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Abstract
The rapid growth of offshore wind farm construction requires reliable pile foundation designs that can withstand complex marine 
loads. However, current design practices for these foundations often neglect the potential threat of submarine debris flows, which 
can exert highly destructive forces. This study employs a CFD approach to simulate the effects of submarine debris flows on 
piles in intricate marine environments, with model accuracy validated against a series of laboratory experiments calculating 
lateral forces from debris flows. We investigate the impact of debris flows on piles across a range of Reynolds numbers, including 
variations in rheological properties, density, impact velocity, and initial debris flow heights. Our results reveal that the dominant 
force exerted by submarine debris flows on piles is primarily a horizontal drag force. We identify three distinct stages in the 
impact process and emphasize the peak drag force as the critical load on the pile. The study provides a comprehensive analysis 
of the mechanisms driving variations in drag force and highlights the nonuniform distribution of drag forces along the pile’s 
length. The debris flow height significantly influences not only the magnitude of the peak drag force but also the action point 
location of this force along the pile. Finally, we propose quantifiable methods for evaluating the peak drag force coefficient and 
its action point, enhancing the design resilience of pile foundations against submarine debris flows.

Highlights 

(1)	 A CFD approach is proposed and validated for numeri-
cally investigating the impact of submarine debris flows 
on piles in complex marine environments.

(2)	  The study underscores the primary significance of the 
drag force in the impact of submarine debris flows on off-
shore wind turbine piles, especially the peak drag force.

(3)	 The study reveals that varying debris flow heights can 
have a substantial impact, resulting in significant dif-

ferences in peak drag forces, and identifying its action 
point is highlighted as crucial.

(4)	 The dynamic interaction between submarine debris flows 
and piles unveils the mechanism governing the evolution 
of drag forces under intricate working conditions.

(5)	 The study provides quantifiable relationships for key 
parameters, offering practical insights for evaluating 
the impact of submarine debris flows on piles.
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1  Introduction

As a crucial component of renewable energy, offshore wind 
power is gradually becoming a cornerstone in the global 
energy transition (International Energy Agency 2021; Melis-
sas and Asprogerakas 2022; Wu et al. 2024a). In compari-
son to onshore wind power, offshore wind farms possess 
advantages such as high energy density, stable supply, and 
reduced environmental impact. However, offshore wind 
farms located far from the shore must endure harsh marine 
environments, resulting in construction and operational costs 
significantly higher than those of fossil fuel and onshore 
wind power. Thus, cost-effectiveness becomes a critical fac-
tor affecting these developments. The foundation costs of 
wind turbines account for a substantial proportion, ranging 
from 20 to 30%, of the total cost of offshore wind power 
(Byrne et al. 2002; Wang et al. 2017). Foundation instability 
can easily lead to the failure of a wind turbine, leading to 
heavy financial losses.

To adapt to different water depths and seabed geological 
conditions, the offshore wind power industry has developed 
two types of turbines: fixed and floating (Lai et al. 2024; Xu 
et al. 2025). The technology for floating wind turbines is 
still undergoing development. Therefore, fixed type is still 
the most common design (Kirkwood 2016). The main types 
of foundations for fixed turbines are gravity types, large-
diameter monopiles, pile groups, single tubes, and multi-
tube foundations (Miceli 2012; Faizi et al. 2019; Wu et al. 
2019; Zhao et al. 2023). The monopile, which is suitable 
for water depths ranging from 0 to 40 m, is the mainstream 
choice, and as of 2019 was used for over 80% of installations 
in Europe (Wind Europe 2020). Despite their popularity, 
the construction and long-term operation of monopile-based 
turbines face complex challenges due to uncertainties in the 
seabed geological environment and marine dynamics (Feng 
et al. 2019; Gao and Yin 2022; Yu et al. 2022; Liu et al. 
2023; Rui et al. 2024).

A typical design process for monopiles considers wind 
loads, wave loads, tidal currents, seismic loads, ice loads, 
self-weight loads, and temperature loads, but loads from 
potential geohazards are often overlooked, due to the multi-
ple uncertainties. Figure 1a illustrates the global distribution 
of offshore wind power sites and the susceptibility to sub-
marine landslides (Obelcz et al. 2019; Dunnett et al. 2020). 
Offshore wind farms are often situated in regions susceptible 
to submarine landslides. In addition, the rising frequency of 
extreme storm events in recent years (Shi et al. 2024; Dai 
and Nie 2022) has heightened the risk of submarine debris 
flows triggered by seabed liquefaction, posing a growing 

threat to wind turbine foundations (Du et al. 2020; Taft-
soglou et al. 2022). This increasing risk is primarily driven 
by the rapid geographic expansion of offshore wind farms, 
coupled with the exponential growth in the number of wind 
turbines worldwide. This is problematic because submarine 
landslides can have a significant impact, generating loads 
that may exceed the design capacity of the monopile, leading 
to potential instability and overturning (Fig. 1b). Thus, fur-
ther research is urgently required to develop models capable 
of quantitatively assessing the impact of submarine land-
slides on wind turbine piles.

Submarine debris flow is often generated from landslides, 
originating from the rapid sliding of unconsolidated sedi-
ments or sediments with weak structural planes along a slop-
ing seabed. In a broad sense, this concept also encompasses 
various sediment transport processes on the seabed, such as 
mud flows, liquefaction flows, and turbidity currents (Locat 
and Lee 2002; Hance 2003; Shan et al. 2022; Sørlie et al. 
2023; Guo et al. 2023). Debris flows and turbidity currents, 
which often develop in the late stages of submarine landslide 

Fig. 1   a Global distribution of offshore wind power sites and the sus-
ceptibility to submarine landslides (Obelcz et al. 2019; Dunnett et al. 
2020); b Conceptual diagram of a pile foundation impacted by a sub-
marine debris flow
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mass evolution, have been the focus of recent literature 
(Hsu et al. 2008; Zakeri et al. 2012 and 2013; Guo et al. 
2022). This is due to the high velocities that these phenom-
ena can reach, which potentially lead to significant impacts 
on marine structures. Many researchers have examined the 
impact of submarine debris/mud flows on pipeline and cable 
systems with high aspect ratios, employing methods such as 
flume experiments, centrifuge tests, and numerical simula-
tions (Wang et al. 2008; Zakeri et al. 2008 and 2009; Haza 
et al. 2013; Liu et al. 2015; Dong et al. 2017; Wang et al. 
2018; Wang et al. 2024; Guo et al. 2024a; Wu et al. 2024b). 
Notwithstanding the complexity of these models, plane-
strain conditions are often assumed, simplifying the prob-
lem effectively to 2D, and neglecting the effects in the axis 
parallel to the pipeline. In this context, computational fluid 
dynamics (CFD) methods are often employed, and empirical 
equations to calculate the impact loads have been proposed 
(Sahdi et al. 2019; Qian et al. 2020; Fan et al. 2018).

The lack of validation data from field case studies has 
motivated the need for scaled laboratory experiments. For 
example, Feng et al. (2019) conducted flume experiments to 
analyze the impact forces of submarine debris flows on mono-
piles at varying Reynolds numbers. However, the empirical 
assessment equation established in this study did not account 
for the influence of impact height and the action position 
(i.e., the action point) of submarine debris flows, making its 
practical application challenging. In a similar vein, Sørlie 
et al. (2023) also conducted flume experiments on clay-rich 
submarine mud flows, revealing a hydroplaning mechanism, 
and shedding light on the impact forces on monopiles subject 
to geohazards. These studies highlight how the impact of sub-
marine debris or mud flows on monopiles represents a fully 
three-dimensional problem of high complexity. In contrast 
to experimental studies, numerical simulations offer several 
advantages, including cost-effectiveness, controllable condi-
tions, high time efficiency, excellent repeatability, flexibility 
in exploring scale effects and parameters, and suitability for 
isolating elusive mechanistic phenomena. Li et al. (2021) 
carried out research on the impact forces of submarine debris 
flows on piles using a CFD method. It is apparent that this 
intricate impact scenario might result in nonuniform impact 
forces on the pile, highlighting the significance of assess-
ing force action points—an essential aspect that has been 
previously overlooked. Hence, there is an urgent need for an 
effective numerical simulation method that can replicate the 
three-dimensional transient impact processes of submarine 
debris or mud flows on piles, quantify the potential risk asso-
ciated with impact forces and their action points for enhanc-
ing foundation design to improve the resistance and stability 
of wind turbine pile foundations.

This study employs a CFD approach using an incompress-
ible two-phase flow model to simulate the impact of sub-
marine debris flows. In this approach, the Herschel-Bulkley 

rheological model is utilized, and the accuracy of the numeri-
cal model is validated by the results of laboratory experi-
ments, focusing on the recorded impact loads. Based on this, 
we comprehensively simulate and analyze complex scenarios, 
particularly regarding varying impact heights. The findings of 
this study provide valuable insights in assessing the impact of 
submarine debris or mud flows on offshore wind turbine piles, 
offering a basis for evaluating the vulnerability of offshore 
wind turbine foundations to potential submarine geohazards.

2 � Methodology

2.1 � Numerical framework

When investigating the instantaneous impact of submarine 
debris flows on offshore wind power piles, a reasonable 
approach is to simplify the submarine debris flow as a uniform 
non-Newtonian fluid. In this study, we employ a Herschel-
Bulkley model (Guo et al. 2023; Zhu et al. 2020), character-
ized by shear thinning with a laminar flow pattern. Similarly, 
seawater is also simplified as a uniform Newtonian fluid, with 
turbulent effects simulated using a k-ɛ model. Given the brief 
duration of impact, this study disregards mass transfer between 
submarine debris flows and seawater. This simplification 
streamlines transient impact simulations and enhances accu-
racy by excluding uncertainties from variations in mixed fluid 
density and viscosity due to the interaction between submarine 
debris flow and seawater, where the changes in physical and 
mechanical parameters of the mixed fluid are nonlinear. To 
simulate the motion of submarine debris flows within seawa-
ter, the CFD multiphase flow model employs a free-surface 
flow approach. The monopile is simplified as a fixed boundary, 
allowing for an exploration of the complete fluid dynamics 
of both substances and their interaction with this boundary. 
In this context, the submarine debris flow is represented as 
phase � while the surrounding seawater is denoted as � . The 
utilized two-phase free surface flow model is categorized as an 
inhomogeneous model (CFX 2020a and 2020b). In the inho-
mogeneous model, the interaction of phases � and � occurs 
through the momentum transfer term. Specifically, phase � 
and phase � possess distinct properties and flow parameters 
such viscosity and density, but the pressure field is uniform 
across the two phases (Guo et al. 2024b). The volume frac-
tion of each phase is designated as r , and 

∑NP

�=1
r� = 1 , with 

the total number of phases NP = 2. The governing equations, 
encompassing mass and momentum conservation, are outlined 
from Eq. (1) to Eq. (4):
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where � is the (constant) density of each phases.

where P and U are pressure and velocity; � is the viscosity; 
SM is the buoyancy momentum source caused by the differ-
ence between the phase densities, and refers to gravity; and 
MD is the interphase drag force.

where g is the gravitational acceleration.

where CD is the drag coefficient, which is taken as 2.0 (Zak-
eri et al. 2009; Fan et al. 2018; Qian et al. 2020); and A� is 
the interface area, which is calculated as A� = ||∇r�||.

2.2 � Validation from CFD simulation case: 
time‑dependent impact forces on the pipe

To validate the reliability of our numerical modelling, this 
study simulated the impact of a submarine slide mass on 
a suspended pipe, utilizing a CFD result (Fan et al. 2018). 
Figure 2a illustrates the generalized model of the subma-
rine slide mass on the suspended pipe, encompassing both 
geometry and boundary conditions. Specifically, the density 
of the submarine slide mass is set to 1681 kg/m3, and its 
shear behavior is described by the Herschel-Bulkley rheo-
logical model of 𝜏 = 7.3 + 3𝛾̇0.35 Pa (Zakeri et al. 2008). 

(2)
⎧
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The diameter of the suspended pipe is D = 25 mm, and its 
simulation incorporates the no-slip boundary condition (Fan 
et al. 2018). The density of ambient water is set to 997 kg/
m3. Initially, the submarine slide mass moves to the right 
from the inlet at an initial velocity of 0.93 m/s (Fan et al. 
2018), impacting the fixed pipe. For this case, the minimum 
grid size is set at 0.01D, with a total grid count of 0.3 mil-
lion, a total simulation time of 2 s, and a time step (denoted 
as Δt = lmin∕U , where lmin is the minimum mesh size) of 
0.001 s. Additional parameters necessary for the CFD simu-
lation are presented in Table 1. Figure 2b displays the impact 
force–time history curves obtained by the CFD results from 
Fan et al. (2018) and our study. In comparison with the pre-
vious numerical simulation results (Fan et al. 2018), our 
numerical simulation demonstrates a remarkable consistency 
in both the temporal evolution and peak/stable-state values 
of impact forces, i.e., drag force and lift force. This consist-
ency affirms the accuracy of our CFD numerical modelling.

2.3 � Validation from flume experiment case: Peak 
impact force on the pile

This study uses the flume experiment conducted by Feng 
et al. (2019) for validation. They simulated submarine debris 
flows with different proportions of clay, sand, and water, 
using a Herschel-Bulkley rheological model to describe the 
flow rheology, as shown in Table 2. Meanwhile, a flume 
experiment box was used to control the velocities of the 

0.93 m/s

Top

Bottom

Inlet Outlet

Thickness: 2D

Pipe

2D

(a) (b)

5D

4.5D

D

10.5D

Water

Slide mass

Fig. 2   Investigation of the submarine slide mass impact on the suspended pipe. a Generalized model; b Impact force–time history curves 
obtained by the CFD result from Fan et al. (2018) and this study
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submarine debris flows, with different sensors assessing 
the impact force on the pile. To simplify the analysis and 
numerical calculations, we selected the key region of inter-
action between the submarine debris flow and the pile for 
CFD modelling. Figure 3 presents the geometry and grids 
for this validation case. The maximum grid size in the CFD 
domain is 8 mm, and the grid is refined around the pile, 
with a minimum grid size of 1.5 mm. A total of 10 lay-
ers of boundary layer grids are placed on the surface and 
bottom of the pile, with a total thickness of 2 mm and a 
growth ratio of 1.20. After conducting the sensitivity analy-
sis, the final total number of nodes for this validation case is 
approximately 1.4 million, with the total number of elements 
reaching around 7 million. The finite volume method imple-
mented in ANSYS CFX is employed to solve the conserva-
tion equations, Eqs. (1)–(4), and obtain pressure, velocity, 
and other relevant field variables. This computation process 
is parallelized through the utilization of a message-passing 

interface (MPI) platform. For the simulation process, a tran-
sient approach is adopted, and the chosen solution mode is a 
high-resolution second-order backward Euler method. The 
convergence scheme utilizes the default root mean square 
for residual assessment, with a specific convergence value 
set at 0.00005. Table 3 presents the CFD numerical model-
ling options and parameters for the computational domain, 
boundary conditions, and solver control.

where τ is the shear stress (Pa); τy is the yield stress (Pa); 
K is the consistency factor (Pa·sn); n is the fluidity index; 
and 𝛾̇ is the shear rate (s−1), which can be determined by 
calculating the ratio of the velocity of the debris flow to the 
pile diameter.

(5)𝜇𝛼 =
𝜏

𝛾̇
=

𝜏y + K𝛾̇n

𝛾̇

Table 1   CFD numerical modelling (a case for the impact of a submarine slide mass on a suspended pipe) options and parameters for the compu-
tational domain, boundary conditions, and solver control

Option Parameter

Computational domain Multiphase model Incompressible two-phase flow model;
Free surface flow model

Water Eulerian material, Continuous fluid; Laminar model;
Dynamic viscosity: 0.00089 Pa·s; Density: 997 kg/m3

Submarine slide mass Eulerian material, Continuous fluid; Laminar model
Buoyancy reference density 997 kg/m3

Fluid pair model Momentum transfer, Drag coefficient 2.0
Boundary condition Top Free slip wall

Inlet 0.93 m/s (submarine slide mass)
Front Free slip wall
Back Free slip wall
Outlet Opening
Bottom No slip wall
Pipe No slip wall

Solver control Analysis type Transient
Advection scheme High resolution
Transient scheme Second order backward Euler
Convergence control Min. Coeff. Loops: 1;

Max. Coeff. Loops: 50
Convergence criteria Root mean square (RMS): 0.00005

Table 2   Physical and 
mechanical parameters of 
submarine debris flows (Feng 
et al. 2019)

The dynamic viscosity of a submarine debris flow is described by the Herschel-Bulkley rheological model 
as follows:

No. Mass fraction of materials (%) Density ρ 
(kg/m3)

Rheological model 𝜏 = 𝜏y + K𝛾̇n

Clay Sand Water Yield stress 
�
y
 (Pa)

Consistency fac-
tor K (Pa·sn)

Fluidity index n

R1 15 50 35 1763 0.5 1.5 0.42
R2 20 45 35 1774 1.8 1.4 0.54
R3 30 35 35 1796 5.9 0.9 0.87
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This study simulates two cases with Reynolds num-
bers of 230 and 160, respectively, and also varying the 
debris flow height (23.8  cm and 22.6  cm) and impact 
velocity (0.94 m/s and 0.75 m/s), as shown in Table 4. 
The total duration for these simulated cases is 2 s, with 
a time step ( Δt = lmin∕U  ) of 0.001 s. Figure 4 presents 
the experimental and numerical result comparisons of 
peak horizontal impact forces under different submarine 
debris flow height conditions. In the numerical simula-
tion results, the horizontal impact force on the pile rapidly 

increases with time, reaching a peak and then decreasing 
to a stable impact load. The simulation results show that 
the horizontal impact force also increases with increas-
ing submarine debris flow impact height. Under the same 
submarine debris flow impact height conditions, the peak 
horizontal impact force obtained from the CFD numerical 
modelling established in this study closely matches the 
experimental results from Feng et al. (2019). This demon-
strates that the CFD numerical modelling developed in this 
study can effectively assess the impact load of submarine 

Fig. 3   Geometry and grids 
of the validation cases for the 
flume experiment of a pile 
impacted by submarine debris 
flows. a Overall visualisation; b 
Local visualisation

Table 3   CFD numerical 
modelling (pile) options 
and parameters for the 
computational domain, 
boundary conditions, and solver 
control

Option Parameter

Computational domain Multiphase model The same as in Table 1
Water Eulerian material, Continuous fluid; k-ε 

turbulence model
Density: 997 kg/m3; Dynamic viscosity: 

0.00089 Pa·s
Submarine debris flow The same as in Table 1
Buoyancy reference density The same as in Table 1
Fluid pair model The same as in Table 1

Boundary condition Top The same as in Table 1
Inlet Impact velocity of the submarine landslide
Front The same as in Table 1
Back
Outlet
Bottom
Pile No slip wall

Solver control The same as in Table 1
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debris flows on piles. Figure 5 shows the visualization 
of the interface between the submarine debris flow and 
water using submarine debris flow velocity at the moment 
of peak impact force (t = 0.37 s). It can be observed that 
initially, the submarine debris flow surges in front of the 
pile, causing a significant difference in the submarine 
debris flow height in front of and behind the pile. There-
fore, when assessing the impact force of submarine debris 
flows on piles, the impact height of the submarine debris 
flow is a crucial factor that needs to be considered.

3 � Results and discussion

3.1 � Set up

To analyze the impact forces of submarine debris flows with 
varying heights, this study establishes a generalized geom-
etry model as depicted in Fig. 6, with a pile diameter of 

25 mm. The grid for this CFD modelling follows the same 
method as described in Sect. 2.2, with a maximum grid size 
of 8 mm and refinement of the grid around the pile. The min-
imum grid size lmin is set to 1 mm. Additionally, a boundary 
layer grid of ten layers is applied adjacent to the pile surface 
and the bottom boundary, with a total thickness of 2 mm 
and a growth ratio of 1.20. After conducting grid sensitivity 
analysis, the final simulation case for this study had a total 
of approximately 1 million nodes and 4.7 million elements. 
Various rheological parameters are explored in this study, 
as shown in Table 2. Different impact heights of submarine 
debris flows are achieved by defining the initial height (H0) 
of the submarine debris flow at the inlet. Furthermore, this 
study considers different impact velocities. Therefore, the 
simulation cases in this study involve seven Reynolds num-
bers, ranging from approximately 9–700. Table 5 provides 
detailed parameters for the analysis cases. It is worth noting 
that the time steps and the total simulation time for these 
cases are determined based on the impact velocity of the 

Table 4   Specific parameters of 
validation cases

Case Impact height in the simu-
lation Hpeak (cm)

Impact height in the 
experiment (cm)

Rheological 
model

U (m/s) Reynolds 
number 
Re

1–1 23.9 23.8 R1 0.94 230
1–2 24.4
1–3 24.9
2–1 21.6 22.6 R1 0.75 160
2–2 22.3
2–3 22.5

Fig. 4   Experimental and numerical result comparisons of horizontal impact force as a function of time under different submarine debris flow 
height conditions. a Case 1–1; b Case 2–3
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submarine debris flows and the minimum grid size. The set-
tings for other specific simulation parameters and boundary 
conditions are presented in Fig. 7 and Table 3.

3.2 � Impact forces on the pile

Figures 7 and 8 illustrate the duration traces of impact forces 
(i.e., drag and lift forces) on the pile under different Reyn-
olds numbers for various initial heights of submarine debris 
flows. First, it can be observed that the impact forces on the 
pile are primarily horizontal drag forces. In the generalized 
conditions in this study, the vertical peak lift force accounts 
for only 2.1%–6.3% of the peak horizontal drag force, indi-
cating that the drag force should be the primary focus when 
considering the impact of submarine debris flows on the 
pile. Meanwhile, the duration traces of the drag force exhibit 
different patterns under different Reynolds number condi-
tions. When the Reynolds number is relatively small, there 
is little difference between the peak and stable values of the 
drag force, and no significant peaks are observed, as shown 
in Fig. 7a. As the Reynolds number increases, the drag force 
initially increases, then decreases, and eventually stabilizes 
over time, showing clear peaks. Figure 9 illustrates the dif-
ference between the peak and stable drag forces under dif-
ferent conditions of Reynolds number and submarine debris 
flow impact height. In the generalized conditions, the peak 
drag force (FD-peak) can be as much as 1.6 times the stable 
drag force (FD-stable). Therefore, the impact of submarine 
debris flows on the pile should primarily focus on the peak 
drag force load. Furthermore, the maximum height (Hpeak) at 
which submarine debris flow acts on the pile at the moment 
of peak drag force is extracted for different cases, as shown 
in Table 5. In general, the rheological models, the initial 

heights, and the velocity of submarine debris flows affect 
the maximum height (Hpeak) of the submarine debris flow 
along the pile. With the same rheological model and initial 
height (H0) conditions, a higher velocity of submarine debris 
flow results in a larger Hpeak. It can be observed that the drag 
force on the pile (Fig. 7) significantly increases with the 
initial height of the submarine debris flow. Figure 10 dem-
onstrates the effect of initial height on the peak drag force 
under different Reynolds number conditions. In the general-
ized conditions, the effect of the initial height of submarine 
debris flows on the peak drag force can reach up to 241%.

Fig. 5   Visualization of the 
interface between the submarine 
debris flow and water using 
submarine debris flow velocity 
at the moment of peak impact 
force t = 0.37 s. a 3D view; b 
Cross-sectional view
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3.3 � Mechanism discussion

The process of a submarine debris flow impacting a pile can 
be divided into three stages, as shown in Figs. 7, 11, and 12. 
In the first stage (Stage I), the submarine debris flow moves 
forward at its initial height (H0). When the submarine debris 
flow begins to make contact with the pile, it rapidly accumu-
lates in front of the pile (on the upstream side) and climbs to 
its maximum height (Hpeak) at the front of the pile. At this 
point, the pressure difference between the front and back of 
the pile reaches its maximum, creating the peak horizon-
tal impact force on the pile. In the second stage (Stage II), 
as the submarine debris flow moves further along the pile, 
the accumulation behind the pile (on the downstream side) 
increases. The height difference of debris flow between the 
front and back gradually decreases, leading to a reduction 
in the pressure difference between the front and back of the 
pile. This leads to a gradual decrease in the horizontal drag 
force of the submarine debris flow on the pile. In the third 
stage (Stage III), as the accumulation in front of the pile 
diminishes, and the accumulation behind the pile increases, 
a stable height difference is reached between the front and 
back of the pile. The pressure difference stabilizes, result-
ing in the horizontal drag force reaching a steady state. The 
differences in drag force mechanisms resulting from vari-
ous Reynolds numbers are primarily reflected in the three 
generalized processes of submarine debris flow disturbance 

around the pile as described earlier. At low Reynolds number 
conditions, Stage II may be absent. Low Reynolds numbers 
correspond to relatively small submarine debris flow impact 
velocities, and the submarine debris flow gradually envel-
ops the pile, leading to a slow transition from Stage I to 
Stage III. In other words, there is no significant change in the 
accumulation of submarine debris flow on the upstream and 
downstream sides (front and back) between Stages II and III. 
This resembles the impact mechanism of submarine debris 
flows on pipelines under low Reynolds number conditions 
(Sahdi et al. 2019).

The significant difference in drag force and lift force 
mentioned above may be largely attributed to the model-
ling choices of this study. The CFD model assumes that the 
impact velocity of the submarine debris flow is limited in 
the horizontal direction. During the simulation of submarine 
debris flow motion, the vertical velocity of the submarine 
debris flow is negligible, resulting in minimal lift force act-
ing on the pile. In future research involving more complex 
conditions, such as seabed sites with varying slopes, the 
influence of the lift force might have to be reassessed. The 
differences in peak drag forces on the pile resulting from 
varying initial heights are evidently influenced by changes 
in the flow field within the impact range of the submarine 
debris flow. Taking Reynolds number 210 as an example, 
Fig. 13 illustrates the duration traces of drag forces on dif-
ferent pile units (see Fig. 6) for Cases 1D-5, 2D-5, and 3D-5 

Table 5   Detailed parameters of 
the analyzed cases

Case H0 (m) Hpeak (m) Rheologi-
cal model

U (m/s) Reynolds 
number Re

Time step (s) lmin∕U Total time (s)

1D-1 0.025 0.04915 R3 0.25 9 0.004 10
1D-2 0.06656 0.5 25 0.002 5
1D-3 0.08619 1 64 0.001 2.5
1D-4 0.07582 R2 0.8 100 0.00125 3.125
1D-5 0.09033 1.25 210 0.0008 2
1D-6 0.08975 R1 1.5 450 0.000667 1.667
1D-7 0.09154 2 710 0.0005 1.25
2D-1 0.05 0.06742 R3 0.25 9 0.004 10
2D-2 0.08008 0.5 25 0.002 5
2D-3 0.11336 1 64 0.001 2.5
2D-4 0.103398 R2 0.8 100 0.00125 3.125
2D-5 0.12027 1.25 210 0.0008 2
2D-6 0.11892 R1 1.5 450 0.000667 1.667
2D-7 0.12014 2 710 0.0005 1.25
3D-1 0.075 0.08192 R3 0.25 9 0.004 10
3D-2 0.09648 0.5 25 0.002 5
3D-3 0.13910 1 64 0.001 2.5
3D-4 0.12938 R2 0.8 100 0.00125 3.125
3D-5 0.14544 1.25 210 0.0008 2
3D-6 0.14738 R1 1.5 450 0.000667 1.667
3D-7 0.14626 2 710 0.0005 1.25
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Fig. 7   Duration traces of the drag force on the pile under different impact heights of debris flows. a Re = 9; b Re = 25; c Re = 64; d Re = 100; e 
Re = 210; f Re = 450; g Re = 710
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Fig. 8   Duration traces of the lift force on the pile under different impact heights of submarine debris flows: a Re = 9; b Re = 25; c Re = 64; d 
Re = 100; e Re = 210; f Re = 450; g Re = 710
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under the same conditions of submarine debris flow initial 
height. There are significant differences in the drag forces 
acting on different positions of the pile. For Case 1D-5, the 
drag force is highest in the H1 unit, followed by a signifi-
cant decrease in the H2 and H3 units, and negligible force 
in the H4, H5, and H6 units. For Case 2D-5, the drag force 
is highest in the H1 unit, followed by gradually decreasing 
forces in the H2, H3, and H4 units, and negligible forces in 
the H5 and H6 units. For Case 3D-5, the drag force is high-
est in the H2 unit, followed by nearly equal forces in the 
H1 and H3 units, and gradually decreasing forces in the H4 
and H5 units, with the lowest force in the H6 unit. Clearly, 

the impact areas and distribution of forces on the pile show 
significant differences depending on the flow height, and 
the drag forces are nonuniformly distributed along the sur-
face of the pile, as shown in Fig. 14a. The differences in 
the H1 units are mainly due to the slightly earlier-occurring 
peak, and slight increases in drag force as the initial height 
of the submarine debris flow increases. This is because a 
thicker submarine debris flow results in a more pronounced 
gravitational collapse effect, leading to a slight increase in 
velocity (Guo et al. 2022). At this moment, the maximum 
horizontal velocity for Case 1D-5 is 1.33 m/s, for Case 2D-5 
is 1.333 m/s, and for Case 3D-5 is 1.335 m/s. There are also 
differences in the backflow degree of the submarine debris 
flow, as shown in Fig. 14b. More importantly, submarine 
debris flows with different initial heights exhibit significant 
differences in the distribution of velocity fields and density 
fields around the pile. This results in variations in the drag 
forces of the H2 and H3 units. Specifically, submarine debris 
flows with different initial heights impact the pile unevenly 
and have distinct distributions in different units of the pile, 
as shown in Fig. 14c.

3.4 � Quantitative evaluation

If unavoidable impacts occur, the influence of submarine 
debris flow loads should be thoroughly assessed. Based on 
the analysis, the impact load of submarine debris flows on 
the pile is influenced by the Reynolds number, the veloc-
ity and density of the debris flow, and the impact area on 
the pile (characterized by the initial flow height and pile 
diameter). Furthermore, it is crucial to note that the drag 
force of submarine debris flows on the pile is nonuniformly 
distributed along the pile body, as shown in Fig. 13. There-
fore, an evaluation of the action point of the drag force is 
of paramount importance. Using the data from Figs. 7 and 
8 and Table 5, the peak drag force coefficient is calculated 
based on Eq. (6):

where CD-peak is the peak drag force coefficient on the pile; 
FD-peak is the peak drag force on the pile; and U is the free-
flow velocity of the submarine debris flow. The results are 
shown in Fig. 15. Results show that the drag force coefficient 
decreases as the Reynolds number increases, eventually sta-
bilizing. Furthermore, by simplifying the drag forces acting 
on each pile unit immersed under the submarine debris flow 
as uniform distributions and considering the partially sub-
merged sections of the pile unit that are not fully submerged 
under the debris flow as uniform distributions, the action 
point of the peak drag force exerted by the submarine debris 
flow was calculated as shown in Fig. 16. In terms of the 

(6)CD - peak =
2FD - peak

� ⋅ U2
⋅ (D ⋅ Hpeak)

Fig. 9   Effect of peak and stable drag forces of submarine debris flows 
on piles under different conditions of Reynolds number and impact 
height

Fig. 10   Effect of impact heights (i.e., H0 = 0.025 m and H0 = 0.075 m) 
of submarine debris flows on peak drag force acting on piles under 
different Reynolds number conditions
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overall trend, the action point gradually rises with increasing 
Reynolds number and impact velocity of submarine debris 

flow, and then stabilizes. However, the variation pattern of 
the action points depends on the configuration of numerical 

Fig. 11   Visualization of the 
interface between submarine 
debris flow and water using 
submarine debris flow velocity 
in Case 3D-5. a at t = 0.32 s in 
Stage I; b at t = 0.4 s in Stage 
II; c at t = 1 s in Stage III; d at 
t = 2 s in Stage III
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Fig. 12   Pressure difference 
distribution of profile z = 5.5D 
in Case 3D-5. a at t = 0.32 s in 
Stage I; b at t = 0.4 s in Stage 
II; c at t = 1 s in Stage III; d at 
t = 2 s in Stage III
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simulation conditions. We recommend conducting a more 
in-depth analysis of each condition. These findings offer 
valuable insights into when assessing the drag force exerted 
by submarine debris flows on piles.

4 � Conclusions

The CFD approach for analyzing the effects of submarine 
debris flows on offshore wind turbine piles was applied and 
validated through a comparison with laboratory flume exper-
iments. Subsequently, this approach was then used to explore 
the influence of submarine debris flows on piles across seven 

different Reynolds numbers, spanning from 9 to 710. The 
primary conclusions are as follows:

(1)	 Under the simulated conditions examined in this study, 
the vertical peak lift force constitutes only 2.1%–6.3% 
of the horizontal peak drag force. This observation 
underscores the primary importance of the drag force 
when considering the impact of debris flows on the 
pile. The notable disparity between the drag and lift 
force is due to the analysis model’s constraint on flow 
velocity to the horizontal direction, resulting in mini-
mal lift force on the pile. In future research endeavors 
involving more intricate scenarios, such as seabed sites 

Fig. 13   Duration traces of the drag force for different pile units in cases 1D-5, 2D-5, and 3D-5. a H1 unit; b H2 unit; c H3 unit; d H4 unit; e H5 
unit; f H6 unit
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characterized by varying slopes, it will be imperative to 
focus on assessing the influence of the lift force.

(2)	 Based on the duration traces of the drag force exerted 
on the pile, this study divides the impact process into 
three stages for clarity. Notably, only stages I and III 
are observed in scenarios with low Reynolds numbers, 
shedding light on the mechanism governing the evo-
lution of drag forces under varying Reynolds number 

conditions. It is worth highlighting that the peak drag 
force is as high as 1.6 times the stable drag force. Con-
sequently, the peak drag force as the design reference 
value is recommended for assessing the impact load of 
submarine debris flows on piles.

(3)	 Within the conditions simulated in this study, the peak 
drag force caused by a large initial height of subma-
rine debris flow reached approximately 3.4 times the 

Fig. 14   Flow field distribution of profile z = 5.5D in cases 1D-5, 2D-5, and 3D-5. a Pressure field around the pile; b Velocity vector around the 
pile; c Volume fraction of submarine debris flow
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smaller reference value. These disparities in the peak 
drag forces experienced by the pile, arising from dif-
fering initial heights of submarine debris flows, are 
conspicuously influenced by alterations in the flow 

dynamics occurring within the impact vicinity of the 
submarine debris flow. Moreover, the impact areas 
and the distribution of forces exerted on the pile vary 
significantly when dealing with differing initial flow 
heights. This nonuniform distribution of forces along 
the surface of the pile underscores the complexity of 
the interaction between the debris flow and the pile, 
highlighting the need for detailed future examination.

(4)	 The impact load inflicted by submarine debris flows 
upon the pile is notably influenced by several factors, 
including the dimensionless Reynolds number, the 
velocity, and density of the submarine debris flow, as 
well as the impact area of the submarine debris flow on 
the pile. One crucial aspect to consider is the determi-
nation of the action point of the drag force. Notably, the 
drag force coefficient exhibits a decline with increasing 
Reynolds number, eventually leveling off. In general, 
the action point first increases and then stabilizes with 
an increase in the impact velocity of the submarine 
debris flow and Re. These relationships were expressed 
roughly and quantitatively. Such findings offer valuable 
insights for the assessment of the impact force exerted 
by submarine debris flows on piles, providing essential 
insights for future evaluations in this context.
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