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Abstract: Submarine pipelines have become integral for transporting resources and drinking water
across large bodies. Therefore, ensuring the stability and reliability of these submarine pipelines is
crucial. Incorporating climate change impacts into the design of marine structures is paramount to
assure their lifetime safety and serviceability. Deterministic design methods may not fully consider
the uncertainties and risks related to climate change compared to risk-based design models. The latter
approach considers the future risks and uncertainties linked to climate and environmental changes,
thus ensuring infrastructure sustainability. This study pioneers a Hybrid 3D Hydrodynamic Monte
Carlo Simulation (HMCS) Model to improve the reliability-based design of submarine pipelines,
incorporating the effects of climate change. Current design approaches may follow deterministic
methods, which may not systematically account for climate change’s comprehensive uncertainties
and risks. Similarly, traditional design codes often follow a deterministic approach, lacking in
the comprehensive integration of dynamic environmental factors such as wind, waves, currents,
and geotechnical conditions, and may not adequately handle the uncertainties, including the long-
term effects of climate change. Nowadays, most countries are developing new design codes to
modify the risk levels for climate change’s effects, such as sea-level rises, changes in precipitation,
or changes in the frequency/intensity of winds/storms/waves in coastal and marine designs. Our
model may help these efforts by integrating a comprehensive risk-based approach, utilizing a 3D
hydrodynamic model to correlate diverse environmental factors through Monte Carlo Simulations
(MCS). The hybrid model can promise the sustainability of marine infrastructure by adapting to
future environmental changes and uncertainties. Including such advanced methodologies in the
design, codes are encouraged to reinforce the resilience of maritime structures in the climate change
era. The present design codes should inevitably be reviewed according to climate change effects,
and the hybrid risk-based design model proposed in this research should be included in codes to
ensure the reliability of maritime structures. The HMCS model represents a significant advancement
over existing risk models by incorporating comprehensive environmental factors, utilizing advanced
simulation techniques, and explicitly addressing the impacts of climate change. This innovative
approach ensures the development of more resilient and sustainable maritime infrastructure capable
of withstanding future environmental uncertainties.

Keywords: climate change impacts; wave climate variability; disruptive effects of lake level changes;
future changes in wave climate; Hydrotam-3D
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1. Introduction

The infrastructure across large water bodies, either for the movement of resources or
drinkable water, is significantly dependent upon submarine pipelines. But, at the same
time, it brings a variety of environmental risks to which they are exposed, including
climate change. Therefore, these structures may be designed with a risk approach that
would include the impact of climate change and environmental uncertainties by giving
the designer the future impacts on the structure. A risk-based approach will enable the
engineer to design a submarine pipeline that will be more resilient to the prevailing effects
of climate change. The HMCS model is a hybrid methodology that can be used for the
risk-based design.

The model can consider environmental factors that have a key influence on the stability
of the submarine pipeline by using the sub-models that comprise wind, waves, current,
geotechnical conditions, and climate changes. Hydrotam-3D is a three-dimensional model
that can be employed to assess the environmental conditions of maritime structures and
the effects of climate change to design them to be resilient in the climate change era.

Reliability-based assessment methodologies have gained attention in the evaluation of
pipeline stability. Ref. [1] evaluated the on-bottom pipeline stability using the MCS for the
limit state equations. They also looked upon some other studies regarding the instability of
the pipelines, considering the forces of waves, the soil–pipe interaction, and changes in the
climate as the variable factors. The research conducted by [2] includes numerical modeling
to investigate the behavior of pipeline stability under different soil conditions that play
a predominant role in design. Ref. [2] investigated the wave forces acting on submarine
pipelines by simulating the wave and structure interaction under various conditions.

A probabilistic model for submarine pipelines was developed by [3] to integrate
environmental uncertainties by adopting an MCS-based approach. Ref. [4] developed a
method for assessing the reliability of submarine pipelines considering ice loads. Ref. [5]
considered the uplift resistance of the pipelines trenched in cohesionless soil, in which
the MCS obtained the random variables for the probabilistic solution. Ref. [6] presented a
probabilistic analysis of the Turk Stream pipeline system beneath the seabed and compared
their exact solution with a probabilistic one.

Ref. [7] computed the uncertainties for safety factors used in a pipeline design against
explosions due to the material’s strength. They intended to investigate the probability of
the pipe explosion using an MCS. Ref. [8] presented a probabilistic method for submarine
pipeline stability. The MCS was used to solve the limit state equations and evaluate the
pipeline stability, which was implemented at the bottom. Ref. [9] stated that lake warming
rates reflect global climatological trends, including the recent warming hiatus. Ref. [10]
emphasized that climate change and global warming significantly affected the decrease of
Mean Lake Levels (MLL). Ref. [11] discussed the impacts of climate change on coastal and
offshore petroleum infrastructures.

Hence, the uncertainties inherent in the design of underwater pipelines are challenging
when climate change is considered. The design is affected by soil parameters, wave and
current forces, lake area loss due to global warming, and pipeline characteristics. In the
scope of this study, the Burdur Lake Water Pipeline Project has been investigated as a
case study for the new hybrid model. The project will provide drinking water to the
greater province of Burdur. The previous pipeline constructed on the same site lost its
function because the decreased water levels due to global warming caused the pipeline to
be exposed to breaking waves, and the effect of breaking waves combined with increasing
storm intensity caused the pipeline rupture, as shown in Figure 1.

Although the originally designed pipeline was located on the lakebed, the proposed
replacement is located on the shore area due to water withdrawal related to global warming.
However, because the region is a lakebed, there is a possibility that it will be underwater
again in the future.

Thus, the Burdur Lake pipeline design was conducted using the new hybrid design
model, which incorporates the uncertainties associated with climate change for the lake
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level and the risk induced by environmental parameters, including geotechnical conditions.
Hence, the wind and wave climate of the lake was studied, and Hydrotam-3D [12] was
employed to calculate the combined influence of the wind and wave setup with the storm
surge, which affects the lake level. This study focuses mainly on the stability of pipelines
trenched/buried in the sea/lakebed by considering the effect of global warming and climate
change to incorporate MLL changes in the future.

J. Mar. Sci. Eng. 2024, 12, 931 3 of 36 
 

 

 
Figure 1. The ruptured pipeline on the Burdur Lakebed was exposed due to the lake’s drying. 

Thus, the Burdur Lake pipeline design was conducted using the new hybrid design 
model, which incorporates the uncertainties associated with climate change for the lake 
level and the risk induced by environmental parameters, including geotechnical condi-
tions. Hence, the wind and wave climate of the lake was studied, and Hydrotam-3D [12] 
was employed to calculate the combined influence of the wind and wave setup with the 
storm surge, which affects the lake level. This study focuses mainly on the stability of 
pipelines trenched/buried in the sea/lakebed by considering the effect of global warming 
and climate change to incorporate MLL changes in the future. 

2. The Hybrid Hydrodynamic MCS Risk Model 
A New Hybrid Hydrodynamic Monte Carlo Simulation (HMCS) Model for the de-

sign of maritime structures is presented. The model is implemented in the pipeline project 
of Burdur Lake by incorporating various sub-models to consider the critical environmen-
tal conditions at the limit state, such as wind, waves, current, storms, and climate change. 
These variables are modeled by the three-dimensional hydrodynamic model Hydrotam-
3D [3,12,13]. 

The developed Hybrid 3D Hydrodynamic Monte Carlo Simulation (HMCS) model 
represents a significant advancement over existing risk models by incorporating compre-
hensive environmental factors, utilizing advanced simulation techniques, and explicitly 
addressing the impacts of climate change. Traditional design codes often follow a deter-
ministic approach, lacking in the comprehensive integration of dynamic environmental 
factors such as wind, waves, currents, and geotechnical conditions, and may not ade-
quately handle the uncertainties, including the long-term effects of climate change. On the 
other hand, most countries are developing new design codes to modify the risk levels for 
climate change’s effects, such as sea-level rises, changes in precipitation, or changes in the 
frequency/intensity of winds/storms/waves in coastal and marine designs. 

In contrast, the HMCS model adopts a risk-based design approach, integrating sub-
models for climate change, wind, waves, current, and geotechnical conditions using the 
Hydrotam-3D model to simulate interactions between marine structures and environmen-
tal parameters, enhancing design reliability. Utilizing MCSs, the HMCS model assesses 
variability and uncertainty in design parameters, providing robust predictions of pipeline 
stability under diverse conditions. This holistic climate change approach ensures more 
sustainable and resilient infrastructure. Advanced simulation techniques combined with 

Figure 1. The ruptured pipeline on the Burdur Lakebed was exposed due to the lake’s drying.

2. The Hybrid Hydrodynamic MCS Risk Model

A New Hybrid Hydrodynamic Monte Carlo Simulation (HMCS) Model for the design
of maritime structures is presented. The model is implemented in the pipeline project of
Burdur Lake by incorporating various sub-models to consider the critical environmental
conditions at the limit state, such as wind, waves, current, storms, and climate change.
These variables are modeled by the three-dimensional hydrodynamic model Hydrotam-
3D [3,12,13].

The developed Hybrid 3D Hydrodynamic Monte Carlo Simulation (HMCS) model
represents a significant advancement over existing risk models by incorporating compre-
hensive environmental factors, utilizing advanced simulation techniques, and explicitly
addressing the impacts of climate change. Traditional design codes often follow a deter-
ministic approach, lacking in the comprehensive integration of dynamic environmental
factors such as wind, waves, currents, and geotechnical conditions, and may not adequately
handle the uncertainties, including the long-term effects of climate change. On the other
hand, most countries are developing new design codes to modify the risk levels for cli-
mate change’s effects, such as sea-level rises, changes in precipitation, or changes in the
frequency/intensity of winds/storms/waves in coastal and marine designs.

In contrast, the HMCS model adopts a risk-based design approach, integrating sub-
models for climate change, wind, waves, current, and geotechnical conditions using the
Hydrotam-3D model to simulate interactions between marine structures and environmen-
tal parameters, enhancing design reliability. Utilizing MCSs, the HMCS model assesses
variability and uncertainty in design parameters, providing robust predictions of pipeline
stability under diverse conditions. This holistic climate change approach ensures more
sustainable and resilient infrastructure. Advanced simulation techniques combined with
the adaptability to dynamic conditions, such as fluctuating lake levels and storm surges,
set the HMCS model apart from traditional methods.
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The article highlights the practical application of the model in the Burdur Lake Water
Pipeline Project, demonstrating its effectiveness in real-world scenarios and capability to
address specific environmental challenges, thus ensuring the development of resilient and sus-
tainable maritime infrastructure capable of withstanding future environmental uncertainties.

The Hydrotam-3D model is successfully utilized for various real case projects on the
coastline of Türkiye and was verified in studies by [14–18] and [19–22]. The sub-models of
Hydrotam-3D are illustrated in Figure 2. The hydrodynamic model uses GIS, which can
provide cloud access to the model’s functions. The model database contains all data from
meteorological stations (MS) and monitored physicochemical data on the field.
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Figure 2. Hydrotam-3D computational sub-models.

The Hybrid 3D Hydrodynamic Transport Coupled Monte Carlo Simulation (HMCS)
Model includes six sub-models: Climate Change, Wind Climate, Wave Climate, Current
Climate, Geotechnical, and Monte Carlo Risk sub-models. The flow chart belongs to the
modeling process presented in Figure 3.

Hydrotam-3D is the core model that integrates various environmental factors. Within
its framework, the Wind Climate sub-model includes hourly wind data from Turkish
Meteorological Stations, 6-h wind data from the ECMWF (European Centre for Medium-
Range Weather Forecasts) Operational archive with a 0.10◦ horizontal resolution, ERA
(ECMWF Re-analysis) Interim data with a 0.25◦ horizontal resolution, and NCEP (National
Center for Atmospheric Prediction) CFSR (Climate Forecast System Reanalysis) data with
a 0.50◦ horizontal resolution [23]. Data from this sub-model, supply the Wave Climate
model, impacting wave formation and behavior. The Wave Climate sub-model includes
Wave Propagation, which examines wave movement through water influenced by wind
and other factors, and Wave Wind Correlation, which studies the relationship between
wave patterns and wind conditions. This interaction influences the Current Climate model,
which consists of sub-models like Current Temperature, monitoring temperature variations
within water currents; Current Salinity, tracking the salt concentration influencing the water
density and current behavior; and Current Transport Patterns, analyzing how currents
move and distribute substances. The Current Climate model integrates data from the
Wave Climate and affects Pollution Control and Transport Climate models. Pollution
Control works with the Current Climate to manage and predict the dispersion of pollutants.
At the same time, Transport Model studies how currents and climatic conditions impact
the transportation of substances and materials in the water. Sediment Control integrates
Pollution Control and Transport Model data to manage and predict sediment movement
and deposition. Overall, the Wind Climate impacts the Wave Climate by determining
wind-driven wave formation; the Wave Climate influences the Current Climate through
wave–current interactions; the Current Climate sub-models provide essential data for
the Pollution Control and Transport Model, ensuring accurate predictions of pollutant
dispersion and material transport; and Pollution Control and Transport Model data feed
into Sediment Control, managing sediment dynamics in the aquatic environment.
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Figure 3. The New Hybrid 3D Hydrodynamic Transport Coupled Monte Carlo Simulation (HMCS)
Model Flow Chart.

Hydrotam-3D integrates all these models, ensuring a comprehensive analysis of
environmental factors affecting maritime structures. This interconnected system allows for
a holistic approach to assessing and managing the impacts of environmental changes on
maritime structures, particularly under the influence of climate change.

The Climate Change Sub-model includes lake-level predictions of the RCP8.5 climate
change scenario to determine water levels for the pipeline design. The Coupled Model Intercom-
parison Project Phase 6 (CMIP6) is used to obtain the effect of climate change, and the results of
the 2041–2060 and 2081–2100 periods were considered for the Monte Carlo module [24].

The Wind Climate Sub-model handles extreme and long-term statistics for all MS and
ECMWF wind data [23] by six-hour intervals covering Turkish coastal waters from 2000
to 2022. The model provides the wind roses for annual, seasonal, and monthly time steps.
The highest wind speeds and directions are computed using Fisher Tippet Type I (FTT-1)
probability distribution, and the governing wind directions for that location are identified.

The Wave Climate Sub-model gives long-term and extreme wave statistics, yearly
and seasonal wave roses, and relations between wave heights and periods by predicting
significant wave heights and periods. Wave transformations such as refraction, shoaling,
and diffraction equations are based on the velocity potential presented by [25]. The mild
slope equation has been separated into three equations using the wave function derived
from the velocity potential and considering the approach angle over irregular bathymetries.

Computationally, the numerical model simulates propagation on broad coastal areas
under changing wave conditions [16,26]. The complex velocity potential (φ) was given
by [25]:

φ = aeis (1)
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in which s is the phase function of the wave and a is the amplitude. Equation (1) is used for
wave propagation in two plane dimensions, and Equations (2) and (3) are obtained:

1
a

[
∂2a
∂x2 +

∂2a
∂y2 +

1
CCg

(∇a.∇(CCg))
]
+ k2 − |∇s|2 = 0 (2)

1
a

[
∂2a
∂x2 +

∂2a
∂y2 +

1
CCg

(∇a.∇(CCg))
]
+ k2 − |∇s|2 = 0 (3)

∇ ·
(

a2CCg∇s
)
= 0 (4)

in which C is the wave celerity, Cg is the group velocity, k is the wave number and ∇ is the
gradient. The Equations (4)–(6) are solved to obtain the wave height H, propagation angle
θ, and gradient of the phase function ∇s:

|∇s| = k2 +
1
H

[
∂2H
∂x2 +

∂2H
∂y2 +

1
CCg

[
∂H
∂x

∂CCg
∂x

+
∂H
∂y

∂CCg
∂y

]]
(5)

∂

∂x

(
H2CCg|∇s|cosθ

)
+

∂

∂y

(
H2CCg|∇s|sinθ

)
= 0 (6)

The significant breaker depth (h1/3) and the significant breaker height (H1/3) for the
unidirectional random waves are calculated by using the Goda Method [27], as given in
Equations (7)–(9). The wave setup, including the effect of surface rollers, is calculated by
Equations (10) and (11). The dynamic wave setup (surf beat) is obtained from Equation (12)
at the shoreline for these wave conditions.(

H 1
3 ,peak

h 1
3 ,peak

)
h

=
A

h/L0

{
1 − exp

[
−1.5 π

h
L0

(
1 + 11s4/3

)]}
: A = 0.12 (7)

H1/3 =

{
KsH′

0, : h/L0 < 0.2
min

{
(β0H′

0 + β1h), βmax H′
0, KsH′

0
}

: h/L0 < 0.2
(8)

Hmax = H250 =

{
1.8KsH′

0, : h/L0 < 0.2
min

{
(β0H′

0 + β1h), βmax H′
0, 1.8Ks H′

0
}

: h/L0 < 0.2
(9)

Significant Wave Height H1/3 Maximum Wave Height Hmax

β0 =

(
H′

0
/

L0

)−0.38
0.028 exp

[
20s1.5] β∗0 = 0.052

(
H′

0
/

L0

)−0.38
exp
[
20s1.5]

β1 = 0.52 exp[2.4 s] β∗1 = 0.63 exp[3.8 s]

βmax = max

{
0.92, 0.32

(
H′

0
/

L0

)−0.29
exp[2.4 s]

}
β∗max = max

{
1.65, 0.53

(
H′

0
/

L0

)−0.29
exp[2.4 s]

}

Including the effect of surface rollers:

ζθ0=0
/

H0
= (0.0063 + 0.768 s)− (0.0083 + 0.011 s)ln H0

/
L0

+ (0.00372 + 0.0148s)
[
ln H0

/
L0

]2
(10)

ζ = ζθ0=0(cos θ0)
0.545+0.038ln H0/L0 (11)

and for oblique wave incidence:

ζrms =
0.04 (ηrms)0√

H′
0

L0

(
1 + h

H′
0

) =
0.01H′

0√
H′

0
L0

(
1 + h

H′
0

) (12)
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The Current Climate Sub-model provides the 3D modeling of currents under the effect
of wind, density stratification, tides, and storm surges. The Hydrodynamic Sub-model
applies a 3D k-ε model for turbulence. The governing equations in the three-dimensional
Cartesian coordinate system are given in Equations (13)–(16):

The continuity equation:
∂w
∂z

+
∂u
∂x

+
∂v
∂y

= 0 (13)

The momentum equations for x and y:

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

= f v − 1
ρ0

∂p
∂x

+ 2
∂

∂x

(
vX

∂u
∂x

)
+

∂

∂y

(
vy

(
∂u
∂y

+
∂v
∂x

))
+

∂

∂z

(
vy

(
∂u
∂z

+
∂w
∂x

))
(14)

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

= f v − 1
ρ0

∂p
∂x

+ 2
∂

∂x

(
vX

∂u
∂x

)
+

∂

∂y

(
vy

(
∂u
∂y

+
∂v
∂x

))
+

∂

∂z

(
vy

(
∂u
∂z

+
∂w
∂x

))
(15)

and in the vertical direction z:

∂w
∂t

+ u
∂w
∂x

+ v
∂w
∂y

+ w
∂w
∂z

= − 1
ρ0

∂p
∂z

+ gz +
∂

∂x

(
vx

(
∂w
∂x

+
∂u
∂z

))
+

∂

∂y

(
vy

∂w
∂y

+
∂v
∂z

)
+ 2

∂

∂z

(
vz

∂w
∂z

)
(16)

where νx, νy, and νz are the eddy viscosities in the x, y, and z directions, respectively;
p = pressure; f is the Coriolis coefficient; g is the gravitational acceleration; ρ(x,y,z,t) is the
water density, and ρ0 is the density of the reference value.

The lake density changes according to its salinity, temperature, and pressure. Its
distribution depends on the distribution of the temperature and salinity. The variable σt
can be defined as a function of density ρ as:

σt = (ρ − 1)× 103 (17)

where ρ is the density in gr/cm3. The following equations are used to determine the density
as a function of temperature and salinity:

C = 999.83 + 5.053d − 0.048d2 (18)

β = 0.808 − 0.0085d (19)

α = 0.0708(1 + 0.351d + 0.068(1 − 0.0683d)T) (20)

γ = 0.003(1 − 0.059d − 0.012(1 − 0.064d)T) (21)

ρ = C(d) + β(d)S − α(T, d)T − γ(T, d)(35 − S)T (22)

where T is the temperature (◦C), S is the salinity (%o), and d is the water depth (km).
The following diffusion equations are used in the model:

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

=
∂

∂x

(
Dx

∂T
∂x

)
+

∂

∂x

(
Dy

∂T
∂y

)
+

∂

∂z

(
Dz

∂T
∂z

)
(23)

where T is the temperature and Dx, Dy, and Dz are the diffusion coefficients of turbulence.
The same equation is valid for salinity (S).

The Geotechnical Sub-model enables the inclusion of the necessary geotechnical pa-
rameters and soil property variability in the stability calculations of the water transmission
pipe system. For the problem under consideration, the design values and the uncertainty
of the unit weight and the soil shear strength are to be estimated. For this purpose, the
results from the site investigation were examined thoroughly to determine the mean values
of design parameters.

Geotechnical variability is complex and results from inherent soil variability, measure-
ment error, and transformation uncertainty (e.g., [28]). Of those, inherent soil variability
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occurs due to naturally occurring geologic procedures that form the soil. The next source
is the measurement error, which results from equipment and random testing effects [29].
When considered together, these two sources are named the data scatter. It should be
considered that field surveying is affected by statistical unpredicted or sampling flaws,
which is the result of delimited information that can be reduced to a minimum by increasing
the number of tests; however, measurement errors will increase this time [28]. As a result,
design soil properties are commonly obtained using empirical or correlation-based models
applied to field or laboratory measurements, but this process introduces transformation un-
certainty into the calculations. The overall uncertainty of any design geotechnical property
should be systematically determined considering the relative contribution of these three
sources based on the quality of the tools, the control of the procedure, and the accuracy
that belongs to a specific correlation model as a minimum.

The following probabilistic method can be persistently utilized to integrate the im-
manent soil variability, measurement error, and transformation uncertainty ([30]: it can be
accepted that the following probabilistic transformation model parameter of design (ξd) is
obtained out of the possession of test measurement (ξm).

ξd = T(ξm, ε) (24)

in which T( · ) is the transformation function, ε is the uncertainty of the model, (w) repre-
sents inherent soil variability, and (e) represents the measurement error. These are added to
Equation (21), which is exchanged to Equation (22) for the measured soil property, ξm:

ξm(z) = t(z) + w(z) + e(z) (25)

in which t is the deterministic trend, w is the inherent variability, and e is the measurement
error. w and e, which are undetermined parameters, are considered uncorrelated; hence, the
derived sources are independent. Refs. [28,30]. Thus, the design parameter is defined as:

ξd = T(t + w +e, ε) (26)

Here, the mean of w, e, and ε is zero.
Equation (23) can be linearized for the mean of (w, e, ε) by using the Taylor series

expansion [31]:

ξd ≈ T(t,0) + w ∂T/∂w|(t,0) + e ∂T/∂e|(t,0) + ε ∂T/∂ε|(t,0) (27)

The mean and variance values of ξd have been determined with the aid of implement-
ing second-moment probabilistic methods to Equation (23) [31]:

mξd ≈ T(t,0) (28)

sξd
2 ≈ [∂T/∂w|(t,0)]

2sw
2 + [∂T/∂e|(t,0)]

2se
2 +[∂T/∂ε|(t,0)]

2sε2 (29)

mξd and sξd
2 are the mean and variance of ξd, respectively, sw

2 is the variance of the
inherent soil variability, se

2 is the variance of the measurement error, and sε2 is the variance
of model uncertainty.

Equation (26) calculates the general mean and variance, i.e., the second-moment
statistics, which belong to design characteristics at a point in the soil mass. However, the
spatial average of the design parameter over the influence depth is usually required for the
geotechnical design. If t and ∂T/∂w (or ∂ξd/∂w) represent constant values, the mean of
the spatial average is identical to the presented data within Equation (25). In contrast, the
variance of the spatial average (sξa

2) has been presented in Equation (27) [32]:

sξa
2 ≈ [∂T/∂w|(t,0)]

2 Γ2(La) sw
2 + [∂T/∂e|(t,0)]

2se
2 +[∂T/∂ε|(t,0)]

2sε2 (30)
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where Γ2( · ) is the variance reduction function based on the averaging interval length,
La. [32] presented an approximate variance reduction function for practical implementa-
tions in the following:

Γ2(La) = 1 for La ≤ δv (31)

Γ2(La) = δv/La for La > δv (32)

in which δv is the vertical scale of fluctuation.
The general probabilistic approach is implemented to obtain the typical second-

moment statistics of the unit weight and undrained shear strength of Burdur Lake soil
where the water transmission pipeline is found.

The Monte Carlo Risk Sub-model: This sub-model presents the development of a
statistical Monte Carlo Risk Sub-model for conducting the stability analyses of pipelines to
assess the failure probability of buried pipelines through a comprehensive risk assessment
approach. The sub-model can simulate the vertical stability failure function to understand
the factors leading to pipeline system failures, such as the soil type, burial depth, pipeline
diameter, and external loads. The conclusions provided by the simulation give a statistical
distribution of failure probabilities, which are used to forecast the failure risk under different
environmental circumstances.

The scientific modeling aspect of the Hybrid 3D Hydrodynamic Monte Carlo Simula-
tion (HMCS) model is characterized by its integration of multi-dimensional environmental
sub-models and advanced probabilistic techniques.

The HMCS model employs the Hydrotam-3D framework, which encompasses detailed
sub-models for wind, wave, current, and geotechnical conditions, providing a compre-
hensive simulation environment. These sub-models are interconnected to capture the
dynamic interactions between various environmental factors and marine structures. The
wind climate sub-models, for instance, account for wind propagation, turbulence, and
temperature, feeding data into the wave climate sub-models that examine wave propaga-
tion and wind–wave correlations. This hierarchical structure continues with the current
climate sub-models, which monitor temperature, salinity, and transport patterns within
water currents. The model also incorporates geotechnical sub-models that address soil
variability and strength, which is critical for assessing the stability of submarine pipelines.

A significant innovation in the HMCS model is its use of MCSs to manage the inherent
uncertainties and variabilities in environmental conditions. By generating thousands of
possible scenarios, the model provides robust statistical predictions of pipeline stability,
accounting for fluctuating lake levels, storm surges, and a changing wave climate due to
climate change. The probabilistic nature of the Monte Carlo approach allows for a detailed
sensitivity analysis, identifying which parameters most significantly impact the model’s
outputs. The sensitivity study enables the refinement of the model and enhances its predic-
tive reliability. Furthermore, the model’s ability to simulate complex interactions and adapt
to dynamic environmental conditions underscores its advanced computational capabilities,
making it a valuable tool for designing resilient and sustainable maritime infrastructure.

The modeling aspects of the Hybrid 3D Hydrodynamic Monte Carlo Simulation
(HMCS) model demonstrate significant advancements over solely simulation-based ap-
proaches. Traditional simulations often focus on specific aspects or single environmental
factors without fully integrating the wide range of variables that can impact the stability
and resilience of maritime structures. In contrast, the HMCS model’s comprehensive inte-
gration of multi-dimensional environmental sub-models provides a holistic understanding
of the interactions between wind, wave, current, and geotechnical conditions.

While standard simulations might isolate variables such as wave heights or current
velocities, the HMCS model captures the interconnected nature of these factors through
its hierarchical sub-model structure. For example, the wind climate sub-models inform
the wave climate sub-models, which influence the current climate sub-models, creating a
dynamic feedback loop that better represents real-world conditions. This level of integration
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is crucial for accurately predicting the impacts of complex environmental changes, such as
those induced by climate change.

Additionally, the HMCS model employs MCSs to manage uncertainties and variabili-
ties, a significant improvement over the deterministic method. By generating thousands
of possible scenarios, the Monte Carlo approach provides robust statistical predictions
and enables detailed sensitivity analysis, identifying the most critical parameters affect-
ing pipeline stability. This probabilistic method contrasts with the fixed-output nature of
traditional simulations, offering a more nuanced understanding of risk and reliability.

In summary, while solely given simulations provide valuable insights into specific
environmental conditions, the HMCS model’s comprehensive and probabilistic approach
ensures a more accurate, reliable, and holistic analysis of maritime infrastructure design. It
enhances the predictive capability by considering the full spectrum of interacting environ-
mental factors and their uncertainties. The model offers a more resilient and sustainable
design solution for submarine pipelines and other marine structures.

3. Case Study of Burdur Lake Water Transmission System

The tectonic Burdur Lake is located between the provinces of Burdur and Isparta in
the southwest region of Türkiye. Regarding the surface area, the lake is the seventh largest
in Türkiye (Figures 4 and 5).

Since the well reservoir and pumping station are on opposite sides of the lake, drinking
water must be drawn across the lake to service the city of Burdur, as the drinking water
pipeline system can operate safely during the climate change era.

In that case, Burdur will not face a water shortage in the next few decades as the
city’s population continuously increases [33]. A Burdur Lake pipeline case study indicates
the pertinency of the suggested hybrid model. The pipeline had initially been installed
in the deep-water region of the lake; however, the decline in the water level caused by
climate change resulted in the pipeline’s exposure to breaking waves. Climate change led to
merging the increased intensity of the storms and the breaking of waves, which later failed
in the pipeline. Considering such environmental factors, along with dynamic conditions,
is essential during the design concerning the integrity and reliability of the pipeline. The
proposed hybrid model sets the baseline for assessing the safety and reliability of submarine
pipelines under dynamic environmental conditions. This paper shows how climate change
will affect the water pipeline system that has already been installed in the bed of Burdur
Lake and designed under deep water conditions. However, the pipeline showed up in the
breaking zone due to the gradual falling of the water level. The pipeline has, therefore,
exposed the effect of breaking waves coupled with the increase in the strength of storms
affecting this region, which has resulted in its rupture. The rise in storm intensity is also
attributed to climate change, which has eventually led to the breakup of the pipeline, as
illustrated in Figure 6.

The static conditions for which the pipeline was designed were no longer maintained,
leading to its failure. Furthermore, the consequences of climate change have led to the
transformation of the parts of the Burdur Lake region from a hydrologically active environ-
ment to a terrestrial arid zone. This transformation has further exacerbated the negative
impact of the failure of the water pipeline system. Consequently, a new project considering
all these environmental factors affected by climate change has become necessary. Based
on these considerations, the present study highlights the need for the cautious reflection
of global warming on hydrological systems and infrastructure, particularly in districts
prone to extreme weather conditions, focusing specifically on the Burdur Lake region as a
significant example.

Following the rupture of the first pipeline system, a new pipeline system under the
lakebed has been designed. This design feature will shelter the pipeline system from future
climate change and meteorological effects if the lake resumes losing its surface area due to
global warming. The new pipeline system will be constructed on the lakebed with 8.00 m
of water depth in Burdur Lake.
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3.1. Climate Change Sub-Model

In Climate Projections with New Scenarios for the Türkiye project, the RCP8.5 scenario
of three different model data was obtained from Ref [35]. The average annual temperature
rise for 2016–2040 in Türkiye is expected to vary between 1 ◦C and 2 ◦C based on three
GCMs (HadGEM2-ES, MPI-ESM-MR, and GFDL-ESM2M). In 2041–2070, the increase in
the surface temperature is expected to vary between 1.5 ◦C and 4 ◦C. In the last period
(2071–2099), the average annual temperature rising is expected to vary between 1.5 ◦C and
5 ◦C. The increase would be higher in winter for inner regions (Figure 7). For Burdur Lake,
the increase will be around 1.5 ◦C in the first period, and it is predicted to rise to 2 ◦C in
2041–2070 and above 3.5 ◦C in 2071–2099. Additionally, when precipitation projections are
examined, total precipitation is predicted to decrease in all periods throughout the Burdur
basin, with a maximum predicted decrease of 30%. The predicted lake levels according
to the region’s global warming scenarios from the CMIP6 model were obtained from the
Effect of Climate Change on Water Resources Project [36], and these mean predictions were
simulated by an MCS using the variations given by the [35]. The predicted lake levels were
compared for the years 1986 and 2020 since Burdur Lake experienced a dramatic decrease
in terms of surface area, as analyzed by [37].

J. Mar. Sci. Eng. 2024, 12, 931 12 of 36 
 

 

 
Figure 6. The broken part of the former Burdur Lake pipeline is in the dried zone of the lake. 

3.1. Climate Change Sub-Model 
In Climate Projections with New Scenarios for the Türkiye project, the RCP8.5 sce-

nario of three different model data was obtained from Ref [35]. The average annual tem-
perature rise for 2016–2040 in Türkiye is expected to vary between 1 °C and 2 °C based on 
three GCMs (HadGEM2-ES, MPI-ESM-MR, and GFDL-ESM2M). In 2041–2070, the in-
crease in the surface temperature is expected to vary between 1.5 °C and 4 °C. In the last 
period (2071–2099), the average annual temperature rising is expected to vary between 1.5 
°C and 5 °C. The increase would be higher in winter for inner regions (Figure 7). For Bur-
dur Lake, the increase will be around 1.5 °C in the first period, and it is predicted to rise 
to 2 °C in 2041–2070 and above 3.5 °C in 2071–2099. Additionally, when precipitation pro-
jections are examined, total precipitation is predicted to decrease in all periods throughout 
the Burdur basin, with a maximum predicted decrease of 30%. The predicted lake levels 
according to the region’s global warming scenarios from the CMIP6 model were obtained 
from the Effect of Climate Change on Water Resources Project [36], and these mean pre-
dictions were simulated by an MCS using the variations given by the [35]. The predicted 
lake levels were compared for the years 1986 and 2020 since Burdur Lake experienced a 
dramatic decrease in terms of surface area, as analyzed by [37]. 

 
Figure 7. According to RCP8.5, projections of Türkiye’s annual average temperature 
anomaly range [38]. 
Figure 7. According to RCP8.5, projections of Türkiye’s annual average temperature anomaly
range [38].

While the water surface area of Burdur Lake was 206 km2 in 1986, this area decreased
to 125 km2 in 2019. Consequently, Burdur Lake has recently lost approximately 40% of its
total surface area and dried up. The ruptured pipeline area is now in the dried part of the
lake. The decline in the surface area of Burdur Lake is one of the most obvious examples of
the effects of the global warming era. The lake had a maximum water level (857.5 m from
sea datum) in 1970 with a surface area of 215.7 km2 and a volume of 6.826 hm3 (Figure 8).
The part of the bathymetry for the pipeline is illustrated in Figure 9, and the variation
in the lake area (1984–2019) is shown in Figure 10. With the aid of this trend, the MCS
sub-model simulates the MLL decrease in the future, and the variation in the average depth
considering global warming is obtained from an MCS, as illustrated in Figure 11 [39].

The MCS sub-model analyzed the decreasing trend in MLL, and the distribution
attained to MLL was obtained as given in Figure 10. The average water level at the
construction depth was 8.50 m in 2023. By simulating the variation in future years, the
MLL was estimated to decrease by −53 cm in the next 100 years at the construction depth
of the pipeline with a confidence level of 90% (Figure 11). Hence, the pipeline stability
was simulated for a depth of 8.5 m by considering the water level decrease in the next 100
years. The MCS was conducted using the results obtained from the Hydrotam 3D model, as
indicated in Figure 3, from which the wind, wave setup, and storm surge were computed.
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Hence, all these sub-models are related to the MCS to predict the change in the water level
of Burdur Lake in the climate change era.
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The mean values of the wind and wave setup, storm surge, and their variations were
obtained from the Hydrotam 3D model to modify the mean water levels predicted by the
region’s global warming scenarios obtained from the CMIP6 model and downscaled to
Burdur Lake by the Effect of Climate Change on Water Resources Project [36] in the MCS.

The records from Yazıköy station (station no: D10M007), operated by the General
Directorate of State Hydraulic Works (DSI), were utilized to validate the simulation ranges.
This station records the average lake level from 1969 to 2018. Until 1971, there were no
sudden decreases in lake levels. However, between 1971 and 1977, the levels declined,
corresponding with a dry period. From 1977 to 1985, the lake levels rose and fluctuated sea-
sonally during a wet period. After 1985, the lake level significantly decreased, independent
of dry or wet seasons, except for short-term increases during wet periods. The difference
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between the lake’s maximum water level (May 1970) and minimum water level (September
2018) is approximately 17 m [40].
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Hence, all these sub-models are related to the MCS to predict the change in the water
level of Burdur Lake in the climate change era. The mean values of the wind, wave setup,
storm surge, and variations were obtained from the Hydrotam 3D model to modify the
mean water levels predicted by the region’s global warming scenarios obtained from the
CMIP6 model and downscaled to Burdur Lake by the Effect of Climate Change on Water
Resources Project [36] in the MCS.
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3.2. Wind Climate Sub-Model

The operational archive 6-h wind forecasts for 2000–2022 of the European Medium-
Scale Weather Forecasting Center (ECMWF) and the numerical model wind forecasts from
the ECMWF-ERA5 were used [23]. The data for the lake at the coordinates 37.8◦ N–30.3◦ E
were examined, as shown in Figure 12. Wind sources are compared in Figure 13, and the
wind roses are illustrated in Figure 14.
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As a result, the 37.8◦ N–30.2◦ E and 37.8◦ N–30.3◦ E operational archive data sources
over the lake were compatible with each other, as shown in Figure 13. There is a 2%
probability of exceeding the 7 m/s wind speed for the WSW direction, which is the direction
with the highest fetch. From the extreme value statistics, the wind speed with a return
period of 50 years is obtained as 14 m/s. The Extreme value FFT-1 distribution wind
statistics for ECMWF data of 2000–2022 are presented in Figure 15.
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3.3. Wave Climate Sub-Model

Effective fetch distances (length of the storm area) were obtained as shown on Figure 16,
which is 20 km. Due to the geographical position of the lake, the main fetch distance that
can cause the maximum storm surge is the West–West Southwest (W-WSW) direction
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segment. The parametric spectrum wave prediction model CEM [41] and the numerical
model wind forecasts from the ECMWF-ERA5 are utilized in wave climate studies. The
fetch distances from the point of concern to the land in all directions are calculated by the
HYDROTAM-3D model system [42].
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In the fetch sub-module, the cosine average method is applied to determine the
effective wave fetch length in all major directions at angles of θ = 3.75 degrees within
a ±22.5-degree range [15]. The duration of wind speed is equal to the number of preceding
consecutive and acceptable hours for which the wind speed and direction variations do
not exceed 2.5 m/s and a certain value of 15◦ from the mean, respectively. Corresponding
wind speeds and fetch lengths were determined by taking the mean values over this
duration using ECMWF-ERA5 archives from 1 January 2000 to 31 December 2021 for the
coordinates of 37.8◦N 30.3◦E; hence, only wind was used as the input. Ref. [43] investigated
the performance of ANFIS and CEM methods for predicting the wave parameters in fetch-
limited conditions for Lake Ontario. They found that the CEM [41] method overestimates
the significant wave height, leaving the designer safe.

In the HYDROTAM-3D modeling database, wind prediction results for the 2000–2021
period at six-hour intervals from the ECMWF-ERA5 archives for each point on the hori-
zontal resolution grid of 0.1◦ covering the Turkish land and marine area were recorded.
Using the CEM parametric wave model [41] based on wind directional predictions, the
“long-term” and “extreme value” statistics of deep-sea significant wave heights are stud-
ied [44]. Long-term wave statistics include temporally continuous data. For the statistical
evaluation of wave heights, the Log-normal distribution shows the relationship between
the significant wave heights and their occurrence probabilities. Annual wave roses show
significant wave heights in each direction throughout the year. The directional segments
indicating where the waves come from are selected to be the same as the geographical
directions. The extreme value statistics for significant wave heights have also been applied.
The annual maximum values of significant wave heights are assumed to follow the FFT-1
(Gumbel) distribution. The best-fit line for the values is drawn using linear regression
analysis and extended beyond the duration covered by the data [44].

The annual and seasonal wave roses of Burdur Lake are given in Figure 17. It is seen
that waves mostly occur in the SSW-WSW directional range, which has the highest fetch
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length. The extreme value FTT-1 distribution was determined from the long-term wave
statistics as presented in Figure 18. The design of the significant wave height with a return
period of Tr = 100 years in the lake is estimated at Hs = 1.2 m using the wave climate
sub-model.
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3.4. Current Climate Sub-Model

The model uses wind forcing to simulate a continuous time series of currents in
the lake, and the 3D current profile at the present MLL is displayed in Figure 19 for the
construction depth of 8.50 m. The variation of the current velocity in 100 years obtained
from the MCS is given in Figure 20. The circulations at Burdur Lake are irregular and
turbulent in the breaking zone. The vertical isotropic k-ε model calculates the eddy viscosity
values. The initial response to local force by wind stress causes the wind to set up in the lee
and set down in the windward shore, creating a vertical exchange of momentum.
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3.5. Geotechnical Sub-Model

A systematic geotechnical investigation was carried out to define the subsurface
stratigraphy and groundwater conditions, to assess the engineering characteristics of the
representative soil profile, and to provide recommendations for the type, depth, and allow-
able bearing pressure for foundation design within the scope of the pipeline construction.
For this purpose, seven cone penetration tests (CPT) with a total length of 181 m were exe-
cuted (Figure 21), and seven trial pits with depths ranging from 3.0 to 3.5 m were excavated
(Figure 22) in the study area. Based on field investigation and laboratory analyses of the
representative soil samples, stratigraphy in the sub-surface consists of black–grey-colored
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high-plasticity clay that is classified as CH according to the Unified Soil Classification
System (USCS) from the surface to the maximum drilled depth of 30 m.
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The laboratory results indicate that this clay’s plasticity index (PI) changes between
35 and 40, whereas the mean natural unit weight (γn) is only about 15 kN/m3. Due to the
high-water content that changes between 75% and 90%, no undisturbed samples suitable
for triaxial strength testing could be obtained during the field investigation.

The coefficient of the variation (COV) of the inherent variability of the total unit
weight (γ) and dry unit weight (γd) were examined by [29]. The typical COVs for these
components are smaller than 10% based on a data set comprising more than 3200 results.
No trends in the COV have been detected as the mean unit weight of data varies from
about 13 to 20 kN/m3. The number of data on the scale of fluctuation is rather delimited
for comparability to the number of data for the COV of inherent soil variability. From only
two studies that report a vertical scale of fluctuation, an average value of 5.2 m can be
chosen for the total unit weight of clay [29]. It is predicted as 1 to 2% for the COV of the
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measurement error for the total unit weight and is the smallest among all the laboratory
soil mechanics experiments.

To determine the total unit weight (γt) in the laboratory, Equation (24) turns into:

ξd = γ t = e + w + t (33)

The mean and variance of the design characteristics (γt) were obtained with the aid of
Equation (26), displayed in the following:

mξd ≈ t (34)

sξd
2 ≈ sw

2 + se
2 (35)

Accordingly, the COV that belongs to ξd, which is expressed as sξd/mξd, is presented as:

COVξd
2 ≈ COVw

2 + COVe
2 (36)

COVξd is the COV of ξd, COVw is the COV of the inherent variability, sw/t, and COVe
is the COV of the measurement error, se/t. The COV of the spatial average (ξa) is similarly
determined with the utilization of Equation (27):

COVξa
2 ≈ Γ2(La) COVw

2 + COVe
2 (37)

in which COVξa is the COV of ξa.
The COV of the inherent variability (COVw) and measurement error (COVe) for the

dry unit weight were estimated to be a maximum of 10% and 2%, respectively. The average
value for the typical vertical scale of fluctuation was determined to be 5.2 m. Using these
numerical data, the total COV for the direct measurement of γt in the laboratory tests
is 10% (Equation (31)). The depth of influence for a 1.10 m-wide pipe foundation at a
depth of 2.65 was selected to be between 1.75 m and 3.50 m. Therefore, for an average
dimension in length, which is 1.75 m, the amount of variance reduction [Γ2(La)] will be 1.0,
according to Equation (28). With the insertion of this variance reduction into Equation (32),
the corresponding COV for the spatial average (COVξa) belonging to the dry unit weight
would still be 10%.

For the bearing capacity calculation, the undrained shear strength (su) can be estimated
from CPT cone tip resistance (qt) values obtained during the field investigation. The
correlation between the undrained shear strength and the corrected cone tip resistance can
be expressed as in the following:

su/σ′vo = NK(qt − σvo)/σ′vo = (mDK + ε)(qt − σvo)/σ′vo (38)

in which σ′vo and σvo are the effective and total overburden stress, respectively, NK is the
uncertain model slope, mDK is the mean of NK, and ε is the zero-mean random variable
representing model uncertainty [45].

Equation (34) presents the expression of the correlation model in the structure of
Equation (24) as follows:

ξd = su = (mDK + ε)(t + w + e − σvo) (39)

in which (t + w + e) = qt. The mean and variance for this design characteristic have been
obtained from Equation (26), as shown in the following:

mξd ≈ mNK (t − σvo) (40)

sξd
2 ≈ mNK

2 (sw
2 + se

2) + (t − σvo)2 sε2 (41)
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The COV of ξd has been presented by:

COVξd
2 ≈ (COVw

2 + COVe
2)/(1 − σvo/t)2 + COVε

2 (42)

in which COVε is the COV of model uncertainty, sε/mNK. The COV of the spatial average
(ξa) can be similarly acquired from Equation (27):

COVξa
2 ≈ [Γ2(La)COVw

2 + COVe
2]/(1 − σvm/t)2 + COVε

2 (43)

Here, σvm is the average total overburden stress over La. The COVs of model uncer-
tainty (COVε) were found to be between 29 and 35% by [28].

COVws is the COV of the inherent variability and measurement error for the cone tip
resistance (qt) in clay, which is predicted to be smaller than 20% and between 5 and 15%,
respectively) [29]. The vertical scale of fluctuation for qt in clay was less than 0.5 m. To
assess Equations (36) and (37), it is also compulsory to calculate the ratios σvo/t and σvm/t.
It should be indicated that t equals the mean value of qt because the mean of w and e is
zero. The field measurements show that the average value of qt (=t) in Burdur Lake clay is
around 0.5 MPa. The total overburden stress (σvo or σvm) is 45 kN/m2 under circumstances
of total soil unit weight equal to 15 kN/m3, and the depth has an average value of 3 m.
Hence, the ratios σvo/t and σvm/t are around 0.1.

Utilizing these numerical data with average values of 32% of 10% for model uncertainty
and measurement error, respectively, the total COVs (COVξd) for su predicted from qt
would be about 40% (Equation (36)). With a mean length of 1.75 m, the measure of the
variance reduction [Γ2(La)] would be 0.29 according to Equation (28). With the insertion of
this variance reduction into Equation (37), the corresponding COV for the spatial average
(COVξa) of undrained shear strength can be obtained as 36%. The mean value of undrained
shear strength becomes 28 kPa for average values of qt = 0.5 MPa and NK = 16.

The characteristic bearing capacity of the pipe foundation for undrained conditions is
given by:

qc = Nc su (44)

Nc is the bearing capacity factor equal to 7.2 for a strip foundation with a depth-to-
width ratio of 2. Note that both the soil unit weight and the undrained shear strength can
conveniently be characterized by a log-normal distribution, which is also predicated by the
fact that they are always positive quantities [46].

3.6. MCS Sub-Model

The Morison equation is used to design pipelines concerning regulations in Türkiye [47].
The forces affecting the buried pipelines under lakes are illustrated in Figure 23 as a force
balance diagram. The Morison equation is widely used in calculating hydrodynamic loads
applied to cylindrical pipelines. The Morrison Equation gives reliable solutions for cases
that incorporate wave–current interactions. From the 1950s, with the aid of the Morison
Equation, many pipeline designs have been conducted, and only a few undesired situations
have been encountered. As a result, the Morison Equation has provided reliability in the
design of pipes for over half a century [48]. The design of submarine pipeline systems
necessitates considering various hydrodynamic loads following the Det Norske Veritas
(DNV) standard ST-F101 [49].

Specifically, this standard emphasizes the importance of considering the lift force
subject to variations due to the wave action. The 3-D hydrodynamic model must be
employed to comply with the requirements set forth by the DNV standard, as the applied
wave theory in the model accurately characterizes wave kinematics at the construction
depth of the pipes, including the surf zone hydrodynamics.

Moreover, to consider the influence of currents on submarine pipelines, the drag
and lift forces are combined with the wave-induced forces by applying theories for
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wave–current interactions. Thus, developing a hybrid model that integrates wave and
current forces is fundamental to fulfilling the constraints of standards.
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As a result, the actions of lift force (FL) and the combined wave and current are
simulated in the MCS sub-model using the conclusions of the 3D hydrodynamic model.
Since the pipeline will be buried, the vertical limit state function is considered for the
preliminary design, as illustrated in Figure 24. Although the pipe is buried, waves can
affect the pipes due to the permeable structure of the sub-base.
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Here, the lift (FL) and the resultant contact (F C) forces can be expressed as given in
Equations (45) and (46):

FL =
1
2

ρwDCM

(
Vs cosΘ + Vc)

2 (45)

FC = WS + W f + Wc (46)

where Wc is the weight of the water, Fc is the contact force of the soil, D is the pipeline
diameter, WS is the submerged pipe weight, Wf is the saturated fill weight, VC is the lake
current velocity, Θ is the phase difference, and CM is the inertia coefficient. The first-order
wave bottom velocity (VS) is:

Vs =
πH
T

· 1

sinh
(

2πd
L

) (47)
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where H is the wave height, d is the depth, and T and L are the wave period and wavelength,
respectively. The first limit state function of pipe stability in the vertical direction is given
by Equation (48):

ZV1 = (Fc − FL)/γsc > 1 (48)

where γSC is expressed as the partial safety factor.
The balance between the pipe contact force and the bearing capacity of the soil beneath

it determines the embedment depth of the pipe. DNV-GL-RP-[50], a recommended practice
by Det Norske Veritas (DNV), outlines the limit state function of the embedment, which
occurs when subjected to undrained loading conditions. Specifically, the second limit
state function that should be satisfied, as given by the DNV standard ST-F101 for pipeline
stability [49], is defined in Equation (49) as the exceedance of the bearing capacity of the soil:

Zv2 =

qc
γRv

FC
≥ 1.0 (49)

in which γRv is the partial safety factor for the bearing capacity defined as 1.4 in Turkish
Earthquake Resistant Building Code [51].

All the random variables in the limit state functions are modeled by probability
distributions in the MCS, as defined in Table 1, and their randomly generated samples are
created for 30,000 simulations as illustrated in Figures 25 and 26.

Table 1. The probability distributions used in MCS.

Parameters Description Minimum Average Maximum Standard
Deviation Type Distribution

ZV1 Vertical limit state 1.04 3.21 4.23 0.14 Simulated
(Figure 25)
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Considering all the uncertainties in design in the global warming era is crucial. Pri-

marily, the pipeline is considered without pile foundations in the deterministic design. It 
can be seen from Figures 25 and 26 that the structure will not protect its integrity under 
the computed conditions, with an average failure probability of 1.86% and 3.65%. Follow-
ingly, the pipeline is computed as a piled system under the pipeline. This condition gives 
the desired results for the design procedure. The failure probability is around 0.05% for 
this design condition. The MCS conducts all the design procedures for both design condi-
tions. A deterministic design does not possess the ability to compute accurate design fail-
ure probabilities. Hence, the MCS provides a precious sight for engineers. The MCS com-
putes 30,000 different scenarios, and each one is also a real situation. In this respect, the 
MCS differs from a deterministic design. 

4.1. Vertical Stability of Preliminary Design 
The result of the MCS for the vertical limit state function (ZV1) of the pipe failure in 

its lifetime of 50 years for a design diameter of D = 0.8 m was depicted in Figure 25. The 
figure indicates that the lifetime failure probability of the pipeline is approximately 3.4% 
when considering environmental risk parameters such as climate change, storms, lake 
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Integrating future changes in environmental conditions increases the risk of pipeline 
failure, which is unacceptable according to the DNV ST-F101 standard for pipeline stabil-
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Table 1. Cont.

Parameters Description Minimum Average Maximum Standard
Deviation Type Distribution

Wc Weight of water
column (kg) 720 800 880 10 Triangle
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4. Design in the Imminent Climate Change Era

Considering all the uncertainties in design in the global warming era is crucial. Pri-
marily, the pipeline is considered without pile foundations in the deterministic design. It
can be seen from Figures 25 and 26 that the structure will not protect its integrity under the
computed conditions, with an average failure probability of 1.86% and 3.65%. Followingly,
the pipeline is computed as a piled system under the pipeline. This condition gives the
desired results for the design procedure. The failure probability is around 0.05% for this
design condition. The MCS conducts all the design procedures for both design conditions.
A deterministic design does not possess the ability to compute accurate design failure
probabilities. Hence, the MCS provides a precious sight for engineers. The MCS computes
30,000 different scenarios, and each one is also a real situation. In this respect, the MCS
differs from a deterministic design.

4.1. Vertical Stability of Preliminary Design

The result of the MCS for the vertical limit state function (ZV1) of the pipe failure in
its lifetime of 50 years for a design diameter of D = 0.8 m was depicted in Figure 25. The
figure indicates that the lifetime failure probability of the pipeline is approximately 3.4%
when considering environmental risk parameters such as climate change, storms, lake level
changes, and the breaking of waves. In this figure blue zone designates the reliability and
red zone indicates failure.

Integrating future changes in environmental conditions increases the risk of pipeline
failure, which is unacceptable according to the DNV ST-F101 standard for pipeline sta-
bility [50]. After the simulations, the most important design parameters were identified
through a sensitivity analysis, as shown in Figure 27, for a pipeline diameter of 0.8 m. The
sensitivity analysis illustrated the contribution of the variability of each random design
variable in the MCS. Figure 27 shows the sensitivity analysis with the contribution of
different pipeline variables. The MCS, which is applied to the limit state, integrates the
cumulative effect of various design components and the comparative analysis of the effect
ratio of every component.

J. Mar. Sci. Eng. 2024, 12, 931 27 of 36 
 

 

The correlation of the design variables is presented in terms of scatter diagrams in 
Figure 28. It can be used to discover if the stability of the pipeline is positively or nega-
tively correlated with certain design variables. The safety factor (ɣsc) affects the limit state 
function with a correlation of ρ = −0.9721, indicating that as the factor decreases, the limit 
state function is inversely affected. The coefficient of inertia (CM) of the pipe also nega-
tively affects the limit state function, with a much smaller correlation of ρ = −0.152 com-
pared to ɣsc, highlighting the relative importance of pipe characteristics. Thus, although at 
a smaller scale, the geometric and material characteristics of the pipe also influence the 
limit state. 

 
Figure 27. The sensitivity chart of design variables for Zv1. 

 

Figure 27. The sensitivity chart of design variables for Zv1.

The correlation of the design variables is presented in terms of scatter diagrams in
Figure 28. It can be used to discover if the stability of the pipeline is positively or negatively



J. Mar. Sci. Eng. 2024, 12, 931 27 of 35

correlated with certain design variables. The safety factor (

J. Mar. Sci. Eng. 2024, 12, 931 26 of 36 
 

 

ɣsc Safety factor 1 2 3 0.50 Triangle 
 

Vc 
Bottom Current 

(m/s) 
0.03 0.15 0.26 0.05 Simulated (Figure 20) 

 

Vs 
Bottom velocity of 

wave (m/s) 
0.05 0.20 0.35 0.05 Log-normal 

 

ρw Fluid density (N/m3) 970 1000 1030 10 Log-normal 
 

γt 
Soil unit weight 

(kN/m3) 
13 15 16 1.5 Log-normal 

 

Wf 
Weight of filling ma-

terial (kg) 
1440 1600 1760 10 Triangle 

 

ds 
Construction depth 

(m) 
7.90 8.00 8.10 0.05 Simulated (Figure 11) 

 

Wc 
Weight of water col-

umn (kg) 
720 800 880 10 Triangle 

 

su 
Undrained shear 

strength (kPa) 
10 28 50 10.08 Log-normal 

 

W block 
Concrete fixation 

blocks (t/m) 
0.30 0.52 0.90 0.10 Log-normal 

 

Wfriction Piles (t/m) 15 20.75 27 2 Log-normal 
 

4. Design in the Imminent Climate Change Era 
Considering all the uncertainties in design in the global warming era is crucial. Pri-

marily, the pipeline is considered without pile foundations in the deterministic design. It 
can be seen from Figures 25 and 26 that the structure will not protect its integrity under 
the computed conditions, with an average failure probability of 1.86% and 3.65%. Follow-
ingly, the pipeline is computed as a piled system under the pipeline. This condition gives 
the desired results for the design procedure. The failure probability is around 0.05% for 
this design condition. The MCS conducts all the design procedures for both design condi-
tions. A deterministic design does not possess the ability to compute accurate design fail-
ure probabilities. Hence, the MCS provides a precious sight for engineers. The MCS com-
putes 30,000 different scenarios, and each one is also a real situation. In this respect, the 
MCS differs from a deterministic design. 

4.1. Vertical Stability of Preliminary Design 
The result of the MCS for the vertical limit state function (ZV1) of the pipe failure in 

its lifetime of 50 years for a design diameter of D = 0.8 m was depicted in Figure 25. The 
figure indicates that the lifetime failure probability of the pipeline is approximately 3.4% 
when considering environmental risk parameters such as climate change, storms, lake 
level changes, and the breaking of waves. In this figure blue zone designates the reliability 
and red zone indicates failure. 

Integrating future changes in environmental conditions increases the risk of pipeline 
failure, which is unacceptable according to the DNV ST-F101 standard for pipeline stabil-
ity [50]. After the simulations, the most important design parameters were identified 
through a sensitivity analysis, as shown in Figure 27, for a pipeline diameter of 0.8 m. The 
sensitivity analysis illustrated the contribution of the variability of each random design 
variable in the MCS. Figure 27 shows the sensitivity analysis with the contribution of dif-
ferent pipeline variables. The MCS, which is applied to the limit state, integrates the cu-
mulative effect of various design components and the comparative analysis of the effect 
ratio of every component. 

sc) affects the limit state function
with a correlation of ρ = −0.9721, indicating that as the factor decreases, the limit state
function is inversely affected. The coefficient of inertia (CM) of the pipe also negatively
affects the limit state function, with a much smaller correlation of ρ = −0.152 compared to

J. Mar. Sci. Eng. 2024, 12, 931 26 of 36 
 

 

ɣsc Safety factor 1 2 3 0.50 Triangle 
 

Vc 
Bottom Current 

(m/s) 
0.03 0.15 0.26 0.05 Simulated (Figure 20) 

 

Vs 
Bottom velocity of 

wave (m/s) 
0.05 0.20 0.35 0.05 Log-normal 

 

ρw Fluid density (N/m3) 970 1000 1030 10 Log-normal 
 

γt 
Soil unit weight 

(kN/m3) 
13 15 16 1.5 Log-normal 

 

Wf 
Weight of filling ma-

terial (kg) 
1440 1600 1760 10 Triangle 

 

ds 
Construction depth 

(m) 
7.90 8.00 8.10 0.05 Simulated (Figure 11) 

 

Wc 
Weight of water col-

umn (kg) 
720 800 880 10 Triangle 

 

su 
Undrained shear 

strength (kPa) 
10 28 50 10.08 Log-normal 

 

W block 
Concrete fixation 

blocks (t/m) 
0.30 0.52 0.90 0.10 Log-normal 

 

Wfriction Piles (t/m) 15 20.75 27 2 Log-normal 
 

4. Design in the Imminent Climate Change Era 
Considering all the uncertainties in design in the global warming era is crucial. Pri-

marily, the pipeline is considered without pile foundations in the deterministic design. It 
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The current velocity (Vc) negatively correlates with stability, with a correlation of
ρ = −0.088, suggesting the stability is still slightly impacted by currents despite the buried
pipeline emphasizing the significance of wave breaking. Furthermore, the bottom wave
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velocity (Vs) negatively affects stability, with a correlation of ρ = −0.084, indicating that
the wave amplitude also, although only slightly, affects the pipe. Hence, waves can
influence stability up to a certain soil depth due to the permeable sub-base material. The
fluid density (ρw) transported in the pipe negatively affects stability, with a correlation
of ρ = −0.026, signifying that if the transported fluid is lighter than water, it has a small
negative correlation as it contributes to buoyancy.

4.2. Bearing Capacity of Preliminary Design

The second limit state function should satisfy the DNV standard ST-F101 [49], as
defined in Equation (49) for the exceedance of the bearing capacity of the soil. The safety of
the design is obtained by considering the burial depth for the bearing capacity of the soil.
From the MCS of the second limit state function, Zv2, the failure probability of the pipe is
determined to be 3.65%, as illustrated in Figure 26, which does not satisfy the related DNV
standard ST-F101 for pipeline stability [49], as the target failure probabilities per pipeline
should be in the order of 10−2 for a low safety class [50]. In Figure 26, blue zone designates
the reliability and red zone indicates failure.

Figure 29 presents the sensitivity chart of design variables for bearing capacity. From
the sensitivity study of design variables for the bearing capacity, the variation in undrained
shear strength (su) exhibits a direct effect (99.9%) on the bearing capacity. Certainly, the
undrained shear strength (su) is the most significant parameter affecting the simulation
results, given its stated variability. On the other hand, the saturated weight of the fill
material (Wf) and the weight of the water column (Wc) negatively affect the soil-bearing
capacity at a 10−2 significance level in the MCS.
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As a result, the lifetime failure probability of the pipeline for vertical stability is
approximately 3.65% when considering both limit states and all the environmental risk
parameters such as climate change, storms, lake level changes, and the breaking of waves.
Therefore, the preliminary design was not verified for the vertical limit state, considering
the inherent variations due to lake level changes and climate change. However, if such a
hybrid model had not been developed and environmental parameter variations had not
been considered, the deterministic design could have been approved by the existing design
code in Türkiye, demonstrating the importance of a hybrid model in fulfilling standards
and ensuring a safe design when considering the city’s drinking water project’s status.

4.3. Vertical Stability of Final Design

The results obtained from the hybrid model have revealed that pipeline stability has
a higher failure probability than the acceptable risk given by the DNV standards when
exposed to the combined influence of waves and currents.
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To mitigate the buoyancy forces arising from the underground water level and to
achieve the nominal target failure probability, which is on the order of 10−2 for the limit
state, the design was altered by the installation of concrete fixation masses every six meters
along the pipeline, as well as the incorporation of 7 m-long 60 cm-diameter concrete tension
piles, as depicted in Figure 30.
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The outcome of this modification is a revised contact force (Fc) as outlined in Equation (50):

FC = WS + W f + Wc + Wblock + Wpile (50)

where W f is the skin friction force around the piles, Wblock and Wpile are the weight of the
concrete fixation blocks and piles, respectively. These counter forces are considered per
meter of the pipeline in the MCS. W f is given in Equation (51):

W f = α ∗ su ∗ p ∗ L (51)

where α = 0.55 for su < 150 kPa; p is the perimeter of the pile (m), and L is the length of the
pile (m).

When the concrete fixation masses and tension piles are added to the design, the
lifetime exceedance probability of the vertical limit state decreases to 0.32%, signifying the
increased capacity of vertical stability concerning the uncertainty of hydrodynamic loads,
as illustrated in Figure 31. In this figure blue zone designates the reliability and red zone
indicates failure. Now, the modified design satisfies the DNV ST-F101 standard for pipeline
stability [50], integrating future changes in environmental conditions in the hybrid model.
The target failure probabilities per pipeline should be 10−2 for a low safety class [50].

Integrating concrete masses and tension piles into the pipeline system’s design sig-
nificantly reduced its lifetime failure probability. Specifically, the modifications led to
the pipeline system meeting the nominal target failure probability, and the failure prob-
ability was obtained from the MCS as 5.3 × 10−2, which follows the serviceability limit
state prescribed by the DNV standard. As a result, the modified design with concrete
fixation masses and tension piles presented in Figure 31 satisfies the target lifetime failure
probability when both the pipe–soil interaction and vertical stability are concerned.
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Figure 31. The pipe failure’s vertical limit state function (ZV1) in its lifetime for D = 0.8 m for the new
design with concrete fixation masses and tension piles.

4.4. Bearing Capacity of Final Design

The second limit state function should satisfy the DNV standard ST-F101 [49] as
defined in Equation (49) for the exceedance of the bearing capacity of the soil. The safety
of the modified design is obtained by considering the pipe’s embedment depth for the
soil’s bearing capacity. From the MCS of the second limit state function, Zv2, the failure
probability of the pipe due to bearing capacity failure, is determined to be 5.3 × 10−2, as
illustrated in Figure 32, which satisfies the DNV standard ST-F101 for pipeline stability [49],
as the target failure probabilities per pipeline should be in the order of 10−2 for a low safety
class [50]. In Figure 32, blue zone designates the reliability and red zone indicates failure.
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The presented model was developed to address the limitations of existing design
methods by ensuring comprehensive environmental considerations and enhancing reliabil-
ity through advanced simulation techniques. The first part of the design, which includes
bearing studies without piles, demonstrates a significantly higher failure probability than
the final design, which incorporates concrete fixation masses and tension piles.

These two stages of design are vastly different from each other. With its higher failure
probability, the initial design underscores the importance of pile construction for achieving
stability and compliance with standards. The final design mitigates buoyancy forces and
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achieves the nominal target failure probability, thus satisfying the DNV ST-F101 standard
for pipeline stability by integrating future environmental changes into the hybrid model.

As a result, the first part of the design contains bearing studies without piles. However,
the final part is crucial, while the first part has a considerably high probability of failure
without pile construction; they are vastly different from each other.

5. Discussion of the Results

This study aimed to evaluate the limit-state probabilities and consequences related to
pipeline failure through an extensive risk assessment approach. The statistical Monte Carlo
Risk Sub-model developed for pipeline design was used to examine the pipe’s stability for
risk analysis. This study’s hybrid MCS model provided a reliable technique for predicting
pipeline stability. The proposed hybrid risk assessment model is based on analyzing factors
that contribute to the overall risk of a submarine pipeline, such as environmental conditions,
the geotechnical integrity of the pipeline, and any external sources of risk.

The methodology begins by determining the wind, wave, and current climates and
climate change effect. A case study was conducted to illustrate the confidence level of the
methodology. A pipeline project constructed on the lakebed to provide drinking water
to the province of Burdur, which had lost its operational capability, was considered. The
surface area of Burdur Lake has decreased dramatically in the last decade, and the pipeline
has become visible on the lakebed. Under this circumstance, the pipeline system has become
vastly open to meteorological effects such as wind, flood, and storms. The system became
vulnerable to all environmental conditions. The surface area of Burdur Lake experienced a
40% decline from 1986 to 2019 due to a 30% decrease in the total precipitation. The MCS
approach was employed to assess the effects of climate change and the decrease in the
surface area of the lake on the pipeline, in conjunction with the Hydrotam 3D model, to
simulate the variation in the Mean Lake Level (MLL) and determine the variation in the
depth of construction for the pipeline system.

This approach revealed that the MLL would decrease by 53 cm over the next 100 years
at the construction depth of the pipeline, and climate change scenarios were incorporated
into the water level analysis for the pipeline design.

The wind statistics of the region were analyzed using ECMWF ERA5 and operational
archive 6-h wind forecasts, identifying a fetch distance of 20 km in the West–West Southwest
(W-WSW) direction segment. In the worst-case scenario, the maximum significant wave
height for the pipeline design was determined as Hs = 1.2 m.

Such considerations shall allow designers to design more adaptable pipelines suitable
for withstanding the changing conditions of global warming. In the pipeline system, a
hybrid MCS-based approach confirms user reliability and design safety. This method
considers a range of uncertainties and risks that can affect the functioning of the pipeline
and ensures that the required safety standard is reached. With the MCS approach and
coupling of the Hydrotam 3D model, it will be possible to simulate the variation in MLL
to see its variation in the depth of construction for the pipeline system. Moreover, it has
been decided to study the statistical data of the area’s wind and wave climate to ensure
that, while the pipeline is designed, dynamic conditions are also evoked by storm surges. It
also considers the soil parameters variable, considering the design’s probability of bearing
capacity failure. These considerations will allow pipeline designers to develop sturdier
structures against the changing conditions that prevail from global warming.

The proposed methodology would be capable of identifying the areas that would
benefit from the risk mitigation of some of the risks due to the operation of the submarine
pipeline, ultimately allowing them to lower the risk of damage due to environmental
conditions. Most of these installations, especially in the beds of the lakes and other bodies
of water, will call for thorough considerations of global warming and changing climatic
conditions. By coupling the MCS approach with the 3D Hydrotam model, a proper method-
ology for predicting the variations in the mean lake level (MLL) and ascertaining the proper
depth of the pipeline system is devised. For this, the wave climate study of the region
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and wind statistics were also performed to ensure that the designed pipeline can resist the
dynamic conditions emanating from storm surges and floods.

This case would put the pipeline designers in a better position to consider these
factors for developing more sustainable and resilient structures to understand the changing
environmental conditions emanating from global warming. Hence, the hybrid model can
evaluate the reliability of the pipelines, considering environmental and climate parameters.
The Hydrotam 3D model was used to obtain the variations in these parameters and their
influence on the stability. Hence, the model is used during the pipeline’s design process
to decrease the risks that could arise from the pipeline’s operation and guarantee stability
and reliability.

6. Conclusions

The Hybrid 3D Hydrodynamic MCS (HMCS) Model is presented for the risk assess-
ment and design of marine structures under the influence of global warming and climate
change. The model can improve the resilience and sustainability of maritime infrastructures
against environmental uncertainties by incorporating the risk-based approach. The HMCS
model can efficiently simulate the interaction of marine structures with environmental
parameters—such as wind, waves, storms, and geotechnical conditions—permitting en-
hanced design strategies that are more resilient to climate-induced vulnerabilities. As
climate change continues to impose risks to infrastructure, implementing such advanced,
risk-based design models is necessary to guarantee maritime structures’ long-term safety
and functionality. The outcomes encourage modifying existing design codes to include the
hybrid model so maritime structures can endure the evolving challenges of climate change.

The hybrid model is systematically efficient and assesses the impacts of global warm-
ing with changing climatic conditions on pipeline systems so that more resilient and
sustainable infrastructure can be developed. Therefore, providing a risk-based design
approach for maritime structures, such as submarine pipelines, ensures long-term safety
and serviceability. The uncertainties and risks from climatic change can be considered in
the design, so the maritime structure will be constructed to be resilient to it.

The HMCS model is a very powerful tool for the risk assessment of maritime structures
because it includes sub-models, considering all major environmental factors that could
affect the stability of the structure. Hence, the model will be useful in simulating the
structural behavior under environmental conditions. Such results may be used in designing
maritime structures that are more resistant to the vulnerability created by climate change.
Climate change has been an issue of concern for the last few decades since many devastating
impacts have been observed in various sectors of life, including the design and reliability
of infrastructures.

This study sheds light on the effect climate change and water level variations might
have on lake and marine structures, using the example of a pipeline crossing through a
lake. The pipeline through the lake is highly exposed to breaking wave effects, damage,
breakage, and malfunction concerning the dwindled levels of water that might have been
because of climate change. It is, therefore, exposed in the drying part of the lake, clearly
showing the future impacts of climate change. It is, therefore, crucial to develop design
methods that consider the effect and risk caused by the climate in the design of the structure
related to the sea and lakes.

Current deterministic design methods may not address the impact of climate change
on marine and coastal structures. The lack of water level predictions caused by climate
change can damage, break, and, in any case, cause a malfunction of the pipeline. Hence, the
pipeline is exposed in the drying part of the lake, showing very clearly the warning signs
towards the ensuing impacts of climate change in the next few years. Therefore, there is a
vital need for design methodologies that consider the effects and risks of climate change in
designing these maritime structures.

New standards and regulations for designing marine and coastal structures must be
developed to consider the effects of climate change using this model. This paper attempts to
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present a design approach that encompasses a risk-based philosophy to cover the limitations
of the current deterministic design methods and codes. The developed hybrid model for
the pipeline brings out the fragility of the structure to environmental future effects, which is
not normally captured through standard design methods. Hence, redrafting current design
codes is necessary, and subsequently, risk-based practice is needed to ensure structures
exhibit credibility and reliability in the changing climate. If such innovative design methods
are not implemented, structures designed using deterministic methods may lose their safety
and serviceability in the climate change era. Therefore, adopting such a risk-based design
model is crucial to ensure infrastructure sustainability in the face of climate change.
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