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Overview of calculation techniques of extreme wave loads  
on stationary offshore oil and gas platforms
Przegląd technik obliczeniowych dotyczących ekstremalnych obciążeń falowych  
na stacjonarnych morskich platformach ropnych i gazowych
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ABSTRACT: Offshore stationary oil and gas platforms are continuously subjected tovarious dynamic loads, including wave, wind, seis-
mic, and equipment-induced forces. Among these, wave loads have the most detrimental effect on the stability of offshore installations. 
When waves impact the structure, they cause material degradation, vibrations, and other damage to structural elements. Occasionally,  
offshore structures may be struck by extremely large waves, which can lead to catastrophic consequences. The occurrence of such 
waves is less predictable than other hazardous natural phenomena, such as hurricanes. Extreme wave loads are considered during 
the design phase and are typically evaluated using scaled models in special water pools. Various techniques exist for modeling these 
extreme wave loads, allowing for cost reduction and acceleration of the design process for offshore installations. The article examines 
different techniques used to calculate velocity distributions in a fluid medium under the influence of giant waves on offshore oil and 
gas installations. A brief analysis of research on the effects of tsunami waves on barriers (vertical walls and cylinders), idealizing some 
of the main types of offshore installations, is also presented. Wave loads play a significant role in the Caspian Sea where, based on the 
operating experience of various offshore oil and gas installations, such wave loads can cause significant damage to different types of 
platforms. For this reason, correct modeling of various dynamic loads, especially giant waves, during the design stage plays a pivotal 
role in ensuring safety of personnel and the environment.
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STRESZCZENIE: Stacjonarne morskie platformy ropne i gazowe są nieustannie narażone na różne obciążenia dynamiczne, w tym 
fale, wiatr, wstrząsy sejsmiczne oraz siły generowane przez pracujące urządzenia. Spośród tych czynników to obciążenia falowe mają 
najbardziej destrukcyjny wpływ na stabilność konstrukcji morskich. Oddziaływanie fal na platformy prowadzi do degradacji mate-
riałów, powstawania wibracji oraz uszkodzeń elementów konstrukcyjnych. Czasami konstrukcje morskie są poddawane uderzeniom 
ekstremalnie wysokich fal, co może mieć katastrofalne skutki. Występowanie takich fal jest trudniejsze do przewidzenia niż innych 
zjawisk naturalnych, takich jak huragany. Ekstremalne obciążenia falowe są uwzględniane już na etapie projektowania i zazwyczaj 
analizowane przy użyciu modeli skalowanych w specjalnych basenach badawczych. Istnieje wiele technik modelowania tych obcią-
żeń, co pozwala na redukcję kosztów oraz przyspieszenie procesu projektowania morskich instalacji. Artykuł omawia różne metody 
wykorzystywane do obliczania rozkładów prędkości w środowisku wodnym pod wpływem olbrzymich fal działających na morskie 
platformy naftowe i gazowe. Przedstawiono także krótką analizę badań nad wpływem fal tsunami na bariery (ściany pionowe i cylindry), 
które symulują niektóre z głównych typów morskich instalacji. Obciążenia falowe odgrywają szczególną rolę na Morzu Kaspijskim,  
gdzie – na podstawie doświadczeń eksploatacyjnych różnych morskich platform ropnych i gazowych – mogą powodować znaczne 
uszkodzenia różnych typów konstrukcji. Z tego względu prawidłowe modelowanie różnych obciążeń dynamicznych, w tym zwłaszcza 
ogromnych fal, na etapie projektowania odgrywa kluczową rolę w zapewnieniu bezpieczeństwa personelu, jak również ze względu 
ochrony środowiska.

Słowa kluczowe: metody numeryczne, rozkład prędkości, gigantyczne fale, wysokość fali.
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Introduction

Stationary offshore oil and gas installations, such as plat-
forms, can be located at a depth of up to 100 meters in regions 
subject to significant wave and wind loads. Examples include 
“Absheron” platform on the Caspian Sea shelf (State Website 
of SOCAR) and the “Hebron” platform on the Canadian shelf 
near the Newfoundland Peninsula (Widianto et al., 2013). 

Offshore stationary oil platforms are designed based on 
individual project requirements; however, many share common 
structural elements. Typically, they have an underwater base 
(either cylindrical or parallelepiped) situated on the seabed. 
Some designs incorporate a caisson, on which one or more 
columns are positioned. The primary production operations 
take place on the topside, which accommodates various fa-
cilities such as a drilling rig, residential module, helipad, etc. 
An example of a caisson-based platform design was presented 
by Widianto et al. (2013).

During operation, a large number of personnel are present 
on-site. Therefore, offshore platforms must be designed to 
withstand various loads, including those from natural forces, 
prevent disastrous situations (Hauguel, 2010).

Furthermore, certain platforms that are not connected by 
oil pipelines to onshore facilities incorporate storage capacity 
for large volumes of produced oil (exceeding 1 million bar-
rels) (Widianto et al., 2013). In the event of structural failure, 
a breach in oil containment could result in a significant spill, 
causing severe environmental damage.

Due to aforementioned reasons, the design of offshore 
platforms must be conducted with high precision. When de-
signing stationary offshore structures, statistical data on the 
frequency of giant wave occurrences is utilized. As a rule, 
model tests of hydraulic structures are carried out in special 
basin to determine wave loads (Amaziah, 2011).

Numerical methods for solving the Navier-Stokes equations 
were developed for use in problems involving wave impact 
calculations on ships (the “green water effect”) to enhance 
navigation safety (Sheng et al., 2011), where floating oil plat-
forms were also considered. An oncoming wave collides with 
the structure and then breaks against a column. Behind the 
column, the water streams flowing around it collide, forming 
a water column, the so-called “rooster tail”. Such a release of 
water, in the event of a giant wave impact, can strongly affect 
the upper structure from below (Gudmestad, 2020) and pose 
a threat to the platform. In model tests, the rooster tail effect is 
recreated, but a detailed flow pattern is not presented (Pagliara 
et al., 2011). Due to the significant risk posed by giant waves, 
their modeling and calculation are of great importance for 
ensuring the safety of fixed offshore platforms. The follow-
ing sections consider the main aspects of offshore structures 

calculations related to wave loads, specifically the impact of 
tsunami waves on the full profile of the structure and on vertical 
barriers with a large cross-section. Additionally, an example 
of wave impact calculations is presented.

Wave parameters

The parameters of giant waves, such as wave height and 
wave period, are described as probability distributions over 
observation intervals of 1, 10, 100 and 1000 years. Over an 
annual period, the most probable wave has a height of 10.5 m 
and a period of 13 seconds. For a 100-year period, a wave with 
a height of 15 m and a period of 16 seconds is more likely to 
occur, for example, in the North Sea (Oberlies et al., 2014). 
In the Caspian Sea, the maximum height of giant waves can 
reach 10–11.7 m, with a period of 10–11 seconds (Myslenkova 
et al., 2018). Such wave heights correspond to the initial values 
of the velocities of water rise from the lowest point of the wave 
to the crest on the order of 14–17 m/s.

According to the theory describing waves in a fluid in 
a gravitational field (Apel, 1986), the maximum horizontal 
wave velocity vx in a shallow water body is given by:

 v ghx =  (1)

where:
g – free-fall acceleration,
h – depth of the water body. 

The horizontal velocity is much greater than the vertical 
velocity when considering wave motion with a horizontal 
component. The dependence of the velocity V on time t and 
depth distribution is presented in the following form:
 V x z t V k z h kx t( , , ) cosh ( )= +( ) −0 sin ( )ω  (2)
where:
V0 – amplitude of the wave,
z – depth (z equal to – h corresponds to the bottom  

of the water body),
x – coordinate along the surface of the water body,
k – wave number,
ω – frequency,
t – time,
cosh – hyperbolic cosine.

Impact of tsunami waves on full-profile structures

Large-scale numerical studies of tsunami wave propagation 
(based on finite-difference models) in both model and real-
world areas of the World Ocean, as well as studies on tsunami 
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wave runup onshore, have been conducted by various authors 
(Marchuk et al., 1983; Shokin et al., 1989).

A comprehensive review of currently used analytical mod-
els for tsunami wave formation, propagation across sea area, 
transformation in the coastal zone, and runup on a sloping shore 
is presented in the monograph (Bandyopadhyay et al., 2021).

Various studies have produced different results regarding 
the interaction of long waves with impermeable barriers of 
full profile in classical problems where the barrier is a vertical 
wall. In particular, Harlow and Wetch (1965) evaluated the 
impact of a solitary wave based on the numerical solution of 
the Navier-Stokes equations using the finite-difference method 
of markers on a grid.

Asymptotic expansions of different orders (Su and Gardner, 
1969) were applied to solve the same problem in a nonlinear 
formulation for an ideal fluid. A numerical solution based on the 
Fourier transform method in coordinates and finite-difference 
scheme in time was obtained by Fenton and Reincker (1982). 
The application of Riemann invariants made it possible to 
derive simple relations for calculating the height of a long 
wave on a wall (Pelinovsky et al., 2008). The main features 
of the interaction between solitary waves and a vertical wall 
are satisfactorily described by numerical solutions of long-
wave nonlinear dispersive equations that are not limited by 
the smallness condition of the wave amplitude (Haugel, 2010; 
Zhou et al., 1991). Zheleznyak (1985), based on the numerical 
solution of the nonlinear dispersion approximation of long-wave 
equations, estimated the distribution of force characteristics 
at liquid depth. The variation of the free surface profile η (x, t) 
and the average particle velocity u (x, t) over depth is described 
by the following equations (Zheleznyak, 1985):
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 ht + (hu)x = 0

where: R u u u uxt xx x= + ⋅ − 2; Q u u u d u dt x x xx= + ⋅ +( ) 2  – fluid 
flow rate; h = d + η; d depth of the fluid; cf – bottom 
friction coefficient; ux – partial derivative of u; uxt –  
mixed partial derivative of u with respect to both 
spatial parameter x and time t; uxx – second partial 
derivative of u with respect to t; dx – partial derivative 
of the fluid depth with respect to x; dxx – second partial 
derivative of the fluid depth with respect to x.

The boundary conditions on the wall are derived from 
the conditions of impermeability and symmetry of motion 
(Zheleznyak, 1985):
 u u x Lx xx= = = =0 0 0, , ,η  (4)

When analyzing the impact of an individual wave pulse on 
a wall, the parameters of the incoming wave are defined by the 
initial conditions for the functions h and u over the segment 
x x x0 0 0 02 2− ≤ ≤ +λ λ , where x0 – coordinate of maximum 
wave elevation; λ0 – characteristic wavelength (determined 
from the relation η λ( )x a0

3
0 2 10± = −  (a – initial amplitude 

of the wave; η – surface elevation of the wave).
If a is the initial amplitude in the remaining part of the 

computational domain, it must be assumed that η = u = 0. 
At the input boundary (x = 0), free wave conditions are set, 
and the initial perturbation is represented by a single wave 
(Zheleznyak, 1985):

 

h x
d

a ch x x
d

u x
h
gd

( , )
( )

,

( , ) ( )

0 1 3
4 1

0 1
0

2 0

0

0

= + ⋅
+

⋅
−









= +

− α
α

η α
 (5)

or as a sinusoidal pulse:
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where:
α – relative initial wave amplitude,
d0 – initial depth at x = x0.

The total pressure depth distribution is determined by the 
formula:
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Where the z-axis is directed vertically upwards from the 
undisturbed free surface level.

The dynamic component of pressure is determined depend-
ing on the value of z:

 p
p z

p gz z*

,
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=
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+ <
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0
0ρ

 (8)

The hydrodynamic force acting on a vertical wall is ex-
pressed as:
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and the overturning moment relative to its base as:
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where: z' = z + d; Q = 0.

The formulated initial boundary value problem is solved 
using a three-layer finite-difference predictor-corrector scheme. 
The analytical solution for standing waves was obtained by 
Newman (1974).
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The free surface elevation and pressure were compared to 
evaluate the obtained results of the problem solution of long 
waves interaction with a vertical wall.

Calculations were performed using analytical expres-
sions considering the linear theory of shallow water waves 
(Karmakar, 2019):

 ηm
d

a= 2  (11)

second-order solitary wave theory (Gear and Grimshaw, 1983):

 η αm

d
a= +2

2

2

 (12)

non-linear shallow water theory (Gear and Grimshaw, 1983):

 
η

α αm

d
= + − +4 1 1( )  (13)

and using numerical methods (Zheleznyak, 1985),
where:
ηm – maximum of the free surface elevation on the vertical 

wall
a – wave amplitude
α = a/d0 – relative wave amplitude.

The results of the hydrodynamic force and moment cal-
culations are in full agreement with the data of Fenton and 
Reincker (1982) for α ≤ 0.4. For α ≥ 0.5 a loss of accuracy in 
calculations is noted. At the same time, the results of calcula-
tions performed by Wuppukondur and Baldock (2022) agree 
satisfactorily with the experimental data obtained by Jensen 

(2019), even for values of α exceeding the threshold value  
of 0.8, which approximately corresponds to the onset of solitary 
wave collapse.

The results of calculating the maximum values of force 
and moment using Equations (3)–(4) in the range of rela-
tive amplitude 0 ≤ α ≤ 0.8 are approximated by cubic poly- 
nomials:

 F
M
= − +
= + +
2 26 0 602 0 820
1 29 0 690 0 352

2 3

2 3

. . . ;
. . .
α α α
α α α

 (14)

The values of the force acting on the vertical wall and the 
overturning moment as a function of the relative amplitude of 
the wave a/d are presented in Figure 1. Light and dark circles 
(3 and 4) represent calculation data obtained by Fenton and 
Reincker (1982).

Wave action on a vertical barrier  
of large cross-section

A key characteristic of the considered case is that the length 
of a single wave tends to infinity, while the parameter kD/2, 
(k – wave number; D – obstacle diameter), which determines 
the applicability of diffraction theory, tends to zero. In this 
case, another parameter is introduced to estimate the flow re-
gime. Considering that the effective wavelength (the segment 
of the wavelength containing most of the kinetic energy) is 
proportional to d h3 / , we estimate the parameter ha d2 3/ . 
According to Isaacson (1983), diffraction theory is applicable 
to problems involving the interaction of a solitary wave with 
obstacles when ha d2 3 0 36/ .≥   and when ka > 0.2π.

Isaacson (1983) presented results based on numerical meth-
ods, with approximate solutions for the effect of a solitary wave 
on a vertical cylinder.

Additionally, the problem of long-wave diffraction on a ver-
tical cylinder is considered in cylindrical coordinate system 
and is reduced to solving the wave equation:
 ∆ψ ψ− =tt 0  (15)
boundary conditions:

 ∂ ∂ + = = → →∞r r a r( ) , ; ,χ ψ ψ0 0  (16)

where:
ψ – desired function describing the diffraction field,
χ – function specifying the incident wave,
r – radius-vector of the point.

The methods covered in this study include both theoretical 
and experimental analyses of tsunami waves impact on key 
types of offshore oil and gas structures, specifically vertical 
wall and vertical cylindrical streamlined obstacles.

Figure 1. Values of force and overturning moment as a function  
of relative wave amplitude: 1 and 3 – maximum values of force 
and moment; 2 and 4 refer to the moment of time when the 
maximum splash occurs (Fenton and Reincker, 1982)
Rysunek 1. Wartości siły i momentu wywracającego w funk-
cji względnej amplitudy fali: 1 i 3 – maksymalne wartości siły 
i momentu; 2 i 4 odnoszą się do momentu, w którym występuje 
maksymalny rozbryzg (Fenton i Reincker, 1982).
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Example of numerical modeling problem

The modeling was conducted using MATLAB software. 
The horizontal impulse of the wave is converted into a vertical 
one upon entering shallow water. A wave with an amplitude of 
5 m/s (corresponding to a maximum wave speed of 10 m/s at 
the sea surface) and a period of 16 s was chosen for modeling, 
consistent with the probability distributions of wave height 
and period.

In this example, the motion of a medium is simulated when 
a wave impacts a stationary offshore structure using numerical 
methods. The structure used in the calculations is shown in 
Figure 4. It is positioned at the seabed and consists of a base 
platform in the shape of a parallelepiped with a height of 
20 m and length of 80 m. A column with a diameter of 40 m 
and a height of 60 m is located on top of the platform. The 
sea level, represented by a black line, is at a height of 40 m 
from the lower edge of the parallelepiped (Figure 2). A wave 

with a maximum horizontal velocity of 10 m/s and a period of 
16 s strikes the structure. The velocity distribution over depth 
corresponds to distribution (Equation 2). 

The parameters of the medium were calculated within the 
framework of solving three-dimensional equations of fluid 
dynamics. When a wave hits the platform of the structure base, 
it acquires an impulse in the vertical direction, which causes 
the development of a crest. The initial time of the problem is 
chosen so that the wave amplitude is maximum at the initial 
time. The base is at a distance of 2.5 m from the left boundary 
of the computational domain, which can affect the flow pattern.

The wave load on the structure is determined by the mo-
mentum transfer of the fluid; therefore, the velocity distribu-
tions are of primary interest. An example of velocity distribu-
tions in the horizontal vx and vertical vz directions at a time  
point 0.8 s from the initial time is shown in Figure 3. The 
distance 0 m corresponds to the left boundary of the compu-
tational domain.

The oncoming flow velocity at the left boundary of the 
computational domain is approximately 10 m/s. The pre-
sented distributions were obtained for the near-surface water 
layer in the middle section of the structure in the direction 
of the oncoming flow—along the middle arrow in Figure 2. 
The geometric dimensions of the structure —the base plat-
form and the supporting column in this section—are shown  
in Figure 4.

By 0.8 s, when interacting with the base of the oil platform, 
the wave near the sea surface has a vertical velocity component 
of approximately 5.9 m/s, which is close to the value of the 
initial horizontal velocity at the bottom of the sea. At the base 
is located, the wave slows down and its momentum is trans-
formed. The oncoming wave has not yet reached the carrier 
column, which is located at a distance of 24 m from the left 
boundary of the computational domain (Figure 2).

Figure 2. Model of the structure, arrows show the direction of the 
incoming water flow
Rysunek 2. Model konstrukcji, strzałki wskazują kierunek napły-
wającej wody

Figure 3. Distributions of horizontal velocity vx (a) and vertical velocity vz (b) in the near-surface water layer at a level of 38 m from the 
sea bottom in the middle section of the structure in the direction of the oncoming flow, at time 0.8 s from the initial time
Rysunek 3. Rozkłady prędkości poziomej vx (a) i pionowej vz (b) w przypowierzchniowej warstwie wody na poziomie 38 m od dna 
morskiego w środkowej części konstrukcji w kierunku napływającego strumienia, w czasie 0,8 s od czasu początkowego
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In the design of oil rigs, full-scale simulation of loads in the 
basin is used to determine the loads on structural elements, simi-
lar to what was done for the Hebron platform (Oberlies et al., 
2014). It is believed that analytical methods are not yet “mature 
enough” for engineering design. However, the method for de-
termining wave loads by testing model structures in the pool 
has its limitations associated with the number of load cells, their 
area, the presence of measurement noise, and so on. Another 
simulation of wave loads was conducted for DolWin Beta 
platform, the CFD model of which was set up in ComFLOW 
(Sonneville et al., 2015). The successful simulation conducted 
by BP for the ACE (Azeri Central East Project Environmental 
& Social Impact Assessment BP, 2019) platform, using  
a variety of metaocean data sources, predicted that extreme 
wave maximum wave heights would range from 9.4–9.6 m  
and can also be considered as an example (Azeri Central East 
Project Environmental & Social Impact Assessment BP, 2019).

The advantage of numerical calculations is that they allow 
results to be obtained faster and at a lower cost than full-scale 
simulations. Additionally, numerical calculations provide more 
complete information on loads, as they are not limited by the 
number or placement of sensors or by data interpretation. 

It would be possible to link the results of numerical cal-
culations to a specific oil-producing platform if numerical 
simulation of model experiments in the basin were per-
formed and the measured loads were compared with the  
calculated ones. 

Conclusion

In conclusion, the overview of various techniques used 
to calculate the impact of giant waves on stationary offshore 
installations demonstrates a diversity of approaches, each 
considering specific conditions. The design characteristics of 
these installations result in complex interactions with large 
waves, which must be considered in the design process to 
prevent catastrophic consequences. 

Accurate hydrodynamic modeling, incorporating nonlinear 
effects and various wave scenarios, forms the foundation for 
reliable predictions. Overall, a combination of both prelimi-
nary simulations and basin experiments will allow for more 
accurate results, thereby increasing safety of offshore station-
ary platforms.
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