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PREFACE

In June 1983 a colloquium on “Ship Collision with Bridges and Offshore Structures” was held
in Copenhagen under the auspices of the International Association for Bridge and Structural
Engineering (IABSE). The colloguium was initiated by the Danish Group of IABSE with the
background of comprehensive investigations in this field in connection with the fixed crossing of
the Great Belt in Denmark.

The colloquium brought together bridge and offshore engineers, naval architects, navigational
experts, risk assessment specialists, etc. with the view to exchange information on this subject.

After the colloquium, the IABSE Working Commission 1 “Structural Performance, Safety and
Analysis”, established a Working Group for preparing a guideline or a state-of-the-art report.

Members of the Working Group, appointed originally or during the work, were the following:

— Dr. Yahei Fujii, Electronic Navigation Research Institute, Tokyo, Japan

— Mr. Cornelis Q. Klap, Rijkswaterstaat, Voorburg, The Netherlands

— Mr. Michael A. Knott, Greiner Inc., Richmond, USA

— Mr. Thomas R. Kuesel, Parsons Brinckerhoff, New York, USA

— Mr. Ole Damgaard Larsen, COWIconsult, Copenhagen, Denmark

— Dr. Henrik O. Madsen, Danish Engineering Academy, Copenhagen, Denmark
— Mr. Holger S. Svensson, Leonhardt, André u. Partner, Stuttgart, Germany.

The Working Group was chaired by Ole Damgaard Larsen, who also prepared the present
IABSE publication. Yahei Fujii, Thomas R. Kuesel and Michael A. Knott made valuable contri-
butions to the publication.

The development of this publication took its basis from the proceedings of the international col-
loquium in Copenhagen in 1983.

Since the colloquium, important research has been carried out in connection with development
of national codes and standards for bridge design and in connection with planning and design of
major bridge projects.

It was decided in 1989 to leave out offshore structures from the publication. The reason was
that it was found inexpedient to treat the two types of structures in the same publication.

The final editing of the publication was carried out in the course of 1991, when conclusive
data could be made available from the following major projects:

— development of vessel collision guide specifications for the Federal Highway Administration

in the USA
— development of vessel collision design criteria for the Great Belt Crossing in Denmark.



This document represents the conclusions of the work as accepted by the IABSE Working Com-
mission 1 at the IABSE annual meeting in St. Petersburg, September 1991.

The Working Group was dissolved at the same occasion and inquiries regarding this publica-
tion should therefore be addressed to the IABSE Working Commission 1.

The Working Commission 1 is greatly indebted to the author and much appreciates his efforts.

Johan Blaauwendraad,
Chairman of Working Commission 1
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1. INTRODUCTION

1.1 Background

Any structure established in navigable waters constitutes a hazard to shipping and is itself
vulnerable to damage or destruction in the event of vessel collision. Among the most significant
structures exposed to this hazard are bridges crossing coastal or inland waterways.

A list of serious accidents recorded during the period 1960-1991 has been included in Appen-
dix B. The list represents an updated version of the records published by Frandsen [1-1] in 1983.
The records indicate an average of one serious vessel/bridge collision accident per year world-
wide, see Figure 1.1. More than 100 persons died in these accidents and large economic losses
were incurred directly in repair or replacement costs as well as indirectly in the form of lost trans-
portation service.

The photos in Figures 1.2, 1.3 and 1.4 from actual collision accidents illustrate the seriousness
of the subject. The accidents shown are all briefly described in Appendix B.

Number of Serious Accidents

A

860
965
1970
1975
1980
1985

Figure 1.1 The number of serious vessel/bridge collision accidents per year in the period
1960-1991 (32 years).



2. INITIAL PLANNING

As considerations for the interaction between bridge structures and vessel traffic will often in-
fluence fundamental decisions such as location and type of bridge crossing, it is essential that the
vessel collision aspects are properly investigated as early as possible in the planning process.

A number of important aspects of the bridge design, siting, and aids to navigation can be eval-
uated by relatively simple means on the basis of the initial knowledge of the waterway and the
navigation, applying experience and common sense.

This chapter contains such general considerations concerning the initial planning and layout of
the bridge structure and the waterway.

2.1 Siting of Bridge Structure

The purpose of the bridge often determines a specific location. However, minor modifications can
normally be introduced and if major problems are identified it might still be possible to consider
alternative locations.

For the siting of a bridge crossing, the following aspects, among others, should be considered,
ref. [2-1], [2-2], [2-3], [2-13], [2-14], [2-15], and [2-18]:

— Locations with congested navigation should be avoided.

— Locations with difficult navigation conditions (shoals, cross currents, etc.) should be avoided.

— A straight and unencumbered navigation channel approach of adequate length before the
bridge-passage should be achieved.

— Adequate distance to locations where berthing manoeuvres take place should be provided.

— The bridge’s alignment should preferably be perpendicular to the navigation channel.

— The centre of the navigation span should coincide with the centre line of the navigation
channel.

— Locations where bridge piers can be placed in shallow water so that vessels out of control may
not reach the bridge structures without first running aground should be preferred.

With regard to the adequate length of unencumbered channel approach, the following empiri-
cal estimate has been reported by Shoji et al. [2-18], [2-19], and [2-20] based on analyses of col-
lisions with bridges world-wide: The minimum distance from a bridge line to the position of the
nearest turn in the navigation route should be at least 8 L and preferably 20 L, L being the length
of the vessel. If the distance is smaller, the turn will influence the navigation at the bridge crossing.
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3. VESSEL TRAFFIC

The characteristics of the vessel traffic passing under the bridge should be established in as
much detail as possible for the design stage in question. Normally, the traffic characteristics in a
specific situation can be established by utilizing available statistics and information from local
authorities. On this basis, a forecast should then be made to cover the traffic development during
the anticipated life-time of the bridge.

Vessel traffic is conveniently defined in the following terms as described in the subsections
below:

— Traffic Routes

— Passage Statistics

— Vessel Characteristics
— Traffic Forecast.

3.1 Traffic Routes
Vessel traffic routes in the vicinity of the bridge should be identified. All routes for which in-

teraction between navigation and the bridge is possible should be considered. Ordinary routes as
well as unofficial routes (short cuts etc.) should be identified. An example is shown in Figure 3.1.

:»'Y/

Figure 3.1 Vessel traffic routes in the vicinity of a bridge crossing (based on Olsen et al. [3-4]).
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4. RISK ACCEPTANCE

Risk can be defined as the potential realization of unwanted consequences of an event (i.e. the
product of the probability of an event and the consequences of the event). Both the probability of
occurrence of an event and the magnitude of its consequences are thus involved. References are
made to Philipson [4-15], Planeix [4-16], and Rowe [4-17].

Acceptance Criteria can be established either in the form of a predefined set of “Risk Accep-
tance Criteria” or in the form of “Optimum Cost Criteria’:

- Risk Acceptance Criteria are defined as acceptable limits to probabilities of certain unwanted
consequences of collision and are expressed in terms of annual frequencies.

Risk Acceptance Criteria are normally imposed by the Authorities to reflect the willingness of
people and society to accept risk. In principle, such criteria do not consider the cost of observ-
ing the criteria.

— Optimum Cost Criteria are Acceptance Criteria based on cost-effectiveness analyses comparing
the costs of bridge strengthening and protection measures against the benefit of risk reduction.
Optimum Cost Criteria may be introduced in cases where it is not economical or technically
feasible to design the bridge structures to comply with official Risk Acceptance Criteria.
Furthermore, the Optimum Cost Criteria may be used for decisions on whether to reduce the
risk to a level below what is required by the Risk Acceptance Criteria, because this can be
justified economically.

In order to make the use of the Acceptance Criteria unambigious and efficient they should be
implemented together with guidelines on how complying with the criteria shall be documented.
These guidelines should cover among others:

— types of collision consequences to be considered
— principles for estimating frequencies of the collision consequences considered
— principles for addressing the uncertainties of the frequency estimates.

4.1 Consequences of Collision

There are a number of different categories of consequences that are associated with a ves-
sel/bridge collision event.

The main consequences may be classified into the following six categories (three categories of
direct consequences and three categories of indirect consequences respectively):



37

5. COLLISION RISK

In general, it is not feasible to design all parts of a bridge structure to withstand worst case
loads from ship impact. However, it is possible to estimate frequencies of overloading of bridge
structures due to ship impact. With knowledge of the frequencies of overloading, a design can be
selected which fulfils certain acceptance criteria as described in Section 4.

Vessel collision accidents to bridge structures are relatively rare and conditions differ from
bridge to bridge. Therefore, the estimation of the risk of collision can not be based on vessel/
bridge collision statistics alone. Collision risk models, simulating potential collision scenarios are
necessary.

In this section practical models for estimating frequencies of ship collisions with bridges are
addressed.

When establishing a vessel collision risk model the following approach is recommended:

— The navigation conditions in the vicinity of the planned bridge should be studied, and vessel
accident data, i.e. groundings, vessel/vessel collisions, vessel/lighthouse collisions, etc., should
be collected.

— Vessel/bridge collision scenarios should be defined and modelled so as to incorporate the par-
ticular conditions of the bridge site.

— Subsequently, data for estimation of the parameters to be used in the collision risk model should
be collected.

Vessel/bridge collision risk models have been developed by a number of researchers, either for
specific projects or for the establishment of general guidelines for bridge designs. State-of-the-art
reports have been published in 1983 and 1992, ref. Larsen [5-19] and Olsen et al. [5-32].

Some examples of bridge collision risk models are as follows:

— Establishment of vessel collision load specifications to comply with pre-set bridge disruption
acceptance criteria for the proposed Great Belt Bridge Project in Denmark, 1978. The model
was developed by CAP-Consult, ref. Frandsen et al. [5-5].

— Assessment of the probability of disruption of the Tasman Bridge in Australia, reconstructed
after a vessel collision accident, for the evaluation of benefits of constructing an alternative
crossing, the Bowen Bridge, 1978. The model was developed by Maunsell & Partners,
ref. [5-26] and Leslie [5-21].

— Assessment of the probability of disruption considering alternative protection measures, of the
new Sunshine Skyway Bridge to replace the existing bridge which collapsed due to a vessel
collision accident. Models were developed by COWIconsult, ref. Larsen [5-19] and Greiner,
ref. Knott et al. [5-16].



53

6. VESSEL IMPACT FORCES

The determination of the impact load on a bridge structure during a vessel collision accident is
very complex as it depends on the vessel characteristics and the bridge structure, as well as the
circumstances of the collision accident.

Some important parameters are:

— For the colliding vessel: type, size, shape, speed, loading condition, and strength and stiffness
of bow, hull, and deckhouse.

— For the bridge elements in contact with the colliding vessel: size, shape, mass, and lateral
resistance characteristics.

— For the collision circumstances: eccentricity of impact and water depth.

Most research has dealt with the ideal case of a vessel colliding with an infinitely rigid and
immovable vertical plane wall structure. In this case the kinetic energy of the vessel together with
the water surrounding and moving with the vessel is consumed totally through the deformation

and crushing of the vessel.

In a less ideal collision event, parts of the energy will be consumed in deformation and crush-
ing of fenders, displacement of bridge pier and bridge superstructure and liberation of energy to
the surrounding water.

“Realistic” collision cases therefore involve lower impact forces, longer impact durations and
less damage to the vessels than an “ideal” collision case.

Collision impact load definitions are normally required in the following cases as described in
the subsections below:

— Head-on Bow Impact Forces
— Sideways Impact Forces

— Deckhouse Impact Forces

— Local Impact Loads.

An additional subsection:

— Barge Vessel Impact Forces

has been included to cover barge vessels which differ substantially from ship vessels and are of
particular importance to bridges crossing inland waterways.
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7. BRIDGE DESIGN

For bridge design purposes, design forces should be established for at least the following col-
lision load cases:

— collision with the bridge piers and pier shafts, head-on by the vessel bow or sideways by the

vessel hull
— collision with the bridge superstructure by the vessel bow, hull, or deck house.

Global forces for design for overall stability as well as local forces for design for local strength
of bridge elements are required.

Due to the low probability of collision, the vessel collision load case is traditionally considered
to be an accidental action. This means that a reduced level of safety against failure is accepted.

However, two or more levels of vessel collision load assumptions may be introduced in order
also to cover lower vessel collision loads which might be experienced more often. As an example,
the following three levels of safety, corresponding to collision loads with decreasing levels of
probability, might be specified:

— no damage accepted

— minor damage accepted, provided continuous use of the bridge is possible and provided repair
work can be effectuated without disturbing the traffic

— major damage or local collapse is accepted, provided the remaining structure has sufficient
redundancy to allow repair within a relatively short time (say, 3 months) to a degree that allows
re-opening of the bridge for traffic.

7.1 Energy Considerations

In order to determine the consequences of a vessel collision accident, the traditional method is
to estimate the amount of kinetic energy available and thereafter determine how this energy is
dissipated by displacement, deformation or crushing of the vessel and/or the bridge structure,
including attached or free-standing fenders or protective works.

The total kinetic energy KE is:

KE = !/,- M+M,) - v* (7.1)
where

v = the velocity of the vessel

M, = isthe mass of the vessel _

M, = the hydrodynamic added mass of the water surrounding the vessel and

moving with it.
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8. PREVENTION MEASURES

Planning and implementation of prevention measures to improve safe navigation in the water-
way near a bridge crossing requires close cooperation with the relevant navigation authorities.

Where the matter is of international concern, the national authorities will approach the interna-
tional authorities, in most cases the International Maritime Organisation (IMO), ref. IMO [8-7].

Prevention or reduction of the frequency of collisions is achieved by providing assistance to
navigation. The assistance may differ in extent and level of sophistication, depending on the
waterway and the intensity of the navigation. In this connection, inspiration may be obtained from
experience within the offshore sector, ref. Vendrell [8-12].

Three levels of assistance are discussed in the following:

— installation of navigational aids on the bridge and in the waterway
— introduction of navigation regulations
— implementation of a vessel traffic management system.

Comments on the effectiveness of the different types and levels of assistance are given in
Section 5.2.

8.1 Aids to Navigation

Visual, sonar as well as electronic aids to navigation should be designed to provide safe
guidance in most weather conditions.

For installation on the bridge structure, the following types of navigational aids can be consid-
ered to provide better detectability:

|

colours (fluorescent)

— signs

— high intensity light beacons (flashing)

range lights

sound devices (fog horns)

racon installation at the centre line of the vessel track(s).

An example of installations on a bridge to aid navigation is shown in Figure 8.1.
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9. PROTECTION MEASURES

In addition to bridge damage, vessel collisions may result in serious environmental damage
such as the spilling of oil and other chemicals. The consequences of a vessel collision may
therefore reach far beyond the direct costs of repairing/replacing the vessel and possibly the
bridge.

The bridge elements can be designed to withstand the impact loads, or a fender or protection
system can be developed to prevent, redirect, or reduce the impact loads on bridge elements to
non-destructive levels.

If the force resistance of the protection system is higher than the vessel crushing force, the bow
of the vessel will crush and the impact energy will be primarily absorbed by the vessel.

If the vessel crushing force is higher than the resistance of the proteetion system, the impact
energy will be primarily absorbed by the deflection and crushing of the protection system.

The protection system should be designed not only to protect the bridge structure, but also to
protect the vessel and the environment against serious damage. This may be achieved by combin-
ing different types of protective systems. Protection systems may be located directly on the
bridge structure (such as a bridge pier fender), or independent of the bridge (such as a dolphin).
The geometry of the protective structure should be developed to prevent the rake (overhang) of
the design vessel’s bow from striking and causing damage to any exposed portion of the bridge.
Generally, the analysis and design of bridge protection structures requires the use of engineering
judgment to arrive at a reasonable solution. Surveys of protection measures can be found in
Frandsen et al. [9-3], Knott et al. [9-10], Larsen et al. [9-12], Ostenfeld [9-20], and Saul et al.

[9-21], [9-22], and [9-23].

The various types of protective structures commonly used for bridges will be briefly discussed
in the subsections below:

— Fender Systems

— Pile Supported Systems

— Dolphin Protection

— Aurtificial Island or Reef Protection
— Floating Protection Systems.

9.1 Fender Systems

Timber fenders are composed of vertical and horizontal timber members in a grillage geome-
try attached to the face of the bridge pier, or erected as an independent structure adjacent to the
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10. PROTECTION OF THE PUBLIC

To minimize the loss of life which may occur in the event of a catastrophic collapse of a
bridge during a vessel collision, bridge user warning systems may be introduced, ref. [10-1],
[10-2], and [10-3].

10.1 Collision Hazard Detection

Devices to detect vessel/bridge collision hazards include the following:

— Vessel Impact Vibration Detectors. Placed on bridge piers, these vibration sensors would be
capable of distinguishing between normal structural vibrations and movements associated with
substantial vessel impacts.

— Continuity Circuits. This electrical system would utilize pairs of conductors terminating with
end-of-line devices attached to the bridge superstructure. Collapse of some portion of the
bridge deck would interrupt the circuit continuity.

— VHF Radio Link. The use of this device would be in advance of imminent danger, as foreseen
by the pilot or master of a vessel which had, for instance, lost steerage. If the mariner anticipat-
ed a possible vessel/bridge collision, he would radio the bridge personnel, or other appropriate
agency, via VHF marine emergency channel in order to halt traffic on the bridge.

Either of the first two of the above devices could activate traffic control/information systems
automatically or through a machine-man-machine interface with the human intermediary verify-
ing hazards before interrupting traffic.

VHF radio units are readily available in the deckhouse of virtually every merchant vessel. The
use of such a system would require the installation of a relatively inexpensive VHF set and con-
tinuous monitoring by the bridge personnel who could make appropriate traffic control decisions.
Virtually any detection device can be electronically linked to traffic control/information equip-
ment in order to automatically warn or stop traffic. However, in actual practice, considerable
difficulty can be experienced with false alarms and unnecessary interruptions of traffic.

Included among possible verification methods to be carried out by bridge personnel before traf-
fic control actions are taken, are the following:

— Closed Circuit Television (CCTV). Cameras can be placed strategically to allow personnel at a
monitor site to view the bridge main span, the navigation channel, the roadway, or any other
feature desired.

— Visual Delineation. The top of the bridge parapet or guardrail would be fitted with a series of
reflectors or lights, immediately revealing the collapse of a portion of the bridge superstructure.
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Appendix A. Vessel Size and Geometry Data

ALl Vessel Size Measurements

Dead Weight Tonnage (DWT)

The Dead Weight Tonnage expresses the carrying capacity of a vessel, i.e. the maximum weight
in metric tonnes of cargo, fuel, water, stores, etc. on board the vessel when fully loaded.

DWT equals the difference between a vessel’s displacement at fully loaded draught and light
ballast draught. It is the normal unit for bulk carriers and tankers.

Displacement Tonnage (W)

The Displacement Tonnage expresses the total weight in metric tonnes of the vessel including
cargo, fuel, water, stores, etc. The displacement thus depends on the loading condition.

The weight of the ship when in a ‘light” or unloaded state, but including the weight of water in
boilers and any permanent ballast is called “light displacement”. The light displacement weight
plus the weight of cargo, fuel, stores, fresh water, and water, ballast is called “load displacement”.
W equals the weight of water displaced by a vessel when floating at the specific draught.

W is the normal unit for warships.

The Displacement Tonnage for a fully loaded vessel may be approximated to Dead Wei ght
Tonnage as follows:

— Tankers: DWT=09xW
— Bulk Carriers: DWT=08xW
— Container Vessels: DWT =0.6 x W

Gross Register Tonnage (GRT)

The Gross Register Tonnage expresses the internal volume of a vessel (less certain exempted
spaces) measured in cubic feet divided by 100. GRT is thus not a measurement of weight.

GRT is a normal unit for passenger ships and cargo liners and is used as a basis for safety
requirements and manning.

The Gross Register Tonnage may be approximated to Dead Weight Tonnage as follows:

— Tankers: DWT = 1.6 x GRT
— Bulk Carriers: DWT =19 x GRT
— Container Vessels: DWT = 0.9 x GRT



Appendix B. Records of Collision Accidents

Serious Vessel Collision Accidents recorded in the Period 1960-1991

1960

1964

1964

1964

1967

Severn River Railway Crossing, England

Vessel . Tug pulling two barges each 450 tonnes displacement

Accident : Broadside collision with pier

Damage : Two spans and one supporting pier collapsed causing five fatalities
Cause . Tug pilot’s negligence in dense fog

Lit. : Peter Mason: “An investigation into the cause of damage to the Severn

Railway Bridge”. The Structural Engineer No. 2, 1963

Maracaibo Lake, Venezuela

Vessel : 36,000 DWT loaded tanker

Accident : Broadside collision with two piers more than 600 m from the
navigational spans

Damage : Three spans collapsed

Cause : Failure in electrical system affecting steering gear

Lit. :  Engineering News Record, 1964-04-16 and 1964-12-24

Pontchartrain Lake, Louisiana, USA

Vessel : Tug towing two loaded barges

Accident : Three trestles were struck by the tug and the two barges
Damage : Four spans collapsed, causing six fatalities

Cause :  Helmsman’s lack of attention

Lit. : Engineering News Record, 1964-06-25

Pontchartrain Lake, Louisiana, USA

Vessel :  Tug towing two barges

Accident : Tug hit a pile bent

Damage : One pile bent was destroyed and two spans collapsed
Cause : Tug pilot’s inattention (possibly asleep)

Lit. :  Engineering News Record, 1964-07-30

Chesapeake Bay, Virgina, USA

Vessel : Drifting coal barge

Accident : Vessel thrown repeatedly against the bridge deck
Damage : Six spans were seriously damaged

Cause :  Barge torn loose from moorings in storm

Lit. :  Engineering News Record, 1967-12-14

113
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Ship Collision with Bridges
The Interaction between Vessel Traffic and Bridge Structures

Any structure in navigable waters constitutes a hazard to shipping and is
itself vulnerable to damage or destruction in the event of vesszel collision.
Worldwide vessel traffic and the average size of vessels continue to increase.
At the same time; ever more bridges crossing navigable waterways are
being planned and constructed, sometimes with inadequate navigation
clearance and/or inadequate protection.

The objective of this publication is to provide information and guidelines for
engineers charged with the plarining and design of new bridges, navigation
channels, and prevention and protection measures. [t offers advice on up-
grading and retrofitting existing bridges and navigation channels. And it
provides the means to evaluate the safety of bridges, vessels, persons and
the environment.

After reviewing some basics of navigation and vessel traffic, and consider-
ing risk acceptance and collision risk, the publication examines vessel
impact forces on bridges and proposes appropriate bridge design criteria.
Prevention measures, such as regulations and management systems, and
protection measures and systems are also described.

Major international research projects have provided the analytical basis for
the publication, including the development of vessel collision guide specifi-
cations for the Federal Highway Administration in the USA and the vessel
collision design criteria developed for the Great Belt Crossing in Denmark,

Prepared by Ole Damgaard LARSEN, Chairman of the |ABSE Working Group
"Ship Coellision with Bridges”, this 132 page publication is a must for any
engineer dealing with structures in navigable waters.





