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Abstract 
Seabed scour caused by propellers is an increasingly widespread issue with re-
spect to offshore developments as a result of the continually rising sizes of 
vessels. This literature review aggregates current research literature from 2020 
through 2025 with respect to hydrodynamic principles of propeller jets, seabed 
scouring, computational fluid dynamic models of scouring, and related coastal 
engineering principles. Major research findings buttress the importance of jet-
ting confinement factors, sediments, and transient conditions of vessel opera-
tion. Although research progress in computational fluid dynamic models of 
seabed scouring from Reynolds averaged Navier Stokes models to more com-
plex models has been beneficial, major research gaps must be filled in models 
of seabed scouring on cohesive sediments, more representative models of ma-
neuvering conditions, and valid comparisons with real-world data. Major re-
search areas that need to be emphasized in the not too distant research future 
must encompass research on dynamic principles of seabed sediments, real-
world hydrodynamic principles of vessels, data gathering for real-world appli-
cations, and engineering models of enhancing seabed scouring resilience. 
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1. Introduction 

Seabed erosion caused by propeller jets, collectively known as propeller-induced 
scour, is a rising risk to the stability of maritime structures globally [1]. This rising 
number of larger, more powerful trading vessels combined with the proliferation 
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of offshore renewable energy installations has transformed what was hitherto a 
trivial maintenance issue into a serious geotechnical risk [2] [3]. This type of scour 
is fundamentally different from that caused by ambient currents; it is character-
ized by the presence of a strongly turbulent, rotational, or even wall-confined jet 
that exposes the seabed to regionally extreme bed shear stresses [4] [5]. Despite 
many decades of cross-disciplinary research into the hydrodynamics of high-
speed jets of water, relevant seabed sediment processes, and numerical simula-
tions, there remains an evident chasm between the laboratory-based academic re-
search efforts, often with idealized assumptions, and real-world ports or offshore 
applications [6] [7]. This paper draws together some of the current literature re-
lated to four essentially intertwined areas of study: basic hydrodynamic principles 
of propeller jet behavior, the mechanics of scouring, current numerical models of 
scouring, and the subsequent engineering implications. This review aims to con-
solidate current understanding through an analysis of recent experimental, nu-
merical, and field observation studies, thereby establishing a framework for iden-
tifying key research needs to better align theoretical understanding with effective 
engineering practice. 

Literature Search Methodology 

A literature search was carried out for peer-reviewed publications between the 
years 2020 and 2025. Databases such as Scopus, Web of Science, and Google 
Scholar were searched using keywords such as “propeller-induced scour”, “CFD 
scour modeling”, “jet erosion”, or “coastal infrastructure scour”. While searching 
for publications, the titles and abstracts were filtered to select publications that 
were relevant to either the hydrodynamics of propeller jets or the scouring of sed-
iments or related studies of numerical models for engineering purposes. A total of 
37 publications were selected for this literature review. 

2. Propeller Jets Hydrodynamics  

The hydrodynamic processes involved for propeller-induced scouring are com-
plicated and relate to the interaction of a high-speed swirling jet of water with the 
bed of sediments, often in a constrained geometry of ports or waterways. This 
document synthesizes the literature into the current state of understanding with 
respect to the major hydrodynamic issues that emerge in the literature. 

A cross-section of the hydrodynamics of a jet induced by a propeller, with two 
panels that work in tandem with each other, is shown in Figure 1. While the left 
panel describes the spatial process of jet development with the Zone of Flow Es-
tablishment (ZFE) and the Zone of Established Flow (ZEF), the right panel de-
scribes the velocity decay process of the jet for three important boundary condi-
tions: for a jet in the open, attached to a boundary, or in shallow water. Figure 1 
distills the important conclusion that any boundary or seabed confinement does 
indeed work to slow down velocity decay by promoting higher velocity levels with 
a subsequent influence on bed scour. 
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Figure 1. Propeller jet hydrodynamics: (a) schematic of jet development showing the Zone of Flow Establishment (ZFE) and Zone 
of Established Flow (ZEF) with velocity vectors; (b) normalized axial velocity decay for free, wall-attached, and confined jets. 

2.1. Velocity Decay and Jet Structure 

The erosive force of the propeller depends on the characteristics of the turbulent 
jet it generates. One of the experimental correlations for such jets is that the max-
imum velocity of efflux (U0) is always found at about 0.5 times the diameters of 
the propeller downstream of the plane of the propeller [8]. The velocity distribu-
tion in such a jet decreases axially with a rate of decay that is one of the major 
factors responsible for the bed shear stress. It is found that the velocity distribution 
is affected by the hub of the propeller, resulting in a bi-velocity peak, and that the 
swirling velocity does not affect it significantly [8] [9]. 

This is important information for simplifying models representing real-world 
complex phenomena but could potentially neglect some complex interactions, 
such as that of maneuvering, where some influences of swirl velocity could appear 
in sediment entrainment. 

One of the key considerations is the presence of boundaries. As a jet approaches 
the seabed or the quay wall, it is drawn to the boundary by the Coandă effect, with 
the attendant reduction in lateral dispersion and enhanced boundary flow speeds 
[9] [10]. Huang et al. [11] showed that in recessed areas with small clearance 
heights (Zb/Dp < 1), the boundary jet-attachment process can extend the area of 
high seabed shear stress. A major limitation of current hydrodynamic models is 
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their focus on steady-state or “bollard-pull” conditions. Almost all of the founda-
tional works, including the more popular literature reviews, investigate fixed pro-
peller configurations, disregarding the dynamic influences of a moving body, in 
which the coupling between the jet phenomenon and a time-varying inflow field 
could appreciably influence jet growth as well as bed impingement [8] [11]. 

2.2. Confined vs. Unconfined Jet 

The presence of a solid boundary significantly alters the scouring effect. When an 
unconfined jet hits a flat seabed, a scour hole is formed with geometry dependent 
mostly on the energy of the jet as well as the bed material properties [12]. A jet 
striking a vertical quay wall, on the other hand, becomes confined, resulting in the 
development of complex three-dimensional vortex systems (such as wall or horse-
shoe vortices) that enhance erosion [5] [13]. This amplification of scour depth by 
the presence of a wall was measured to be 50% - 70% by Cihan et al. [5], whereas 
the merging of scour holes with unique geometry was observed by Cui et al. [12] 
for twin-propellers striking a wall. 

It is observed that the rotation of the propellers (whether it is external or inter-
nal in twin systems) affects the point of maximum scour depth in the cross-direc-
tion by causing differences in the merging of twin jets [6] [13]. Nonetheless, the 
current study offers a simplification by identifying “confined” or “unconfined” 
conditions. But in real-world harbor operations, the jet could quickly change be-
tween the two conditions or remain partially confined by sloping banks or rubble 
mounds, which is not captured adequately in existing literature. 

2.3. Scaling Laws and Similarity Considerations 

Scaling from the results of models to prototype predictions is an engineering tradi-
tion, accomplished by means of densimetric Froude similitude [6] [10]. This allows 
the ratio of inertio- to gravitational forces on sediment particles to be scaled con-
sistently and has been shown to work for the prediction of scour depth at equilib-
rium. More recent theoretical efforts, however, aimed at finding more basic models 
of scaling. Scaling models for equilibrium scour of sediments by a turbulent wall jet 
were developed by Dey & Ali [13] or Lu et al. [14] by means of dimensional analysis 
and turbulence models. These models propose a “wall jet scour number”, which ex-
presses jet velocity, scale, grain size, and critical shear velocity. This idea offers a very 
attractive theoretical basis, which goes clearly beyond empirical models [14] [15]. 

A critical assessment of such work indicates that there is a certain contrast be-
tween theoretical models and their ability to work in practice. Although these new 
scaling models work very well with regard to the historical data sets employed, it 
is important to note that such validation is practically limited to classical wall jet 
tests and, by no means, to rotating propeller jets with their characteristic rotation 
and turbulence. Moreover, as it is observed by Wei et al. [9], some issues with 
regard to the turbulence intensity or transport modes (bedload or suspension) re-
main to be resolved for Froude models, avoiding possible anomalies in calculating 
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rates of scour development.  
On a positive note, it is certain that the engineering community would appreciate 

some efforts to validate new theoretical models of propeller scour on a large scale. 

3. Seabed Scour Mechanisms Induced by Propeller Jets 

Propeller jet interactions with the seabed represent an important engineering con-
sideration for the stability of coastal/offshore constructions, navigation, and sea-
bed mobility. This literature review distills the current literature to better under-
stand the involved phenomena, models, and current state of knowledge with re-
spect to propeller-induced scouring. It is organized around key topics extracted 
from the body of literature, progressing from basic interactions of flows with the 
seabed to more complex considerations. The key findings from this reviewed 
literature are summarized in Table 1. 

3.1. Temporal Development of Scour Holes 

There is a widely documented three-stage pattern of propeller scour development: 
initial rapid growth, a phase of reduced rates of the process, and finally, an equi-
librium phase [10] [16]. Initially, the rates of scour development are very vigorous; 
it is documented that more than 60% of the total scour depth can develop in the 
first tenth of the total development time [10] [17]. These vigorous rates of devel-
opment pose critical challenges to the monitoring of infrastructure development 
stages before an obvious equilibrium is reached. 

Equilibrium timescales are extremely uncertain. In laboratory flume experi-
ments, for example, equilibrium can be reached in a matter of hours [17], whereas 
in the real situation, intermittent scouring timescales could be of the order of years 
[1] [18]. This difference is one of the significant drawbacks of laboratory experi-
ments, since here the propellers work continuously, whereas the real situation in-
volves aggregate periods of high thrust in brief instances of berthing or maneu-
vering. Additionally, it is also found that in the real situation, lower levels of equi-
librium are usually observed, as opposed to laboratory experiments [1] [2]. This 
is likely due to the presence of natural variability in sediments, armoring, or peri-
odic replenishments through natural transport of sediments into the area—a sit-
uation that is not taken into account in laboratory experiments. An interesting 
laboratory observation of “jet flipping” in wall jet experiments, where the jet 
switching between bed-attachment and surface-attachment modes results in peri-
odic scouring and fill, implies that the situation of equilibrium is not fixed in many 
real-world flow situations [19]. 

Although helpful as a theoretical construct, there is considerable variability in 
real-world timescales for development with flow intensity (F0), type of sediments, 
and boundary conditions. Real-world timescales for scour at the field scale could 
potentially be longer on account of scale effects and seabed properties [9] [11]. 
“Equilibrium” in real-world applications is more likely a state of dynamic equilib-
rium, where scour is effectively negligible over engineering timescales (Figure 2). 
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Figure 2. Temporal development of propeller-induced scour depth, showing the charac-
teristic three-stage evolution: rapid initial scour (Stage 1: 0 - 2 hours), slower development 
(Stage 2: 2 - 8 hours), and approach to quasi-equilibrium (Stage 3: 8+ hours). Model curve 
corresponds to logarithmic growth for clear-water scour. Experimental data points indicate 
variability of laboratory results [9] [11] [20]. 

3.2. Key Governing Parameters 

Systematic experiments have revealed the major factors that contribute to the ex-
tent of scour. Bed shear stress, calculated from jet velocity just above the bed, is 
the principal erosive agent. It is most sensitive to the clearance height of the pro-
peller (Zb), with various experiments clearly indicating an inverse relationship, 
where shorter clearance height caused maximum scour depth with a resulting 
change in the hole geometry [5] [10] [20]. The densimetric Froude number (F0, 
defined as the ratio of jet velocity to the submerged settling velocity of sediment 
particles, reflecting the relative importance of inertial to gravitational forces) is 
found to significantly indicate the scour depth, being a major input for various 
prediction relations for scour depth [5] [6] [20]. 

However, the relationship between these variables is complicated and nonlin-
ear. For example, the role of the wall clearance (Xw) with respect to scour depth is 
important only up to a certain point (approximately 8Dp) beyond which it ceases 
to be effective [20]. Again, the impingement angle of the jet determines the geom-
etry of the scour, with higher impingement angles resulting in narrower scarps 
[16]. The engineering issue here is that these variables are interrelated. A change 
in the draft of the vessel (which affects Zb) with respect to cargo operations will 
mean that there is a corresponding change in the impingement angle as well. Cur-
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rently, most of the engineering equations are of the form that each of these varia-
bles is independent, which could be a reason for the considerable scatter of data 
that is observed. 

3.3. Influence of Sediment Type 

This depends largely on the type of sediments on the seabed. While for uniform 
sands that are non-cohesive, scour depth is inversely related to grain sizes, as more 
shear force is needed for larger grains to break away [15] [21]. More research work 
is limited to this type of sand, understandably for obvious reasons, establishing a 
robust but limited body of knowledge. 

Figure 3 shows the effect of the presence of clays on scour depth. Çihan et al. 
[5] gave a great contribution to the understanding of the effect of sand-clay mix-
tures by determining that a 5% - 10% mixture of clays significantly decreases the 
scour depth for low- to moderate-energy jets. Notably, for high-energy jets (F0 > 
11), the scour depth for clays was almost the same as that for non-cohesive sands, 
despite the electrochemical bonds between particles, revealing that there is a 
threshold energy beyond which hydrodynamic forces become dominant over 
electrochemical bonds. This result is of great importance for ports with muddy 
sediments but is limited to a study employing kaolin clays. A huge research gap is 
left for other clay materials. 

 

 
Figure 3. Normalized scour depth (ε/Dp) as a function of densimetric Froude number for 
different sediment types. Non-cohesive sand has the maximum scouring ability. The criti-
cal value of 5% - 10% of clay mentioned by Cihan et al. [5] is transitional: 5% clays classify 
as sands for F0 values larger than 11.3 since there is less scouring for lower F0 values, indi-
cating that it is a cohesive material. A threshold F0 value of about 9 is observed for a purely 
cohesive material like clay for which there is little erosion below it [16]. 
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Table 1. Summary of key findings from reviewed literature on seabed scour mechanisms induced by propeller jets. 

Paper (Author, 
Year) 

Scour Type 
Studied 

Jet-Seabed 
Interaction 
Parameters 

Sediment/Seabed 
Properties 

Scour 
Development 

Behavior 
Key Findings Limitations 

Cihan et al.  
(2025) [5] 

Local equilibrium 
scour near vertical 

quay wall 
(confined scour). 

Wall clearance 
(Xw/Dp), propeller 

offset height 
(y0/Dp), 

densimetric 
Froude number 

(F0), clay content 
(p). 

Sand-clay 
mixtures  

(d50 = 0.24 mm 
sand; kaolin clay 

d50 = 0.0042 mm); 
clay content 0%, 

5%, 10%. 

Scour depth 
increases with  

F0 and decreases 
with Xw; cohesion 
reduces scour at 

low F0. 

Critical clay 
content for 

cohesion effect 
~5% - 10%;  
wall effect 

negligible for  
F0 > ~11.3. 

Limited to fine 
sand & kaolin  
clay; no field 
validation. 

Curulli et al. 
(2022) [6] 

Local equilibrium 
scour near vertical 

quay wall 
(confined scour). 

Wall clearance, 
bed clearance, 

rotational speed, 
densimetric 

Froude number 
(F0 = 23 - 32). 

Uniform sand:  
d50 = 0.25 mm,  
d90 = 0.375 mm. 

Two scour holes 
form: near wall 
(deflected jet)  
and far from  

wall (direct jet 
impact). 

Formulas to 
estimate eroded 

volume from 
scour dimensions; 
backward rotation 

does not affect 
near-wall scour 

morphology. 

Limited to  
two bed/wall 
clearances;  
no cohesive 
sediments. 

Wei et al.  
(2020) [9] 

Unconfined  
(free jet) scour; 
Confined scour  
at vertical and 
sloped quays. 

Densimetric 
Froude number 
(Fo), clearance 
ratio (Zb/Dp), 

toe/wall clearance, 
rudder angle. 

Non-cohesive 
sand (d50).  

Clear-water scour 
conditions. 

Temporal 
development 

follows log-time 
relationship. 

Maximum scour 
depth depends 

mainly on Fo and 
Zb/Dp. Confined 
scour involves 
interplay of jet 

flow and junction 
vortex. 

Empirical scour 
equations are 
dimensionally 
inconsistent;  
scale effects  

not fully 
addressed. 

Huang et al. 
(2025) [11] 

3D local scour in 
restricted water 
(equilibrium). 

Clearance height 
(Zb), Propeller 
efflux velocity 

(Vp), Densimetric 
Froude  

number (Fro), 
Impingement 

angle. 

Non-cohesive 
sediment  

(wood flour).  
D50 = 0.58 mm. 

Three-stage 
evolution: rapid 
initial (>60%), 

slower 
development, 
equilibrium. 

Proposed 
logarithmic 
equation for  

max scour depth 
over time. Scour 
depth & length ↑ 

as Zb ↓. 

Sediment is  
wood flour; 

settling similarity 
not considered;  

model scale  
1:36. 

Cui et al.  
(2020) [12] 

Quay-wall  
scour (local, 

equilibrium 3D 
scour by twin 
propellers). 

Clearance  
from bed, 

Propeller-to-wall 
distance, Rotation 
direction, Efflux 

velocity, F0. 

Uniform sand.  
d50 = 0.2 mm. 

Three-stage 
evolution: axial 

formation, 
obstructed 
expansion, 

equilibrium. 

Maximum scour 
depth increases  

up to 70% due to 
wall at close 

distance (3Dp). 

Static propeller 
position (berthed 

ship); not 
applicable to 
maneuvering. 
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Continued 

Macías-Lezcano  
et al. (2024) [22] 

Confined scour  
at vertical  
quay wall 

(equilibrium). 

Wall clearance 
(Xw), bed 

clearance (Zb), 
impingement 

angle, propeller 
speed (np), 

sediment size 
(d50). 

Coarse/medium 
sand, fine gravel; 

uniform 
gradation. 

Time evolution 
tracked; 

equilibrium 
defined by  

erosion rate. 

Linear 
relationship:  

εmax ∝ Xw for Xw < 
Xmu; scour depth 
increases with np, 
decreases with Zb 

and d50. 

Limited to Xw ≤ 
8Dp, Zb ≤ 2.5Dp; 
scale effects may 

apply. 

Llull et al.  
(2021) [23] 

Confined local 
scour near  

vertical quay wall; 
time-dependent. 

Wall clearance 
(Xw), bed 

clearance (Ch), 
efflux velocity 
(U0), sediment 
size, time (t). 

Uniform sand:  
d50 = 375 μm; 
non-cohesive. 

Two scour holes 
form (HBH & 
FWH); may 

merge; evolution 
tracked up to  

60 min. 

Xw is dominant 
parameter; scour 
depth ∝ U02/Xw; 

threshold F0,  
wall ≈ 0.25 

triggers scour. 

Sediment size 
fixed; scaling 

effects not fully 
quantified. 

Craig et al.  
(2023) [16] 

Local scour/ 
resuspension 

(instantaneous 
erosion, not 
equilibrium  

hole). 

Bed shear stress 
(via empirical 

formula), 
clearance (Hp), 

cohesive  
sediment. 

Two classes: 60% 
fines (clay/silt), 
40% fine sand;  

τc = 0.318 N/m2. 

Threshold, 
development,  

and deposition 
stages after 
propeller  

stop. 

Erosion rate 
follows linear 

relationship with 
excess shear stress 

for cohesive 
sediments.  

hp-based model 
better than  

RPM-based. 

Focus on 
resuspension,  
not long-term 

scour hole; 
homogeneous  

bed assumption. 

 
In addition, natural seabeds are often graded or layered. This is observed by 

Duan et al. [4], who point out that “armoring layers” can form on these types of 
seabeds, with the finer material being stripped away, leaving a layer of coarse ma-
terial that shields the seabed from erosion. This self-limiting effect is probably one 
of the major contributing factors for the difference between laboratory-predicted 
scour depths and real-world observations, and is never accounted for in current 
models of scour. Perhaps the biggest flaw in the current state of scour research is 
that it is almost entirely limited to uniform, non-cohesive sand. 

4. CFD Modeling of Propeller-Induced Scour 
4.1. Methods of CFD: From RANS to High-Fidelity Approaches 

Computational Fluid Dynamics (CFD) is the architectural foundation of current 
scour models. Reynolds Averaged Navier-Stokes (RANS) equations, solved with 
turbulence models k-epsilon or k-ω, remain the most widely used models of tur-
bulence that strike the best ratio between solution accuracy and computational 
efficiency for engineering purposes [1]-[3] [24]. For example, turbulence models 
of RANS type were successfully used for resolution of the horseshoe vortex system 
and the universal scour development around fixed structures, such as monopiles 
[2]. On the other hand, applying time-averaging to solve RANS relations could be 
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inappropriate for resolution of important energy-containing fabric of turbulence, 
characteristic of strongly unsteady flows, such as those induced by rotating pro-
pellers [25]. In such cases, more accurate LES/DES approaches could be utilized 
for simulations [2] [4] aimed at more profound research. Though these models 
provide significantly better predictability of mixing in turbulence and vortex phe-
nomena, their great computational cost limited their application until now for 
such complex tasks as engineering-scale scour simulations [25] [26]. 

Consequently, a pragmatic selection strategy emerges: RANS models are well-
suited for large-scale engineering screening, preliminary design, or situations 
where computational efficiency is paramount. In contrast, LES or DES methods 
are restricted to forensic studies, basic research on turbulent physics, or situations 
where modeling the complex transient behavior of a propeller jet plays a crucial 
role in the problem under investigation. 

4.2. Propeller Modeling Approaches 

One of the key challenges in the numerical modeling of scour caused by a propel-
ler is representing the propeller in the CFD model correctly. This varies from a 
considerable simplification to a detailed representation. One of the ways of sim-
plification is using the actuator disk or momentum source term, where essentially 
the effect of the propeller is simulated by adding momentum to the computational 
domains without necessarily requiring a detailed representation of the geometry 
[16] [27]. This is a considerable simplification that helps reduce the computational 
complexity of the simulation, allowing for larger domains to be modeled with a 
considerable emphasis on far-field dispersion of the sediment cloud. Nonetheless, 
it is ineffective for modeling the complex turbulence, tip vortices, and boundary 
regional rotational flows that are important for bed scouring around the bed [27]. 
A more detailed representation is gained using the Sliding Mesh or Overset Mesh 
models, that attempt to represent the geometry of the propeller explicitly with ro-
tation incorporated. This is much more detailed for representing the complex, 
swirling jets correctly [20] [24] [28]. A significant research gap here is that in al-
most all of the existing literature related to the use of CFD models for scouring, 
propellers’ geometry for such scouring processes is either entirely disregarded or 
fixed structures such as piles or pipelines are modeled [1] [4] [7] [10]. This is a 
significant research gap that suggests that despite evidence of preceding research 
in the area of numerical models for scouring in general, applications of such mod-
els for the peculiar hydrodynamic conditions created by a propeller are still re-
markably underdeveloped [9]. 

From the table produced using numerical methodology (Table 2), it is observed 
that the research field is in a state of transition, where a trade-off between meth-
odologies is evident. Most of the research is either using actuator disk models with 
reduced complexity to estimate large-scale sediment transport plumes but with no 
consideration for bed scour mechanics or using advanced sliding meshes to esti-
mate the rotation of the propeller with models that only account for suspended 
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loads. This state of affairs draws attention to a critical gap in research: there is no 
integrated approach that is able to couple complex propeller hydrodynamic mod-
els with a sophisticated bed scour mechanics framework that can estimate bed-
load transport rates and the developed scour hole geometry, implying that despite 
significant research efforts in various aspects of the issue, a capable CFD-based 
prediction tool for studying propeller-induced scour seems to remain a promise 
for the future. 

 
Table 2. Summary of numerical modeling approaches for propeller-induced scour. 

(Author,  
Year) 

CFD Method & 
Turbulence  

Model 

Propeller  
Modeling 
Approach 

Sediment/Morpho
dynamics Model 

Validation  
Data 

Key Numerical 
Findings 

Model 
Limitations/Gaps 

Craig et al.  
(2023) 

[16] 

EFDC+ (3D RANS; 
Smagorinsky & 
Mellor-Yamada 

closures) 

Actuator 
Disk/Momentum 

Source. Efflux 
velocity converted 

to momentum  
flux; empirical jet 

profiles on subgrid. 

Suspended  
load only.  

SEDZLJ-based 
erosion formula  

for cohesive 
sediment; fully 

coupled transport 
of two size classes. 

Field ADV/PIV 
velocity data and 

TSS concentration 
samples from a 

tugboat operatio. 

Accurately 
reproduced 

horizontal/vertical 
plume extent. 
Nash-Sutcliffe 
Efficiency for 
erosion depth:  

0.85 - 0.98. 

Propeller model  
is empirical; bed 
load neglected; 
ship hull wake  
not modeled; 
performance  

grid-dependent. 

Shouman &  
Helal [20] 

RANS (Standard  
k-ε & Transition-
sensitive K-Kl-ω) 

Multiple Reference 
Frame (MRF). 

Fluid zone around 
propeller rotates  
as a rigid body 
(steady-state 

approximation). 

Not Applicable. 
Study focused 

solely on propeller 
hydrodynamics, 

not sediment 
transport. 

Experimental 
open-water test 

data (KT, KQ, η) 
and PIV/LDV 

wake 
measurements. 

Provided a 
methodology for 
turbulence model 
selection based on 
blade geometry.  
K-Kl-ω reduced 

error at high 
advance ratios. 

MRF is a  
steady-state 

approximation;  
no sediment/ 

scour modeling;  
no cavitation or 

multiphase  
effects. 

Kaidi et al.  
(2021) [24] 

URANS with  
SST k-ω; VOF  

for free surface; 
Finite Volume 

(Fluent) 

Full Geometry 
Resolution (hull, 
twin propellers, 

rudders). Moving 
wall for seabed;  
no actuator disk 
simplification. 

Suspended load via 
UDF. Convection-
diffusion equation 
for SSC; empirical 

reference 
concentration  

(van Rijn). No bed 
morphology 

update. 

Experimental 
trench data 

(velocity & SSC 
profiles) and 
propeller jet 

velocity compared 
to empirical 

formulas. 

Good agreement 
with experimental 

SSC & velocity;  
V0 matched 
established 
formulas; 
quantified 

confinement 
effects. 

No 
morphodynamic 

bed evolution; 
steady RANS may 

under-predict 
unsteadiness; 

model depends  
on empirical 

concentration 
calibration. 

Liu Liang  
et al. (2024) 

[28] 

Unsteady RANS 
with VOF; k-ε 

turbulence model; 
Two-Layer All y+ 

wall treatment. 

Sliding Mesh  
for transient 

propeller 
simulation 

(compared with 
less accurate  

MRF). 

Depth-averaged 
cohesive sediment 

(MIKE21 MT 
module). Two-way 

coupling via bed 
shear stress. 

Monitoring  
station sediment 

concentration  
data and KRISO 
tank test data. 

Thrust/torque 
errors < 2.62%; 
sediment model 

error < 5%; 
propeller wake 

reduced siltation 
by up to 0.11 

m/month. 

No waves;  
depth-averaged 
sediment model 

limits vertical 
process capture; 

limited to cohesive 
sediment. 
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Continued 

Srše et al.  
(2023) [27] 

MIKE 3 FM  
(3D RANS with  

k-ε closure) 

Actuator 
Disk/Source 

Model. Propeller  
as a moving 

momentum source 
(nozzle) with  

semi-empirical 
integral jet 
equations. 

Suspended 
sediment only 
(MIKE 3 MT). 

Empirical erosion 
based on critical 

shear stress; 
passive transport 

with two way 
coupling. 

Satellite imagery  
of surface plumes 
and in-situ water 

samples from  
a similar 

manoeuvre. 

Reproduced  
spatial pattern  

of resuspension 
plumes and 
identified  

high-risk erosion/ 
deposition zones. 

Simplified 
propeller model; 
no bed-load or 
morphological 

update; validation 
data limited in 

resolution. 

4.3. Sediment and Morphodynamic Modeling 

Hydrodynamics models coupled with sediment transport models are critical for 
scour simulations. When it comes to bed-load transport models, models devel-
oped by Engelund & Fredsøe, Van Rijn, or Meyer-Peter & Müller are universally 
coupled with CFD numerical solvers through equations such as the Exner equa-
tion for bed change representation [1] [3] [29] [30]. These models are fairly robust 
for sandy sediments but require calibration for application to sediments with 
grade or for cohesive sediments [2] [4]. When it comes to suspended load 
transport models, their representation is achieved through a convection-diffusion 
term with source terms representing entrainment or deposition with calibrated 
models [7] [22] [29]. Quite often, researchers who emphasize bed-load transport 
models ignore suspended transport models, thereby potentially causing a loss of 
total scour depth or downstream deposits [30]. More complex models include bi-
directional models that provide bed geometry information back to the flow solu-
tion. While physically more accurate, such models increase computational com-
plexities [4] [29]. 

The finest scale description is that given by the coupled Discrete Element 
Method (DEM)/CFD model, representing the sediment as discrete elements that 
interact with the fluid phase as well as with each other [10] [19] [31]. This is very 
good for capturing the physics of granular media but is ludicrously expensive in 
computation, allowing it to be practically used only for small-scale, small-time 
simulations with simplifications of the grain geometry to mere spheres [31] [32]. 
This means that there is a natural ordering here: Large-scale simulations with 
transport relations in RANS models for the phenomena, small-scale investigations 
with Coupled DEM/CFD for the processes. 

5. Coastal Engineering Implications and Mitigation 
5.1. Infrastructure at Risk & Assessment Techniques 

Propeller scour directly impacts various forms of infrastructure. Quayside walls 
can become vulnerable to toe erosion by confined jets, potentially undermining 
structural integrity [5] [13] [20]. Foundations in the comparatively harsh offshore 
environment, such as jackets supporting offshore wind turbine platforms, en-
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counter complex scour conditions that are very different from those of monopiles, 
with both local pile scour and global scour beneath the platform [7] [33] [34]. 
Submarine pipelines can become prone to free spanning as a result of local ero-
sion, making fatigue a possibility [26]. 

As for testing, empirical equations like the ones suggested in the PIANC guide-
lines (2015) are used by engineers. Nevertheless, it is observed in various research 
studies that such equations, developed using data from monopile structures, can 
be unreliable for other cross-sections [2] [8] [20]. Improved equations with im-
portant parameters such as wall clearance were suggested by Macías-Lezcano et 
al. [22] among other researchers. A major flaw is that these equations are devel-
oped using laboratory data for uniform sands. Their application in real environ-
ments with cohesive or graded sediments, complex loading, or complicated cross-
sections is still dubious. 

5.2. Mitigation Strategies: Structural and Operational 

Successful risk management requires a diversified approach. Structural methods 
of risk reduction include riprap armor work, concrete mattresses, and aprons. Chen 
et al. [18] used their research to quantify the effectiveness of riprap with respect 
to jacket foundations, concluding that it could lower scour depth by approxi-
mately 80% in clear-water scour, although its effectiveness decreases with live bed 
scour. One important lesson from such research is that protection must be de-
signed for sufficient depth and area to prevent edge scour. A primary limitation 
of structural solutions is their substantial upfront capital and installation cost, 
alongside ongoing maintenance requirements in a dynamic marine environment. 

Additionally, operational measures are often the earliest forms of defense. 
These measures include minimizing propeller revolutions per minute during crit-
ical maneuvers, using tug support to minimize the thrust of the principal propeller 
in proximity to infrastructure, and improving docking maneuvers [25] [27] [35]. 
Castells-Sanabra et al. [21] showed that other methods of conducting maneuvers 
could potentially lower scour by up to 80%. Simulation of ship maneuvers with 
hydrodynamic models has been used to visualize real-time scour risk [27]. However, 
the effectiveness of operational measures can be constrained by practical require-
ments for port efficiency, safety protocols, and the need for coordination between 
vessel crews and port authorities, which may limit their consistent application. 

In many cases, the most robust and economical solution is an integrated one 
that takes into account bed protection strategies such as targeting the quay toe, as 
well as other operational measures. An important research area that is still missing 
in the literature is the cost-benefit analysis of various portfolios of measures in 
terms of their lifetime cost, which would be of great use for the engineer/designer. 

5.3. Toward Risk-Based Design and Monitoring 

These inherent uncertainties are pushing the need for probabilistic risk models. A 
study by Kim et al. [36] introduced a procedure for determining the ultimate limit 
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state reliability of the foundation with respect to the risk of scour, taking into con-
sideration the uncertain parameters of environmental loads and scour prediction. 
This helps in more rational design, as it is based on reliability, unlike the use of 
arbitrary safety factors. 

The key to the future of scour prediction is the coupling of monitoring systems 
with prediction models. This is where “digital twins”, or real-time models of phys-
ical systems updated with real-time data from sensors, promise to be an important 
new approach [37]. In practice, such a system would function by continuously 
integrating field measurements—for instance, bathymetric data from multi-beam 
sonar—into a calibrated predictive scour model, enabling the real-time updating 
of risk assessments for critical infrastructure. Real-time bathymetric monitoring 
is one method of tracking scour development. While their application is intri-
guing, it is important to note that monitoring-prediction systems are still in their 
infancy with regard to their application in engineered systems. 

6. Conclusion and Future Research Directions 

Seabed scour caused by propellers is a multidisciplinary area of complexity that 
falls at the crossroads of hydrodynamics, sediment mechanics, computational 
modeling, and geotechnical engineering. This literature review has managed to 
synthesize the current state of research that shows that the fundamentals of prin-
ciples such as jet attenuation, confinement, and the three stages of scouring devel-
opment have been well established in an ideal laboratory setting. This would in-
dicate that it is not yet a straightforward situation as it applies to real-world appli-
cations that involve real sediments found at sea. 

Numerical models have evolved significantly, with methodologies spanning 
from effective RANS models to informative but expensive DEM simulations. 
However, there remains a gap between what researchers achieve with current 
state-of-the-art models and what needs to be developed for the purposes of engi-
neering design applications. Current trends in coastal engineering work toward 
more proactive approaches that combine monitoring, management, and selective 
shielding based on what is emerging as a risk-based paradigm. 

There is a need for collective efforts to fill the mentioned gaps. It is imperative 
to prioritize research efforts in understanding cohesive sediment erosion, typify-
ing hydrodynamic forces, and gaining key data through field validations. It is im-
portant that more interactions between researchers seeking answers in fundamen-
tal questions and practitioners trying to solve real-world engineering challenges 
be encouraged for the development of models, design principles, or management 
practices that would make it possible to better face the increasingly complex threat 
of scour caused by a propeller in such a context of increasingly heavy maritime 
traffic. 

Future Research Directions 
A synoptic analysis of the literature reviewed highlights the various gaps that 

need to be addressed for growth in the area. 
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1) Cohesive and Heterogeneous Sediment Dynamics: There is an urgent need 
to shift current research emphasis from the dominance of uniform sand to more 
investigations of scouring in layers of cohesive sediments (clay-silt mixtures), 
which are more abundant in harbor areas. This would need the development of 
new experimental techniques that account for the effective strength of sediments, 
besides developing erosion formulas that include geotechnical properties like the 
undrained strength of sediments into their models [4] [5]. 

2) Transient & Realistic Hydrodynamic Conditions: Research should progress 
from current fixed bollard pull hydrodynamic conditions. Experimental & com-
putational research should be prioritized related to real ship maneuvers like ac-
celeration, braking, turning, and using bow/stern thrusters. It is important for risk 
analysis of scours formed by such dynamic high forces for safe functioning of 
ports with heavy traffic [10] [20] [35]. 

3) Bridging the Scale Gap with Field Validation: One of the biggest challenges 
is the limited availability of good-quality, broad-spectrum data for field valida-
tions. There is a need for collaboration in gathering coordinated data during the 
execution of port activities, such as accurate thrust or propeller data of the vessels, 
detailed bathymetry observations before/after the incident, or near-bed hydrody-
namic observations. All these observations are critical for validating models at 
various scales [1] [8]. 

4) Multipurpose Numerical Tools for Engineers: High-quality simulations us-
ing CFD-DEM or LES can yield valuable information, whereas for various engi-
neering applications, it is important to develop accurate and reliable models. Cur-
rently, more attention is desired for improving standardized numerical models 
that couple various models such as RANS with morphodynamics. A proposal by 
Yazdanfar et al. [19] for upscaling is useful for this purpose, including its applica-
tion for scouring caused by a propeller. 

5) Integration with Structural Life Cycle and Risk Analysis: Research should 
focus on integrating scouring models with structural life cycle risk analysis to bet-
ter evaluate the real effects of scouring on structural foundation strength, natural 
frequency, and fatigue life [30] [36]. Additionally, the development of risk analysis 
models that incorporate hydrodynamic scour analysis, structural risk analysis, 
and economic optimization techniques would enable more effective and opti-
mized structural risk management. 
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