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ABSTRACT: A conceptual design has been developed for protection of bridge piers in deep water
against ship impact. The concept has been shown to be viable by means of numerical simulation. The
simulation has been conducted using SCAB, in principle, special-purpose computer code developed
to handle the complex non-linear dynamics of the problem.

1 INTRODUCTION

Any marine structure, particularly if located at
or near a major ship lane, is permanently under
some danger of suffering an impact from a ship.
Depending on the mass, momentum and
mechanical characteristics of the ship, as well as
those of the structure, different amounts of
damage to the structure and/or the ship may
ensue. The case of bridge structures is perhaps
of special interest because, more often than not,
their piers are located within ship lanes.

This topic has received considerable attention
in recent years. Although many conferences,
such as the Offshore Technology Conferences,
have included the presentation of contributions
in this area, the first meeting dedicated
specifically to these problems was the
Colloquium on Ship Collision with Bridges and
Offshore Structures (IABSE 1983).

Ideally, a protection system for bridge piers
would not only ensure the survivability of the
structure against conceivable impacts, but would
also minimise the damage caused to the ship. It
must be noticed that damage to the latter may
result in life and economic losses and, with
certain cargoes, serious environmental effects.

One of the main difficulties encountered arises
from the variability of impact conditions that a
protection system has to deal with. Ship masses
range from those of small boats to half-million

ton tankers. The speed and bearing at impact
may also be highly variable. The mechanical
characteristics of a tanker and a battleship are
certainly very different. The designer must
achieve minimum damage to the structure and
the ship while taking all these cases into
account.

In order to prevent the occurrence, or mitigate
the effects, of ship impact against bridge piers, a
number of systems have been developed and
even implemented. The main families of
systems are listed below:

a) Equipment to detect dangerous approach
maneuvers, generate appropriate warnings and
trigger corrective operations.

b) Artificial islands surrounding the piers.
They can provide a continuous and progressive
force to decelerate the ship, but they are not
feasible in deep waters.

¢) Various ideas have been proposed using
dolphins. The forces applied to the super-
structure are transmitted to ballasted caissons
without affecting the pier but, again, they are
not suitable for large water depths.

d) There is also the possibility of surrounding
the pier with an energy absorbing (collapsible)
structure. However, large ship masses and
energies imply enormous structures and, in any
case, there is an obvious disadvantage for
systems which transmit the impact forces to the
pier.



e) Finally, a number of interesting floating
systems have been proposed and used. Buoyed
~cables engage the incoming ship; suitable
connections to the bottom provide for either
energy dissipation or elastic energy storage.
Energy dissipation may be achieved by bottom
friction or by inclusion of dissipative devices in
the system. Energy storage may be provided as
potential energy of by elongation of elastic
elements, such as cables.

2 PROPOSED SYSTEM

The objective of the system proposed is
ultimately the protection of bridge piers in deep
water, up to about 300m in depth, against
impacts from all existing ships and those
foreseen for the next few decades. The bridge is
assumed to be a large-span suspended bridge
with distances between piers in excess of 2km.

In this situation, the floating systems appear to
be the most promising alternative. They are not
too adversely affected by large water depths and
the pier is isolated from the protection system,
i.e.: the impact loads are directly transmitted to
the sea bottom without affecting the pier.

The system proposed here consists of two
parts: that designed to engage the incoming ship
and that in charge of removing or modifying its
momentum to prevent the occurrence of a
catastrophic impact against the pier.

The overall system is shown in Figure 1. The
ship will be engaged by a floating net of steel
cables which surrounds the pier at a distance of
300m. The net includes 4 circumferencial
cables, as well as many vertical cables
connecting the horizontal ones at distances of
about 9.5m. Forty uniformly distributed buoys
maintain the cables in position.

The mechanism for developing forces at the
sea bottom 1is frictional sliding of ballasted
pipes. Over their final stretch, the pipes are
laden with iron ore, or some other inexpensive
but dense material, in order to provide adequate
friction. Dragging pipes, as opposed to concrete

weights or other similar elements, has several
advantages: the cost is reasonable, the frictional
forces are smooth, continuous and fairly
predictable and, besides, there is no danger of
suffering sudden blockage because of an
irregularity of the sea bottom. The system
connecting the floating net to the bottom is
composed of 20 radial elements, extending for
lengths of about 1000m: the first 125m are made
of steel cable, while the final 913m are made of
steel pipe. For the latter, only the last 332m are
ballasted. This avoids unnecessary loads on the
buoys while providing the necessary friction
capacity with the sea bottom.

Long bridges span wide waterways. As this
dimension increases, the probability of impact
becomes less dependent on direction. For the
present conceptual design, a radially symmetric
structure has been developed, which implicitly
assigns a uniform distribution of the impact
probability as a function of impact direction. In
reality, the probability tends to concentrate in
the direction of the ship lanes, particularly for
the larger, and more significant, kinetic energies.
This knowledge may be utilized to propose
elliptic rather than circular shapes for the cable
layout.

3 MATHEMATICAL MODELLING

A special-purpose computer program (SCAB -
Ship Collision Against Bridge-piers) has been
developed for conducting the analyses.

The program uses explicit integration in the
time domain. As is well know, explicit
integration is only conditionally stable: the size
of the integration timestep is limited by the
Courant condition. This implies that a
considerable number of timesteps may be
necessary in order to cover the timespan of
interest, a disadvantage which obviously
becomes less taxing as the problem duration
decreases. As compensation, the equations of
motion of all mass points in the mesh become
uncoupled. This allows achieving a very precise



_ implementation of non-linear constitutive laws,
large strains and variable contact conditions at
~ mesh boundaries.

An updated Lagrangian approach has been
adopted in order to ensure a good control of
contact conditions between structures and an
accurate treatment of large strains, rotations and
displacements.

The cables have been modelled using rod
elements able to sustain only tensile stresses.
Beam elements have been implemented for
representing the pipes. Due to their moderate
deformations, the pipes only require an elastic
description. However, the behaviour of the
cables includes elasticity, plastic hardening and,
eventually, fracture when their final ductility is
reached.

One object of the protection system is to
preserve the integrity of the ship. Consistent
with this, the program assumes that the ship is a
rigid ellipsoid; the implicit hypothesis is that the
movements  associated to  its  internal
deformations will be small compared to the
overall ship displacements. It remain
necessary, though, to verify at the end that the
interaction forces developed between the ship
and the cables are indeed insufficient to cause
failure of the hull.

Perhaps, the single most distinctive
characteristic of the problem at hand is the large
number of interactions which have to be taken
Into account:

a) Cables-water and pipes-water interactions.
Morison's equation (Morison et al 1950) has
been used to generate forces associated with the
transverse component of the relative structure-
water movements. No forces have been
associated with the longitudinal component of
the relative movement. Added masses and
moments of inertia have been approximately
computed in order to introduce them in the
translational and rotational equations of motion.

b) Pipes-sea bottom interaction. Coulomb
frictional forces have been assumed to develop
when the pipes slide on the rigid sea bottom.
Because of some expected effects, such as

will

indentation of the bottom by the pipe, different
friction must be used for the
longitudinal and transverse components of the
pipe movements along the sea bottom. The
pipes-bottom contact interface can thus develop
compression and shear, but no tension; this
allows the pipe to abandon contact with the
bottom when required.

¢) DBuoys-water interaction.  Appropriate
buoyancy forces have been programmed to
correspond to different elevation levels of the
buoys. The buoys are assumed to have a
uniform cross-section. Again, added masses
have been taken into account for modelling the
dynamics of the buoys.

d)  Ship-cables interaction. The ship has
been considered rigid and impenetrable by the
cables. It has been provided with the degrees of
freedom of a rigid body, but it cannot suffer
distortions. The contact between the ship and
the cables has been assumed to be frictionless.
Again, the cables may exert compressive forces
on the hull, but no tension; the cables may leave
freely the contact with the ship when the
resultant of the applied forces so demands.

e) Ship-water  interaction.  Concerning
movements contained in a horizontal plane, drag
forces and moments have been taken into
account; also, added masses and moments of
inertia have been introduced. Other movements
considered are vertical displacements and
pitching rotations. Vertical displacements have
been handled in a way which is very similar to
that of the buoys. Pitching has been dealt with
by programming buoyancy related moments,
together with the appropriate drag moments. The
influence of rolling has been neglected.

As is usual in time marching procedures, the
calculations progress by advancing one timestep
at a time. Within an integration timestep, the
following operations are conducted:

a) Calculation of stresses and forces. For all
types of elements, the knowledge of their
motions allows calculating strain and rotation
rates. The appropriate constitutive laws,
expressed in an incremental formulation, then

coefficients



. provide the new values of stresses, forces and
moments for the various types of elements. This
_ calculation therefore generates the new state of
internal forces in the structure.

Similarly, the five types of interactions
mentioned earlier must be taken into account.
Morison's equation is used to find the forces
exerted on pipes and cables from the relative
structure-water movements; relative pipe-bottom
movements, together with the Coulomb friction
conditions, are employed to compute forces
generated at that interface; etc. These
calculations provide the new state of external
forces being applied to both the protective
structure and the ship.

b)  Calculation of motions. Once all stresses,
forces and moments, both internal and external,
have been updated, it is now possible to
calculate the motions by simply balancing
momenta. All nodes of the structure, as well as
the ship, have inertial masses associated with
them. Nodes on pipe elements and the ship also
have rotational inertias. Both the inertial masses
and moments of inertia are corrected to account
for the inertial contribution of nearby waters.

Linear and angular accelerations are computed
simply by dividing forces and moments by the
corresponding masses and moments of inertia.
In an explicit integration procedure, the new
velocities and displacements at each node are
easily computed as a function of the acceleration
at the node:

viln+%2) = vi(n-1%) + aj(n) At (1)
Xj(n+1) = xj(n) + vi(n+ %) At (2)

where x;, v; and a; are the node position,
velocity and acceleration vectors, respectively;
At 1s the integration timestep; and the index in
parentheses refers to the number of integration
timesteps elapsed. The procedure clearly gives
rise to a central integration scheme.

The SCAB program, constructed according to
the previous criteria, has been extensively
tested. Although the details of those tests are

beyond the scope of the present paper, the
validations conducted have included the solution
of static and dynamic problems, using cable and
pipe elements, with longitudinal and transverse
displacements, etc. The results of the tests, even
though were obtained in problems
considerably simpler than that to which SCAB
is applied here, have allowed developing a high
level of confidence in the formulation of the
physical laws embodied in the program.

they

4 ANALYSIS AND RESULTS

The protection system proposed in Section 2 has
been analysed, using the program SCAB
described in Section 3, for a number of normal
and oblique ship collisions. For reasons of space
only one normal impact is briefly presented
here. A 100,000 ton, 150m long ship approaches
the pier radially at a speed of 20 knots. The
impact with the protection system occurs
directly above one of the ballasted pipes. The
ship is assumed to stop its engines immediately
after engaging the net.

Prior to starting the impact analysis, the
protection system must "settle". In other words,
from some initial position, buoys, cables and
pipes must be allowed to arrive at a natural
equilibrium position under the forces of gravity
and buoyancy. Figure 1 has already presented
that equilibrium position, which is arrived at by
a process of dynamic relaxation carried out by
the SCAB code. This process simply consists on
conducting a dynamic analysis; energy is
progressively and naturally removed by drag
forces and moments until virtual convergence to
a static solution is achieved. No attempts have
been made to expedite the process by adding
artificial damping to the model.

Figures 2 to 7 show successive plan views
during the impact process. The initial symmetry
of the problem is spontaneously broken by the
program without specific user intervention, It
must be noticed that the answer would be



incorrect if the program were unable to achieve
this.

_ As can be seen in the figures, the ship's
rotation increases with increasing displacement.
After 55sec the stern makes direct contact with
the cables. At this point, the ship's movement is
essentially restricted to a rotational motion, with
very little linear momentum left.

The minimum distance from the ship to the
pier in this most unfavourable case is 22m and it
occurs some 73sec after the beginning of the
accident. Finally, after 85sec, the ship loses
contact with the net.

Figure 8 presents the evolution of the ship
speed throughout the event. The initial velocity
of 20 knots (10m/sec) decreases gradually to
essentially zero after 73sec and, although not
evident in this figure, changes sign thereafter.
This rebound wvelocity is associated to the
capacity of the system for storage of recoverable
energy. Storage takes place by stretching of the
cables and pipes, elevation of the cables and
pipes and, to a minor extent, changes in the
elevation of the buoys.

The peak force exerted by the net on the ship is
22MN after 11sec, stabilising afterwards around
ISMN. The force history, which appears in
Figure 9, oscillates in the natural frequency of
the ballasted pipes. Drag forces on the ship are
comparatively smaller. In the longitudinal
direction, they start at about 8MN and decrease
rapidly with the square of the velocity. In the
transverse direction they also reach a peak of
about 8MN slightly after 40sec: this is a
consequence of the attempt by the cables to
push the ship sideways at this time.

Peak plastic strains developed in this particular
case are around 22%, occwring in the cable
which first established contact with the ship.

Overall, therefore, it is clear that the protection
device proposed is quite effective. This is shown
by the relative uniformity of the history of
forces applied by the cables in order to
decelerate the ship (Fig. 9). This uniformity is a
requirement for minimising damage to the ship.
As mentioned earlier, the peaks appearing in the

history are related to the natural frequency of
the radial members of the protective structure.
Their relative size is no doubt a consequence of
the small number (2 or 3) of pipes which
contribute  significant frictional
forces for arresting the ship. The relative size of
the force peaks could be reduced by increasing
the number of radial members.

It is worth noticing also that, for any systems
which intend arresting the ship safely prior to
impact against the pier, the radios of the
protective net is fixed by the ship's kinetic
energy and the value of the force that collapses
its hull. Even with an ideal energy absorbing
device (one which provides a perfectly uniform
force), the radius must be at least equal to the
ratio of the two parameters mentioned:

effectively

r > EK/FC (3)

where 1 is the distance from the pier at which
the ship's deceleration starts, Ey is the ship's
kinetic energy and F. is the maximum
longitudinal compression acceptable by the hull.

One final consideration must be made in
respect of the stability of the proposed
protection system. This stability may be
compromised by both waves and currents. The
period of the radial members is a function of the
tensile forces acting at that particular time, but is
on the order of 4-5sec. Hence, wave frequencies
of about 0.2-0.5Hz are likely to couple their
motion most effectively to that of the system. At
this frequency, wave heights are expected to be
only moderate. In any case, no specific attempts
have been made to analyse the behaviour of the
system under the quasi-harmonic loading
imposed by wave trains.

Analyses have been carried out to predict the
behaviour of the system in the presence of
currents. Uniform water velocities of up to
2m/sec (4 knots) have been applied. The
resulting drag forces are not sufficient to
produce sliding of any of the pipes in contact
with the sea bottom. However, the rest of the
system suffers moderate distortions and



-displacements (Figure 10). In this situation, the
system remains operational, although it is clear
-that its ability to arrest ships moving with the
cuwrent is  somewhat diminished as a
consequence of the unfavourable combination of
increased and decreased drag forces associated

with the current.

5 CONCLUSIONS

A conceptual system has been proposed for
protecting bridge piers in deep waters against
ship collision. Also, a special-purpose computer
program, SCAB, has been developed to analyse
the behaviour of such systems under postulated
ship impacts.

The information presented in this paper shows
that the predictions of the computer program are
credible and realistic, at least qualitatively.
Verifications conducted, but not presented here
for reasons of brevity, also indicate good
predictions from a quantitative standpoint,
although for somewhat simpler problems.

Based on the preliminary calculations
conducted, it 1s believed that the proposed
protection system is very promising for deep
water applications. Only a single impact by a
100,000 ton ship at 20 knots has been presented
here, but a number of other impacts have been

analysed. The specific normal impact described
is that in which the ship achieves greatest
proximity to the bridge pier among all other
impacts with equal mass and velocity.

It is recommended that SCAB be used for
further analyses of the system, which would
allow some preliminary design activities to be
carried out.
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Figure 1. Proposed system



Figure 2. Plan view after Os. Figure 3. Plan view after 20s.

Figure 4. Plan viéw after 35s. Figure 5. Plan view after 50s.

Figure 6. Plan view after 65s. Figure 7. Plan view after 80s.
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Figure 8. Absolute value of the ship's Figure 9. Evolution of forces exerted
velocity by the cables on the ship

m ngure 10. System &}spTacements ﬁhdéf a uniform 2m/sec current



