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Abstract: Semi-submerged curtain breakwaters are increasingly favored to protect marinas
and other microtidal basins, yet they are still almost exclusively designed with deterministic
wave transmission equations. This study introduces a fully probabilistic design framework
that translates uncertainty in wave climate and water level design parameters into explicit
confidence limits for transmitted wave height. Using Latin Hypercube Sampling, input un-
certainty is propagated through a modified Wiegel transmission model, yielding empirical
distributions of the transmission coefficients K; and H;. Our method uses the associated
safety factor required to satisfy a 95% non-exceedance criterion, SFg5. Regression analysis
reveals the existence of a strong inverse linear relationship (R = —0.9) between determinis-
tic K¢ and the probabilistic safety factor, indicating that designs trimmed to low nominal
transmission (e.g., K; < 0.35) must be uprated by up to 55% once parameter uncertainty is
acknowledged, whereas concepts with greater transmission require far smaller margins.
Sobol indices show that uncertainty in Hy,o and T, each contribute ~40% of the variance
in H; for a tide signal standard deviation of ¢;; = 0.16 m, while tides only become equally
important when ¢ > 0.30 m. Model-based uncertainty is negligible, standing at under 8%.
The resulting lookup equations allow designers to convert any deterministic K; target into a
site-specific probabilistic limit with a single step, thereby embedding reliability into routine
breakwater sizing and reducing the risk of underdesigned marina and port structures.

Keywords: safety factors; wave transmission; curtain wall breakwater; marina; port

1. Introduction

As effective coastal protection structures, curtain wall breakwaters, which are vertical
or sloped, attenuate waves and protect sheltered basins. This includes but is not limited
to marinas and ports [1]. Compared to conventional gravity-type breakwaters, curtain
wall breakwaters offer notable benefits, including reduced material use and cost-efficiency,
which are particularly advantageous in deeper waters [2]. The partial submergence of
the curtain promotes ecological connectivity, sediment movement, and enhanced water
circulation, contributing significantly to the environmental sustainability and improved
water quality of the sheltered basins in marinas and ports [3-5].

Despite these clear benefits, the performance of semi-submerged curtain wall break-
waters is highly sensitive to several uncertain parameters, significantly affecting the over-
all efficacy of wave attenuation. These uncertainties primarily involve environmental
factors such as variability in wave climates—including design wave height, peak wave
periods, storm surge levels, tidal oscillations and potential sea level rise due to climate
change. The conventional deterministic methods traditionally applied in curtain wall
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design do not address these uncertainties. Deterministic “mean-value” approaches, which
rely on average conditions, often fall short of accurately representing the uncertainty found
within marine parameters [6,7], potentially leading to an underestimation of the required
curtain submergence.

Semi-submerged curtain wall breakwaters are widely employed in coastal protection,
especially in microtidal areas (tidal oscillations below 2 m); however, their effectiveness is
subject to considerable uncertainties stemming from environmental conditions, and limita-
tions in the predictive modeling of transmission coefficients under an incident irregular
wave field [3]. The literature [8,9] highlights the importance of distinguishing between un-
certainties arising from model limitations and those resulting from incomplete knowledge
of extreme distributions, climate change effects, or imperfect numerical modeling. Key
hydrodynamic factors such as significant wave height (Hy,o), peak wave period (T}), and
water level fluctuations due to tidal oscillations and storm surge exhibit varying degrees
of uncertainty, depending on the determination method used. Direct measurements typ-
ically yield lower uncertainty, with coefficients of variation (CoV—the ratio of standard
deviation to mean) ranging from 0.05 to 0.10 [8,9], while hindcast and numerical modeling
approaches introduce greater variability, with CoVs between 0.10 and 0.20 [8-10]. Manual
calculations and visual observations present even higher uncertainties. The former reach
CoVs between 0.15 to 0.35 and the latter display values of approximately 0.20, respec-
tively [8-10]. Additionally, the interdependence of parameters, particularly between wave
height and wave period, necessitates the use of advanced statistical techniques such as
copula functions or correlation matrices for precise quantification [11,12]. Historically,
research on semi-submerged curtain wall breakwaters has primarily concentrated on a
deterministic approach to calculate the transmission of water waves under one or two ver-
tical plates, with early studies, such as Wiegel's calculation of transmission coefficients [13],
neglecting the impact of reflected waves on the flow field. Kriebel et al. [14] later refined
these calculations by incorporating the effects of reflected waves, but their method still
failed to account for disturbances near the thin plate, resulting in persistent deviations
from experimental results [15]. All prediction methods have been primarily derived for
regular waves, while in the field, irregular and steep waves are found in areas with wind
driven waves. Therefore, the conditions in the field do not match assumptions at play in
the equation derivation [3]. Understanding these transmission characteristics is vital for
improving wave-structure interaction models and optimizing breakwater performance in
real-world conditions.

Regarding uncertainty analysis in coastal engineering, previous research has pri-
marily focused on rubble mound and vertical wall breakwaters [16-18]. These studies
employed reliability-based design, Monte Carlo sampling, and partial safety factor meth-
ods. Reliability-based designs assess structural performance by considering safety factors
affecting the load and resistance of armor stability formula [17]. Monte Carlo probability
sampling has been extensively used to quantify performance reliability under uncertain
wave conditions, evaluating risks related to overtopping [16], structural stability [19,20],
and progressive damage [17]. However, comprehensive uncertainty quantification, specifi-
cally for semi-submerged curtain wall breakwaters, especially when employing systematic
probabilistic modeling to explicitly address variability in environmental parameters, has not
been explored in the existing literature. This gap underscores the novelty and importance
of the current study.

The primary objective of this research is to develop and present a systematic method-
ology with which to identify, quantify, and propagate uncertainties associated with key en-
vironmental parameters influencing the wave attenuation performance of semi-submerged
curtain wall breakwaters. By applying statistical methodologies and probabilistic modeling
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techniques, this research aims to generate more precise probabilistic design guidelines.
Specifically, it seeks to deliver robust probabilistic estimates of safety factors for wave
transmission coefficients, enhancing predictive capabilities for engineers and ensuring
the greater reliability and optimal attenuation performance of curtain wall breakwaters.
Because of uncertainties in the input design parameters for semi-submerged breakwaters,
we hypothesized that there would be uncertainty in the response wave energy transmission
and transmitted wave height. Therefore, we recommend a design equation that includes
safety factors, rather than a mean-value approach.

Key environmental uncertainties considered in this study are the design of signifi-
cant wave height, peak wave periods, storm surges, and the astronomical tide during a
storm event. Model uncertainties are also taken into account by comparing experimental
measurements of wave transmission of irregular waves with well-known deterministic
analytical equations, such as the Wiegel equation [13] and power-modified equation [14]
for regular wave transmission underneath semi-submerged breakwaters.

2. Materials and Methods
2.1. Expressions for Calculating Wave Transmission Under Curtain Breakwaters

For the calculation of wave transmission past semi-submerged curtain wall break-
waters, the Wiegel [13] and power-modified [14] equations are well known. The theory
behind Wiegel equation [13] is relevant as it is based on the depth-integrated power trans-
mission concept and has been widely applied to estimate wave transmission coefficients in
breakwater design. The Wiegel formula [13] assumes a rigid, fixed vertical barrier, making
it applicable to semi-submerged curtain wall breakwaters under linear wave conditions
(Figure 1). Kriebel et al. [14] modified the Wiegel formula [13], which incorporates wave
reflection effects to enhance the accuracy of the wave transmission prediction. The transmis-
sion coefficient (K;) in the Wiegel power transmission theory is derived from the principle
that the net wave power transmitted below the structure is a fraction of the total incident
wave power, and the transmission coefficient is obtained as follows:

Kot \/ 2k(D — W) — sinh(2k(D — W)) 0

sinh(2kD) + 2kD

where k is the wave number, and D is the water depth. A modification by Kriebel et al.
introduces wave reflection effects by redefining the transmission coefficient as follows:

K 2Kt,Wiegel (2)
t,Mod.Power —
1+ Kt,Wiegel

Irregular —
waoves H

m0, t

—

W

Figure 1. Definition sketch of irregular wave transmission beneath semi-submerged curtain breakwater.
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This provides a more accurate estimate for wave transmission, particularly in
deeper waters.

Given that Equations (1) and (2) have been established and validated experimentally
for regular waves, it is necessary to further validate these equations against irregular wave
data, specifically focusing on steep waves that are characteristic of environments with short
wind-fetch lengths. In order to perform this procedure, we utilized the results described in
the research paper by [3], which tested the wave transmission beneath the semi-submerged
curtain breakwater from irregular waves. The modified Wiegel equation [13] has a
simple format:

Kt,irregulur =m: Kt,regulur +c 3)

The accuracy of theoretical models in representing real-world irregular wave transmis-
sion is a measure of the uncertainty in the model. Accounting for the model’s uncertainties,
m and ¢ parameters in Equation (3) express uncertainty, with confidence bands representing
the range of potential errors obtained by fitting Equation (3) to the experimental data of [3].
The results and graphical representations including a mean prediction line along with 5%
and 95% exceedance limits, providing a 90% confidence interval for model accuracy, are
shown in Section 3.1.

2.2. Uncertainty of Design Parameters

The performance of semi-submerged curtain wall breakwaters is influenced by various
environmental, structural, and modeling parameters, each of which exhibits inherent uncer-
tainty due to natural variability, measurement errors, and limitations in predictive models.
Quantifying these uncertainties is essential to improving the reliability of breakwater
designs and ensuring their effectiveness under extreme conditions.

The uncertainty in environmental parameters primarily arises from wave climate
variability. This is evident in the design’s significant wave height (H;,(), peak wave period
(Tp), and water level, accounting for storm surge levels and astronomical tide level. The
coefficient of variation (CoV) is commonly used to provide information about the uncer-
tainty of an input parameter. The coefficient of variation (CoV) is defined mathematically
as the ratio of the standard deviation () to the mean (i) of a given parameter. This metric
provides a standardized measure of dispersion relative to the mean, facilitating comparison
across parameters with different units or scales.

Table 1 summarizes the coefficients of variation (CoV, denoted as ¢’) for several
essential hydrodynamic parameters relevant to coastal engineering, focusing in particular
on significant wave height (Hy,), peak wave period (Tp), mean wave period (T), and
water level variations, including astronomical tides and storm surges. These uncertainties
are quantified based on different methods of parameter determination, such as direct
measurements, hindcast methods, numerical modeling, manual calculations, and visual
observations. Each method presents varying degrees of uncertainty, reflecting the inherent
variability in environmental processes, measurement techniques, and model limitations.

Table 1. Coefficient of variation (CoV) for key hydrodynamic parameters based on different methods
of determination, highlighting uncertainty ranges from various literature sources.

Parameter Symbol Method of Determination CoV (0’) Reference
Sig. wave height Ho Measurement 0.05-0.10 [8,9]
0.022-0.036 [10]
Hindcast (SMB method) 0.10-0.20 [8,9]
0.040-0.049 [10]
Numerical model 0.10-0.20 [8,9]

0.040-0.044 [10]
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Table 1. Cont.

Parameter Symbol Method of Determination CoV (0”) Reference

Manual calculation 0.15-0.35 [8,9]
Visual observations 0.2 [8,9]
0.044-0.052 [10]
- 0.05 [12]
0.09-0.125 [21]

0.05 [22] **
0.1 [11]
0.1-0.2 [23]
Peak wave period Ty Measurement 0.028-0.029 [10]
Hindcast 0.048-0.055 [10]
Numerical model 0.043 [10]
Visual observation 0.036-0.047 [10]
- 0.05 [12]
0.2 [21]

0.12 [11,24]
Mean wave period T Measurement 0.02 [8,9]
Visual observations 0.15 [8,9]
- 0.05 [12]
0.1-0.2 [23]

Water level (Astronomical

tide and surge) ¥ ss

0.15-0.3 [21]
0.03 [12]

Sine function 0.707A *
Astronomical tide 1 approximation of (standard deviation, [11]

astronomical tide not CoV)

Calculated from
Measurements
measurements

Storm surge ss Numerical models 0.1-0.25 [8,9]

* A is the amplitude of the sine function approximation of the tidal signal for a particular location. The amplitude of
the tidal signal is defined by the average tidal range for a particular location; this value is the standard deviation,
defined in meters. ** uncertainty due to distribution fitting for long term return period wave design in the
Adriatic Sea.

The significant wave height (H,;0) demonstrates variability according to the determi-
nation method. Direct measurements yield relatively low uncertainties, with the CoVs
typically ranging from 0.05 to 0.10 [8,9], while [10] provides an even narrower range from
0.022 to 0.036, highlighting the reliability of direct measurement instruments like wave
buoys and pressure sensors. This underscores that when precision is important high, direct
measurements offer the most dependable data. In contrast, the SMB hindcast method
introduces higher uncertainty, with the CoVs ranging between 0.10 and 0.20 [8,9]. This
is due to assumptions and simplifications inherent in hindcast methodologies. Ref. [10]
further narrows down this range, providing a CoV of 0.040 to 0.049. Numerical modeling
methods present CoVs similar to those of the SMB hindcast approach, typically between
0.10 and 0.20 [8,9] and 0.040 to 0.044 [10]. Nonetheless, these models retain considerable
uncertainties due to the calibration of the white-capping term and the availability of wave
data for use in the calibration of the term. Manual calculations exhibit significantly higher
uncertainty, with coefficients of variation ranging widely from 0.15 to 0.35 [8,9]. This
elevated uncertainty stems from human error, subjective judgment, simplified calculations,
and the inability to fully capture complex physical processes mathematically. Thus, while
manual calculations are accessible and straightforward, their accuracy is limited and thus
should be used cautiously, particularly in design contexts. Visual observations, perhaps the
simplest and least technologically demanding method, have an estimated CoV of approxi-
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mately 0.2, according to [8,9], and one ranging from 0.044 to 0.052 according to [10]. Visual
methods consistently result in significant uncertainty due to observer biases, difficulty
estimating wave heights accurately, and the subjective nature of visual assessments. Other
references provide additional CoV values for significant wave height (H,) without the
specification of a particular method of acquiring the data. For instance, Reference [12]
cites a CoV of 0.05 and [21] indicates a range of 0.09 to 0.125. Moreover, Reference [22]
reported a notably low CoV of 0.05 for the offshore waves in the Adriatic Sea, but only
focused on the uncertainty of the long-term forecasting procedure, such as distribution
fitting for high-return-period design waves. Reference [22] did not take into account the
uncertainty in the numerical data used for the analysis in itself. In summary, the broad
range provided by different studies underscores variability in methodologies, locations,
and context-specific factors.

The peak wave period (Ty) similarly exhibits uncertainty, though it is generally lower
than that observed for a significant wave height. Measurement-based methods are highly
precise, with [10] reporting CoVs of just 0.028 to 0.029. This underscores the reliability
of precise instrumentation in determining wave periods, which are crucial for designing
coastal and offshore structures. Hindcast methods for peak wave periods display somewhat
higher uncertainty, with CoVs between 0.048 and 0.055 [10]. The numerical modeling of
peak wave periods shows intermediate uncertainty, with a CoV around 0.043 [10]. The
moderate uncertainty reflects the strong predictive capabilities of numerical models when
capturing wave periods, even if they are still influenced by model parameterization and
assumptions inherent in simulations. Visual observation methods for peak wave period de-
termination produce CoVs between 0.036 and 0.047 [10], indicating lower uncertainty than
wave height estimates. However, it is still notable due to inherent subjective observer biases.
Reference [11] further broadens this range to include samples with a CoV of 0.12, suggesting
variability in observational techniques and conditions, while [21] suggests an even higher
CoV of 0.2. The mean wave period (17,) exhibits a relatively low measurement-based uncer-
tainty of 0.02 [8,9], reflecting high confidence in instrumental wave data capturing average
conditions over extended periods. Visual observations for mean wave periods, however,
yield significantly higher uncertainty, around 0.15, underscoring the limitations of observer
accuracy and subjective interpretations of wave characteristics [8,9]. Reference [23] suggest
relatively high values of 0.1-0.2 for CoVs.

Water level variations, encompassing both astronomical tides and storm surges,
demonstrate a wide range of uncertainties according to [21]. They suggest that the gen-
eral CoVs for water levels (astronomical tide and surge combined) range from 0.15 to 0.3.
Ref. [12] suggests a less conservative value of 0.03. Ref. [19] set different CoVs of 0.05,
0.12 and 0.2 for West/South/East Korea when considering tidal levels, highlighting the
importance of considering the location itself in the quantification of uncertainty. Storm
surge modeling individually presents CoVs between 0.1 and 0.25 [8,9], acknowledging the
complexities and limitations inherent in predicting storm-driven water level rises. Astro-
nomical tides can be represented separately from storm surges by sine function, with [11]
reporting a CoV of 0.707 multiplied by tidal amplitude (A). When measurements of as-
tronomical tides are calculated directly for a specific location, uncertainties for microtidal
areas can be lower.

It should be noted that [8,9] focused on uncertainties due to model uncertainties and
statistical uncertainties. Uncertainties arising due to a lack of knowledge about the true
long-term extreme distribution, the influence of climate changes, or the imperfect physical
or numerical modeling are not covered by [8,9].

In many cases, the uncertain parameters influencing wave transmission are not inde-
pendent, and their interdependencies must be considered when quantifying uncertainty. A
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particularly strong correlation exists between wave height and wave period, as both param-
eters are governed by wind-generated storm conditions. This relationship can be captured
using correlation matrices or copula functions, which enable the joint representation of
statistical dependence. Water depth and draft also exhibit a degree of correlation, as varia-
tions in water level due to tides or storm surges can influence the effective submergence of
the breakwater.

This study uses the coefficients of variation (CoVs) given in Table 2 for the environ-
mental parameters. The CoVs represent a compromise among many different suggestions
and sources from Table 1.

Table 2. Coefficients of variation (CoV) and standard deviation for key environmental parameters
used in this study.

Parameter Symbol CoV (¢’) STD (o)
Sig. wave height Huo 0.10 -
Peak wave period Ty 0.08 -

Astronomical tide - 0.707A
Storm surge 0.2 -

According to [12], in cases where site-specific data is unavailable, all wave parameters
are assumed to follow normal distributions, as occurs in this study. Therefore, significant
wave height uncertainty is modeled using a normal distribution following the recommenda-
tion of the Eurotop manual [12], which states that normal distribution should be used if no
site-specific information is available. The mean Hy, is linked with the mean T, through the
wave steepness parameters of Hy,0/Lg = 0.04 to remain in the region of steep waves. This
wave steepens value is typical of low-fetch length [25,26]. The uncertainty in the peak wave
period, T, itself is also modeled through a normal distribution with the corresponding
CoVs from Table 2. The water level uncertainty is modeled through the two components,
namely the storm surge and astronomical tide. For simplicity, the effect of storm surge was
taken into account by adding 10% of the deepwater significant wave height, H;;o, following
the work of [11,27,28]. This assumption corresponds to the wind set-up change owing
to extreme wind stress change. Astronomical tide uncertainty is defined using a normal
distribution, like other environmental variables, with a CoV that is easily derived during
the sine function approximation. In this, the tidal signal is determined to be 0.707 of the
sine function amplitude, A.

The uncertainty in model accuracy is also taken into account through the CI of m and
¢, which are part of Equation (3); these values are reported in Section 3.1.

2.3. Uncertainty Quantification Method and Implementation

The quantification of quantification is crucial in assessing the reliability and per-
formance of coastal structures, such as semi-submerged curtain wall breakwaters, by
accounting for uncertainty in parameters and their impact on the transmitted significant
wave height, H;. One of the most effective techniques for sampling input parameters from
their probability distributions is Latin Hypercube Sampling (LHS). The implementation
of LHS improves the efficiency of uncertainty propagation compared to traditional Monte
Carlo methods, requiring fewer model evaluations to achieve statistical robustness. Latin
Hypercube Sampling, pioneered for nuclear risk problems and now common in coastal
engineering, offered a reduction in required realizations relative to simple Monte Carlo
when working with the same confidence bounds in our study. That efficiency is reported as
being achieved in geotechnical pile analysis by [29] and in flood-risk propagation by [30].
When implementing LHS for uncertainty quantification, the first step involves generating
random samples of input parameters, such as significant wave height (Hy,0) and peak wave
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period (T) (Figure 2). Uncertainty in these parameters is characterized by the probability
distributions discussed in Section 2.2. Each parameter is divided into equal-probability
intervals, and samples are drawn systematically to cover the entire range without clustering
in any specific region. For the realization of each input parameter, the wave transmission
model is run to compute the transmitted significant wave height (H;), which describes the
fraction of wave energy passing through the semi-submerged curtain wall breakwater. The
results from each simulation are recorded, and once the model outputs have been collected,
a statistical distribution of H; is estimated. Following the practice of [31,32], a reliability
index (B) of 1.65—corresponding to a 95% non-exceedance probability—was selected for
the limit state. Another non-exceedance criteria at 80% is selected when the reliability of
not exceeding the design transmitted wave heights is not as critical for the operation of the
area sheltered by the curtain breakwater. Therefore, the values extracted from the resulting
distributions represent the 95th and 80th percentiles of H;.

wn
.‘E:.) r—— - - - - - — = A
e | W ! !
% | D | H 0,95 K
| | Deterministic Eq. 3 R K,,, LI SF
‘g I mean of parameters I H, o ’ K ”
L - - — — — — A — — 1
J | o
' ] ] Output distribution
' Latin Hypercube Sampling
Q

E % moi & Hm(),f,SO HmO,t,%
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g % | :
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Figure 2. Workflow of uncertainty quantification study and safety parameter calculation; orange ar-
rows show the pathway for probabilistic calculations and green arrows for deterministic calculations.

As the model in this study is represented with a semi-empirical equation for wave
transmission (Equation (3)), the computational model is classified as not being expensive.
As such, the specific alternative UQ techniques employed to reduce the number of model
evaluations while maintaining accuracy, such as Polynomial Chaos Expansion (PCE) and
surrogate modeling (metamodeling)—combined with Gaussian Process (GP) regression or
Artificial Neural Networks (ANNs)—are not necessary here. During each test, a total of
1000 calculations are performed to propagate the uncertainty from the input (environmental
and model) into the uncertainty of H;. All tests are given in Table 3.
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Table 3. Coefficients of variation (CoV) for key environmental parameters used in this study; this
relates to the uncertainty of the tide level, and is expressed as the standard deviation of the tidal
signal from the mean sea level. MSL = 0 m.

N H0,i mean (m) Tp,mean (5) Tide—o (m) Surgemean (m) Sea Depth—D (m) Draft—W (m)
1 0.7 3.35 0.35 0.07 3 2
2 0.7 3.35 0.35 0.07 5 2
3 0.7 3.35 0.35 0.07 7 2
4 0.7 3.35 0.35 0.07 3 2.5
5 0.7 3.35 0.35 0.07 5 2.5
6 0.7 3.35 0.35 0.07 7 2.5
7 0.7 3.35 0.20 0.07 3 2
8 0.7 3.35 0.20 0.07 5 2
9 0.7 3.35 0.20 0.07 7 2
10 0.7 3.35 0.20 0.07 3 2.5
11 0.7 3.35 0.20 0.07 5 2.5
12 0.7 3.35 0.20 0.07 7 2.5
13 0.7 3.35 0.16 0.07 3 2
14 0.7 3.35 0.16 0.07 5 2
15 0.7 3.35 0.16 0.07 7 2
16 0.7 3.35 0.16 0.07 3 2.5
17 0.7 3.35 0.16 0.07 5 25
18 0.7 3.35 0.16 0.07 7 2.5
19 0.5 2.83 0.35 0.05 3 2
20 0.5 2.83 0.35 0.05 5 2
21 0.5 2.83 0.35 0.05 7 2
22 0.5 2.83 0.35 0.05 3 2.5
23 0.5 2.83 0.35 0.05 5 25
24 0.5 2.83 0.35 0.05 7 2.5
25 0.5 2.83 0.20 0.05 3 2
26 0.5 2.83 0.20 0.05 5 2
27 0.5 2.83 0.20 0.05 7 2
28 0.5 2.83 0.20 0.05 3 2.5
29 0.5 2.83 0.20 0.05 5 25
30 0.5 2.83 0.20 0.05 7 2.5
31 0.5 2.83 0.16 0.05 3 2
32 0.5 2.83 0.16 0.05 5 2
33 0.5 2.83 0.16 0.05 7 2
34 0.5 2.83 0.16 0.05 3 2.5
35 0.5 2.83 0.16 0.05 5 2.5
36 0.5 2.83 0.16 0.05 7 2.5
37 0.9 3.80 0.35 0.09 3 2
38 0.9 3.80 0.35 0.09 5 2
39 0.9 3.80 0.35 0.09 7 2
40 0.9 3.80 0.35 0.09 3 2.5
41 0.9 3.80 0.35 0.09 5 25
42 0.9 3.80 0.35 0.09 7 2.5
43 0.9 3.80 0.20 0.09 3 2
44 0.9 3.80 0.20 0.09 5 2
45 0.9 3.80 0.20 0.09 7 2
46 0.9 3.80 0.20 0.09 3 2.5
47 0.9 3.80 0.20 0.09 5 25
48 0.9 3.80 0.20 0.09 7 2.5
49 0.9 3.80 0.16 0.09 3 2
50 0.9 3.80 0.16 0.09 5 2
51 0.9 3.80 0.16 0.09 7 2
52 0.9 3.80 0.16 0.09 3 2.5
53 0.9 3.80 0.16 0.09 5 2.5
54 0.9 3.80 0.16 0.09 7 2.5




Infrastructures 2025, 10, 144

10 of 20

3. Results
3.1. Applicability of Deterministic Equations for Irregular Waves

Model uncertainty is considered the accuracy with which a model or method can
describe a physical process. Therefore, the model uncertainty describes the deviation of the
prediction from the measured data due to uncertain model coefficients. This section will
present the mean prediction line, accompanied by the 5% exceedance lines that together
define the 90% confidence band. The experimental study and the corresponding data
analyzed in this section are the same data that were collected and used in the study
conducted by [3].

The scatter plot on Figure 3 compares the measured wave transmission coefficients
from irregular JONSWAP waves (K; peqsureq) With two theoretical predictions: Wiegel’s
power transmission theory (blue dots) [13] and a modified power transmission model
(green dots) [14]. The distribution of points around the 1:1 reference line suggests that the
Wiegel’s model (blue) aligns more closely with experimental data at lower transmission
values (K; < 0.6), while both the modified power model (blue) and Wiegel’s model (blue)
appear to underpredict the transmission by about 15% at higher transmission values
(K¢ > 0.7). Given that the model and experimental data show some deviations, we adjust
the Wiegel equation slightly—as detailed in Section 2.1—in order to produce a modified
version that provides a better fit for the irregular wave transmission coefficient data than
the original model Wiegel’s model. Given that other environmental uncertainties (shown in
Section 3.2) are more significant than model uncertainty in determining H;, we believe that
the simple approximation of Equation (3) is satisfactory for the transmission of irregular
waves in this study.
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Figure 3. Comparison of measured wave transmission coefficients (K; preasureq) With theoretical
predictions from Wiegel’s power transmission theory (K; wiege1) and modified power transmission
model (Kt,Mod4Power)~
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The fitting of Equation (3) by using Wiegel’s equation [13] with irregualar wave data
from [3] produces the following best-fit line:

Kt,measured = 0‘845Kt,Wiegel + 0.027 (4)

The slope, estimated at 0.845 with a standard deviation of 0.023, deviates significantly
from results indicating unity. A 95% confidence interval indicates a range of 0.80 to 0.89.
The ordinate intercept is 0.027 with a standard deviation of 0.0097 and a confidence interval
of 0.008-0.046. This shows the weakness of the modified Equation (4), which demonstrates
minor transmission, even in cases where no energy transmission is expected with the
original Wiegel’s equation [13].

Despite these modest biases, the overall agreement is excellent. The Pearson correlation
coefficient is 0.982, indicating that 98% of the variance in the laboratory data is explained
by the single predictor provided by Wiegel’s equation [13] (Figure 4). The error magnitudes
are relatively small, with a root-mean-square error of 0.029 and a mean absolute error of
0.023. Consequently, Equation (4) captures the underlying behavior of the semi-submerged
curtain wall with an irregular incident wave field with high accuracy, and the quantified
departures from the ideal 1:1 line can be treated as minor. It should be noted that the fitted
line model of Equation (4), which adapts Wiegel’s equation to experimental data, is only
applicable within the K; range of 0.1-0.6, reflecting the typical practical application range
for curtain breakwaters.

0.64 R:0.98
RMSE: 0.03 ®
031" maE: 0.02
3
3 0.4 1
=
¥ (.31
0.2 1 e Data points
Fitted line
—— Std. dev. lines
0.1 —— 95% Cl lines
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Kr, Wiegel

Figure 4. Comparison between measured transmission coefficients of irregular waves and predictions
by Wiegel’s Equation (1). Blue dots represent 72 individual laboratory data points from [3]. Red line
is least-squares linear regression (K pegsured = 0.845*Kj wieger + 0.027; R = 0.98). Green lines denote =+ 1
standard deviation of residuals, and blue lines indicate 95% confidence interval for regression.

3.2. Uncertainty Analysis of Wave Energy Transmission

This section delves into the uncertainties associated with various design parameters,
aiming to identify the most impactful uncertainties and determine the nature of their
influence on transmitted wave height. Figure 5 demonstrates that a higher sea level due to
astronomical tide uncertainty at the moment of a storm directly increases the safety factor
required to meet the specified exceedance criterion. For the 95th percentile (panel A), the
median value of SFgs rises systematically from 1.29 at the smallest astronomical tide level
uncertainty (¢ = 0.16 m) to 1.34 at the intermediate case (¢ = 0.20 m) and further to 1.39
when the highest tide level uncertainty is considered. Even greater sensitivity is visible in
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the upper tails of the distributions: the maximum realization increases from 1.52 to 1.50
and reaches 1.66. The same trend appears at the 80th percentile (panel B), albeit with a
smaller absolute margin. The median of SFgj shifts from 1.16 through 1.17 to 1.20, while
the upper whisker grows from 1.27 to 1.32. Because the target probability of exceedance is
lower, the values are naturally lower than in panel A, yet the proportional increase between
the scenarios with the lowest and highest tidal uncertainty remains comparable (~5%).
Overall, the plots confirm that the increase in the uncertainty in the seal level, defined by
the astronomical tide, increases the uncertainty in wave transmission.

A B
1.61 1.30
1.51 1.25 T
K K
141 U 1.20
L
L3 T 1.15 i
L L
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0.16 0.20 0.35 0.16 0.20 0.35

o, (M) a; (M)

Figure 5. Influence of astronomical tide-defined sea level uncertainty on design safety factor. Panel
(A) shows box-and-whisker plots of 95th-percentile safety factor (SFys); panel (B) shows the cor-
responding 80th-percentile safety factor (SFgp); both are evaluated for three representative tidal
uncertainty, namely 0.16 m, 0.20 m, and 0.35 m.

Figure 6 reveals a clear threshold behavior controlled by the relative draft (W/Ly). As
long as the curtain draft is less than about 14% of the wavelength, the required safety factor
increases only marginally. In this “shallow-draft” regime, the median of SFg5 creeps from
1.28 at W/Lg = 0.089 to 1.33 at W/L¢ = 0.143 (panel A), while the median of SFgy moves
from 1.16 to 1.17 (panel B).
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Figure 6. Effect of relative draft W/L( on safety factor: panel (A) shows 95% non-exceedance safety
factor SFgs, and panel (B) shows 80% factor SFgj.

Once the draft, W, exceeds about 0.15Lj, the situation changes abruptly. At
W/Lg = 0.160, the median SFys rises to 1.41 and the entire distribution shifts upward;
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at W/Lj = 0.160, the median value reaches 1.52 and the upper tail exceeds 1.63. The 80th-
percentile factor follows the same trend, with its median increasing from 1.17 to 1.26 and
1.29 at the two largest drafts.

Similar to Figure 6, for water depths up to roughly one-third of the wavelength
(D/Ly £0.31), the required safety factors only vary slightly. The median of SFy5 varies
between 1.26 and 1.34, and the SFg stays close to 1.17.

Beyond that point, however, safety factors increase rapidly. When the depth reaches
40% of the wavelength (D/Ly = 0.40), the median SFgs5 jumps to 1.40; at D/Ly = 0.56, it
climbs to 1.49; extreme realizations exceed 1.65. The 80th-percentile factor exhibits the same
trend, with its median rising from 1.17 to 1.23 and 1.27 for the deepest settings.

Across the entire tested range of the relative draft W/D parameter, variability is mini-
mal, and the safety factor exhibits no trend with the increase in W/D. Median values of SFys
only vary between 1.29 and 1.34, while the corresponding medians of SFgy remain confined
between 1.17 and 1.20. Thus, increasing the draft-to-depth ration does not systematically
raise or lower the required design factor, although the spread of the box plots suggests that
other parameters significantly influence the safety factors.

Figures 6-8 show that uncertainties in environmental and model parameters have the
greatest impact at shorter wavelengths, where the relative draft-to-wavelength (W/L) and
depth-to-wavelength (D /L) ratios are higher. As with other structures that can transmit
incoming wave energy on the lee side, such as floating breakwaters, semi-submerged
curtain breakwaters under the impact of wave with higher wavelength correspond with a
higher transmission coefficient, K;. Therefore, it is assumed that a higher K; will correspond
to a lower safety factor. This is considered in Section 3.3.
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Figure 7. Effect of relative depth D/Lj on safety factor: panel (A) shows 95% non-exceedance safety
factor SFgs, and shows panel (B) 80% factor SFgy.
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Figure 8. Effect of relative depth W/D on safety factor; panel (A) shows 95% non-exceedance safety
factor SFgs5, and panel (B) shows 80% factor SFgy.

3.3. Safety Factor Equation for Submerged in Curtain Breakwaters

Figure 9 visualizes how the probabilistic safety factor that guarantees an 80% non-
exceedance probability, SF80, evolves with the deterministic transmission coefficient K;
using Equation (3). Each dot corresponds to the geometry of a single breakwater (from
Table 3) subjected to LHS uncertainty quantification. The colors distinguish between
the three tide level uncertainties () tested: +0.16 m (green), £0.20 m (orange), and
40.35 m (blue).

¢ Slope: —0.61 Tide
Intercept: 1.46 .
1301 R: —0.87 e 0,:035m
° — Fitforoy: 0.35 m
° 0p: 0.2 m
1.25 1 Fit for g;: 0.2 m
e 0Op0lbm
&% Slope: —0.65 Fit for o;: 0.16 m
| Intercept: 1.45
120 R: —0.79
Slope: —0.50
Intercept: 1.39 o ]
1151 | R:-0.86
1.10 A
0.25 0.30 0.35 0.40 0.45 0.50

Kt

Figure 9. Relationship between deterministic transmission coefficient using Equation (3) and 80th-
percentile safety factor for three astronomical tide level uncertainty () scenarios.

Across the entire cloud of points, the relationship between the mean transmission
predicted by Wiegel’s formula and the probabilistic safety factor is inverse. Lower determin-
istic K; values translate into larger SFgy values. Ordinary least-squares regression, plotted
as solid lines for each ¢ band, confirms this trend. The slopes remain steep and negative
in all cases (—0.50, —0.65 and —0.61, respectively), while the coefficients of determination
range from 0.79 to 0.87, signaling that a single linear predictor explains roughly four-fifths
of the variance despite sizable differences in geometry and wave climate.

Vertical offset is the main factor separating the three regressions. When tide level
uncertainty is limited to £0.16 m, a deterministic transmission coefficient K; of 0.40 corre-
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sponds to an SFg close to 1.19; once the band is widened to £0.35 m, the same mean K;
requires a safety factor SFgy nearer to 1.22.

Figure 10 depicts the link between the deterministic wave transmission coefficient K;
(Equation (3)) and the probabilistic safety factor required to achieve a 95% non-exceedance
probability, SFo5, under three different levels of tide level uncertainty (¢;). Each marker
represents a case from Table 3. Colors identify the tide level uncertainty values imposed:
£0.16 m (green), +0.20 m (orange) and £0.35 m (blue). The results of ordinary least-squares
fitting to each data cloud are plotted as solid lines, and their slopes, intercepts, and Pearson
correlation coefficients are given next to the lines.

° Tide
e 0,;:035m
1.6 Slope: —1.27 | .
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e 0;:016m
LG_? —— Fitforg,: 0.16 m
1.4
Slope: —0.88
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R: —0.91
1.31 ["Siope: —0.94 .
Intercept: 1.71 °
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Figure 10. Relationship between deterministic transmission coefficient using Equation (3) and
95th-percentile safety factor for three scenarios featuring astronomical tide level uncertainty (o).

As shown Figure 9, a clear and strong inverse relationship emerges across all o, values.
As the deterministic transmission coefficient K; decreases, the 95th-percentile safety factor
rises. The negative slopes, varying from —0.88 (¢, = 0.20 m) to -1.27 (¢;; = 0.35 m), show
that a one-percentage-point reduction in K; translates into a roughly one-percentage-point
gain in reliability for the narrowest tide band, and an even steeper gain when water level
scatter is broad. All three regressions explain at least 87% of the variance in SFgs.

Vertical offsets between the lines reveal how sensitive the safety factor is to tidal
uncertainty. With ¢y = 0.35 m, a deterministic transmission of 0.40 calls for an SFy5 near
1.40, whereas the same transmission values suffice with a factor of about 1.33 if tide level
uncertainty is no more than 0, = 0.16 m. The offset confirms the earlier variance-based
sensitivity results: an increase in tidal uncertainty increases the required safety factor.

Taken together with the analogous SFgg plot (Figure 10), the figure establishes a pair of
regression tools that translate conventional hydraulic calculations—rooted in deterministic
transmission models—into reliably consistent safety factor estimates. Engineers can thus
receive initial probabilistic design advice by checking the fitted lines that best match their
site conditions, thus avoiding the complexities of uncertainty quantification.

3.4. Parameter Uncertanty Relavence in the Uncertainty Quantification

Figure 11 summarizes the Sobol analysis that we performed to find out which of the
uncertain inputs drove the spread of the 95-percentile transmitted wave, H; 5. Total Sobol
indices are variance-based sensitivity metrics that apportion the total output variance to
individual inputs and their interactions. Each panel shows the total-order Sobol index of one
group of inputs—the still-water level in (a), the significant-wave height in (b), the spectral
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peak period in (c), and the two coefficients of the model as defined by Equation (3)—plotted
against the three tide level uncertainty values examined (0.16, 0.20 and 0.35 m). Because
the index measures the fractional contribution of an input (including its interactions) to the
variance of the output, values close to unity indicate high influence, whereas values near
zero indicate that the parameter is practically irrelevant.
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Figure 11. Total order Sobol indices, identifying which uncertain inputs control variability of transmit-
ted wave height, Hy ,,0; (A) shows indices for Tide uncertainty; (B) shows indices for H;;,g uncertainty;
(C) shows indices for T, uncertainty; (D) shows indices for model uncertainty.

Panel A shows that the Sobol index assigned to the tide increases with tide level
uncertainty, which is to be expected. With the smallest tide uncertainty (¢, = 0.16 m), it
accounts for less than ten percent of the variance, but as the uncertainty is increased to
oy = 0.35 m, its median index rises to about 0.35 and reaches 0.45 in the upper quartile. Its
influence is therefore highly non-linear.

Panels B and C trace the opposite trend for the wave parameters. When tide uncer-
tainty is small, the uncertainties in significant wave height Hs and peak period T, each
explain roughly 0.4 of the total wave transmission variance. As the tide uncertainty in-
creases, indices fall steadily, dipping below 0.30 for Hs and falling to around 0.33 for T,
in the scenario with the highest tide uncertainty. This shows that, while the wave climate
is very important under conditions of low tide uncertainty, its relative importance is com-
parable to that of tide uncertainty importance when o, = 0.35 m. It is expected that even
higher tide uncertainty would produce the most significant uncertainty overall.

Finally, panel D demonstrates that the model’s uncertainty in the slope m and intercept
¢, used to in Equation (3), has very low significance in terms of the uncertainty of the
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H; parameter. Their combined Sobol indices remain below five percent, implying that
improving the regression fit will yield little additional gain compared with the effect of
reducing environmental uncertainties.

The storm surge also showed very low significance regarding the uncertainty of wave
transmission, with a Sobol index below 0.01. This is the case due to the simplistic manner
in which it was incorporated into this study. Unfortunately, more precise incorporation
would only be possible when performing probabilistic calculations using the framework
outlined in Section 2.3 for a specific site and with available measurements.

4. Discussion

This study set out to quantify how parameter uncertainty alters the expected per-
formance of semi-submerged curtain wall breakwaters, which exhibit a structure that is
increasingly favored for marina protection in microtidal areas but still designed almost
exclusively with deterministic equations. By embedding a modified Wiegel transmission
equation inside a Latin Hypercube Sampling (LHS) framework, we showed that required
safety factors expand well beyond the values implied by single “mean-value design” waves.

Conventional design practice determines the design incident significant wave height
(Hmo,i,mean), peak wave period (T), and water levels (commonly mean sea level) as single
values with prescribed return periods. Yet, the meta-analysis in Section 2.2 showed that
coefficients of variation (CoV) for these variables span up to 0.2, even for well-instrumented
sites. Another example is the study by [21], which demonstrates how the coefficient of
variation (CoV) could range from 0.05 to 0.20 for Hy;,o and reach 0.25 for water level
components (including astronomical tides and storm surges), even at locations with
extensive instrumentation.

The regression analysis of the LHS results reveals a strong inverse linear relation-
ship between the deterministic transmission coefficient K; using Equation (3) and the
95th-percentile safety factor SFg5 (R ~ from —0.87 to —0.91). Physically, this implies
that breakwaters, whose nominal design already achieves low deterministic transmission
(K¢ £0.35), incur a disproportionately high safety factor penalty once wave transmission
uncertainty is acknowledged. The effect is most pronounced for the largest tide uncertainty
(0y = 0.35 m), where the regression slope reaches —1.27 and the intercept reaches 1.91.
Under that regime, a design trimmed to K; = 0.30 requires SFg5 ~ 1.53, whereas a design
at K; = 0.50 needs only SFg5 ~ 1.28. The same inverse trend is visible, though less steep,
for o = 0.20 m (slope = -0.88) and ¢y = 0.16 m (slope = —0.94). This confirms that the
semi-submerged curtain wall becomes “uncertainty-sensitive” in the performance range
that designers often target for marina basins (K; ~ 0.30-0.40).

To consider the phenomena itself, the wave transmission mechanism scales non-
linearly with the gap ratio D/L —captured by Wiegel-type formulas—producing the
familiar S-shaped transmission curve. The transmission curve is very steep for K; < 0.4
and/or high D/L, becoming increasingly flat for lower higher K; and/or lower D/L. In the
steep low-K; regime, small uncertainties in the input parameters move the operating point
horizontally across the S-curve’s inflection zone, converting input uncertainty. This mani-
fests in relatively large swings in transmitted energy. This is observed in Figures 6, 9 and 10,
where lower K; and higher D/L warrant higher SFgs due to this effect of high sensitivity
to input perturbation. Conversely, once the design sits on the relatively flat portion of the
S-curve (K; > 0.4), the same input uncertainty only produces minor changes in the wave
power transfer: dK;/d(-) is small, so the propagated variance is smaller.

For practical purposes, designers may therefore (i) pick the local tidal signal standard
deviation that is relevant for the site, (ii) estimate the deterministic K; from baseline
Equation (3), and (iii) apply the above expression to obtain a site-specific SFg5. For another
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example, marina downtime predictions often convert an allowable transmitted height
(H¢,jim;) into an allowable deterministic K; by dividing Hy j;,, by the long-term significant
height H;,0. Using the above relationships in Figures 9 and 10, the probabilistic limit is
calculated by K; 95 = K; X SFg5 and used to calculate the limiting incident wave height
Hy jiy / Kt 95 = Hing 95 to would ensure the H; j;;,, inside the marina basin while taking into
consideration input parameter uncertainties.

Sobol index analysis decisively points to two parameters as the most significant in
influencing the uncertainty of wave transmission. These are Hs and T}, uncertainty when
H, 9V = 0.1 and Tp€°V = 0.08, with both contributing 40% of the total variance in H;
for a low tide level uncertainty of 0, = 0.16 m. The influence of the uncertainty of tide
level during storm events becomes comparable with the wave parameter’s influence at
oy = 0.35 m. Tide uncertainty becomes significant in relation to wave transmission when
oy > 0.35 m. On the other hand, model form uncertainty contributes less than 8% of the
total variance in H;. Consequently, improved site characterization—especially of wave
and tide parameters—offers greater risk reduction leverage than more sophisticated linear
hydrodynamic solvers.

Although the present analysis is applied to a present-day design scenario, semi-
empirical projections from the IPCC AR6 indicate that the mean sea level at many temperate-
latitude marinas will rise by 0.20-0.35 m under the SSP2-4.5 scenario by 2050 [33]. Our
regression, shown in Figures 10 and 11, indicates that a 0.20 m upward drift in the long-term
water level would increase the water depth and draft of the curtain breakwater, leaving
W/D at the same value but increasing W/L and increasing D/L. This, in turn, increases the
SFy5 and SFgy in a non-linear fashion depending on the current W/L and D/L values at a
specific site. At the same time, an increase in W/L and D/L decreases the deterministic
Wiegel wave transmission. Let us take an example a curtain wall optimized today where
deterministic Ky = 0.4 (T, =3.0s, W=2m, D =5 m). In a SLR = 0.2 m scenario, the
deterministic K; would decrease to K; ~ 0.37 within the lifetime of a typical 30-year marina
concession (a ~ 7.5% decrease in deterministic K;). The K; g5 would change from 0.56 to
0.54, and so a ~ 3.5% decrease in K; g5 would be observed for the same time period. For a
specific site, the uncertainty in sea level rise could be directly incorporated into the Latin
Hypercube framework for site-specific estimation. In short, a small reduction in wave
transmission is anticipated due to rising sea levels.

This study is limited by its oversimplified storm surge quantification, suggested
by [11,27,28], in the uncertainty quantification. This is particularly relefant for high-surge
areas like those prone to tropical cyclones. For these situations, we recommend using
the site-specific uncertainty quantification of environmental parameters to determine site-
specific safety factors (5Fgg and SFos).

5. Conclusions

This work provides the first quantitative reliability-based framework for semi-
submerged curtain wall breakwaters—a system that, despite its growing popularity for
marina protection in microtidal basins, is still designed almost exclusively with deter-
ministic equations, mostly employing Wigel-based theory [13]. By embedding a mod-
ified Wiegel transmission formula in a Latin Hypercube Sampling loop that explicitly
accounts for the measured coefficients of variation in significant wave height, peak period,
tide level, and storm surge, as well as model uncertainty, we showed that the conven-
tional “mean-value” design can understate the 95% non-exceedance risk by as much as
50% (SFg5 = 1.5). A simple regression envelope, expressed as SFgs5 = 1.91 — 1.27 x K; for
oy =0.35 m (and analogous lines for smaller tide uncertainty), now enables designers to
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translate any deterministic transmission target into a 95% non-exceedance margin in a single
calculation step.

Physically, the results trace directly to the S-shaped draft-sensitivity embedded in
Wiegel’s power-balance model: when the nominal design sits on the steep part of that
curve (typical target range K; ~ 0.0-0.40), even modest uncertainty in Hy, Tj, or tide
level pushes the operating point widely across the inflection zone, amplifying variance
in transmitted wave power and inflating the required safety factor. Conversely, once the
curtain is shallow enough to place the design on the flatter asymptote (K; 2 0.45), the
same environmental scatter only produces marginal changes in transmission, and SFgs
naturally collapses toward unity. Sobol decomposition confirmed that uncertainties in Hy;q
and T, each account for roughly 40% of the variance in H; during situations of small tide
level uncertainty, with tide uncertainty only becoming equally important when tide level
uncertainty exceeds 0.30 m. Model form uncertainty, by contrast, contributes less than
8%, implying that the improved characterization of wave-tide statistics yields greater risk
reduction leverage than successively higher-order hydrodynamic solvers.
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