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ABSTRACT

Any bridge across a busy ship lane is in danger of suffering the collision from a ship
unless it crosses in a single span. An idea is presented here to improve a previously
proposed system for defending the piers, while attempting to maintain the integrity of
ships over at least two orders of magnitude of ship displacement. The system has
been tested numerically with SCAB, a special-purpose computer program, and shown
to be a conceptually reasonable proposal.

1. INTRODUCTION

There is little doubt that, if bridge piers are located within a busy navigation area, a
ship will eventually collide with them. Often the probabilities are not sufficiently low
for this accident to be disregarded during the design. Modern bridge designs in this
type of areas, such the work currently in progress at the Oresund Link (Qresund
Konsortiet, 1994) between Denmark and Sweden take detailed account of this

eventuality. The example of the Oresund Link is by no means unique, but rather the
rule in high risk areas.

Ideal protection systems should defend both the structure and the ship. From a purely
economic standpoint, it is certainly true that the consequences of damaging the
structure may be very costly, both because of the required structural repairs or
reconstruction and because of the economic impact of the temporary loss of its
functions. But ships are not inexpensive and the cost of spilling some cargos (e.g. the
Exxon Valdez) may far outweigh the full replacement costs of many bridges. Thus,
an ideal system should be capable of generating a smoothly progressive response, so
that large vessels might be arrested without endangering the smaller ones.

A second important consideration, very applicable in the case of Gibraltar, is that of
the specific problems caused by deep waters. Many of the otherwise possible

protection systems, such as artificial islands, must be automatically ruled out for
obvious reasons.

Also, systems which transmit the ship forces to the pier are even less desirable in
deep waters. It is always best to avoid imposing accident loads on the piers; but, with
300 m of water and therefore 300 m distance to the pier foundation, the ship imposed
loads create enormous problems. As an example, it must be remembered that a
100,000 ton vessel at 10 knots may generate forces on the order of 0.3 GN when
impacting a fairly rigid target; and these figures are by no means at the upper end of
the displacement or velocity ranges of ships using the Gibraltar Straits.



The problem of ship impact against bridge piers and similar structures has been
receiving increasing attention in recent times. The first international conference
specifically dealing with this subject took place in Copenhaguen in 1983 (IABSE,
1983). An excellent account of information in this area has recently been published
by Larsen (1993).

2. CHARACTERISTICS OF THE DESIRED SYSTEM

In view of the previous and other obvious considerations, a protection system for
bridge piers in Gibraltar should have the following characteristics:

a) It should be independent from the pier. The loads developed from its
interaction with the ship should be transmitted directly to the sea floor.

b) It should generate interaction forces which increase in a gradual fashion. The
forces imposed on any ship should be below the load levels crushing the hull.

c) It should fulfil its function. This means avoiding the ship-pier collision for
any possible ship size, speed and bearing. At the same time, it should
minimize encumbrance to navigation and other uses of sea waters.

d) It should be stable under extreme sea conditions (currents, waves, winds, etc.)
and it should be possible to build it, maintain it and bring it back to service
after an incident with a reasonable expense.

An attempt to devise such a system had been recently proposed by the authors
(Mayoral and Marti, 1993), partly following ideas discussed by Carlos Fernandez
Casado et al (1987). The behaviour of the system proposed by the authors had been
analysed for ships on the 100,000 ton range, but no special attempt had been made to
avoid damage to the smaller ships. The system is improved here and the response of
this new system is studied for ships ranging from 5,000 ton to 500,000 ton.

3. MAXTMUM RESPONSE OF THE PROTECTION SYSTEM

As mentioned, the protection around a bridge pier should be as small as possible in
order to cause minimum interference with navigation. However, a lower bound is
imposed by the need to absorb the ship's kinetic energy without crushing the hull.

In order to guide the design, an attempt has been made to quantify the above
constraint. Minorsky (1959) proposed the following empirical relationship between
the crushing load and the ship's displacement:

F=0.88 dwt * + 50% (1)

where F is the force in MN
dwt is the weight in tons
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Any such formula must have considerable dispersion because of the large variations
in design between different ships of the same displacement. Fig. 1 has been prepared
using the lower bound of eq.1; the force indicated for each tonnage corresponds to
this lower bound. The calculation of the required displacements of the system
involves two hypotheses: first, that the system's generated force increases more or less
linearly with the system's displacement (progressive response) and second, that
kinetic energies can be obtained from the velocities given in Table 1.
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Fig. 1. Maximum allowable forces and minimum required
displacements for arresting ships as a function of tonnage

Ship's displacement Ship's velocity
(tons) (m/sec)
1,000 5.0
5,000 6.4
10,000 79
50,000 8.8

100,000 3.8
200,000 8.6
300,000 8.4
400,000 8.2
500,000 8.0

Table 1: Collision velocities for different ships

With these provisions, if the system response remains below the line shown in Fig.1,
the ship will not be destroyed by the interaction. Although other, more or less
conservative, such lines could be proposed, that shown in the figure is the one used
here for design of the system.
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4. DESCRIPTION OF THE PROPOSED SYSTEM

The basic idea of the proposed system can be seen in Mayoral and Marti (1993). It
consists of a floating net of cables, designed to engage the incoming ship, which
surrounds circumferentially the pier with a radius of 350 m. The chosen radius can be
seen to be conservative on the basis of Fig.1. From this net, 20 radial members extend
outwardly. The system's resisting force develops essentially by frictional forces; these
arise by sliding the ballast masses of the radial members on the sea bottom. The
system, once installed and prior to a ship collision, can be seen in Fig. 2.
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Fig. 2. Perspective view of the proposed system

A radial member starts from the circumferential net with a chain or cable, which is
able to transmit only tensile forces. Six masses follow sequentially, which are -
connected by cables or chains with 10 m slack lengths between successive masses.

The ballast masses could be pipes filled with iron ore or some similarly heavy and
inexpensive material. The initial part of each of the ballast elements would be left
with some positive buoyancy in order to favour smooth longitudinal sliding of the
pipes. The distribution of masses used, in order to provide an adequate progressive
response of the system, is that shown in Fig. 3. The overall length of each radial
member is about 1 km.

S. ANALYSIS METHODOLOGY

The computations carried out to evaluate the behaviour of the above system have
been conducted with SCAB (Ship Collision Against Bridge-piers), a special purpose
computer program developed by the first author. The program uses explicit
integration in the time domain in a Lagrangian reference frame in order to provide
relatively fast and accurate calculations.

The ship is represented as a rigid ellipsoidal body with its various translational and
rotational degrees of freedom. Furthermore, it is assumed to stop its engines
immediately upon engaging the protection system. The main calculational complexity
arises from the five different interactions which must be taken into account:
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e Interaction between the ship and the engaging cables: assumed to be a
frictionless contact with no interpenetration.

e Interaction between cables or pipes and the water: assumed to be governed by
Morison's equation (Morison et al. 1950).

o Interaction between the ship and the water: longitudinal and transverse drag
forces, various moments and added masses are taken into account.

e Interaction between buoys and the water: buoyancy forces, drag forces and
added masses are also accounted for.

o Interaction between the ballast masses and the sea floor: this is governed by
anisotropic friction, with a lower friction coefficient for longitudinal sliding
(taken as 0.16) than for transverse sliding (taken as 0.60).

6. SYSTEM RESPONSE

6.1 Stability

The protection system has been analysed in the presence of cuirent velocities up to 3
m/sec, considered to be an upper bound of tidal currents in the Straits of Gibraltar.
These currents obviously result in some deviation of the tensile members, but no
permanent movements occur, ie: there is no sliding of the ballast masses. Radial
distortions of the floating part of the svstems are only on the order of a few metres
and can be neglected. The system 1s therefore stable under foreseeable currents.

On the other hand, although no specific analyses have been conducted, it does not



appear likely that the system would be disrupted by wave action, even for large
realistic wave heights. However, fatigue effects related to wave action would need to
be taken into account in the design of a real system.

6.2 Small impact: 5,000 tons at 6.4 m/sec

As an example, the interaction with a 5,000 ton ship colliding with the system at 6.4
m/sec is presented in this section. In this case, the impact is assumed to occur head-
on-bow with the ship's bearing radially directed towards the pier.

For this small impact, the forces of interaction of the ship with the system can be seen
in Fig. 4. The impact is relatively short, lasting about 25 sec, and the peak forces
developed, on the order of 15 MN, are clearly below the allowable forces given in
Fig. 1 for this size of ship.
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Fig. 4. History of forces developed by the 5,000 ton ship

The history of forces is rather noisy as a consequence of the relatively important
proportion of elastic effects in the response. The behaviour of the systems is governed
almost exclusively by bottom friction mechanisms for large impacts. However, in
lighter collisions, there is considerable elasticity in its response; this comes from
increased tightening of the radial and circumferencial cables, as well as from the
potential energy changes which accompany changes in the elevation of masses within
the system. A measure of these effects is given by the 3.5 m/sec velocity which has
been regained by the ship at the end of the interaction (Fig. 5). Radial progress by the
ship towards the pier is limited to 55 m at the time of the closest approach.

Small permanent displacementes are produced in the ballast masses. The first masses
of the three radial members more directly involved in the impact move between 13
and 25 m; subsequent masses move by much smaller amounts, if at all. This impact,

therefore, would not require repositioning the protection system since the permanent
displacements introduced do not impair its function substantially.
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6.3 Large impact: 500,000 tons at 8 m/sec

500,000 ton ships may generate formidable impacts. The ship's kinetic energy in this
collision is 16 GJ. Again, impact is supposed to occur head-on-bow and with a
bearing radially directed towards the pier.
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Fig. 5. History of the absolute velocity of the 5,000 ton ship

The history of the ship's interaction with the protection system now lasts a little over

90 sec, as can be induced, for example, from the evolution of the interaction forces

presented in Fig. 6. It can be noticed that the force evolution is now less noisy as a

consequence of the friction mechanisms controlling the event. The larger oscillations

observed can be seen to match the frequency of vibration of the radial tensile
elements; their amplitude is progressively damped by bottom friction and drag forces.

As in the case of 5,000 ton ship, interaction forces remain well below the allowable

limits proposed in Fig. 1.
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Fig. 6. History of forces developed by the 500,000 ton ship
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A very useful picture for visualizing the evolution of the impact is that afforded by
Fig. 7, which depicts the absolute value of the ship's velocity for each value of the
radial distance to the pier. This succession of system configurations, as this type of
plots are called, clearly indicates that the ship approaches to about 80 m from the pier
before starting to rebound. The rebound at lower velocity corresponds to the lower
leg of the curve in Fig. 7.
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Fig. 7. Absolute velocity versus radial distance for the 500,000 ton ship

The sequence of the collision is illustrated by the series of snapshots at various times -
presented in Fig. 8, which is self-explanatory. An interesting observation for a
symmetric impact, such as that studied here, is that the initial symmetry must not be
numerically enforced while the collision progresses. Indeed, the calculational
procedure must be able to break the symmetry if and when that break might lead to an
evolution of the problem along on a lower energy path; otherwise the answers will be
in error. This aspect normally creates no problems in explicit Lagrangian procedures,
providing the symmetry has not been specifically imposed as part of the boundary
conditions; but the question may become more problematic when using other solution
strategies.

Large displacements of the ballast masses result from impacts of this magnitude. The
first ballast masses of the three radial members more directly affected move by
amounts ranging from 130 to 200 m: even the last masses are considerably displaced,
since their movements are only about 30 m smaller than those of the first masses. At
least three, and possibly as many as five, radial members would require major
repositioning after this collision for the system to return to operational conditions.
However, half-million ton ship impacts at cruising speed are not expected to be a
frequent event. As mentioned, the system will need repositioning; but, even in this
extreme event, both the bridge and the ship would have been successfully protected.
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Fig. 8. Evolution the interaction with the 300,000 ton ship



7. CONCLUSIONS

A conceptual system for protecting bridge piers against ship impact has been devised.
The system is specially attractive for deep water locations, such as found in Gibraltar,
which are used by many ships, including some very large ships. A special-purpose
computer program has been used to analyze the behaviour of the system during
impacts from ships ranging from 5,000 to 500,000 tons. From the work conducted,
the following conclusions can be reached:

a) Establishing force upper bounds to ensure survival of the hull leads to
corresponding lower bounds in the displacements required to absorb a given
kinetic energy. Systems whose response maintain this resulting force-
displacement curve as an upper bound are able to avoid both the collision with
the pier and the failure of the ship under the imposed loads.

b) Analysis of the collision response for ships ranging from 5,000 to 500,000
tons indicate that the proposed system would guarantee that the pier remains
unaffected for all foreseeable impacts.

¢) The response of the proposed system is sufficiently gradual; during interaction
with ships ranging from 5,000 to 500,000 tons at cruising speeds, the structural
integrity of the ships is adequately maintained.

Although the system appears promising in principle, considerable effort remains to be
invested on aspects such as the optimisation of its parameters (ballast mass -
distribution, slack lengths, etc) for best efficiency. Also, many practical details of its
possible implementation in the real situation still have to be considered by marine
construction specialists.

REFERENCES

Carlos Fermandez Casado, Cowiconsult and C.E.D. (1987) "Estudios de Factibilidad
Técnica de Apoyos Fijos y Flotantes para un Puente sobre el Estrecho de Gibraltar",
Report no.2 "Structures de Protection. Rapport de Synthése", Report to SNED.

JIABSE (1983) "International Colloquium on Ship Collision with Bridges and
Offshore Structures”, Copenhaguen.

Larsen, O.D. (1993) "Ship Collison with Bridges. The Interaction between Vessel
Traffic and Bridge Structures”, IABSE, Structural Engineering Documents, No.4.

Mayoral, F. and Marti, J. (1993) "Ship Impact Against Bridge Piers", Eurodyn'93,
2nd European Conference on Structural Dynamics, Trondheim, Norway, 21-23 June.

Minorsky, V.V. (1959) "An Analysis of Ship Collision with Reference to Nuclear
Power Plants", Journal of Ship Research, October.

10



Morison, J.R., Obrien, M.P.. Johnson, J.W. and Schaaf, S.A. (1950) "The Force

Exerted by Surface Waves on Piles”, Technical Institute of Mining Engineering,
No.189.

Oresund Konsortiet (1994) "The Oresund Link. Design Requirements", December.

11



