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ABSTRACT: Monopile foundations are commonly constructed for offshore wind turbines and installed at depths 
shallower than 30 m. However, preventing scouring and erosion around the pile foundation due to waves is critical, 
as this can cause instability of the foundations and supported structures. In this study, model and numerical tests 
were conducted to investigate wave-induced scour and erosion around a monopile foundation and clarify the 
fundamental mechanisms involved. Numerical tests were conducted and validated against physical model tests for 
a bare sea bed, and good reproducibility was obtained. When a monopile foundation was installed in both the 
numerical and physical tests, the flow velocity on the seabed in the offshore and inshore directions increased on 
the side of the foundation perpendicular to the direction of the wave motion. In the model test, scouring occurred 
at the same location, indicating that scouring may have been caused by the flow velocity; however, this scouring 
occurred locally, suggesting the need for a detailed analysis of the associated factors. 
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1. INTRODUCTION 
 

Monopile foundations have superior workability 
and economic efficiency compared to other 
foundations and are among those used for offshore 
wind power. They are actively being used in Europe, 
where there is currently significant offshore wind 
power development. However, the applicability of 
monopile foundations to complex seabed conditions, 
such as those in Japan, where soft ground and bedrock 
are mixed, has not been fully investigated. There is 
also a need for further research into their stability 
against natural external forces such as seismic 
motions, tsunamis, storm surges, and high waves 
caused by typhoons and low-pressure systems. 
Therefore, studies of the stability of monopile 
foundations are being actively conducted to introduce 
them in Japan. 

 Scouring in monopile foundations due to wave 
and current are of particular concern. For the 
development of effective scouring countermeasures, 
it is necessary to analyze the effects of external wave 
forces on sandy soil and thus evaluate the stability of 
monopile foundation structures. 

A previous study on scouring around upright 
cylindrical structures caused by waves focused on the 
maximum scour depth and final scour profile 
(Summer et al., 1992 [1]). Based on the results of a 
series of model experiments, Summer et al. proposed 
a formula for estimating the maximum scour depth 
according to the KC number. Recently, more specific 
studies have been conducted on the stability of the 
monopile foundations of wind turbines (Mayall et al., 
2018 [2]; Miyamoto et al., 2018 [3]). Miyamoto et al. 
(2018) used a centrifuge model test to show that the 
process of wave-induced liquefaction is progressive. 

Matsuda et al. (2021) [4] investigated the scouring 
process around a cylindrical structure by considering 
the shear stress on the seabed surface and the effective 
stress response of the seabed. Their results showed 
that excess pore water pressure in the seabed was 
generated by waves and that the change in the 
effective stress response of the seabed differed 
between locations around the structure. They also 
found that the seabed on the sides of the cylindrical 
structure was clearly scoured. These findings indicate 
a requirement for measures to be implemented to 
prevent the scouring and seabed instability caused by 
waves around cylindrical structures. In previous 
studies [1]-[4], wave characteristics and sediment 
dynamics around cylindrical structures have been 
investigated through movable-bed experiments using 
wave flume channels. However, the limitations and 
costs of model-based tests, such as equipment and 
facilities, limit the number of cases that can be studied. 

The object of this study is to clarify the wave-
induced scour process around cylindrical structures 
considering the characteristics of geomaterials. In this 
study, numerical simulations using REEF3D 
(Kamath et al., 2015 [5]; Ahmad et al., 2018 [6]) were 
conducted to understand the detailed wave 
characteristics around a cylindrical structure and 
analyze the effect of the wave response at the bottom 
boundary on sediment dynamics. The reproducibility 
of the wave response around with and without the 
installation of the cylindrical structure was verified in 
a fixed-bed experiment using a wave flume channel. 
Based on the numerical results of the wave response, 
sediment transport phenomena were predicted by 
comparing the topographic changes observed in the 
model test with the wave response around the 
cylindrical structure. 
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Fig.1 Schematic of a wave flume channel 

 

 
(a) Modeling region 

 

 
(b) Movable bed: side view 

 

 
(c) Movable bed: plane view 

 
Fig.2 Modeling region of movable bed in a model 
experiment 
 

 
2. RESEARCH SIGNIFICANCE 

 
In this study, REEF3D is performed to reproduce 

the wave field of the model experiment and to verify 
that the discus to wave response is reproduced with 
high accuracy. In addition, a qualitative evaluation of 
wave-induced sediment transport phenomena is 
conducted by comparison with model experiments. 
REEF3D will be able to predict the scouring process 
around cylindrical structures considering the 
geomaterial characteristics, which is the objective of 
this study because a sediment transport model is 
introduced in REEF3D. This study will also be useful 
for elucidating sediment dynamics around monopile 
foundations in wave fields and for studying 
countermeasure methods. 

 
3. METHODS AND MATERIALS  
 
3.1 Experimental Method 
 

Fig. 1 shows a schematic of the wave flume 

Table 1 Physical properties of geomaterial 
 

 Silica sand #8 

Mean diameter, D50 (mm) 0.109 
Maximum void ratio, emax 1.218 
Minimum void ratio, emin 0.670 

Coefficient of permeability, k (m/s) 1.41×10-5 
 
 
channel, which was 25 m long, 0.6 m wide, and 1.0 m 
high. A movable bed (2.7 m long, 0.6 m wide, and 
0.2m high) was installed in the channel. Froude’s 
similarity law was considered when establishing the 
hydraulic conditions; most model tests in coastal 
engineering are scaled based on the Froude criterion. 
The similarity rate was set at λL=1/25. Thus, the scale 
factors of the flow velocity and time were derived as 
λL

0.5. Fig. 2(a) shows the target region of this study, 
which, as mentioned above, focuses on the 
transportation of the seabed around cylindrical 
structures. In particular, this study targeted structures 
installed at right angles to the incident wave direction 
at equal intervals. An acrylic half-cylinder set at the 
side of the channel was used as the model. Figs 2(b) 
and 2(c) show the model domain of the target region 
and the positions of the various sensors. During the 
experiments, the wave level and flow velocity above 
the sediment area were measured using a capacitive 
wave gauge and an electromagnetic flow meter. The 
pore water pressure in the ground was measured using 
pore water pressure sensors positioned at z = 0.00, 
0.025, and 0.05 m below the seabed surface at angles 
of θ = 0°, 45°, and 90° (in the circumferential 
direction, relative to the front of the structure). The 
surface profile of the movable bed was measured 
using an ultrasonic sensor. 

Froude’s similarity law has limitations when 
applied to the geometric scaling of geomaterials. This 
study focused on the transport of fine sand with an 
average grain size D50 of 0.2 mm in a prototype. 
When applying Froude’s similarity law to the 
prototype using fine sand (D50|p = 0.2 mm), the 
required geomaterial for the model sediment was 
classified as silt (D50|m = 0.008 mm). Therefore, in 
this study, the Dean Number (Dean, 1973 [7]) was 
used to select the geomaterials. This resulted in the 
selection of very fine sand for the model sediment 
(D50|m = 0.075 mm) when the prototype used fine sand 
(D50|p = 0.2 mm). The model experiment used a silica 
sand #8 which is considering the Dean Number. Table 
1 shows the physical properties of silica sand #8. 
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3.2 Numerical Simulation Method 
 

The governing equations in the REEF3D model 
are the incompressible Reynolds-Averaged Navier–
Stokes equations (RANS equations) and continuity 
equations. 
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where u: flow velocity, t: time, x: position, ν: 
kinematic viscosity, ρ: density of water, P: pressure, 
and g: gravity. 

Calculations of wave propagation based on the 
Navier–Stokes equations must be discretized with 
high accuracy because of the possibility of wave 
damping. A fifth-order WENO scheme was used as 
the discretization method for flow velocity. In this 
scheme, all smooth functions are weighted and 
averaged to maintain a high accuracy. In particular, 
the k-ω model was used to calculate turbulent flow, 
where k and ω are the turbulent kinematic energy and 
the specific turbulent dissipation, respectively, 
determining the turbulent scale. 

REEF3D, which handles two-phase flows, uses 
the level-set method to represent the gas–liquid 
boundary surface. The boundary phase of the two-
phase flow was defined as the reference interface, and 
the inside and outside of the boundary were defined 
as distance functions. 

The sediment transport motions are considered 
the bedload and suspended load [8]. The bedload is 
calculated using the van Rijn formula (van Rijin, 
1984) [9] that is based on the Shields approach 
(Shields, 1936) [10]; That is, 
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Here, τcr is the modified Shields critical bed shear 
stress, s is the specific density, ν is the kinematic 
viscosity of water, g is the acceleration gravity, and 
d50 is the median sediment particle diameter. 

The suspended sediment load is calculated using 
the convection-diffusion equation as follows: 

j s
j j j

c c c cu w
t x z x x

Γ
 ∂ ∂ ∂ ∂ ∂

+ + =   ∂ ∂ ∂ ∂ ∂ 
                                (6) 

 
where c is the suspended load concentration, Γ is the 
sediment mixing coefficient, and ws is the fall 
velocity of the sediment particles in the water, 
calculated based on the Stokes law. 

The bed level changes are calculated using the 
Exner formula, which is based on the conservation of 
the mass of sediments transported by the flow and 
deposited from suspension. The Exner formula used 
for bed level change is described as follows: 
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where qB is the bed load in each direction, n is 
porosity, zb is the bed surface elevation, E is the 
erosion rate, and D is the corresponding deposition 
rate from suspended sediments. 

 
4. WAVE PROPAGATION ON FLAT SEABED 
 

This section describes the results of the tests and 
analyses conducted to examine the reproducibility of 
the wave field in passing waves. Thus, the test results 
described here were obtained without including a 
cylindrical structure on the seabed. 
 
4.1 Numerical Analysis Results  

 
To reproduce the model test’s movable bed 

region, an analysis domain 10 m long, 1.2 m wide, 
and 1.0 m high was set up in the numerical analysis, 
and waves were generated from the leftmost 
boundary of the domain (Fig. 3). The water depth was 
set to 0.5 m, as in the model test. An attenuation 
region was established to reduce the effects of waves 
reflected from the boundary. Based on the results of a 
preliminary study, a 3.0 m attenuation region from the 
right edge of the analysis domain was specified. 

The results of the numerical analyses are 
presented in Table 2. In this analysis, the wave 
heights were set according to two cases. The wave 
conditions were set as regular waves with period of 
1.6 s. The mesh size in the numerical analysis was 
cubic shape of 0.02 m. 

 
 

 
Fig.3 Numerical Analysis domain for the study of 
wave response on flat seabed 
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Table 2 Physical properties of geomaterial 
 

 Value 

Wave height, H (m) 
0.0345 
0.0714 

Wave period, T (s) 1.6 

Attenuation region length (m) 3.0 
 

 
(a) 

 
(b) 

 
Fig.4 Comparison of water level fluctuations between 
model experiment and numerical analysis. 
 
Table 3 Comparison of water height. 

 
Model experiment (m) Numerical Analysis (m) 

0.0345 0.0352 
0.0712 0.0720 

 
 

4.2 Comparison between Numerical and Model 
Experiment Results 
 

Fluctuations in water level and horizontal 
velocities without a cylindrical structure in the wave 
field were compared between the results of the 
physical model experiments and numerical analyses. 
For both test types, data from several waves were 
averaged to represent the change in one cycle as the 
phase angle, using the averaging method described by 
Matsuda et al. (2018) [11]. 

Fig. 4 shows a comparison of water level  

 
(a) 

 
(b) 

Fig.5 Comparison of horizontal flow velocity 
between model experiment and numerical analysis. 
 

 
Fig.6 Numerical Analysis domain for the study of 
prediction of wave response and sediment transport 
around cylindrical structure 
 
fluctuations. In the numerical analyses, the water 
level was measured at the center of the installation 
position of the cylindrical structure, as in the model 
experiment. The water level fluctuations were 
generally the same in the numerical analysis and 
model experiment, regardless of the wave height, 
confirming the reproducibility of the numerical 
analysis. 

The wave heights are listed in Table 3. An error 
of only 6.3×10-4 m and 6.1×10-4 m was observed 
between simulated and experimental values, 
indicating that the calculations were highly accurate. 
Fig. 5 presents a comparison of the horizontal water 
velocities measured 0.03 m above the seabed surface. 
The experimentally obtained flow velocities were 
slightly larger than those of experimental results; 
however, the results are generally considered valid. 
The reason for this difference may be the installation 
conditions of the measuring instruments used in the 
experiment, or the influence of reflections from the 
boundary.  
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(a) θ = 0° 

 

 
(b) θ = 180° 

 

 
Fig.7 Numerical analysis results: Horizontal velocity 
vectors at 1.0×10-4 m from the sea bed in the vicinity 
of the cylindrical structure 
 
 
5. PREDICTION OF WAVE RESPONSE AND 
SEDIMENT TRANSPORT AROUND 
CYLINDRICAL STRUCTURE 

 
In the previous section, we confirmed the 

reproducibility of the wave field in passing waves 
without including a cylindrical structure in the 
numerical analyses or physical experiments. This 
section describes the results of the wave response 
analysis conducted with the installation of a 
cylindrical structure, and discusses the sediment 
transport obtained in the model experiment. 
 
5.1 Numerical Analysis Results 
 

The numerical analysis conditions were the same 
as in the previous section, and a semi-cylindrical 
structure with a diameter of 0.2 m, assuming a 
monopile foundation, was installed at the location 
shown in Fig. 6. The external wave force was 
determined based on the KC number, which is 
expressed by the following equation: 

 
mU TKC
D

=                                                          (3) 

 

 
(a) θ = 0° 

 

 
(b) θ = 90° 

 

 
(c) θ = 180° 

 

 
(d) θ = 270° 

 

 
Fig.8 Numerical analysis results: Planar distribution 
of x-direction velocity contour at 1.0×10-4 m from the 
sea bed. 
 
Here, Um is the amplitude of the near-bed velocity, T 
is the wave period and D is a diameter of cylindrical 
structure. 

Because sediment transport was observed in the 
model experiment when the KC number was 0.8, a 
KC number of 0.8 was used in the numerical analysis. 
Fig. 7 shows the velocity vectors at 1.0×10-4 m from 
the sea bed in the vicinity of the cylindrical structure 
and Fig. 8 shows the planar distribution of x-direction 
velocity contour at 1.0×10-4 m from the sea bed. The 
wave direction is positive, and the vectors are 
colored. When the offshore side of the cylinder was 
0°, the positive and negative velocity vectors due to 
waves were large near the sides of the structure (30–
135°) in 
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(a) 100 wave loadings 

 

 
(b) 600 wave loadings 

 

 
(c) 1200 wave loadings 

 

 
(d) 2400 wave loadings 

 
Fig.9 Model experiment result: Topographic change 
in the movable bed. 
 

 
Fig.10 Model experiment results: Changes of bed 
surface level on the side of the cylindrical structure 
due to wave. 
 

 
(a) τcr =0.03, No-suspended sand 

 

 
(b) τcr =0.03, Suspended sand 

 

 
(c) τcr =0.05, No-suspended sand 

 

 
(d) τcr =0.03, Suspended sand 

 

 
Fig.11 Numerical results: Topographic change in the 
movable bed after 2400 wave loadings 
 

 
Fig.12 Compared between model experiment and 
numerical results of maximum scour depth around a 
cylindrical structure. 
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Fig. 7. This is considered to have caused localized 
scouring, as shown in the model test results. The 
velocities at 0° and 180° were so low that no sediment 
transport was expected to occur; however, sand 
transported by the flow along the columnar structure 
was expected to accumulate in these areas. The 
diffracted waves generated by the columnar structure 
cause the flow velocity to increase at approximately 
90° along the side of the structure, even at a short 
distance from the boundary of the columnar structure; 
thus, the scour is considered to have expanded in the 
direction normal to the outward direction of the 
structure boundary at approximately 90° in the model 
experiment. 

 
5.2 Comparison between Numerical and Model 
Experiment Results 
 

Fig. 9 shows the topographic changes in the 
movable bed during the model experiment. With 
wave loading, ripple-like landforms were observed at 
θcyl = 90°. This topographic change formed at θcyl = 
90° later expanded and was observed when 1200 and 
2400 waves had been loaded, respectively. 
Furthermore, scouring progressed in the vertical 
direction, and the scouring depth increased over time. 
Fig. 10 shows the changes of bed surface level on the 
side of the cylindrical structure. The angle was 0° at 
the channel junction on the offshore side of the 
cylindrical structure and was positive 
counterclockwise. A gradual change in the ground 
surface shape was observed after wave loading. After 
2400 waves were loaded, erosion was observed near 
90°, and sedimentation was observed at 0° and 180°. 

Subsequently, the numerical results are presented. 
In the numerical simulation, a movable bed with a 
layer thickness of 0.2 m was set up in the analysis 
domain shown in Figure 6, as in the model 
experiment. In the numerical calculations, two 
patterns of critical Shields numbers τcr, 0.03 and 0.05, 
were considered, with and without considering the 
suspended sand phenomenon. 

Fig. 11 shows the topographic changes in the 
seabed around cylindrical structures after 2400 wave 
loads under various conditions. Regardless of the 
critical Shields parameter or the presence of 
suspended sand, a decrease in the bed surface due to 
scouring is observed at the front side of the cylindrical 
structures (around θcyl = 45°), while an increase in the 
bed surface due to deposition is noted at the rear side 
(around θcyl = 135°). This topographic change 
phenomenon is consistent with the trend observed in 
model experiments (Fig. 9). Fig. 12 presents the 
temporal changes in the maximum scour depth 
around the cylindrical structures. The numerical 
analysis indicates that deeper scour depths tend to 
occur when accounting for suspended sand 
phenomena and a smaller critical Shields parameter. 
Compared with the results from model experiments, 

the case considering suspended sand phenomena with 
a critical Shields parameter of 0.03 tended towards 
similar maximum scour depths after 2400 wave loads. 
However, the scour depths from the model 
experiments were greater than those from the 
numerical analysis. This discrepancy should be 
analyzed in future work, and a reconsideration of the 
models for bed load and suspended load sand may be 
required. 

 
6. CONCLUSION 
 

In this study, numerical simulations using 
REEF3D were conducted to elucidate the wave-
induced transport of sediment around a cylindrical 
structure, and the reproducibility of the simulation 
was examined by comparing the results with those 
from model experiments. The topographic changes 
observed in the model test were also discussed based 
on the wave response around the cylindrical structure. 
The following conclusions were drawn: 
・ Wave passage tests conducted without the 

presence of a cylindrical structure exhibited 
water level and velocity fluctuations that were 
generally equivalent to the results of the model 
experiment, indicating good reproducibility. 

・ Wave response analysis including the cylindrical 
structure indicated an increased velocity vector 
from 30°  to 135°  along the side of the 
columnar structure, suggesting the occurrence of 
localized scouring, as observed in the model test. 
On the other hand, the simulated velocities at 0° 
(front) and 180° (back) of the column were low, 
suggesting that sand transport is deposited. 

・ The comparison between the numerical and 
model experiment results showed that the case 
considering suspended sand phenomena with a 
critical Shields parameter of 0.03 tended towards 
similar maximum scour depths after 2400 wave 
loads. However, the scour depths from the model 
experiments were greater than those from the 
numerical analysis. 

This discrepancy in topographic change 
phenomena between the numerical and model 
experiments should be analyzed in future work. 
Moreover, the models for bed load and suspended 
load sand in numerical simulation may be revisited. 
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