1650 kg/m3

Elasticity modulus (E) 1.0 × 106 N/m2

Friction coefficient (f ) 0.5 \
Restitution coefficient 0.30 \
Rolling resistance (RR) 0.20 \

Timestep 5.0 × 10−5 s
Poisson ratio (υ) 0.30 \

Acceleration of gravity (g) 981 m/s2

Suction anchor
Elasticity modulus (E) 2.0 × 1011 N/m2

Friction coefficient (f ) 0.35, 0.55 \
Restitution coefficient 0.80 \

Poisson ratio (υ) 0.30 \
Roller

Elasticity modulus (E) 2.0 × 1011 N/m2

Friction coefficient (f ) 0.0 \
Restitution coefficient 0.8 \

Poisson ratio (υ) 0.3 \

Like prior investigations [14,19], the DEM-FEM simulations utilized a symmetry-based
modeling method to decrease computational expenses [27,28]. A frictionless container
was employed to contain 1/2 foundation soil and 1/2 the suction anchor, as depicted in
Figure 3a, capitalizing on the axisymmetric characteristics in experimental tests. Addition-
ally, a coarse-grained model [16,29,30] was implemented in this study to ensure the same
macroscopic soil properties throughout different regions while selectively increasing the
grain size in certain regions to decrease the simulation time. The computational model
consisted of 3 different zones: Zone 1, which encompassed a small-grain region around
the suction anchor, and two larger grain zones, Zone 2 and Zone 3, surrounding Zone 1, as
shown in Figure 3a. In Zone 1, the grain diameters were 2~2.8 mm, with a median diameter
(d50) of 2.4 mm. The ratio of the suction anchor diameter to d50 was 12.5, which was deemed
sufficient to disregard grain-scale effects [31,32]. To prevent the migration of grains from
the small-grain zones into the neighboring large-grain zones, enlargement factors were
applied. Consequently, in comparison to the grains in Zone 1, those in Zones 2 and 3 were
amplified by amplification coefficients of 1.6 and 2.56, respectively, which was similar to
previous studies [14,33]. When the pulling action was applied to the suction anchors, the
particle movement primarily occurred in Zone, which confirmed the rational design of the
numerical model’s zoning approach. Consistent with previous DEM simulations [14,19]
conducted on the same tests, the simulated sandy soil had a porosity of 0.37 in this study.
Similar to prior research [14,19,34], the Hertzian spring dashpot model and the linear spring
Coulomb limit model were utilized to compute the normal particle contact behaviors and
the tangential particle contact behaviors, respectively. To account for the influence of grain
angularity on grain contact behavior, the linear spring rolling limit model, as offered by
Wensrich and Katterfeld [15] was employed.
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Figure 3. The DEM-FEM model of suction anchor–granular soil interaction in simulations.

In line with previous numerical simulations [19,25], finite element meshes were em-
ployed to construct suction anchors with triangular geometry, composed of 7837 vertices.
The physical properties of the suction anchors were set with steel properties. As shown
in Figure 3b, to replicate the pulling behavior observed in the centrifuge tests, where the
hanger pulls the suction anchor (as shown in Figure 2), the pulling motion of the confined
roller inside the pad eye was controlled during simulations. Consistent with the exper-
iments, the pulling action in simulations was controlled by pulling velocity at a rate of
2 mm/s, which was in line with previous research [14,19]. Moreover, this pulling velocity
matched the velocity of the movement of floating structures, as indicated by prior numeri-
cal studies [35,36]. The pull angle (θ) was maintained at a constant 45◦ angle, consistent
with that in experimental tests. In line with previous simulations [14,19] based on the tests
of Bang et al. [17], Young’s modulus (E) values for the grains and suction anchors were
determined as 1.0 × 106 kN/m2 and 2 × 1011 kN/m2, respectively.

Numerical parameters were calibrated using the peak pulling forces (refer to Figure 4)
at various anchoring positions (h = 5%~95% depths) that were gained from the centrifuge
tests, in line with previous DEM research on soil–structure interactions [14,37]. The calibra-
tion with forces provides a comprehensive representation of the soil–structure interaction
intensity on a physical level, reflecting the action and properties of structures, along with
the soil properties, as demonstrated in previous DEM-based studies [14,38,39]. The major
numerical parameters utilized in DEM-FEM simulations are presented in Table 1. In the
adopted tests, model suction anchors were built with smooth steel tubes, which led to a low
interface friction value (f = 0.35) for the anchor surfaces in numerical simulations. After
calibrating numerical parameters, a subsequent investigation was conducted to explore
the impact of interface friction on suction anchor–soil interactions. Both a low interface
friction condition (f = 0.35) and a high interface friction condition (f = 0.55) were considered
in the simulations. Note that it is a common practice in numerical studies to conduct
extension studies using validated parameters, which can save significant amounts of time
and resources compared to directly conducting experimental tests [13,25]. However, it is
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important to emphasize that the most ideal approach is to accompany numerical analy-
sis with corresponding experimental tests whenever sufficient time, test conditions, and
funding are available.
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It should be noted that many parameters, including grain size, grain shape, void
ratio, and grain size distribution, usually have some variations between simulations and
experiment tests in most DEM-based research [40,41]. Consequently, the specific numerical
value derived from these investigations based on DEM may differ to a certain extent from
the values in experiments. Consequently, instead of aiming for exact numerical value
agreement, the primary focus should be on providing micromechanical mechanisms and
the trend in soil behaviors.

3. Results and Analyses

The design of suction anchors often benefits from the data inferred from pulling force–
displacement (P-S) curves [42,43]. Figure 5 depicts the evolution of the pulling force (T)
observed in simulations under different interface friction conditions. Obviously, the pulling
force in Group 2 was much larger than that in Group 1 because of the increased intensity
of suction anchor–soil interactions resulting from higher interface friction. As the pulling
distance increased, the pulling force first grew fast and then stabilized without peaks under
the low interface friction (f = 0.35). However, under the condition of f = 0.55, as the pulling
distance increased, the pulling force first grew fast and then obviously reduced, leading to
an emergence of evident peaks in pulling forces. The discrepancy in the shapes of curves
was in fact associated with the difference in patterns of suction anchor–soil interactions,
which will be discussed in subsequent sections.

Comprehending the movement of suction anchors and soil particle behaviors is es-
sential for accurately understanding the mechanism of suction anchor–sandy soil interac-
tions [44]. Figure 6 illustrates the movement of suction anchors and the behavior of soil
particles at the particle scale. The displacement of suction anchors was greatly different un-
der different interface friction conditions: A large pullout displacement and small rotation
angle of the suction anchor were observed under the low interface friction of f = 0.35, while
a small pullout displacement and a relatively large rotation angle were found under the
condition of f = 0.55. Due to the large anchor rotation angle, the soil deformation (upheaval)
on two sides of the suction anchors was much larger under higher interface friction, as
shown in Figure 6b. The pullout displacements demonstrated that higher interface friction
between the suction anchor and soil is useful for enhancing the anti-pullout capacity in
suction anchor foundations.
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The rotational velocity of grains serves as a valuable indicator of soil shear behav-
ior [14]. As shown in Figure 6a, under the low interface friction of f = 0.35, strong particle
rotation was only distributed around the suction anchor–soil interface, indicating the exis-
tence of strong interface shear behaviors between the suction anchor and soil. In contrast,
under the condition of f = 0.55, an additional banded particle rotation area and a corre-
sponding sliding block above it were observed on the pulling side (Figure 6b), indicating
a typical internal soil shear failure under high interface friction. According to previous
studies [14,19], the shearing out to the soil surface of shear bands typically results in a
significant reduction in pulling forces (corresponding to soil resistances). This phenomenon
can effectively explain the emergence of prominent peaks in pulling force–displacement
curves under high interface friction.



J. Mar. Sci. Eng. 2024, 12, 535 8 of 12

4. Discussion
4.1. The Interface Friction Effect on Failure Patterns of Anchor–Soil Interactions

This section focuses on exploring the influence of interface friction on the failure
patterns of suction anchor–soil interactions. The trajectories and translation velocities of
grains play a crucial role in comprehensively understanding the soil failure behavior in the
vicinity of structures [14]. Figure 7 shows the trajectories and translation velocities of grains
under varying interface friction conditions in simulations. Under the low interface friction
of f = 0.35, a short particle trajectory was only observed in limited areas, which corresponds
to weak soil movement and relatively small soil disturbance areas during suction anchor–
sandy soil interactions. Under the condition of f = 0.55, the particle trajectory was much
longer and widely distributed, with a relatively flat bottom boundary on the pulling side.
The flat boundary corresponding to the bottom of the shear band indicated a relatively
bulk movement on the left pulling side, which can be attributed to shear failure within the
soil. Moreover, violent rotation was observed in the core soil, which corresponds to the
huge rotation angle of suction anchors during suction anchor–sandy soil interactions.
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The definitive failure patterns of suction anchor–soil interactions under different
interface friction conditions are presented in Figure 8, based on the aforementioned micro-
to-macro analyses. Similar to previous studies [14,19,25], the numerical simulations were
conducted with a 3D model, while the failure modes of suction anchor–soil interactions
(results in Figure 8) were determined in 2D format. The decision to use 2D diagrammatic
representations is justified by the following reasons: Firstly, 2D representations make it
easier for readers to discern the interaction modes between suction anchors and sandy soil
compared to 3D views. Secondly, the loading direction (pulling direction) considered in
this study is confined to the 2D vertical plane. Previous studies [14,19] have demonstrated
that the most significant deformations and stresses occur within this vertical plane. Under
low interface friction conditions, suction anchor–soil interactions exhibit a representative
interface shear failure pattern. In such scenarios, suction anchor–soil interactions are distin-
guished by significant pullout displacements, small rotation angles of suction anchors, and
small soil deformation. Under high interface friction conditions, suction anchor–soil inter-
actions exhibit a representative internal soil shear failure pattern. They are distinguished
by relatively small pullout displacements, large rotation angles of suction anchors, and
large soil deformation around the anchors (obvious soil upheaval). To summarize, the
failure pattern of suction anchor–sandy soil interactions is notably influenced by changes in
interface friction. Disregarding the impact of interface friction will result in misjudgments
regarding the deformation of sandy soil and the anti-pullout capacity of suction anchors,
potentially compromising the safety of floating structures in marine engineering.
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Figure 8. Diagrammatic representations of failure modes for suction anchor–sandy soil inter-
actions under different interface friction conditions: (a) small interface friction, and (b) Large
interface friction.

4.2. The Limitations of the Study and Future Research Directions

In the DEM-FEM coupled numerical study, the influence of fluid (water) in the experi-
mental tests was simplified rather than directly modeled, taking into account well-drained
conditions. Additionally, although the parameters in the DEM-based simulation were cali-
brated using experimental tests, real-world validation was not conducted for the analysis
results of the interface friction effect on suction anchor–sandy soil interactions in the numer-
ical study. For future studies, it is recommended to perform additional experimental tests
to further validate the findings, provided that the test conditions allow for it. Furthermore,
it is essential to highlight that, in this study, the mooring line was installed solely at the
75% depth position, with pull forces applied along a vertical plane. Therefore, further
investigation into the interface friction effect is warranted for suction anchors moored at
various depths or subjected to horizontal pull forces.

5. Conclusions

This technical note presents a series of DEM-FEM simulations aimed at examining
the influence of interface friction on suction anchor–soil interactions under the slidable
pulling actions of mooring lines, from micro to macro. The key findings can be outlined in
the following points:

(1) Interface friction significantly influenced the shapes of pulling force–displacement
curves of suction anchors due to its effect on the pattern of suction anchor–soil
interactions. Under low interface friction conditions, the pulling forces increased with
pulling distance first and then tended to be stable, which corresponded to the stable
interface slide during suction anchor–soil interactions. However, under high interface
friction conditions, a distinct peak pulling force emerged with an increase in pulling
distance, corresponding to internal soil shear failure.
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(2) The interface friction alters the movement of suction anchors and the surrounding
soil deformation. Low interface friction leads to large pullout displacements and
small rotation angles of suction anchors due to the weak impede effect on the pullout
behaviors of suction anchors. In contrast, high interface friction leads to stronger
suction anchor–sandy soil interaction forces, which impede the pullout of suction
anchors and further result in obvious anchor rotation, larger soil deformations, and
the emergence of an additional banded particle rotation area within the soil.

(3) The conclusion on the effect of interface friction on the failure patterns of suction
anchor–sandy soil interactions was drawn after the analyses of macro-to-particle-scale
soil behaviors. Under high interface friction, longer particle trajectories and wider
soil disturbance areas corresponded well to the much larger rotation angle of suction
anchors and huge soil deformation. Finally, the characteristics of the two definitive
soil failure patterns, namely the interface shear failure and internal soil shear failure
during suction anchor–soil interactions, were identified.

In summary, this technical note proves the effectiveness of three-dimensional DEM-
FEM coupling methods in modeling suction anchor–soil interaction behaviors under the
slidable pulling actions of mooring lines. The findings highlight the notable influence of
interface friction on the intensity of suction anchor–soil interactions along with the failure
pattern. This investigation provides valuable knowledge for analyzing the behaviors of
suction anchor foundations in marine engineering.
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