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Abstract: Foundation scour is the erosion of sediments around pile foundations by wave and current
in offshore wind energy. This phenomenon destabilizes foundations and poses a threat to pile
safety. Therefore, scour protection becomes a crucial challenge in offshore wind projects. This paper
reviews and synthesizes recent publications and patented technologies related to scour protection.
Considering the primary engineering concerns, the paper proposes design principles for effective
scour protection schemes to standardize evaluation criteria. These principles prioritize efficacy,
independence, and cost-efficiency, enabling the analysis of scour protection scheme applicability. In
addition, this paper summarizes and describes common protection schemes in the literature. The
effectiveness of their protection is analyzed and summarized, and their economic and performance
independence is evaluated. This paper categorizes flow-altering scour protection schemes found
in the literature. Based on a comprehensive understanding of the mechanisms and engineering
requirements of scour protection, the paper proposes a focus on determining the erosion reduction
rate curve (Ep −U/Uc curve) as a key criterion for evaluating the effectiveness of protection schemes
under varying flow velocities and the erosion reduction rate of scour protection schemes under
extreme conditions. The study highlights the necessity of establishing a comprehensive design
evaluation methodology, which is crucial for addressing the significant challenges related to scour
encountered in offshore wind power projects.

Keywords: ocean engineering; offshore wind energy; scour protection; scouring damage

1. Introduction

Recently, renewable energy has become increasingly important in ensuring energy
security and reducing greenhouse gas emissions, etc. In various renewable energy sources,
wind energy occupies an important position. At present, the scale of offshore wind power
development in the world has accelerated significantly. In 2012, the installed capacity of
Western countries, China, and India accounted for more than 95% of the global installed
capacity, and more than 60% of the global wind power capacity is located in Europe
and North America [1,2]. Data released by WindEurope show that, in 2019, a record
of 3,623,000 KW (3623 MW) of new offshore wind capacity was installed in Europe, up
19.6% from 2018, with a cumulative installed capacity of 2,272,000 KW (22.07 GW) [3]. By
2030, Europe will have invested nearly EUR 20 billion in the wind power market, 60%
of which is targeted at the wind power market [4,5]. In terms of vision, it is estimated
that by 2050 wind energy will meet more than 20% of global electricity demand [1,2].
Outside Europe, China is also rapidly growing as a growth engine. According to China’s
National Energy Administration, in 2019, China installed 1.98 million kilowatts (1980 MW)
of new offshore wind power, with a cumulative installed capacity of 5.93 million kilowatts
(5930 MW) [3]. Up to July 2023, China’s total renewable energy power generation reached
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1.322 billion kilowatts (KW), historically surpassing coal power and accounting for about
48.8% of the country’s total installed capacity [6,7]. The installed capacity of wind power is
389 million kilowatts. Meanwhile, China’s wind power and photovoltaic power generation
amounted to 729.1 billion kilowatt-hours, a year-on-year increase of 23.5% [6]. According to
BloombergNEF, China’s wind power sector achieved a record high with a newly installed
capacity of 77.1 GW, representing a year-on-year increase of 58% in 2023. The offshore
wind power capacity reached 7.6 GW, showing a 48% increase year-on-year and Chinese
companies occupy four out of the top five positions in the global rankings of newly added
capacity among wind turbine manufacturers [8].

Currently, the cost issue remains a major constraint to the development of offshore
wind power, which is still about 50% more expensive than land-based wind power from
the point of view of investment per-megawatt (MW) [9]. Typically, offshore wind turbines
are 20% more expensive than similar onshore wind turbines, and the base class is 350%
more expensive than onshore wind units [10]. According to the National Renewable Energy
Laboratory (NREL) statistics for offshore wind projects, offshore wind energy expenditures
are mainly for items, such as wind turbines, assembly and installation of wind structures,
substructures, and foundations [9]. The turbine accounts for 33.6% of the total cost, the
assembly and installation part accounts for 17.9%, the substructure and foundation accounts
for 12.8, as shown in Figure 1. The data from Chinese companies show that the foundation
cost accounts for 20% to 30% of the total investment in offshore wind farms, which is much
higher than the similar proportion for onshore wind farms [3]. For floating offshore wind
platforms, sub-structures and foundations are the highest cost component, accounting for
about 36.2%.

Figure 1. Fixed-bottom offshore wind system cost (with permission from Office of Scientific and
Technical Information, U.S. Department of Energy) [9].

Scouring is a major challenge to the safety of pile foundation structures in offshore
engineering [11,12]. The schematic diagram of scouring are shown in Figure 2. Chinese
offshore wind power companies currently face the problem of pile scour during the opera-
tional phase of offshore wind farms. A large amount of scour seriously affects the safety of
the structure, becoming one of the main problems of wind farms, requiring a large amount
to detect and control local scour of the pile foundation structure, the hazards of which are
as follows [12–14] (see Figure 3):

(1) Scouring phenomena induce a reduction in the depth of foundation penetration,
consequently increasing the length of the cantilevered section of pile foundation.
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(2) The bearing capacity of pile foundation is diminished by scouring, particularly affect-
ing the self-vibration frequency of the entire structure.

(3) Scouring leads to an escalation in the ultimate load and fatigue load on the foundation,
thereby impacting the fatigue life of pile foundation.

(4) Scouring results in the submergence of the submarine cable around the foundation,
deviating from its intended design of being buried in the soil, affecting the state of its
force distribution.

(5) Scouring can lead to environmental issues. During the scouring process, sediment and
pollutants carried by the flow can contaminate water bodies, resulting in water pollution.

Figure 2. The erosion morphology and mechanism of monopile foundation.

Figure 3. Damage to the foundation of wind power caused by scouring.

Therefore, there is a clear engineering background and practical significance to design
a safe and reasonable scour protection scheme for marine engineering structures. It can
effectively reduce the consumption of human and material resources for wind farms,
significantly improve the safety of wind power foundation, and reduce the chance of
collapse of wind farms during the operation.

This paper reviews the scour protection countermeasure schemes for pile foundations
in marine engineering. The types of structures mentioned in the paper, such as monopiles
and pier and bridge foundations, are similar. Although monopiles may be larger, the
differences can be ignored in experimental and numerical studies. Scour mechanisms
similar to those of offshore wind pile foundations can be found in offshore areas and inland
rivers, although they have different hydrodynamic environments [15]. Scour protection
countermeasure schemes for bridge piers and port piers are good references to protect
offshore wind pile foundations and are included in this paper.

This paper focuses on the scour protection scheme of monopile foundation that has
specific application in practical engineering. There are many types of scour protection
schemes for offshore pile structures, with different methods of application, mechanisms
of action and scour protection effects. The research reports of wind power companies
also mentioned the lack of specific standards and regulations in the offshore wind power
industry. The selection and construction of scour protection scheme is mostly dependent
on the experience of engineers. Therefore, this paper presents the design principles of
scour protection scheme for marine engineering and analyzes the specific schemes in the
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relevant literature. It is based on the current demand of the marine engineering industry
and the actual situation faced by scour protection in the design and construction of offshore
wind power.

The rest of this paper is organized as follows. Section 2 briefly introduces the types of
fixed wind turbine pile foundation structures and application water depths for the main
scenarios of scour protection schemes. Section 3 describes the design principles for scour
protection schemes, which are recommended as basic guidelines. Section 4 focuses on the
existing flow-altering scour protection schemes in the literature. Section 5 introduces the
bed-strengthening protection scheme. Section 6 summarizes the crucial issues of current
research into scour protection schemes. Section 7 applies the design principle of scour
protection scheme to analyze the engineering applicability of existing scour protection
schemes in the literature. A summary and outlook are provided in Section 8.

2. Types of Fixed-Bottom Offshore Wind System Foundations

The types of pile foundations used in offshore wind power can be categorized into the
fixed type and floating type, with fixed-type turbines being more commonly utilized. In
this section, the main fixed-bottom foundation types are introduced.

2.1. Monopile Foundation

A monopile foundation consists of welded steel tubes made of rolled steel plates,
and the tower is supported directly by the foundation pile legs or by connecting the two
through a transition section. The structure of a monopile foundation is shown in Figure 4.
The pile legs are inserted below the seabed and the depth of insertion depends on the
actual environmental loads and the geological conditions of the seabed. The typical single
foundation diameter is 3–8 m [5]. Chinese companies typically use 4.5–9 m diameter steel
pipes for subsea installations. Monopile foundations are usually applied to shallow water
depths, ranging from 0–30 m. In a wind farm of China Three Gorges Group in Dalian City,
where the average water depth is 20 m, a large diameter monopile foundation is used as
the foundation structure [16].

Figure 4. Monopile foundation structure.

Monopile foundation is currently the most widely used type of foundation in offshore
wind projects. In European waters, 4258 offshore wind monopile foundations have been
installed as of 2019, with a share of 81%. According to statistics, more than 75% of the
completed offshore wind power projects are monopile foundations [15]. It has the advan-
tages of mature technology, simple structure, convenient and quick construction, strong
adaptability, good economy, and low cost. Monopile foundations are suitable for areas with
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a sandy soil or soft clay layer, good bearing capacity, and stable seabed. Simultaneously,
after the installation of the foundation, it is usually necessary to carry out sea bed scouring
protection. Traditional anti-scouring schemes are sand quilt, riprap, bionic grass, curing
soil, and other bed-strengthening methods. But they have also shown some drawbacks in
terms of effectiveness, maintenance, environment, and cost [3].

2.2. Gravity Foundation

The gravity foundation is one of the main types of offshore wind turbine foundation
structures. It mainly rely on the foundation structure and internal ballast weight to resist
the overturning moment and sliding force generated by the upper unit and external
environment, as shown in Figure 5. This ensures the stability of the foundation and tower
structure. It primarily relies on the foundation structure and internal ballast weight to
counteract the overturning moment and sliding force generated by the upper unit (wind
turbine) and external environmental factors. This ensures the stability of the foundation
and tower structure. Gravity foundations are suitable for foundation conditions such as
compacted clay and hard rock. However, they are not suitable for soft-foundation seabeds
due to the high bearing capacity of the foundation. They are usually applicable to the sea
area with water depths of 0–10 m, and some articles think that they can be extended to the
sea area with water depths of 0–30 m [16].

Figure 5. Gravity foundation structure.

The advantage of the gravity foundation is that it has well stability, while the pile
structure can be manufactured by prefabrication and other means, reducing the link of
offshore piling operations and reducing construction and installation costs [3]. It has
a certain effect in reducing local scouring. Compared to other structural types, gravity
foundations require higher seabed conditions and are suitable for shallow water depths.

2.3. Multi-Pile Bearing Foundation

Multi-pile bearing foundations consist of a foundation pile and concrete bearing
platform, as shown in Figure 6. They have higher rigidity and better performance in
resisting horizontal loads, and are suitable for medium water depth and less-demanding
geological conditions on the seabed. They require traditional port construction equipment
and construction techniques, and are less difficult to construct. Before being used in
offshore wind power, they were a common engineering structure for port terminals. They
are usually welded and manufactured in advance on land, and can be applied to water
depths of 5–50 m [5]. They have the advantages of better applicability to soft ground.
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Figure 6. Multi-pile bearing foundation.

2.4. Tripod Foundation

Depending on the number of piles, tripod foundations can be categorized into three-
legged and multi-legged foundations. The three-legged tripod foundation, characterized
by a standard support structure comprising a main cylinder, three pile casings, and struts,
as shown in Figure 7, exhibits notable engineering features. This foundation design in-
volves the precise placement of three steel pipe piles, each with a medium diameter, in an
equilateral triangular configuration on the seabed. The upper portion of the foundation is
reinforced by a steel casing, providing crucial support to the three-legged truss structure
and resulting in the formation of a relatively stable combined foundation. The adaptabil-
ity of tripod foundations to varying water depths further enhances their versatility and
expands their potential deployment in diverse offshore environments.

The utilization of tripod foundations has primarily been observed in European waters,
where they have demonstrated applicability within water depth ranges of 10–35 m [5].
This foundation type offers several advantages that contribute to its suitability for offshore
installations. Foremost, the inherent stability of the three-legged configuration ensures
robust resistance against external forces. The triangular arrangement of the steel pipe piles
facilitates the uniform load distribution and effective mitigation of lateral forces, thereby
guaranteeing overall structural stability.

Figure 7. Tripod foundation.
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2.5. Jacket Foundation

Jacket foundations are commonly employed in offshore structures and typically consist
of three or four pile legs that are interconnected by spars, forming a spatial truss structure
with sufficient strength and stability. The interconnections between the pile legs are typically
achieved through welding, as illustrated in Figure 8. This welding method effectively
addresses the challenge of underwater connections. Jacket foundations can be designed
with multiple piles or barrels, providing flexibility in adapting to different site conditions.
They are particularly suitable for water depths ranging from 20 to 50 m [16].

One of the key advantages of jacket foundations is their robust load-bearing and
overturning resistance. The spatial truss structure imparts significant strength and sta-
bility to the foundation, enabling it to withstand the dynamic loads and environmental
forces experienced in offshore environments. Additionally, jacket foundations have rela-
tively low requirements for piling equipment, making them more accessible during the
installation phase.

However, it is important to consider some challenges associated with jacket founda-
tions. The structure of jacket foundations requires a significant amount of steel, resulting in
higher material costs. The welded joints, particularly in the node areas of the steel pipes, are
more susceptible to fatigue and corrosion due to the harsh marine environment. Therefore,
proper inspection, maintenance, and corrosion protection measures are crucial to ensure
the long-term integrity and performance of the jacket foundation.

Figure 8. Jacket foundation.

2.6. Suction Cylinder Foundation

Suction cylinder foundations, also known as negative pressure cylinder foundations,
are a type of foundation that can be classified into single-cylinder or multiple-cylinder
structures. They consist of two main components: the lower cylinder body, which is open
at the bottom and sealed at the top; and the outreach section, which can be constructed
using reinforced concrete prestressed structures or steel structures, as shown in Figure 9.

This foundation type is specifically designed for deployment in marine areas char-
acterized by sandy soil or soft clay seabeds. The installation process involves creating a
negative pressure environment within the cylinder, allowing it to sink and stabilize itself
through self-weight and resistance on the side of the cylinder. The suction effect generated
by the negative pressure facilitates the penetration and anchoring of the foundation into
the seabed.
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Figure 9. Suction cylinder foundation (with permission from Wiley, 2019) [17].

Suction cylinder foundations offers several advantages in suitable offshore environ-
ments. They eliminate the need for traditional piling methods, such as driven piles or
drilled shafts, which can be challenging and time-consuming in certain seabed conditions.
The self-weight and resistance provided by the foundation’s cylinder contribute to its sta-
bility, ensuring long-term structural integrity. This foundation type is particularly suitable
for marine areas with water depths ranging from 30 to 60 m [17].

The approximate distribution of different pile foundation types along the water depth
is shown in Figure 10. In brief, the gravity foundation is the most suitable for a near-
shore water depth of 0–20 m, and the monopile foundation can be applied to a water
depth of about 30 m. When the water depth increases to 40–50 m, the tripod foundation
and multi-pile bearing foundation are more commonly applied. When the water depth
continues to increase, the main pile foundation structures are the jacket foundation and
suction cylinder foundation [17].

Figure 10. Different pile foundation structure types suitable for different water depth (with permis-
sion from Elsevier Books) [18–20].

3. Scour Protection Scheme Design Principle

The study of scour protection schemes for pile foundation structures divides the
scour protection countermeasure schemes into the following two main categories, which
are flow-altering (or flow-disturbing) schemes and bed protection schemes [21]. The bed
protection scheme reduces the erosion of the sub-bed by hydrodynamic elements such as
waves and currents and improves the shear resistance of the bed by arranging stones, sand
covers, metal frames, and cured soil in the areas around the structure that are susceptible
to scouring and erosion. Tafarojnoruz et al. [21] concluded that flow-altering schemes
can be divided into four categories according to the type of scheme and the law of flow
disturbance, as follows: (1) flow-altering schemes through piles, (2) structure attachment
schemes, (3) bed attachment schemes, and (4) other schemes. Some of the scour protection
schemes in the literature do not consider their actual application via engineering, which can
have a significant impact on the performance of the pile structure itself or the surrounding
sea environment.
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Currently, the existing research on scour protection programs lacks comprehensive
design principles and industry standards. In light of this deficiency, this paper aims to
provide design principles for scour protection schemes, taking into account the specific
context of wind power project construction carried out by Chinese enterprises. To achieve
this objective, a thorough analysis of the relevant journal literature and patents pertaining
to scour protection design has been conducted. Figure 11 shows the diagram of scour
protection scheme design principle. The elements in the design principles of a scour
protection program are well grounded in the literature [22].

Figure 11. Design principle of scouring protection scheme.

3.1. Effectiveness Principle

The effectiveness principle in scour protection refers to the ability of a protection
scheme to meet the safety requirements for scour protection throughout the entire lifecycle
of a project, including construction, commissioning, and operation. This principle ensures
that the scheme effectively controls the scour volume and maximum scour depth within
acceptable limits defined by safety standards. It aims to ensure the safety of pile foundation
structures under extreme working conditions where scour poses a significant risk.

To satisfy the effectiveness principle, a scour protection scheme must be designed
to control the local scour volume and depth under extreme sea conditions. This requires
considering factors such as the length of the cantilever section, pile bearing capacity, self-
vibration frequency, fatigue life, and cable overhang length. By controlling the scour
volume and depth within a controllable range, the scheme mitigates hazards associated
with these factors.

One key parameter used to assess the effectiveness of a scour protection scheme is
the scour depth reduction rate, denoted as Ep min. This parameter represents the scheme’s
ability to minimize scour depth under the most unfavorable conditions. By focusing on
reducing scour depth, the scheme can best demonstrate its effectiveness in protecting the
integrity and stability of the pile foundation structures.

Effectiveness principle is of utmost importance in the design and implementation
of a scour protection scheme. It ensures that the scheme provides adequate protection
against scour hazards throughout the project’s lifespan. By meeting the requirements of
the effectiveness principle, the scour protection scheme establishes a robust foundation for
the overall safety and performance of the project.

3.2. Independence Principle

The independence principle means that the scour protection scheme is independent
to other properties of the pile foundation structure. Under the premise of meeting the
scour protection, it does not affect other important properties of the structure, including
the mechanical properties, such as tensile and shear stress resistance, and the chemical
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properties, such as corrosion resistance, and will not have a significant impact on the
surrounding environment. It can be divided into the following two points.

Not affecting the important performance of the structure itself. The important
properties of the structure itself mainly include mechanical properties of the structure and
chemical properties of the structure material. Mechanical properties mainly include the
load-bearing properties, such as tensile–compressive resistance and shear stress resistance.
The stability properties relate to the vibration of the structure itself, and the fatigue load
relates to the fatigue life. Chemical properties mainly refer to the corrosion resistance
of the structure, the high salinity of the marine environment can accelerate the chemical
corrosion of steel and concrete structures [23–25]. As a result, the design and construction
of anti-corrosion coating is a major important part in the construction process of marine
engineering structures. Relevant studies and specifications have design standards for the
safe service life of the corrosion protection process for structures, and also this part of the
process is one of the main costs of engineering construction [26]. Therefore, the chemical
performance of pile foundation structures against corrosion and other chemical properties
is one of the key principles to be considered in designing scour protection schemes.

Not causing a significant impact on the marine environment of the project. Signifi-
cant impact on the environment means that the erosion of the bed surface will increase,
causing an increase in the range of seabed scour and a significant change in the topography,
which in turn will affect the ecological environment of the surrounding sea and other possi-
ble significant impacts. Marine environmental protection has become a major consensus in
the marine engineering industry and in major countries around the world. Scour protection
solutions should minimize the impact on the surrounding marine environment during the
whole life cycle of the construction and operation of marine projects.

3.3. Economic Principle

The construction cost of pile foundations for offshore wind power and other marine
projects accounts for about 20–30% of the total cost [3], much higher than the construction
cost of similar wind power pile foundations onshore. Offshore wind power and other
renewable energy industry has an important economic indicator: Levelized Cost of Energy
(LCOE) [9,27,28], which is an important economic indicator to guide the offshore wind
power industry for engineering construction. Many latest metrics are also based on this
indicator [29]. It was first proposed by the National Renewable Energy Laboratory (NREL)
in 1995. The LCOE model is calculated as follows [28,30,31]:

LCOE =
(CapEx × FCR) + OpEx

( AEPnet
1000 )

(1)

where LCOE is the levelized cost of energy (USD per megawatt-hour [USD/MWh]), FCR is
the fixed charge rate (%) , CapEx is the capital expenditures (USD per kilowatt [USD/KW]),
AEPnet is the net average annual energy production (megawatt-hours per megawatt per
year [MWh/MW/yr]), OpEx is the operational expenditures (USD/KW/yr).

Based on Equation (1), scour protection of pile structures is mainly included in the
construction costs. In terms of economy, the following two principles are considered.

(1) Achievability of the scheme. The scour protection solution should meet the existing
process conditions and be able to be produced without major modifications to the
production process. For some complex pile structures, it is difficult to assemble and
produce them through the existing process, which requires major modifications to the
production line to meet the production requirements. This will largely increase the con-
struction cost. The authors prefer that scour protection solutions can be mass-produced
through prefabricated structures for simple installation, and do not recommend more
complex configurations.

(2) Low cost of the scheme. The scour protection scheme should try to meet the require-
ments of having a lower cost, modular construction, being easy to apply in the project,
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and, compared to onshore wind power and other power generation equipment, better
competitiveness, in order to meet the market requirements.

In the detailed analysis of the scour protection scheme, it is crucial to prioritize the
effectiveness of the designed scheme. Once the effectiveness is ensured, the requirements
outlined in principles 2.1 and 3.1 (as shown in Figure 11) should be met. With the above
principles satisfied, further consideration should be given to principles 2.2 and 3.2, taking
into account the specific conditions of the project and making appropriate trade-offs to
achieve optimal results. If the scour protection scheme fails to meet the requirements
outlined by the first three principles, it should not be implemented and is considered to
be vetoed due to its inability to fulfill the necessary design criteria. This prioritization is
illustrated in Figure 12. The order of priority is as follows: principle 1 takes precedence
over principles 2.1 and 3.1, which, in turn, take precedence over principles 2.2 and 3.2
(principle (1) > principle (2.1, 3.1) >> principle (2.2, 3.2)).

Figure 12. The priority of scour protection scheme design principle.

The following section provides a detailed description of the existing scour protection
schemes in the literature by focusing on the scrambled scour protection scheme. It can
reduce the effect of scour by changing the characteristics of the flow field around the
structure foundation and weakening the pressure difference in front of the pile due to
the presence of the pile foundation structure in the flow field. There is a large amount of
literature on riprap protection as the main protection measure; this paper will not go into
details here. The above mentioned design principles are used to screen the scour protection
schemes, and a reasonable scour protection scheme for marine engineering pile foundation
structures can be selected to meet the engineering construction requirements.

4. Flow-Altering Protection Scheme

Flow-altering protection schemes achieve the effect of reducing scour by changing
the flow field characteristics around the structure. The flow structure around a monoplie
foundation is shown in Figure 13. We can learn more about this from Sumer et al. [32]
and Roulund [33].

The formation of a horseshoe vortex in front of the pile requires two necessary
conditions [32]: the existence of a boundary layer for the traveling water in front of the
pile, and a sufficiently large reverse pressure gradient in front of the pile. On this basis,
Du et al. [34,35] summarized Baker [36], Dargahi [37], Roulund [33], Zhao [38], etc., for the
study of the pressure in front of the pile, and concluded that the pressure is not uniformly
distributed along the water depth near the pile surface. The pressure distribution is shown
in Figure 14, along the height direction of the pile [34]. This uneven pressure distribution in
front of the pile causes the boundary layer separation between the flow and the pile surface,
thus creating an initial horseshoe vortex that, once formed, in turn increases the pressure at
the bed surface. This is the main hydrodynamic factor for local scour generation. The main
function of the flow-altering protection scheme is to reduce the scouring effect by reducing
the pressure difference in front of the pile.

Flow-altering protection schemes can be introduced in the following four major cate-
gories, namely: (1) openings through piers, as shown in Table 1; (2) structure attachment,
as shown in Table 2; (3) bed attachment, as shown in Table 3; (4) pile alteration schemes, as
shown in Table 3.
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Figure 13. Monopile foundation pile circumferential field structure (with permission from Journal of
Marine Science and Engineering, 2020, open access) [33,35].

Figure 14. Relative pressure distribution before pile [33,36–38].

Table 1. Openings through piers scheme.

Class Protection Paper Year

Openings through piers scheme

Internal flow-guiding tube scheme
Abd et al. [39] 2003
Soltani et al. [40] 2013
Entesar et al. [41] 2013

Pile slots scheme

Entesaret al. [41] 2013
Chiew et al. [42] 1992
Kumar et al. [43] 1999
Liang et al. [44] 2015
Ali et al. [45] 2012
Carmelo et al. [46] 2009
Gaudio et al. [47] 2012

Equivalent piles scheme Vitall et al. [48] 1994
Yagci et al. [49] 2017
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Table 2. Structure attachment scheme.

Class Protection Paper Year

Structure attachment scheme

Collor scheme

Moncada-M et al. [50] 2009
Tafarojnoruz et al. [45] 2012
Kumar et al. [43] 1999
Tang et al. [15] 2022
Tang et al. [51] 2023
Liang et al. [44] 2015
Jahangirzadeh et al. [52] 2014

Vane scheme

Aly et al. [11] 2021
Parker et al. [53] 1998
Gupta [54] 1987
Alireza et al. [55] 2015
Khaple et al. [56] 2017
Gaudio et al. [47] 2012
Ghorbani et al. [57] 2008

Pile roughness and threaded piles

Aly et al. [11] 2021
Ghodsian et al. [58] 2009
Abdelhaleem et al. [59] 2019
Dey et al. [60] 2006
Izadinia et al. [61] 2012
Muhawenimana et al. [62] 2022
Vahdati et al. [63] 2019

Extended foundations
Melville et al. [64] 1996
Liang et al. [44] 2015
Yao et al. [65] 2020

Table 3. Bed attachment scheme and pile alteration scheme.

Class Protection Paper Year

Bed attachment scheme

Sacrificial piles scheme

Haque et al. [66] 2007
Chiew et al. [67] 2003
Keshavarzi et al. [68] 2018
Garg et al. [69] 2022
Mohsen [70] 2021
Mohsen et al. [71] 2018
Tafarojnoruz et al. [45] 2012
Li et al. [72] 2022

Deflector scheme

Odgaard et al. [73] 1983
Chauhan et al. [74] 2022
Ghorbani et al. [57] 2008
Zarei et al. [75] 2019
Safaripor et al. [76] 2022

Sand barrier scheme

Guan et al. [77] 2014
Hamidifar et al. [78] 2018
Mahdi et al. [79] 2022
Grimaldi et al. [80] 2009
Liang et al. [44] 2015
Tafarojnoruz et al. [45] 2022
AI-Awadi et al. [81] 2021
Pagliara et al. [82] 2010
Gaudio et al. [47] 2012

Pile alteration scheme

AI-Shukur [83] 2020
Farooq et al. [84] 2020
Baranwal et al. [85] 2020
Aly et al. [11] 2020
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The maximum scour depth reduction rate is usually used as an important indicator to
determine the effectiveness of scour protection schemes, which is usually expressed by the
following equation [21].

Ep =
dse − dsec

dse
(2)

where Ep is the maximum scour depth reduction rate, representing the scour protection
effect of this scheme; dse is the maximum scour depth without protection scheme; dsec is the
maximum scour depth after applying protection scheme.

4.1. Openings through Piers Scheme

There are three main forms of the openings through a piers scheme: internal flow-
guiding tube, pile slots, and equivalent piles (group pile replacement) [21]. Table 4 shows
the maximum and minimum scour reduction rate for openings through a piers scheme.

Table 4. Scour reduction rate of openings through piers scheme.

Flow-Guiding Tube Scheme Pile Slots Scheme Equivalent Piles Scheme

Ep (Upper limit) 45% 35% 39%
Ep (Lower limit) 37.5% 26.1% 22%

Internal flow-guiding tube scheme reduces the pressure difference generated by the
current in front of the pile by cutting several holes in the pile body and guiding the current
through the holes to pass through the structure, thus achieving the effect of scour resistance.
Figure 15 shows a deflector structure, for which α and d represents the angle and diameter
of the inner flow-guiding tube. The scour protection ability of this scheme was found to be
related to the hole diameter d and the Froude number Fr [21]. El-Razek et al. [39] found that
this protection scheme can reduce the scour depth by a maximum of 39%. Somaye et al. [40]
reduced the maximum scour depth of 37.5% by a similar arrangement. Entesar [41] found
that the maximum scour depth was reduced by 45% and the scour volume was reduced by
68% by arranging the deflector tube in the pile body.

Figure 15. Flow-guiding tube scheme (with permission from Journal of Hydraulic Research, 2010) [21].

Pile slots are used to reduce the effect of scouring by opening inflow slots on the
structure to guide the flow diversion through the structure and reduce the pressure in
front of the structure pile, as shown in Figure 16. It is generally believed that the larger
the diameter of the hole, the stronger its scouring protection [15,21,41–43]. Liang et al. [44]
adjusted the hole size and arrangement position in the experiment, the scour depth re-
duction rate was always below 26.1% under the unidirectional flow and wave-current
coupling conditions, thus the scour protection effect was considered less than ideal. In
other experiments, the single slotting scheme only has a scour depth reduction rate less
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than 35%, such as the experiments of Tafarojnoruz et al. [45]. It can achieve a scour depth
reduction of 35% scour protection effect in the most ideal condition when its opening
diameter is maximum. The combination of pile grooving and other protection methods to
form a combined protection scheme can achieve a better scour protection effect in some
experiments, such as Grimaldi et al. [46], who combined the grooving method with a sand
barrier to have a maximum scour depth reduction of 45%. Gaudio et al. [47] combined
the grooving scheme with a horizontal plate, which could have a maximum scour depth
reduction of 81.8%.

Figure 16. Pile slots scheme (with permission from Science China Technological Sciences, 2015) [44].

Equivalent piles are used for local scour reduction by replacing a monopile with a
group pile structure of equal support capacity, as shown in Figure 17. The parameter yL
represents the length of equivalent piles. Vittal et al. [48] arranged three structures at 120◦

instead of a monopile structure and has a scour protection capability of 39% reduction in
maximum scour depth.

Oral et al. [49] investigated the use of cylindrical hexagonal arrays as equivalent pile
structures, set four array densities of 0.14, 0.2, 0.32, and 0.56, and compared them with a
single circular pile having the same area, as shown in Figure 18. The experimental results
found that for the combination of equivalent piles with higher array densities, the scour
characteristics are similar to those of individual solid cylinders, showing more of their
overall scour characteristics. When the array density of the equivalent pile combination
is smaller, the local scour characteristics of individual cylinders start to become obvious.
In addition, the equivalent piles can reduce the maximum scour depth and scour volume
compared with the same square of single cylinder. The whole column arrangement with
lower density has better scour protection effect, when the array density is 0.14, as shown
in Figure 19. The maximum scour depth can be reduced by 22% and the scour volume
can be reduced by 27% [49]. It can be concluded that the load-bearing capacity of the
support structure depends largely on its cross-sectional area, and the experimental results
show that the equivalent pile structure of hexagonal array can be used as an alternative to
monopile support, −1.0.

Figure 17. Equivalent piles scheme [21].
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Figure 18. Hexagonal equivalent pile structure (with permission from Applied Ocean Research,
2017) [49].

Figure 19. Equivalent pile structure scour protection effect [49].

4.2. Structure Attachment

The structural attachment method achieves the effect of changing the flow field and
thus reducing scour by installing accessory structures around the pile foundation and the
pile body. Such protection schemes usually have specific options such as horizontal plates
(also known as collars), vertical plates, vanes, pile threads, rough pile bodies, and extended
foundations. Table 5 shows the maximum and minimum scour reduction rate for structural
attachments scheme.

Table 5. Scour reduction rate for structural attachments scheme.

Vanes Scheme Vertical Plates Scheme Threaded Piles Scheme Extended Foundations Scheme

Ep (Upper limit) 90% 61.6% 52% 89.4%
Ep (Lower limit) 32% 42.4% 12.85% 50%

The collar schemes are divided into two main categories. One is placed above the
bed surface to reduce the scour by preventing the water from diving in front of the pile.
Another type is usually arranged at the bed surface or at the position where the top plate
is flush with the bed surface, which generally acts directly on the bed surface to protect it
from scour.
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The placement height of the horizontal plate is a major factor affecting its scour
protection effect. Moncada-M et al. [50] found that when the horizontal plate was ar-
ranged on the bed surface or under the bed surface, its position could effectively reduce
scouring, mainly playing the effect of the horizontal plate directly protecting the bed
surface. Tafarojnoruz et al. [45] found through experiments that under certain hydrody-
namic environmental conditions the protection effectiveness of horizontal plates arranged
above the bed surface is weaker than that of protection schemes such as sacrificial piles
and pile trenching; however, horizontal plates can be easily combined with other pro-
tection schemes and applied as a supplementary scheme. Pandey et al. [86] found that
the horizontal plate scheme can effectively reduce the maximum depth compared with
the control group without protection scheme, and the development pattern of maximum
scour depth over scouring time is consistent with the unprotected group, as shown in
Figure 20. Mashahir et al. [87] concluded that, compared with the unprotected control
group, the maximum depth of scour under horizontal plate protection is inconsistent with
the unprotected group.

Figure 20. Horizontal plate protection scheme erosion trend over time (with permission from Ocean
Engineering, 2020) [86].

Kumar et al. [43] gave the following predictive equation for the scour protection
capacity of horizontal plates:

Ep = 0.057
(

W
D

)1.612(y0 − ycol
y0

)0.837
, ycol > 0 (3)

where W is the diameter of the horizontal plate; D is the diameter of the structure; y0 is the
water depth; and ycol is the position of the plate from the bed. Tang et al. [15] compared the
experiment results of the physical model with the predicted values of the above equation,
and found that the protection effect predicted by the equation had a large deviation from
the actual measured values, as shown in Figure 21. The protection ability of the horizontal
plate under different hydrodynamic environments is not consistent, as shown in Figure 22.
This phenomenon may be related to factors such as flow velocity and sediment particle size.

When the horizontal plate is placed below a certain position on the bed, the volume
of scour below the horizontal plate is very small [15,51]. When it is higher than this
position, more scour will be generated below the horizontal plate. The scouring protection
ability is weakened with the increase in the height of the placement position, as shown in
Figure 23. Therefore, when considering the horizontal plate protection scheme, we should
first consider the layout position in the horizontal plane or the area below it. For the effect
of horizontal plate diameter on scour protection ability, Liang et al. [44] experimentally



J. Mar. Sci. Eng. 2024, 12, 660 18 of 34

concluded that diameters of three times the pile diameter have better scour protection
ability than those that are two times the pile diameter.

Figure 21. Kumar et al.’s prediction equation versus measured data (with permission from the author,
open access) [42,45,86,88–91].

Figure 22. Reduction rate of different experiments in horizontal plate protection schemes [42,86,89–91].

Figure 23. The most effective placement of horizontal plate protection scheme [15].

Vertical plates and vanes are another major category of structural attachments. In
1960s, researchers began to conduct research on such scour protection schemes, using flat
plates and vanes to reduce the scour depth [21]. It has been suggested that such protection
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schemes can separate the flow around the pile structure and thus reduce the strength of
the horseshoe vortex [53]. The vane scheme shown in Figure 24 can reduce the scour
depth by 90% [21].

Figure 24. Vanes scheme [21].

Gupta proposed a triangular vane, which placed at the bottom of the structure as
shown in Figure 25. It can destroy the flow characteristics at the bottom of the structure
and reduce the strength of the horseshoe vortex [54]. The experimental results of this
scheme showed that the scour depth was reduced by 32% in unsteady flow and 67% in the
experimental clear water velocity condition.

Aly-Mousaad et al. [11] demonstrated by the computational fluid dynamics (CFD)
method that the triangular vane protection scheme can reduce the bed shear stress by about
30% under certain water flow conditions, which in turn reduces the scour volume and
scour depth. The vertical plate scheme can be reduced 10–15%. The paper reveals the
mechanism of the triangular vane scheme and theoretically demonstrates the feasibility of
the scheme.

Figure 25. Triangular vane.

The structure of the vertical plate scheme is shown in Figure 26. Dey et al. [60]
found that the vertical plate scheme can reduce the maximum scour depth by 61.6% on
average. Khaple et al. [55] concluded that the ability of scour protection increases with the
increase in vertical plate length, and this ability is independent of the sediment particle
size. Khaple et al. [56] found experimentally that the vertical plate length has the best scour
protection ability when it is twice the pile diameter, and the maximum scour depth is
reduced by 42.4%, and the authors proved that this scheme significantly weakens the pile
front vortex structure by observing the flow field. In the experiments of Gaudio et al. [47],
the maximum scour depth was reduced by 25.3% when two symmetrical submerged
vertical plates were placed on both sides of the pile front and combined with the sand
barrier scheme. Ghorbani et al. [57] investigated the effect of the placement angle and
position of the submerged vertical plate on scouring, and concluded that the best scouring
protection effect was achieved when the vertical plate was set directly in front and the
opening angle was 18.5◦.
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Figure 26. Vertical plate scheme, (a) plan view, (b) elevation view (with permission from Acta
Geophysica, 2017) [56].

Increasing the pile roughness and threaded piles can be seen as one class of scour
protection schemes. Ghodsian et al. [58] argued that introducing rough structures or
attaching rough elements to the surface of existing structures generates minute turbulence
on the surface and generates kinetic energy upstream of the jetty, thus delaying the water
separation and moving the delay point downstream of the pile. As a result, the intensity
of the horseshoe vortex is weakened and moved away from the riverbed. Ghodsian et al.
therefore concluded that the method of roughing the surface of structures is effective
in reducing the maximum depth of scour and the volume of scour. Fahmy Salah [59]
experimentally evaluated the efficiency of different roughness on the surface of circular
piers. The effectiveness of increasing the surface roughness of the structure in reducing the
maximum scour depth and influencing the upstream slope angle of the regional scour pit
was demonstrated. It was observed experimentally that roughed piers could reduce the
maximum scour depth, the impact area and the scour volume reduced by 29.6%, 13.7%,
and 42.52%, respectively.

Threaded piles are designed to change the flow field and reduce scour by wrapping
cables around the perimeter of the pile. Dey et al. [60] first proposed this scheme, which
controls the flow field around the pile and the scour around structure by using one, two,
or three cables wrapped around the body of the structure. The maximum scour depth
reduction under wave conditions was 46.3% when the thread diameter to pile diameter
ratio was 0.1 and the thread winding angle was 15◦. Izadinia et al. [61] investigated the
effect of the scheme of threaded piles and the combination of threaded piles and horizontal
plates on the scour depth reduction. The best protection effect was achieved when the
ratio of thread diameter to pile diameter was 0.15 and the thread winding angle was 15◦.
The scour reduction was 12.85%. The maximum scour depth reduction was 52.85% when
the combination of threaded pile and horizontal plate scheme was used for protection.
In the experiment of Valentin et al. [62], the reduction in scour depth of threaded piles
was 32% and 52% for coarse and fine sediments, respectively, and it was found that the
scour protection was more effective for the bed of fine sediments as the thread diameter
increased. Vahdati et al. [63] investigated the effect of threaded piles on scouring of group
piles and found that the maximum scour depths of the front and rear piles were reduced
by 46% and 12%, respectively. Threaded piles scheme had no scouring protection effect in
the experiments with three downstream side-by-side piles.

Extended foundations usually extend the diameter range of the foundation. In offshore
wind power and other marine projects, the foundations of structures in offshore are vul-
nerable to scouring. Usually gravity foundations can reduce the impact of scouring [5,92].
Chiew [42] and Coleman [93] argue that extended foundations not only increase the load-
bearing capacity of structures, but also have the effect of reducing scour. Wu et al. [5] argue
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that the application of gravity-based foundations is usually in sea area less than 10 m
water depth.

Melville et al. [64] demonstrated the effectiveness of the extended foundation scheme
for scour protection by experiments and proposed that the foundation installation location
Y should be below the bed surface and 0 < Y < 2.4D, D is the pile diameter of the
structure. The maximum scour depth reduction rate of the group with the best effect in
their experiments was 50%. Liang et al. [44] found that the extended foundation with
three times the pile diameter has better scour protection effect compared with the extended
foundation with two times the pile diameter, and the maximum scour depth is reduced by
89.4% and 61%, respectively. Yao et al. [65] found that, unlike the scour development pattern
under an unprotected foundation, scour development under an extended foundation starts
from behind the pile and extends to the front of the pile. The extended foundation can delay
the local scour development process, and no significant scour is generated at the beginning
of scour initiation compared to the control group without the scour protection scheme.

4.3. Bed Attachment Scheme

The bed attachment scheme refers to the effect of changing the characteristics of the
flow field around the structure and thus reducing the scouring volume by influencing the
wave and current through the structures placed on the sea bed, and there are mainly the
following types: sacrificial piles, deflectors, sand barriers, etc. Table 6 shows the maximum
and minimum scour reduction rate for the bed attachment scheme.

Table 6. Bed attachment scheme erosion reduction rate.

Sacrificial Pile Scheme Deflector Scheme Sand Barrier Scheme

Ep (Upper limit) 65% 46% 42.6%
Ep (Lower limit) 32.2% 34% 17.2%

Sacrificial piles are the most common scour protection scheme installed in the sea
bed. See Figure 27. The effect of altering the flow field around the protected structure
is achieved by installing one or more flow disturbance piles in front of or around the
pile. These sacrificial piles are subject to scour erosion, creating a highly deflected flow
around the structure and thus creating a low scour capacity wake behind the sacrificial
piles to protect the structure behind from erosion [66,67]. Melville et al. [64] argue that
the effectiveness of the sacrificial pile scheme depends on factors such as its number, size
relative to the protected piles, geometric arrangement order, and characteristics of the
flow field. Keshavarzi et al. [68] experimentally explored the effect of the distance between
the front and rear piles on the scour of the pile foundation and found that the scour of
the sacrificial piles increased with the spacing when the spacing between the two piles
was 1 < L/D < 2.5, and the maximum scour depth of the front pile was 22% greater
than that of the rear pile when L/D = 2.5. When 2.5 < L/D < 10, Garg et al. [69]
found that the protection scheme of placing a sacrificial pile in the headwater direction
could reduce the maximum scour depth by 39%. The same phenomenon observed by
Keshavarzi et al. [68], where violent scouring occurs near the front pile and the upstream
sacrificial pile protects the downstream main pile from the direct impact of the impinging
water flow. Garg et al. [69] also found in their experiments that the maximum 100% scour
protection could be achieved when a horizontal plate of 3 times the pile diameter was
combined with the sacrificial pile for protection. Ranjbar-Zahedani et al. [70] designed
a triangular block placed in front of the pile, as shown in Figure 28, which can reduce
the maximum scour depth of the post-pile by 40–60%. Tafarojnoruz et al. [45] designed a
pile-rowing scheme that can reduce the maximum scour depth by 32.2%.

In addition, Li et al. [72], inspired by mangrove protection of shoreline, proposed a
wrap-around skirt pile as a protection measure for monopile scour protection scheme, as
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shown in Figure 29. The maximum scour depth reduction rate of this method is 65%, which
can reduce the sediment scour volume by 90%.

Figure 27. Front-to-rear sacrificial pile scheme (with permission from Environmental Fluid Mechanics,
2018) [68].

Figure 28. Triangular sacrificial pile (with permission from Journal of Hydraulic Research, 2021) [70].

Figure 29. Wrap-around skirt pile scheme (with permission from Ocean Engineering, 2022) [72].

The arrangement of the deflector scheme is presented in Figure 30. The scheme
operates by inducing secondary circulation in the deflector region, thereby altering the
magnitude and direction of bed shear stress in the surrounding area. Consequently, the flow
velocity distribution and sediment transport rate are modified. Odgaard and Kennedy [73]
introduced the application of deflectors on sand beds to mitigate and control scour. Their
investigations revealed that deflectors induced changes in the flow field, leading to alter-
ations in bed shear stress magnitude and direction, subsequently influencing sediment
transport patterns. Chauhan et al. [74] comprehensively elucidated the mechanism under-
lying deflector implementation for scour protection. They emphasized that during flood
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periods, bridges are susceptible to severe scour-related issues. Placing deflectors upstream
of the structure generates a vortex at the rear, while downstream flow establishes a vertical
shear layer. These combined effects reduce flow velocity ahead of the pile by mitigating the
pressure gradient, thereby modifying sediment transport and diminishing scour.

Tafarojnoruz [21] highlighted key control parameters for the deflector scheme, includ-
ing blade height (hv), height-to-length ratio (hv/lv, where lv denotes blade length), and
entry angle (αv). Lauchlan et al. [21,94] contended that when the aspect ratio hv/lv < 1, the
deflector’s influence on sediment transport surpasses its impact on the flow field, akin to
sacrificial piles. Lauchlan et al. [94] further observed that the most effective scour protec-
tion is achieved with hv/lv > 1, resulting in a 34 % reduction in maximum scour depth
and a 50% decrease in scour volume. Tafarojnoruz [21] concluded, based on extensive
experiments, that the deflector can reduce maximum scour depth by 50% under both clear
water and dynamic bed scour conditions. Ghorbani et al. [57] demonstrated that flow ve-
locity oscillations and dynamic bed scour diminish the deflector scheme’s scour protection
capabilities and overall effectiveness. In their comparative analysis, Ghorbani et al. found
that the double-bladed deflector outperformed the single-bladed deflector in reducing
scour. Vaghefi et al. [75,76] substantiated the scour protection effect of deflectors through
experimental investigations in river bend sections. For group pile structures comprising
three piles, the maximum scour depth was reduced by 35%. In single pile experiments, the
maximum scour depth diminished by 46%, thus illustrating the deflector’s effectiveness in
large river bends.

Figure 30. Mechanism of the deflector scheme (with permission from ISH Journal of Hydraulic
Engineering, 2022) [74].

Sand barriers are commonly employed in river management to prevent the undercut-
ting of river beds. By limiting sediment transport, they effectively influence bed dynamics
and reduce scour [77–79]. Grimaldi et al. [80] implemented a sand barrier downstream of a
pile structure to control scour under constant flow conditions, as illustrated in Figure 31.
The most significant reduction in scour depth, amounting to 26%, was achieved when
the sand barrier was placed immediately downstream of the pile structure. However,
arranging the sand barrier at a position of 0.5D downstream of the pile structure resulted
in reductions of over 80% in both scouring range and volume of scoured sediment, demon-
strating the most comprehensive effectiveness. Liang et al. [44] conducted experiments
involving current and unidirectional wave conditions, yielding scour depth reduction rates
(Ep) of 42.6% and 13.6%, respectively, compared to a control group without any protection
scheme. Tafarojnoruz et al. [45] observed a maximum scour depth reduction rate (Ep) of
17.2% for a sand barrier scheme under the influence of current. According to the existing
literature [45,80–82], it is generally believed that placing the sand barrier in close proximity
to the downstream surface of the pile structure effectively reduces scour behind the pile,
while the presence of scour behind the sand barrier is not prominent. Aysar [81] experimen-
tally concluded that the relative position of the sand barrier behind the pile structure plays
a crucial role in reducing scour depth and is a significant factor affecting scour protection



J. Mar. Sci. Eng. 2024, 12, 660 24 of 34

capacity. The best protection effect is achieved when the relative position (Lb/D) is 0 to
0.32 times the pile diameter behind the pile. For relative flow velocities (V/Vc) of 0.48, 0.64,
0.8, and 0.96, the scour reduction rates are 16%, 30%, 23%, and 28% when Lb/D = 0, and
12%, 28%, 17%, and 25% when Lb/D = 0.32, respectively. The flow rate also influences the
scour protection effectiveness of the sand barrier scheme.

The sand barrier can be used in combination with other forms of scour protection
schemes [79]. In the experiments of Gaudio et al. [47], the best scour reduction rate is 25.3%
for the combined scheme of sand barrier and deflector blade and the reduction is 63.3%
for the combined scheme with horizontal plate. The authors concluded that there is an
improvement compared with the maximum scour depth reduction rate of 17.2% in the
Tafarojnoruz et al. [45] experiment.

Figure 31. Sand barrier as a structural erosion protection, (a) Lb/D = 0.32, (b) Lb/D = 1, (c) Lb/D = 2.5,
(d) Lb/D = 4 (With permission from Smart Science, 2021) [81].

4.4. Pile Alteration Scheme

The pile alteration scheme is mainly used to reduce the obstruction of incoming flow
by changing the shape of the structure or the foundation of the structure. It can reduce
the flow velocity and pressure in the local area of high flow velocity and high pressure, to
reduce the bed shear stress, and thus to achieve the effect of reducing scouring.

Al-Shukur et al. [83] illustrated the effect of pile type change on local scouring, as
shown in Figure 32. In the experiment, the structure with rectangular pile type has the
largest local scour depth, and the maximum scour depth is larger in comparison with other
pile types at three different velocity. The structure with cylindrical pile type also has a larger
scour depth, and the structure with streamlined pile type has the smallest maximum scour
depth, indicating that pile type change can make the structure with a better scour protection
effect. In the experiment of Farooq et al. [84], the maximum scour depths of six pile-type
structures were compared, and it was found that the maximum scour depths of round,
diamond, pointed-nose, octagonal, and elliptical structures were reduced by 17.7%, 22.4%,
10.4%, and 15.1%, respectively, compared with those of rectangular pile-type structures.
Consistent conclusions were also reached in the experiments of Baranwal et al. [85].

Aly et al. [11] designed a streamlined extended foundation as shown in Figure 33.
Aly et al. calculated the different hydrodynamic characteristics of the circular and stream-
lined foundations at the same inlet velocity by means of computational fluid dynamics
(CFD). The results show that the near-bottom shear stress around the pile perimeter of the
cylindrical structure is about 1 Pa and the flow velocity is 0.5 m/s, while the near-bottom
shear stress around the pile perimeter of the streamlined foundation is 0.8 Pa and the flow
velocity is 0.45 m/s. Compared with the streamlined foundation, the shear stress of the
cylindrical foundation is greater and the flow velocity is smaller. The authors concluded
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that under the shear stress, the cylindrical structure is more prone to sediment initiation
and transport in the 45◦ angle direction on both sides, while in contrast for the streamlined
foundation, only sediment with smaller particle size can be eroded and transported along
the streamlined foundation. Aly et al. [11] concluded that this can prove that streamlined
foundations have better scour protection effect compared to cylindrical foundations.

For multi-pile bearing structures, it has been found that changing the relative position
of the bearing can achieve the effect of scour protection. Yang et al. [95] found that in this
type of pile foundation structure, burying the bearing-structure under the bed would have a
better scour protection effect. The scour pattern of this form of group pile structure depends
strongly on the flow type, with different erosion topography under wave–flow coaction,
pure current action and pure wave action, and the scour intensity under wave–flow coaction
and current action is greater than that under wave action. Under wave action, the scour of
this multi-pile bearing is influenced by the angle of incoming flow, which causes a larger
scour range when the incoming flow faces the sharp angle of the bearing.

Figure 32. Al-Shukur [83] measured scouring depth of different pile types (with permission from the
author, open access).

Figure 33. Streamlined extension foundation (with permission from Ocean Engineering, 2021) [11].

5. Bed-Reinforced Scour Protection Scheme

The bed-strengthening scheme is the most common method to reduce local scour [96],
mainly riprap, cement strengthening [97], bionic grass [98], etc. Riprap protection is most
widely used. Tang et al. [15] studied the role of riprap protection from three aspects, such
as the failure mechanism of riprap protection scheme, the selection of riprap size and
quantitative damage analysis.
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It is generally believed that the damage failure of the riprap protection scheme occurs
under dynamic bed conditions [99]. When the bed as a whole is scoured by the moving
bed, the overall change of the bed topography will destroy the structure of the riprap layer
and cause the overall damage of the riprap protection. When the relative flow velocity
V/Vc > 0.35, smaller rocks can undergo shear damage, causing the local destabilization
of the riprap protection layer [99,100]. Compared with rigid materials such as horizontal
plates, the deposits in the interstices of riprap protection are more susceptible to erosion by
water flow and affect the effect of scour protection, in which the horseshoe vortex plays a
major role [15,101,102]. Nielsen et al. [102] considered the flow velocity of water in the pore
space and concluded that the vortex formed by the water in the pore space causes erosion
of sediment.

The design scheme of riprap protection mainly considers the size range, thickness,
and placement depth of the riprap layer [15,103]. Chiew [104] assumes that the rock is
coarse sediment and applies the flow rate at which the round pile jetty begins to scour
as the threshold velocity and V/Vc > 0.3 as the design criterion for the minimum shear
damage size. Croad et al. [105] proposed a formula for calculating the throw size based
on experimental studies and previous experimental data. De Vos et al. [106] proposed a
formula for calculating the throw size required for scour protection of monopile structures
under the action of combined waves and currents as follows:

τcr,pred = 83 + 3.569τc + 0.765τw (4)

where τcr,pred is the critical initiating shear stress for riprap protection design; τc and τw are
the bed shear stresses due to current and wave breaking action, respectively. All parameters
in the equation are in N/m2. Equation (4) relates the critical shear stress τcr,pred required
for riprap protection design to the bed shear stresses induced by currents and waves, and
the riprap size is designed by the required bed shear stress. The authors conclude that
the required stone size can be significantly reduced and the design solution is more cost
effective when compared with the equation for the typical case in the European North Sea
waters. In the second part of the paper the authors consider the optimization of the design
process by allowing finite motion of the top stone [107].

Melville and Coleman [99] proposed a quantitative equation for the design of riprap
protection rock sizes:

dr50

y0
=

A
Ss − 1α Frβ (5)

where y0 is the average flow depth; Ss is the gravity of the riprap layer; Fr is the Froude
number of flow; and A, α, b are coefficients.

Lauchlan and Melville [100] tested the effect of riprap placement depth on scour and
found that when the riprap layer is located below the bed surface, it can effectively reduce
the local scour depth and has better scour protection.

In addition, the pore grouting reinforcement of thrown rock layers [108,109], the
analysis of differences between large and small experiments [110], with other kinds of
filling materials [111–114] is also studied.

6. Main Problems on Scour Protection Countermeasure

The main problems of scour protection scheme research in the literature are the relia-
bility of the scour protection scheme and inconsistency of the experimental environment
of various scour protection scheme-related research, the difficulty of horizontal compar-
ison, the large variance of maximum scour depth reduction rate of important indexes,
etc. At present, the relevant research on scour protection schemes should start from the
following aspects:

1. Reliability of the scour protection scheme. Reliability refers to the lack of field
data on scour and scour protection schemes [115], and field data are especially important
for the study of scour protection schemes, especially the effect of the flooding period.
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Some papers show that during floods, when the pile becomes submerged or when the
flow is relatively deep, countermeasures may not properly reduce scour hole [116,117].
Many researchers believe that the actual marine environment has large differences from the
laboratory simulation environment, and some factors cannot be considered by model tests.

2. Consistency of comparison of various protection schemes. Due to the inconsis-
tent hydrodynamic environment and bed conditions of various types of studies in the
literature, as shown in Figure 34, experiments in different studies were conducted at dif-
ferent experimental sites and environments [15]. The experimental environment lacked
consistency. Therefore, it is difficult to make a cross-sectional comparison between different
types of scour protection schemes, and the maximum scour depth reduction rate of similar
scour protection schemes has a large variance. It is necessary to consider examining the
magnitude of scour reduction capacity of each scour protection scheme under consistent
environmental conditions.

Figure 34. Comparison of erosion reduction rates of various erosion protection schemes in the
literature [39,40,57,59,60,64,80,86,89,118,119].

3. Protection (Ep)-flow rate (U/Uc) curve. Through the above part of the study, we
found that the main problems of the current research in the category of scour protection
schemes for marine engineering structures are that the maximum scour depth reduction
rate Ep has a large variance under different hydrodynamic conditions, and the flow velocity
is the most important factor affecting Ep. Since similar scour protection schemes have large
variance, the authors expect that the maximum scour depth reduction rate is related to
the flow velocity as a function of the protection (Ep)-flow velocity (U/Uc) curve, which
is more essential feature to reflect the protection ability of scour protection schemes. The
maximum scour depth reduction rate may increase and then decrease with the increase in
flow velocity. There is a scour reduction rate Ep min under the most unfavorable conditions
in the dynamic bed, or it may fail directly and cannot play the role of scour protection.
Ep min is an important parameter to be considered in the design and selection of scour
protection scheme.

7. Applicability Analysis of Scour Protection Schemes

The applicability of different types of scour protection schemes summarized in
Sections 4 and 5 is analyzed, based on the design principles of scour protection schemes
for marine engineering pile foundation structures given in Section 2. The applicability of
the protection schemes is shown in Table 7.

The openings through a piers scheme includes equivalent pile, pile slots, and flow-
guiding tube scheme. In practical engineering applications, the openings significantly
reduce the strength of the pile from the view point of structural capacity against forces. The
equivalent pile scheme has good application prospects and needs to focus on the structure
capacity of the pile foundation. Its protection design concept is close to the design principle
of inherent safety, which can make it less prone to failure under extreme hydrodynamic
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conditions and satisfy the principles of independence and economy. It has the ability to
protect against scour without destroying other safety properties of the pile foundation.
The flow-guiding tube scheme is not suitable for steel pile foundations in offshore projects.
The flow guiding tube scheme can affect the corrosion resistance of the pile foundation
structure, shorten the safety service life. Steel pile foundations have a hollow structure
inside and are susceptible to seawater corrosion in a dynamic marine environment. It
requires a dense layer of corrosion-resistant material to be applied to the outer layer of
the steel structure to ensure the safety service life. The safety service life usually exceeds
20 years. The pile slots significantly affects the mechanical properties of the structure. It
has greater impact on the tensile and shear strength of the structure and directly affects
the strength of the structure. Partial studies have suggested that during flood events, the
implementation of slots does not demonstrate effective mitigation of local scour [117]. In
the actual engineering application, the pile slot scheme rarely appears.

Table 7. Applicability analysis of scour protection countermeasure scheme.

Class Protection
Principle of Independence Principle of Economy

Does Not Affect Mechanical Properties Does Not Affect Chemical Properties Does Not Affect the Environment Easy to Produce

Openings through piers scheme
Flow-guiding tube X × X ×
Pile slots × × X X
Equivalent pile X X X X

Structure attachment scheme

Horizontal plate X X X X
Vertical plate X X X X
Vanes X X X ×
roughed pile X × X ×
Extend foundation X X X X

Bed attachment scheme
Sacrificial piles X X × X
Deflectors X X × X
Sand barriers X X × X

Riprap scheme X X X X

Structural attachment schemes include horizontal plates, vertical plates, vanes, threaded
piles, roughed pile bodies, and extended foundations. The horizontal plate protection
scheme has been extensively studied. By manipulating bypass flow and fortifying the bed
layer, it achieves scour protection independently from the pile foundation structure itself,
preserving structural performance while minimizing environmental impact. This scheme
boasts advantages such as simplicity in construction, easy installation, and adherence to
economic principles. Notably, several projects have already successfully implemented the
horizontal plate scheme. The vertical plate scheme bears resemblance to the horizontal
plate structure and is affixed to the structure through attachment methods. It can be
manufactured and installed using prefabrication techniques, offering a straightforward
design with low economic costs. The primary function of vertical plates is to disrupt the
horseshoe vortex structure around the object, thereby reducing hydrodynamic factors that
contribute to foundation scouring. As a result, it minimizes the environmental impact,
reducing the likelihood of extensive scouring and broader ecological changes.

Vanes are installed on the pile body and attached to the bottom of the pile foundation.
The implementation of vanes inside offshore zones may be impossible, since the water
body may prevent the correct construction of near-bed structures. The attachment of vanes
to the pile body necessitates comprehensive structural construction to ensure their stable
installation, preventing damage or detachment. This approach increases construction costs
and difficulties, deviating from the principle of economy. Threaded piles and roughed piles
significantly diminish the utility of anti-corrosion materials for the pile body, consequently
compromising the service life of anti-corrosion coatings. Threaded piles and roughed
piles schemes escalate construction costs, conflicting with the principles of independence
and economy. The extended foundation solution, exemplified by gravity foundations,
has matured and found extensive application in numerous projects. It has evolved into a
suitable pile foundation structure for offshore applications, satisfying the design principles
of independence and economy.
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The bed attachments represented by sacrificial piles, deflectors, sand barriers, etc.,
achieve the effect of changing the flow field around the pile and thus reducing scour
through the structures placed on the bed. The impact of these scour protection schemes
is mainly on the marine environment around the pile structure. The sacrificial piles and
deflectors scheme expand the scour volume and scour range around the pile structure,
which needs to be considered in the project.

The pile alteration schemes need to consider the applicability of the pile shape and
should meet the economic principle of easy construction. Some of the pile foundation
structure shapes such as long streamlined cylinders have been widely used in practical
projects such as cross-sea bridges, while some of the pile shapes in the literature are difficult
to build and implement.

Riprap protection, as the most widely used scour protection solution, does not affect
the basic performance of the pile foundation structures. It can satisfy the principles of
independence and economy. Destabilization of riprap layers by the progression of bed
forms past the pier is the dominantfailure mode under live-bed conditions. Edge, shear, and
winnowing mechanisms play secondary roles. Relevant design empirical formulas can be
applied for the design of riprap protection schemes. Combining turbulence-inducing protec-
tive measures with riprap protection can mitigate the occurrence of riprap failure [100,120].

Under the condition of satisfying the above design principles, the scour protection
schemes such as equivalent pile, horizontal plate, vertical plate, extended foundation,
riprap protection, part of bed attachment, part of pile type, etc., could be selected to focus
on the scour protection effectiveness of the scheme. The scour protection scheme that can
meet the engineering needs and is applicable to the actual offshore environment shall be
selected from the above schemes.

8. Summary and Outlook

This paper introduces the current situation of research and use of scour protection
countermeasures for offshore pile foundation structures and puts forward the design
principles of scour protection programs for offshore engineering pile foundation struc-
tures. Combined with the characteristics of existing scour protection schemes, this paper
elaborates on the classification of scour protection schemes for offshore pile foundation
structures according to the mechanism of action and analyzes the engineering applicability
of scour protection schemes. Through the analysis, it is proposed that under the condition
of meeting the design principles of scour protection schemes, the effectiveness of scour
protection schemes such as equivalent piles, horizontal plates, vertical plates, extended
foundation, slope protection, local bed attachment, and local pile type should be selected
for critical research.

It is particularly important to construct an evaluation method for the effectiveness of
scour protection schemes for marine engineering structures in future research. At present,
there is no method for evaluating the effectiveness of scour protection schemes in the
literature. For the scour protection scheme, the evaluation method should be reflected in
the following aspects:

(1) Screening by the principles of scour protection scheme design;
(2) Making the reduction rate (Ep)-flow velocity (U/Uc) curve for this protection scheme

and finding the maximum scour depth reduction rate (Ep) under the most unfavor-
able conditions;

(3) Enhancement factor K for the effectiveness of combined protection of flow-altering
protection schemes and bed-reinforcement schemes, compared to bed-reinforcement
schemes alone;

(4) Generalization study of scour protection schemes. Scour protection schemes can be ap-
plied to a wide range of marine engineering structures and hydrodynamic environments.
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