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ABSTRACT: The integrated numerical tool SWAMS (Simulation of Wave Action on Moored Ships) is 
used to simulate the behavior of a moored container carrier inside Sines’ Harbour. Wave, wind, currents, 
floating ship and moorings interaction is discussed. Several case scenarios are compared differing in the 
layout of the harbour and wind and wave conditions. The several harbour layouts correspond to proposed 
alternatives for the future expansion of Sines’ terminal XXI that include the extension of the East break-
water and of the quay. Additionally, the influence of wind on the behavior of the ship moored and the 
introduction of pre tensioning the mooring lines was analyzed. Hydrodynamic forces acting on the ship 
are determined using a modified version of the WAMIT model. This modified model utilizes the Haskind 
relations and the non-linear wave field inside the harbour obtained with finite element numerical model, 
BOUSS-WMH (Boussinesq Wave Model for Harbors) to get the wave forces on the ship. The time series 
of the moored ship motions and forces on moorings are obtained using BAS solver.

them nonlinear, do affect the evaluation of the ship 
response to incident waves, due to the limitations 
and errors of the numerical models involved.

Numerical tools of this type are scarce and with 
some limitations. Most of them use linear theory 
to describe the wave-floating structure interac-
tion and a very simplified geometry of the port. 
However, an accurate representation of the port 
geometry is important to take into account the 
evanescent modes close to the ship and to better 
describe the wave field acting on the ship.  Several 
authors have developed methods to solve this 
problem using increasingly complex and sophisti-
cated models (Sawaragi & Kubo, 1982, Sawaragi 
et al., 1989; Takagi et al., 1993; Sakakibara & 
Kubo, 1997, Bingham, 2000, Wenneker et al., 2006 
 Wenneker & Molen, 2008).

The SWAMS tool presented in this paper has the 
innovative feature of  coupling a Boussinesq-type 
model for nonlinear wave propagation with 
the WAMIT model (Korsemeyer et al., 1988) for 
ship-wave interaction. Nonlinear effects inside 
the ports are not negligible in wave propagation 
(Rusu & Guedes Soares 2013). Therefore it is 
important to provide all these effects when evaluat-
ing moored ships movements. In addition to these 

1 INTRODUCTION

In view of the implementation, by the Port of 
Sines, the expansion plan of Terminal XXI, several 
studies, including agitation and long waves studies 
were carried out by LNEC. In fact harbour reso-
nance is a phenomenon that has already occurred 
in this basin as well as extreme sea-wave events that 
cause movements on the moored ships that exceed 
the limits established for safe loading/unloading 
operations. Some episodes of broken mooring 
lines were already recorded. Excessive movements 
of moored ships induced by sea waves can disrupt 
loading and unloading of vessels and cause serious 
problems, including mooring lines failure and the 
collision of ships with the pier. Hence the impor-
tance of a correct characterization of moored ship 
response to incident sea waves.

For a correct numerical simulation of this behav-
ior it is necessary to couple several distinct numeri-
cal models. First, a model for wave propagation 
inside the harbor, then a model for ship behavior 
under sea-wave action and finally a model to simu-
late the combined effect of all the forces acting on 
the ship including mooring lines, fenders, wind and 
currents. Several complex phenomena, most of 
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phenomena, wave reflection and energy dissipa-
tion by bottom friction and wave breaking are also 
important in harbour areas. The BOUSS-WMH 
model (Boussinesq Wave Model for  Harbours, 
Pinheiro et al., 2011), incorporates all those phe-
nomena and it allows an accurate description of 
the evolution of  real sea-states (defined by a time 
series measured on-site measurements or by a 
specified spectrum) in sheltered areas of  variable 
depth.

Section 2 describes the SWAMS tool, whereas 
Section 3 shows describes a case study and the 
numerical implementation. Section 4 presents and 
discusses the results obtained and Section 5 enu-
merates the study conclusions.

2 SWAMS NUMERICAL PACKAGE

2.1 Overview

SWAMS—Simulation of Wave Action on Moored 
Ships—is an integrated tool for numerical mode-
ling of wave propagation as well as of the behavior 
of moored vessels within harbors.

It consists of a graphical user interface and a set 
of modules that deal with the implementation of 
the numerical models. The user interface allows the 
introduction and manipulation of data, running 
the numerical model, as well as viewing the results. 
Each model corresponds to a module to which are 
attached the databases that gather all the project 
information. This tool contributes to the efficiency 
of this type of numerical studies since it facilitates 
all the work associated with the construction of 
data files for each numerical model, the implemen-
tation of the numerical model and the visualization 
of results.

SWAMS is divided into two modules, Figure 1: 
the WAVEPROP module—for wave propagation 
and the MOORNAV module—for moored ship 
behavior.

The graphical representation of the data and 
results of the SWAMS modules is made with com-
mercial visualization software (Tecplot 360™ and 
AutoCAD™) or even with MS Excel™, depending 
on the corresponding numerical model.

2.2 The WAVEPROP module for wave 
propagation

This module includes three numerical models 
for wave propagation and a finite element mesh 
generator:

•	 SWAN is a non-linear spectral model, Booij et al., 
(1996), based on the wave action conservation 
equation that can simulate the propagation of 
irregular waves;

•	 DREAMS is a linear finite element model, Fortes 
(2002), based on the mild slope equation that 
simulates monochromatic wave propagation;

•	 BOUSS WMH is a non-linear finite element 
model, Pinheiro et al., (2011), based on the 
extended Boussinesq equations deduced by 
Nwogu, 1993, that are able to simulate the prop-
agation of regular and irregular waves;

•	 GMALHA is a generator of triangular finite 
elements, Pinheiro et al., (2008), specifically 
made for use by the DREAMS and BOUSS-
WMH models, the density of mesh nodes being 
variable according to the local wave length.

2.3 The MOORNAV module for moored ship 
behavior

The evaluation of the motion of a ship moored in a 
berth subject to incident waves is performed using 
the numerical package MOORNAV (Santos 1994). 
It is made of two numerical models:

•	 WAMIT (Korsemeyer et al., 1988) that solves, in 
the frequency domain, the radiation and diffrac-
tion problems of the interaction of a free float-
ing body with sea waves incident on it;

•	 BAS (Mynett et al., 1985) that assembles and 
solves, in the time domain, the equations of 
motion of a ship moored at berth taking into 
account the time series of forces due to sea waves 
acting on the ship, the ship impulse- response 
functions and the constitutive relations of the 
mooring system elements (mooring lines and 
fenders).

An interface between the two models was added 
because the results provided by WAMIT are not 
exactly the quantities needed for the BAS model 
operation and because it is necessary to provide to 
the BAS model the time series of the forces exerted 
by the sea wave incident on vessel, in addition to the 
forces due to winds or quasi-stationary currents.Figure 1. Structure of the numerical package SWAMS.
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3 CASE STUDY

3.1 The Terminal XXI of the Port of Sines

The container terminal of the Port of Sines, also 
known as Terminal XXI, is located in the south-
ernmost area of the port and is protected from the 
incident sea waves by the east breakwater.

Until February 2011, the terminal basin was 
sheltered by a breakwater 1100 m long. Close to 
the breakwater head, water depths ranged between 
18 and 20 m, whereas in the terminal basin they 
ranged from 1 to 21 m approximately. The Con-
tainer Terminal quay was 380 m long.

Since February 2011, under the Expansion Plan 
for the Port of Sines Container Terminal, the east 
breakwater and the quay were expanded to increase 
the capacity of the container terminal.

From February to December 2011, the quay was 
extended to 730 m. In December 2012, the east 
breakwater extension was concluded then becom-
ing 1500 m long, as shown in Figure 2.

There are several reports of problems caused 
by incident waves in the terminal XXI basin, some 
including excessive motions of ships moored there.

To increase the number of berths at the con-
tainer terminal, Sines Port Authority proposed a 
set of alternative configurations for the geometry 
of the container terminal basin, which consist pri-
marily of changes in length of the east breakwater 
and in the length of the quay.

Tested solutions for the container terminal 
geometry consisted of:

•	 Reference situation (designated as Configuration 
0) corresponding to a east breakwater length of 
1500 m and a quay length of 940 m;

•	 Configuration 1: east breakwater extension 
250 m long, making a total length of 1750 m and 
quay length of 1250 m;

•	 Configuration 2: east breakwater extension 
300 m long, making a total length of 1800 m and 
a quay length of 1250 m;

•	 Configuration 3: east breakwater extension 
350 m long, making a total length of 1850 m and 
a quay length of 1250 m.

Figure 2 presents the several configurations for 
the terminal basin, namely the reference situation 
(or Configuration 0) and Configurations 1, 2 and 3.

3.2 Methodology

The objective of this study is to evaluate which of 
the proposed configurations (1–3) for the container 
terminal geometry contributes to greater protection 
of the terminal basin and in particular to the area 
near berth one of the quay, see Figure 3. For this 
a wave condition (south direction and wave period 
of 10 s) was propagated into the terminal basin for 
the four configurations mentioned before.

The wave propagation calculations were per-
formed with the WMH-BOUSS model for each 
configuration of the container terminal basin 
(4, in total), according to the following procedures:

•	 Digitalization of the study area bathymetry;
•	 Definition of the computational domain and 

construction of the finite element mesh;
•	 Wave propagation calculations.

Then using WAMIT model, one obtains the 
potentials for the radiation and diffraction prob-
lems for a group of  periods that contains the 
period range of  the incident sea waves. It is evalu-
ated the impulse response functions and the infi-
nite frequency added masses for the free-floating 
ship.

Once the time series of the forces exerted by the 
sea waves incident on the ship are computed, BAS 
solves, in the time domain, the equations of motion 
of the ship moored at berth taking into account 
those forces, the impulse response functions of the 
ship and the constitutive relations of the mooring 
system elements.

3.3 Bathymetry and the computational domain

The bathymetry of  the study area used in the 
calculations with numerical models was built 
from information available at LNEC together 
with information provided by the Port of  Sines 
Authority.

Each of the four configurations of the harbor 
basin (Configurations 0 and 1–3) are presented in 
Figure 2. The bathymetry of the computational 
domain is shown in Figure 3, which includes a 
detail of the bathymetry inside the port basin.

Figure 2. Container terminal layouts. Configurations 0, 
1, 2 and 3. Figure 3. Bathymetry and 3D view of the basin.
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3.4 Finite element meshes  
and boundary conditions

A finite element mesh is generated based on a crite-
rion of a minimum of eight points per wavelength 
of a 10 s period wave. The mesh topology was opti-
mized so that the most equilateral triangles would 
be possible and the nodal numbering nodal was 
reordered to optimize the bandwidth required for 
the numerical model. All this improves the results 
quality and reduces the computational cost of the 
numerical simulations. This leads to a mesh with 
504 925 elements, 253 675 points, 343 points on the 
boundary and a bandwidth of 978. The minimum 
area of the elements is 0.645 m2 and the maximum 
is 167.15 m2. The percentage of points with non-
optimal valence is less than 19.3%.

Boundary conditions that allow for the exit of 
waves were imposed in sections A1, A2, A3, F, I 
and J. In the remaining sections, total reflection 
boundary conditions were established.  Figure 4 
presents the several stretches of the domain bound-
ary and on the right the viscosities on total absorb-
ing boundaries.

3.5 Ship and mooring system

The approach to this problem was to start by solv-
ing the frequency domain interaction between the 
free floating ship and the incident waves. To this 
end, it was evaluated both the forces along each 
of the six degrees of freedom of the ship exerted 
by regular waves incident on the immobilized ship 
(the so-called diffraction problem) as well as the 
forces in phase with the acceleration and velocity 
along each of the six degrees of freedom of the 
ship—respectively, the added mass and damping 
coefficients—that are exerted on the ship when it 
oscillates with sinusoidal movements along each of 
those degrees of freedom in otherwise calm waters 
(the so-called radiation problem).

The vessel considered in this study had a length 
at the waterline of 243 m, a beam of 42 m and a 

draft of 14.35 m. The hull shape was obtained from 
an existing panel discretization of the GALP SINES 
ship made of 853 panels whose coordinates were 
scaled to achieve the desired size. The resulting dis-
cretization panels were divided so that the side of the 
new panel did not exceed 5 m. It was thus obtained 
the hull shown in Figure 5, mode of 2694 panels. The 
volume of water displaced by the hull is 108 416 m3.

To simplify the use of WAMIT model, avoid-
ing a panel distribution to shape the bottom of the 
ship mooring area, it is considered that the vessel 
was placed on a horizontal area whose water depth 
is 17 m.

Based on the results of the radiation problem, the 
forces exerted on the ship over time after an impul-
sive variation of a velocity component—impulse 
response functions or retardation functions, Cum-
mins (1962)—and the forces associated with the 
acceleration of the flow in the vicinity of the ship 
hull—infinite frequency added masses are evaluated.

Using the matrices formed by these quantities 
as well as the mass and hydrostatic restoring matri-
ces, together with the forces exerted by the sea state 
incident on the ship and by the mooring system—
which implied the definition of the constitutive 
relations for mooring lines and fenders—it was 
possible to set-up the motion equation in the time 
domain. The solution of these equations yielded 
the time series of motions of the ship’s center of 
gravity and of the efforts in the mooring system.

Figure 6 shows the configuration of the mooring 
system (2 stern lines, L1 and L2, two bow lines, L7 
and L8 and four breast lines, L3, L6, L4 and L5).

Figure 4. Numerical domain boundaries and respective 
viscosities.

Figure 5. Panels of the ship’s submerged hull.

Figure 6. Mooring system layout.
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The contact between the ship and the dock is 
prevented by two pneumatic fenders (D1 and D2). 
In all the computations, it was assumed that only 
stretched mooring lines can exert force on the ship, 
i.e. no catenary effect was taken into account.

4 RESULTS AND DISCUSSIONS

4.1 Incident sea waves

During the storms of October 24 and 27, 2011 “ship 
moving due to sea waves” events were reported by 
the terminal operators. A regular wave with a wave 
height of 0.50 m and 10 s period from South was 
simulated.

Figure 7 presents the time series of the free-
surface elevation at the entrance boundary of the 
computational domain and at position correspond-
ing to the center of gravity of the ship.

Figure 8 shows the free-surface elevation in the 
computational domain 800 s after the beginning 
of the simulation. In this figure the diffraction of 
the wave around the jetty and the reflections that 
occur within the basin can be seen. Figure 9 shows 
the agitation coefficient values within the port.

As it can be seen from Figure 9, the position 
where the ship is to be moored is not very pro-
tected from South swells. This is due to the occur-
rence of reflections between the pier and the inside 
of the breakwater. When extending the breakwater 
and the quay this phenomenon is amplified. Going 
from configuration 1 to configurations 2 and 3 

(only the breakwater length increases) the  agitation 
coefficient inside the port decreases slightly. It 
should be noted that within the port the values of 
this coefficient can reach 2.0 and this happens pre-
cisely by the quay at clearly identifiable locations 
in Figure 9.

4.2 Moored ship response

The ship whose behavior is studied had a dis-
placd volume of 108 416 m3, a length at water-
line of 243 m, a maximum beam of 42 m and a 
draft of 14 m. The same constitutive relation was 
considered for all lines of the mooring system: 
 Linear variation from 0 kN to a maximum load of 
1862 kN which corresponds to a length of 4%. The 
constitutive relation of the fenders is linear also: 
8900 kN for a deflection of 1 m. 

4.2.1 Frequency domain
WAMIT was used to solve the radiation and dif-
fraction problems of the free-floating ship for 87 
frequencies between 0.0125 rad/s and 1.04 rad/s.

Figure 7. Time series of free-surface elevation.

Figure 8. Free surface elevation after 800 s simulation 
time (configuration 0).

Figure 9. Free surface envelope of wave indexes. 
 Configurations 0 to 3.

Figure 10. Added mass (right) and damping (left) coef-
ficients for the yaw mode.
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4.2.2 Time domain
With the results of the radiation problem in the 
frequency domain we determined the impulse 
response functions and the infinite frequency 
added mass coefficients needed to mount the 
equations of motion of the moored ship. All the 
impulse response functions were calculated with a 
time interval of 0.1 s for a maximum duration of 
50 s. Figure 11 shows the impulse response func-
tion for two possible coupling pairs.

Starting with the impulse response functions for 
the 36 possible pairs (force along k coordinate due 
to impulsive speed along coordinate j) and the cor-
responding added mass coefficient for the various 
frequencies for which the radiation problem was 
solved, several estimates of the infinite frequency 
added mass were made. Figure 12 and Figure 13 
present the time series of the moored ship motions.

Surge time series, in Figure 12, illustrates the 
non-linear nature of the response of the dynamic 
system made of the ship and the mooring system. 
In fact, for free-surface elevations whose period is 
about 10 s the observed moored ship oscillations 
have a much longer period.

The period of these oscillations is controlled by 
the existence of mooring lines and fenders, as can 
be confirmed in Figure 14, Figure 15 and  Figure 16, 

Figure 11. Force due to an impulsive motion of the ship 
in otherwise calm water.

Figure 12. Time series of the moored ship motions: 
surge, sway and heave.

Figure 13. Time series of the moored ship motions: 
roll, pitch and yaw.

Figure 14. Time series of forces in defenses.

Figure 15. Time series of forces in mooring lines: L1, 
L2, L3, L4.

with time series, respectively, of the efforts on the 
fenders and mooring lines.

Since the elements of the mooring system 
produce forces acting on the ship mainly in the 
horizontal plane, it is for the motions in this plan 
that the non-linear behavior is more evident. 
 Configuration 0 is the one which produces the 
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Figure 16. Time series of forces in mooring lines: L5, 
L6, L7, L8.

Figure 17. Time series of moored ship motions: surge, 
sway and heave. Wind of 15 m/s and pre-tensioning of 
the mooring lines of 10% of the maximum load.

Figure 18. Time series of moored ship motions: roll, 
pitch and yaw. Wind of 15 m/s and pre-tensioning of the 
mooring lines of 10% of the maximum load.

highest amplitude of the surge oscillation, followed 
by configuration 1, 2 and 3 successively.

Figure 12 shows that the sway motion time series 
is similar in the four configurations. The heave 
motion has a similar behavior to the incident waves: 
it has the same period and its amplitude is propor-
tional to the amplitude of the incident waves.

Figure 13 shows that roll, pitch and yaw move-
ments have very small amplitude but different fre-
quencies can be identified in the respective time 
series. In the case the roll movement the response is 
influenced by the existence of a vertical wall along 
the ship side.

Regarding fender efforts, Figure 14, Configura-
tions 0 and 1 are the ones where the highest peaks 
are attained (∼300 kN). In Configurations 2 and 
3 such peaks do not go over 150 kN.

The most stressed mooring lines are the L1, L3, 
L4, L5, L6 and L7 (Fig. 15 and Fig. 16). The L2 
and L8 are the least stressed mooring lines. The 
time series of these efforts do allow the identifica-
tion of the mooring lines that reduce surge (L1, L7 
and L8) since the total duration of periods with 
efforts in the largest. In these mooring lines it is for 
Configuration 0 that the efforts reach the highest 
values whereas the lowest values are obtained with 
configurations 2 and 3. Remaining mooring lines 
are stressed in similar periods to the incident wave. 
In these moorings it is for Configuration 3 that the 
highest efforts can be observed.

Some cases in which wind and an initial pre-
 tension is introduced in the mooring lines are inves-
tigated, Figure 17 to Figure 21. The wind has a speed 
of 15 m/s and makes an angle of 30° with the longitu-
dinal axis of the vessel. The pre-tension in all moor-
ing lines is 10% of the maximum load, i.e. 186.2 kN.

Figure 19. Time series of forces in mooring lines: L1, 
L2, L3 and L4. Wind of 15 m/s and pre-tensioning of the 
mooring lines of 10% of the maximum load.
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Looking at the results, Figure 17 and Figure 18, 
it becomes evident that the wind influences surge, 
pushing the ship back, as well as sway, pushing the 
ship to the quay. This also translates into higher 
forces on the fenders. The heave motion is not influ-
enced by the presence of wind. The pre-tension in 
the mooring lines decreases surge but increases 
sway towards the quay. The rotational movements, 
roll, pitch and yaw, are not affected by wind or by 
the pre-tension in the mooring lines.

Since wind comes from the South it pushes the 
ship towards the quay and this reduces the moor-
ing line forces. Conversely pre-tensioning the 
mooring lines increases the forces in the moorings, 
Figure 19 to Figure 21.

5 CONCLUSIONS

The paper described the integrated numerical tool, 
SWAMS, which is able to characterize the response 

Figure 20. Time series of forces in fenders. Wind 15 m/s 
and pre-tensioning of the mooring lines 10% of the maxi-
mum load.

Figure 21. Time series of forces in mooring lines: L5, 
L6, L7 and L8. Wind of 15 m/s and pre-tensioning of the 
mooring lines 10% of the maximum load.

of a ship moored inside a port and subject to inci-
dent waves. Using this tool, a sea state was propa-
gated from offshore into the port of Sines and the 
response of a ship moored at terminal XXI was 
investigated. 4 different port configurations were 
tested. A base configuration and 3 alternatives for 
the extension of the east breakwater that differ only 
in the length of the breakwater extension, 250 m, 
300 m and 350 m. These alternatives also differ 
from the base configuration on the quay length 
and configuration. In addition to incident sea-
waves, all the configurations were tested with and 
without wind and with and without pre- tension in 
the mooring lines.

Configuration 0 is the one with the widest ampli-
tude of surge motion, followed by configurations 
1, 2 and 3. For the mooring lines Configuration 
0 is the one where the highest efforts are observed 
whereas in Configurations 2 and 3 are the ones 
with the lowest efforts. As to the fender forces it 
is configuration 0 and 1 that produce the highest 
values.

Increasing the breakwater and the quay length 
(going from configuration 0 to 1) increases the 
wave height inside the port due to higher reflec-
tions, but it does not translate into less favorable 
moored ship behavior. Extending the quay (going 
from configuration 1 to 2 and to 3) reduces wave 
height, the moored ship motions and the forces in 
the mooring system.

Wind from South pushes the ship against the 
quay. This translates into large forces in the fenders 
and small forces in the mooring lines. Heave is not 
influenced by the presence of wind. Pre-tensioning 
the mooring lines decreases surge but increases 
sway towards the quay, i.e., “pulling ship” to the 
quay. However the forces in the mooring lines are 
higher thus increasing the risk of rupture. The 
rotational movements, roll, pitch and yaw, are not 
affected by wind or by pre-tensioning.

The results of this example do illustrate the 
potential of this tool and the type of analysis that 
can be made. They show to be consistent with what 
would be expected having the benefit of being able 
to quantify all quantities involved.

In the future we intend to validate this tool 
with data from laboratory and/or real-life 
experiences.
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