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ARTICLE INFO ABSTRACT

Keywords: Cohesive soil scour occurs in numerous hydraulic and geotechnical applications, yet it has received markedly

Scour less attention than scour in non-cohesive sediments. This study advances the understanding of scour processes

Subr_nerged water‘jets induced by a vertical, stationary, circular, developing, low-pressure water jet impinging on cohesive soils. A

Stationary water jets series of small-scale laboratory experiments was conducted using jet pressures ranging from 4.3 to 10 kPa, with

E::;;ZZSO]I two tests extended until equilibrium scour dept}.ls were reached. The cohesive soi} teste.d had an unfirained

Cable trenching shear strength between 4.5 and 5.9 kPa. The influence of key jet parameters, including nozzle diameter
and stand-off distance, on soil erosion was investigated through measurements of erosion depth, erosion
width, and erosion volume. The repeatability of cavities formed by stationary circular jets in cohesive soils
was also examined. Additionally, a semi-theoretical formulation is proposed to predict the equilibrium scour
depth. Unlike existing predictive models, the proposed formulation does not require soil-specific calibration
parameters. The model was validated using data from the present experiments as well as independent datasets,
demonstrating its robustness across different test conditions.

1. Introduction

Erosion caused by subaqueous water jets is increasingly observed
across a wide range of engineering contexts, including subsea cable
trenching (Warringa et al., 2019; Alhaddad, 2026), wastewater treat-
ment systems (Sharp and Joseph, 2009), deep-sea mining (Liu et al.,
2023; Alhaddad et al., 2024), and other marine and hydraulic engineer-
ing applications. A detailed understanding of the erosion mechanisms
associated with submerged jets is critical for advancing the design and
performance of hydraulic and offshore engineering systems. However,
the complex coupling between flow dynamics and soil response has
prevented the establishment of a theoretical framework for jet-induced
erosion. In particular, erosion processes in cohesive soil remain insuf-
ficiently investigated compared to those in non-cohesive soil. Circular
impinging jets can generate intense localized shear stresses and normal
stresses on cohesive beds, producing scour holes and mass erosion
failures that are still difficult to predict reliably.

Three main mechanisms are commonly distinguished in jet-induced
erosion of cohesive soils: mass erosion, surface erosion and flake ero-
sion (Mazurek et al., 2001; Palermo et al., 2024). Mass erosion is a
large-scale failure process involving the detachment and removal of
cohesive soil lumps of varying sizes, and it is responsible for the greatest
increases in scour hole dimensions. Winterwerp and Van Kesteren
(2004) described this mechanism as an undrained soil failure process
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in which pressure gradients induce cracking within the soil, ultimately
causing large soil lumps to detach. In contrast, surface erosion is
a more gradual process and is generally treated as a drained soil-
mechanical process. Mazurek et al. (2001) described surface erosion
as a particle-by-particle removal mechanism and observed that it was
commonly accompanied by the formation of a sediment cloud within
the experimental water tank. In flake erosion, thin soil flakes are
dislodged.

Over recent few decades, a range of dimensionless analysis ap-
proaches has been applied to examine the evolution of characteristic
dimensions of holes in cohesive soils (e.g., Mazurek et al., 2001; Dong
et al., 2020; Qiu et al., 2024). Mazurek et al. (2001) proposed that two
distinct scour hole morphologies correspond to different impinging jet
regimes, namely weakly deflected and strongly deflected jets. “Weak
deflection” holes are shallow and wide and have small (SOD/D)
values, and “strong deflection” holes are narrow and deep and have
large (SOD/D) values, where SOD is the stand-off distance and D
is the nozzle diameter. The authors differentiated between the two
regimes based on the value of an excess shear stress term (X — X,.)/X,,
where X is a parameter describing the hydraulic properties of jet
and X, is the value of X at which mass erosion first occurs. Dong
et al. (2020) investigated the critical conditions governing the onset
of scour and systematically evaluated the influence of key parameters
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- including nozzle diameter, jet velocity, impact height, scour duration,
moisture content, and critical shear stress — on the resulting scour hole
dimensions. Qiu et al. (2024) also analyzed the effects of jet velocity,
impingement height, and nozzle diameter on scour hole geometry.

Although jet-induced scour in cohesive sediments has been exam-
ined in several studies, most have focused on high-pressure water jets
and scour generated by fully developed jets. In contrast, erosion pro-
cesses associated with developing low-pressure water jets in cohesive
soils remain insufficiently explored. Low-pressure water jets are used
in different applications, such as Mass Flow Excavation Method (MFE)
and Water Injection Dredging (WID) (Sigwald et al., 2015). In con-
trast to conventional dredging operations, MFE utilizes high-volume,
low-pressure flow to excavate and relocate sediment without direct
interaction with the seabed. This method can be applied in cohesive
and non-cohesive sediment and is well-suited for applications such as
subsea pipeline de-burial, cable route preparation, and decommission-
ing of offshore structures. In WID, substantial volumes of low-pressure
water are injected directly into the sediment bed. This process decreases
the bulk density of the seabed material, resuspending it and generating
turbidity currents the transport the sediment away from the dredging
location (Fuller et al., 2024).

This study advances the understanding of scour processes induced
by a circular, developing, low-pressure water jet impinging on cohesive
soils. A total of eleven small-scale laboratory experiments were con-
ducted on such jets (jet pressure = 4.3-10 kPa), two of which were
extended until equilibrium scour depths were achieved. To ensure that
experiments start with developing water jets, the stand-off distances
(SOD) were maintained between 1 and 2.2 times the nozzle diameter
D, which are shorter than the potential core lengths proposed by Lee
and Chu (2012) (6.2D) and reported by Hashiehbaf et al. (2015) (4D).
The unique conditions of our experiments yield datasets that critically
contribute to the existing body of experimental data on cohesive soil
scour. Based on the underlying physics governing vertical jet develop-
ment and experimental data, a semi-theoretical formula is proposed to
predict the equilibrium scour depth. In contrast to existing predictive
models, the proposed formula does not require calibration parameters
specific to soil type. The formula was validated using experimental
data from the present study as well as independent datasets from
two previously published experimental investigations. In addition, the
repeatability of scour cavity geometries generated by stationary circular
jets in cohesive soils was examined, addressing a gap in the existing
literature.

2. Laboratory experiments

In this section, we describe the experimental setup, instrumentation,
test procedure and characterization of clay, respectively.

2.1. Experimental setup

The experiments were conducted in a rectangular glass tank with
internal dimensions of 3.0 m in length, 0.2 m in width, and 0.4 m in
depth (see Fig. 1). Circular nozzles of various diameters (5, 6.5, 8, and
10 mm) were designed specifically for this study and fabricated using
resin-based 3D printing to ensure precise geometry and repeatability. A
laser scanner was mounted on a motorized carriage capable of moving
along custom rails installed at the top of the flume.

2.2. Instrumentation

The experimental setup included an acoustic flow meter installed
in-line with the jet supply hose to continuously monitor the flow rate,
ensuring that the target jet velocity was accurately maintained for each
experiment. Flow rate control was achieved using a variable-frequency
drive, which allowed precise adjustment of the pump speed. To quan-
tify the resulting cavity geometry, an optical sensor (LLT3002-430)
was used. This sensor can capture detailed profiles with up to 1024
measurement points per scan at frequencies up to 10 kHz, providing
high-resolution measurements of cavity depth and width.

Ocean Engineering 364 (2026) 126866
2.3. Test procedure and data acquisition

Each test was conducted following a standardized procedure to
ensure repeatability and consistency of results.

Cohesive soil was prepared by mixing dry clay powder with
the required amount of water until a homogeneous mixture was
obtained. The undrained shear strength of the prepared clay was
then measured.

The clay was placed inside a cylindrical bucket (height = 15.5 cm),
and the clay surface was leveled using a spatula.

The bucket was positioned at the center of the water flume. The
jet nozzle was mounted on the mobile carriage at a specified
stand-off distance (SOD), measured with a caliper.

The flume was filled with water to a height of 10 cm above the
soil surface.

The experiment was initiated by simultaneously switching on
the water pump and the preset timer. When the timer com-
pleted its cycle, the experiment was paused for momentary cavity
measurements.

Water was drained from the tank to enable laser-based cavity
profiling, as the laser was operated above water. Any remaining
water within the cavity was carefully removed using a graduated
syringe.

The mobile carriage was translated along the flume at a controlled
velocity (circa 2 cm/s) so that the mounted laser scanner could
map the cavity at a constant scanning speed with a sampling
frequency of 25 Hz.

The cavity volume was measured by slowly filling the cavity with
water using a graduated syringe.

Water was supplied to the flume again, and the previous steps
were repeated to obtain the next momentary cavity measure-
ments.

Table 1 summarizes the experiments conducted in this study, in-
cluding the jetting conditions and the undrained shear strength of the
clay.

2.4. Characterization of clay

The cohesive soil used in this study was prepared by mixing wa-
ter with clay powder. The particle density of the clay powder was
measured as 2800 kg/m3. To ensure uniform consistency, water was
gradually added to the powder under continuous stirring. The standard-
ized soil preparation process produced samples that were homogeneous
and uniform in water content, particle size distribution, and mechanical
properties. Prior to each test, the undrained shear strength of the pre-
pared clay was measured and documented. The grain size distribution
of the clay is presented in Fig. 2, while characterizing properties of the
material are summarized in Table 2.

3. Experimental results

This section presents and discusses the experimental results. Here-
after, ‘cavity depth’ is used as an abbreviated term for the maximum
scour depth, and ‘cavity width’ for the maximum scour width in the
transverse direction.

3.1. General description of results

In stationary water jetting, jet duration is a crucial parameter in-
fluencing the resulting cavity shape. Selected examples of test results
are presented in Fig. 3 (temporal evolution of scour dimensions). Most
soil excavation occurs during the initial phase of testing. Subsequently,
smaller soil fragments are eroded, and the main geometric features of
the scour hole exhibit only gradual growth. Consequently, jet efficiency
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Hose

Water pump

Fig. 1. Schematic representation of the experimental setup illustrating its components.

Table 1

A summary of the experiments conducted within this study. D is the nozzle diameter, SOD is the stand-off
distance, s, is the soil undrained shear strength, Q is the flow rate through the nozzle, u, is the jet exit velocity,
po is the jet pressure at the nozzle exit, and r denotes a repeat test.

Test # D (mm) SOD/D SOD (mm) s, (kPa) QO (1/min) uy (m/s) Po/Su
1 5 1.0 5 5.69 5.28 4.48 1.8
2 5 2.2 11 4.51 4.74 4.02 1.8
2r 5 2.2 11 4.57 4.74 4.02 1.8
3 5 2.0 10 5.80 4.22 3.59 1.1
4 5 2.0 10 5.80 3.44 2.92 0.7
5 8 1.0 8 5.62 10.15 3.37 1.0
6 8 2.0 16 5.90 10.15 3.37 1.0
6r 8 2.0 16 5.61 10.15 3.37 1.0
7 10 1.0 10 5.52 15.55 3.30 1.0
8 10 2.0 20 5.54 15.55 3.30 1.0
97 6.5 1.5 10 5.65 7.80 3.92 1.4

2 These tests were conducted until reaching the equilibrium cavity depth.
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Fig. 2. Cumulative grain size distribution of the clay used in the experiments.

Table 2

Properties of the clay used in the experiments.
dy [pm] dy [pm] dsy [pm] dg [pm] dgy [pm] py [kg/m’]
0.8 2 4 5.6 22 2800

decreases as the jet duration increases. It should be noted that water jet-
ting was performed at the same location on the clay surface throughout
each experiment, and the jet time is treated as cumulative operating
time. We observed that the location of the maximum scour depth can

deviate from the jet centerline, which may be attributed to mass failure
mechanisms, particularly during the early stages of erosion, resulting in
asymmetrical scour hole geometries (Mazurek et al., 2001). Results of
Test 6r and Test 9 show that the equilibrium scour width is reached
much faster than the equilibrium scour depth. The latter was already
reached within the duration of Test 9, whereas it was not reached in
Test 6r.

The left panel of Fig. 4 shows an approximately logarithmic trend
for the temporal evolution of scour depth. In all our tests, the scour
volume increased monotonically with the scour depth. The right panel
of Fig. 4 shows the scour volume plotted against the scour depth for
Tests 1, 6r, and 9, where an almost linear correlation is observed.

3.2. Repeatability of experiments

There is a paucity of studies analyzing the repeatability of cavities
formed by stationary circular jets in cohesive soils. To address this gap,
two experiments — Test 2 and Test 6 — were each performed twice,
with the repeated tests denoted as Test 2r and Test 6r, respectively.
The same procedures for clay preparation and experimental operation
were strictly followed to ensure accurate replication. In this section,
we systematically assess variability of the scour outcomes when the
same conditions are repeated using our measurements and data from
two previous studies.

The normalized root mean square deviation (NRMSD) can be used
to quantify the repeatability of the cavity measurements, which reads:

\/ ¥ Tk, [X10) = X))
% T X1 + X))

2
NRMSD (%) = x 100 (@9)]
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Fig. 3. Temporal cavity depth evolution (left), width evolution (middle) and volume evolution (right) for Tests 1, 6r, and 9.
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Fig. 4. Temporal cavity depth evolution in semi-logarithmic scale (left) and scour volume plotted against the cavity depth (right) for Tests 1, 6r, and 9.

where X and X, represent the measured quantities obtained from the
original and repeated tests, respectively, 7, denotes the common mea-
surement times, and N is the total number of samples. The normaliza-
tion by the mean value renders the NRMSD dimensionless, facilitating
a quantitative assessment of experimental repeatability.

3.2.1. Test 2

Fig. 5 presents the temporal evolution of cavity volume and depth
for Test 2 and Test 2r. The results exhibit the same trends over time,
but deviations in the values are observed between the two tests. The
temporal evolution of the erosion depths for Test 2 and Test 2r are not
reported because they could not be retrieved; the laser elevation was
insufficient to capture the temporal maximum cavity depth.

The repeatability of cavity volume and width for Test 2 was quan-
tified using Eq. (1), yielding NRMSD values of 14% for volume and 6%
for width. This indicates a good repeatability for width and a moderate
level of variability between the repeated tests in terms of cavity volume.
A deviation of 14% suggests that while the overall trend of volume
evolution is reproducible, cumulative differences in erosion lead to
divergence over time. This level of variability is reasonable for erosion
experiments in cohesive soils, where small early-stage differences can
amplify as the process evolves.

To gain further insight into the resulting cavities, top-view pho-
tographs from Test 2 and its repeat (Test 2r) at four time points (6,
20, 70, and 130 min) are provided in Fig. 6. Differences between the
two cavity shapes are evident. By the end of the tests, the cavity in
Test 2r evolved into a more circular shape, whereas the cavity in Test
2 developed an oval geometry.

3.2.2. Test 6
The temporal evolution of cavity depth, volume, and width for
Test 6 and its repeat (Test 6r) is shown in Fig. 7. The results also

exhibit the same trends over time, but deviations in the values are
observed among the two tests. Both tests reached an equilibrium width
at approximately the same jet duration, but the equilibrium width
values differ. The NRMSD values for cavity depth, volume, and width
were computed using common measurement times and were found to
be 25%, 50%, and 17%, respectively. The relatively large NRMSD for
cavity volume highlights the strong sensitivity of integrated erosion
metrics to small differences in the early stages of scour development.
Given the cumulative nature of the erosion process, such deviations can
amplify over time, leading to increased divergence in the later stages
of cavity evolution.

For further insight, top-view photographs from both tests at four
time points (6, 12, 130, and 190 min) are presented in Fig. 8. Differ-
ences in cavity shape are evident. By the end of the tests, the cavity in
Test 6 evolved into a more circular form, whereas the cavity in Test 6r
developed an oval shape.

3.2.3. Former studies

While there are almost no studies that explicitly examine the re-
peatability of cavity/scour formation under vertical stationary circular
jets in cohesive soils, data of repeated tests is available in some studies
(e.g., Janmaat, 2020 and Palermo et al.,, 2024). We computed the
NRMSD values for cavity depth, volume, and width for a test by
Palermo et al. (2024), obtaining values of 30%, 38%, and 29%, respec-
tively. We also calculated the NRMSD values for the cavity depth for a
test reported by Janmaat (2020) and was found to be 30%; repeated
volume and width measurements are unavailable for this test. The
variability observed among repeated tests in these studies is consistent
with that found in the present work.

3.2.4. Conclusion on repeatability
Overall, the repeatability analysis indicates that while the gen-
eral trends of cavity evolution are consistent across repeated tests,
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Fig. 5. Temporal evolution of cavity volume and width for Test 2 and its repeat (Test 2r).
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Fig. 6. Top-view images of the cavities formed in Test 2 and Test 2r at 6, 20, 70, and 130 min, showing deviations in cavity shape despite similar testing
conditions.
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Fig. 7. Temporal evolution of cavity depth, volume and width for Test 6 and its repeat (Test 6r).
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(a) Test 6 (6 minutes) (b) Test 6 (12 minutes)
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(e) Test 6r (6 minutes)

(f) Test 6r (12 minutes)
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(¢) Test 6 (130 minutes)

(d) Test 6 (190 minutes)

e

(g) Test 6r (130 minutes) (h) Test 6r (190 minutes)

Fig. 8. Top-view images of the cavities formed in Test 6 and Test 6r at 6, 12, 130, and 190 min, showing deviations in cavity shape despite similar testing

conditions.

quantitative differences are unavoidable. NRMSD values show that
width is more reliably reproduced than volume and depth, and top-
view observations reveal that subtle variations in early-stage erosion
can lead to divergent cavity shapes over time. These results highlight
the cumulative and sensitive nature of water-jet-induced soil erosion,
emphasizing that even carefully controlled experiments can exhibit
inherent variability in detailed cavity geometry.

3.3. Effect of nozzle diameter and stand-off distance

We first analyze the effect of nozzle diameter on the resulting cavity.
Our results show that larger nozzle diameters produce larger cavities in
all dimensions—depth, width, and volume (see Fig. 9). This is evident
when comparing Test 5 (D = 8 mm) with Test 7 (D = 10 mm), as
well as Test 6 (D = 8 mm) with Test 8 (D = 10 mm). This trend
can be explained by the fact that increasing the nozzle diameter while
maintaining the same exit velocity results in a higher flow rate. The
corresponding increase in flow momentum leads to a greater impinging
force on the soil, thereby generating a larger cavity (Alhaddad et al.,
2024, 2025).

With regard to the stand-off distance, our results show that larger
SOD values lead to smaller cavities. This is evident when comparing
Test 5 (SOD/D = 1) with Test 6 (SOD/D = 2), as well as Test 7
(SOD/D = 1) with Test 8 (SOD/D = 2). This behavior arises because
the mean jet velocity immediately above the clay surface is higher
when the SOD is smaller, resulting in a more energetic and erosive jet
(Alhaddad et al., 2025).

3.4. Dimensionless jet pressure lower than unity

The lowest jet pressure applied in our experiments was 4.3 kPa, used
in Test 4, corresponding to a dimensionless jet pressure below unity
(py/s, = 0.74). No distinct cavity was observed during the first 12 min
(see Fig. 10); instead, erosion of the clay surface occurred due to wall
jets flowing parallel to the clay surface after impingement. Test 4 was
repeated for a shorter duration (60 min), and the same behavior was
observed.

Fig. 11 compares the resulting cavities of Test 4 and Test 3. In the
latter, the dimensionless jet pressure was slightly above unity (p,/s, =
1.11). All other jetting conditions were identical in both tests. Test 3
produced significantly greater cavity depths than Test 4, with a distinct

cavity forming after only 3 min of jetting. This outcome is expected
since the dimensionless jet pressure in Test 3 higher, resulting in a
greater flow impingement force. In contrast, Test 4 resulted in a wider
cavity, as reduced flow penetration into the clay left more energy
available for the wall jets to promote lateral erosion.

4. Equilibrium scour depth

Several studies have proposed formulations for estimating the max-
imum scour depth, z. .., in cohesive soils (e.g., Stein et al., 1993;
Mazurek et al., 2001; Jain et al., 2021). Such formulations typically
include empirical coefficients calibrated using specific datasets to ac-
count for soil resistance to erosion. In contrast, and with the aim of
developing a broadly applicable formulation that does not rely on soil-
specific calibration parameters, we adopt a different approach in this
study. A careful analysis of our experimental data, together with data
from existing experimental studies, revealed that z, ., is reached when
the dynamic pressure in the center of the jet, p,, equals 0.185 X s,. To
derive an expression for z we first revisit the theory of jet flow
development.

c,max>

4.1. Flow development theory

Fig. 12 shows the velocity field of a free circular jet, where two
regions can be distinguished: the flow development region (developing
jet) and the developed flow region (developed jet). The transfer of
mass and momentum accelerates the ambient water, whereas the jet
velocities decrease with distance from the jet exit. The flow develop-
ment region (also known as the potential core) is the region where the
velocity at the centerline of the jet is equal to jet exit velocity. When
the geometrical center of the jet is penetrated by the turbulence, the
flow is fully developed.

In the fully developed region, the velocity field follows the Gaussian
form:

_ [JerugD r2
u;(s,r)= e exp (—czs—2> (2)

where u;(s,r) is the flow velocity at an axial distance s and a radial
distance r, u, is the jet exit velocity, D is the nozzle diameter, and ¢,
and ¢, are entrainment coefficients (Fischer, 1979).
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Fig. 9. Effect of nozzle diameter and stand-off distance on the resulting cavity.

(a) Test 4 (12 minutes)

(b) Test 4 (32 minutes)

(c) Test 4 (62 minutes) (d) Test 4 (192 minutes)

Fig. 10. Top-view images of the cavity formed in Test 4 at 12, 32, 62, and 192 min.

Neglecting the momentum loss and assuming, for analytical sim-
plicity, that the momentum flux at the nozzle exit M, is equal to the
momentum flux M(s) renders (Rajaratnam, 1976):

M(s) = pw27r/ u;(s, er-dr = M, 3)
0

in which

My = p, Qoo “)

where Q, is the flow rate at the nozzle exit, which can be calculated
as

Qp=¢, i;rDzuO %)

in which ¢, is the nozzle discharge coefficient. Assuming c¢; = 1 for
simplicity, and substituting Egs. (2), (4), and (5) into Eq. (3), the

coefficients ¢; and ¢, are found to be equal and can be estimated as
77 (Albertson et al., 1950).

For vertical jets, the point of stagnation pressure intersect with the
geometrical center at the bed (Beltaos, 1976) (see Fig. 13). The dynamic
pressure in the center of the jet p, is a function of the axial jet velocity:

1
Pa = 5wty (5,007, (6)

When s is smaller than the potential core length s,,., the velocity at the
centerline of the jet is equal to jet exit velocity, meaning that p, can
be considered equal to the jet pressure at the nozzle exit p,. Combining
Egs. (2) and (6) results in the following relationship for p; when s > s et

77, D?
Py = Ipwu(z)s—2 for s2s, )
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Fig. 11. Comparison between cavity dimensions of Test 3 (p,/s, = 1.11) and Test 4 (p,/s, = 0.74).
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Fig. 13. Flow development of a vertical circular stationary submerged jet impinging on a flat bed (Alhaddad et al., 2025). O indicates the origin of the jet axis,

whereas GC indicates the geometrical center of the jet (also the stagnation point).

It should be noted that the distance s increases gradually during the
stationary excavation process.

4.2. Equilibrium scour depth formula

The maximum erosion depth z, ., is defined here as the largest
vertical distance, measured from the original undisturbed soil surface
down to the deepest point of the cavity once the erosion process has
reached equilibrium. As noted earlier, analysis of existing experimental
data showed that the maximum cavity depth is reached when ¢

u

0.185. The value of s at this ratio can be obtained using Eq. (7), after

which subtracting SOD yields z, ., as follows:
77p
Zemax = Dug 0'74‘; — SOD (€))

It does not escape our attention that using a single type of cohesive
soil may limit the applicability of our proposed semi-theoretical for-
mula. We address this point by incorporating experimental data from
other studies involving different types of clays. Data on the maximum
equilibrium scour depth are scarce in the existing literature due to the
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Table 3

Jetting conditions for the experiments used to show the
predictive capability of Eq. (8).

Study Py/s, SOD/D
0.84 7.5
1.09 7.7
Janmaat (2020) 0.93 74
0.93 7.4
0.66 9.0
Palermo et al. (2024) 0.84 9.0
1.17 9.0
1.11 2.0
Present study 1.36 15

Measured vs Calculated Maximum Erosion Depth

0.18
A Janmaat (2020)
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Fig. 14. Comparison between the measured equilibrium scour depths and the
predicted ones using Eq. (8).

very long durations required to reach equilibrium. Consequently, most
reported experiments do not attain equilibrium conditions. Neverthe-
less, we identified suitable datasets in two recent studies (Janmaat,
2020; Palermo et al., 2024) and used them to evaluate the predictive
capability of Eq. (8) (see Fig. 14). The results demonstrate high predic-
tive accuracy, with R? = 0.998 and a low mean absolute percentage
error of 2.1%, confirming close agreement between model predictions
and experimental measurements. It is worth noting that the present
experiments involve developing jets, whereas the datasets from the two
aforementioned studies correspond to fully developed jets (SOD/D =
7.4-9.0) (see Table 3). This further demonstrates the robustness of the
model across a broad range of test conditions.

5. Temporal evolution of scour depth

The prediction of the temporal variation of scour depth in cohesive
sediments is challenging owing to their complex erosion characteristics
(Pandey et al., 2022). Therefore, scientists and engineers rely on empir-
ical equations to predict scour depths. A number of empirical equations
have been proposed in the literature to describe the temporal evolution
of scour depth z, in cohesive soils (e.g., Ansari et al., 2003; Mazurek
et al., 2006; Dong et al., 2020). Recently, Eq. (9) was proposed by
Palermo et al. (2024) for the temporal evolution of z, based on the

maximum achievable scour depth z, .y:

< < - uy B
zo=|1l-exp| A <_> * Zc,max )
dSO

where A = —1.968 x 1075, B = 0.44, ¢t is time [s] and dsq is the median
particle size.
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To assess whether Eq. (9) can predict the measured erosion depths
in this study, the experimental results were plotted against the corre-
sponding calculated values in the left panel of Fig. 15. Eq. (8) was used
to compute z, .- Eq. (9) was chosen for this assessment because it has
been validated for developing jets, which corresponds to the conditions
of our experimental data. Overall, the comparison indicates that Eq. (9)
underestimates the erosion depths observed in the present experiments.
The best agreement with the experimental data was obtained using
A = —6.11 x 1077 and B = 0.63 (see the right panel of Fig. 15).
The discrepancy between the values of A and B reported by Palermo
et al. (2024) and those obtained in this study suggests that additional
parameters influencing the erosion process should be accounted for in
Eq. (9). Scour by circular jets in cohesive soils is mainly governed by
an interplay of hydraulic loading and soil mechanical properties. While
the undrained shear strength and median particle size were used in
the calculations, they may not suffice to characteristic the cohesive soil
behavior in question.

Given that physical models represent real prototypes at reduced
scale, they may be affected by scaling. Reynolds number, which ex-
presses the ratio of inertial to viscous forces, is an important parameter
in this context. Mazurek et al. (2001) found that scour formulas devel-
oped for cohesive soils are applicable only to jets with Reynolds num-
bers greater than approximately 10,000. In the present study, Reynolds
numbers ranged from 14,617 to 33,002. Accordingly, Reynolds number
is unlikely to have affected the reported results, since all tests were
performed at Re > 10,000. Nonetheless, further analysis of this issue
remains warranted.

6. Conclusion

In this study, we investigated the scour process caused by vertical,
stationary, circular, developing, low-pressure water jets impinging on
cohesive soils. We carried out small-scale laboratory experiments using
jet pressures ranging from 4.3 to 10 kPa and soil undrained shear
strengths between 4.5 and 5.9 kPa, corresponding to dimensionless jet
pressures of 0.7-1.8. Two tests were extended until equilibrium scour
depths were reached. To ensure that the stand-off distance remained
within the potential core of the jet, the ratio between stand-off distance
and nozzle diameter was maintained between 1 and 2.2. Temporal
scour evolution was assessed by halting the jet at selected intervals
and measuring the resulting scour hole geometry (depth, width, and
volume).

The repeatability of scour cavity formation in cohesive soils was
also examined, addressing a notable gap in the literature. While general
trends in cavity evolution were consistent across repeated tests, quan-
titative differences were observed. Statistical analysis indicated that
cavity width is more reliably reproduced than depth and volume, and
top-view observations revealed that subtle variations during early-stage
erosion can lead to divergent cavity shapes over time. The influence
of nozzle diameter and stand-off distance on soil erosion was also
assessed. Larger nozzle diameters consistently produced larger cavities
in all dimensions, while increasing stand-off distance resulted in smaller
cavities.

Based on the underlying physics of vertical jet development and
experimental data, a semi-theoretical formulation was developed to
predict equilibrium scour depth. Unlike existing predictive models,
the proposed formulation does not require soil-specific calibration pa-
rameters. Validation using both the present experimental data and
independent datasets demonstrated the robustness of the model across
a range of test conditions, providing a reliable tool for predicting jet-
induced erosion in cohesive soils. Regarding the temporal evolution
of erosion depth, existing knowledge remains insufficient to develop
a predictive formulation applicable across different types of cohesive
soils.
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