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Risk to old bridges due to ship impact on German inland waterways

D. Proske & M. Curbach
Department of Civil Engineering, University of Technology Dresden, Germany

ABSTRACT: The following paper describes the investigation of two old bridges over inland waterways in
Germany under a possible ship impact. Both the numbers of ship impacts against bridges in Germany and the
structural description of the bridges has been intensively dealt with. The investigation is based on probabilistic
calculations to take into consideration the uncertainty of a possible impact and the uncertainty of material
parameters of the old bridges. The results are presented in terms of failure probability for the original bridges
and additional strengthening measures and also in terms of risk.

1 INTRODUCTION

Safety is an essential requirement made on every
technical product. The state underlines this require-
ment through many legal regulations, for example in
the Constitution. The construction industry must
comply with these regulations.

In civil engineering, safety is defined as the qual-
itative capacity of structures to resist loads (DIN
1055-100). A building can obviously not withstand
all theoretically possible loads, but it is necessary that
it resists the majority of loads to a satisfactory degree.
The basis of this decision can only be quantitative.
The reliability of a building is one such quantitative
measure for the capacity of a structure to resist loads.
Reliability is interpreted in the current building regu-
lations as probability of failure (Figure 1). In addi-
tion, the concept of risk is introduced as a safety
measure for accidental loads, for example impacts,
(Eurocode 1, DIN 1055-9). This safety measure is
also based on the description of reliability through
probability and additionally through considering the
consequence of structural failure. Therefore it
becomes possible to classify the danger potential of
buildings and also bridges and compare them with
other risks (DIN 1055-9, par. 5.1 (2)).

Risks due to loadings are not necessarily constant
over time. Bridges, like buildings, are technical prod-
ucts with an exceptional lifespan. Because of their
long life, it is possible that their use and basic condi-
tions change. This means that due to further devel-
opment in other technical areas, substantial loadings
can emerge from formerly insignificant loadings and

require reinforcement or an estimate of danger in the
form of a risk analysis. An illustrative example is pre-
sented in the following.

2 PROBLEM

With the beginning of the Industrial Revolution,
Germany experienced a remarkable increase in infra-
structure investment, which also led to a noticeable
rise in the number of river bridges.

Figure 1. Reliability in terms of the probability of exceed-
ing a limit state function which is in this case a proof func-
tion of the load u1 and resistance u2 of a structure.
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These bridges, predominantly stone and steel
bridges, have been in service until today in many
cases. Natural stone arch bridges are particularly able
to bear increasing vertical live loads due to their
simple but effective static arch system and the some-
times very high grade of the natural stone. These

bridges show a very large resistance also to horizon-
tal loads such as horizontal impacts because of their
large dead weight.

In addition to these existing loads, a new danger
grew for old bridges over inland waterways in the last
century due to the dramatic increase in dead weight
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Figure 2. Ship impact, Elbe bridge Dresden, 1906.

Figure 3. Ship impact, Main bridge �, 2000.
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loads and the speed of inland ships: the possibility of
ship impact that would result in bridge failure. Today
inland ships reach a length of up to 200 m, a breadth
of up to 12 m and a weight of several thousand tons.
The pier width of the bridges mentioned is between 3
and 6 m and the pier can be up to 12 m long. Figures 2
and 3 show old bridges after collisions.

The fact that bridge failure due to a ship impact
can lead to serious consequences is illustrated by the
listing of accidents that claimed lives in Table 1.

In the past few years there has been an increase in
the frequency of ships colliding with bridges over the
river Main in the Würzburg Department of Highways
and Bridges. The development of the number of acci-
dents, both for Germany in general and also for the
Würzburg Department of Highways and Bridges, is
shown in Figure 4.

Practically all of the available data indicate an
increase in accidents at the beginning of the 1990s.
The increase started in about 1992, the maximal value
occurred between 1992 and 1995 and after that there
was a decrease. Since 1997, an increase has been
recorded again however, with the collision rate in the
Würzburg Department of Highways and Bridges
reaching a dramatic value. Unfortunately, no data for
the rest of the German inland shipping network have
been available since 2000. As the Main presumably
does not have an over-proportionately high accident
rate (see Figure 5), one must conclude that the total
collision rate in Germany has also increased.

This worrying development was the reason why
the Würzburg Department of Highways and Bridges
had a numerical estimation of the safety of bridges
made with regard to collisions with ships. This esti-
mation aims at establishing the operational failure
probability in accordance with the current regula-
tions. Within the framework of a pilot project, this
value would be determined for two old Main bridges.
On the basis of this result it would be relatively easy
to estimate a risk.
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Table 1. Bridge failures due to ship collisions with fatali-
ties (mainly acc. to Mastaglio 1997).

Bridge name Year Fatalities

Severn River Railway Bridge, UK 1960 5
Lake Ponchartain, USA 1964 6
Sidney Lanier Bridge, USA 1972 10
Lake Ponchartain Bridge, USA 1974 3
Tasman Bridge, Australia 1975 15
Pass Manchac Bridge, USA 1976 1
Tjorn Bridge, Sweden 1980 8
Sunshine Skyway Bridge, USA 1980 35
Lorraine Pipeline Bridge, France 1982 7
Sentosa Aerial Tramway, China 1983 7
Volga River Railroad Bridge, Russia 1983 176
Claiborn Avenue Bridge, USA 1993 1
CSX/Amtrak Railroad Bridge, USA 1993 47
Port Isabel, USA 2001 8
Webber-Falls, USA 2002 12
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Figure 4. Numbers of ship accidents and ship collisions in Germany according to Stede 1997 and Kunz 1998.
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3 EXAMPLE BRIDGES

The bridge � is situated near Würzburg in the south
of Germany. The bridge is a six arch bridge with a
span of approximately 25 m. It was constructed between
1872 and 1875 and it is made of regular coursed ash-
lar stone work. The material is red Main-sandstone, a
high-quality colored sandstone. Towards the end of
World War II one pier was blasted. This pier was

rebuilt in the years 1945 and 1946 using concrete.
Figure 6 shows a view of the site today.

The bridge �‚ is a steel frame bridge with natu-
ral stone piers. Because of the different statical sys-
tem, a four field beam with a span of approximately
39 m and the material used for the superstructure, 
the behavior of the bridge under impact is different
compared with the behavior of the bridge �. Bridge �
was built in 1893. Moreover, parts of the bridge were
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Figure 5. Accident density (number of accidents per 1 Billion ton-kilometer) and accident rate (number of accidents per
year per 100 km) according to Stede 1997.

Figure 6. Bridge �.
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destroyed during the Second World War. Both bridges
were chosen to represent typical old German bridges.

4 INVESTIGATION

The investigation is split into three steps. First, the
bridge regions stressed most dramatically during an
impact were detected and selected for drillings. Since
the bridge � consists of different materials due to the
partial replacement of blasted piers at the end of the
Second World War, the transfer of results from one
structural element to the same element in another
position was not possible. Moreover, the bridge � has
an extraordinary foundation. With due regard to these
specific factors, 26 drills were planned and carried out
in this bridge. The drillings had an overall length of
150 m:90 m in masonry and 60 m in concrete.

The drilling produced a comparatively large
amount of bridge material which were used for mate-
rial testing. With the test data it was possible to
describe the material input parameters in terms of
random distributions. This first step was also accom-
plished for the bridge. The random properties for both
bridges are shown in Table 2.

In the second step, the mechanical behavior of the
bridges under ship impact has been modeled with a
Finite Element Program (FE). The ship impact forces
have been calculated using Meier-Dörnberg’s model
(Meier-Dörnberg 1984). The model of the bridge � was
particularly complex (Figure 7). The dynamic modeling
of an impact against the bridge on an IBM workstation
with power II processor took about one hour.

To incorporate the random variables in the third
step a probabilistic calculation was done using first
order (FORM) and second order reliability methods
(SORM). After the FORM (Spaethe 1992) calculation
different SORM methods were applied to improve the

quality of the first. The best-known and most wide
spread SORM method is probably Breitung’s formula
(Spaethe 1992). In addition to that, the methods of
Köylüoglu & Nielsen 1994 and Cia & Elishakoff
1994 were used. All the methods used give results
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Table 2. Statistical properties of input data (statical).

B Parameter Distr. xm s Unit

� Sandstone compress. str. Log 75.40 21.30 MPa
Concrete compress. str. Log 47.90 22.28 MPa
Sandstone splitting str. Log 4.72 1.30 MPa
Concrete tensile stress Log 1.15 0.69 MPa
Young’s m. sandstone Log 28534. 7079.6 MPa
Young’s m. concrete Log 22552. 8682.1 MPa
Density sandstone Norm. 2.27 0.15 kg/dm3

Density concrete Norm. 2.26 0.10 kg/dm3

Mortar compress. stress Log 11.00 7.25 MPa
Ship impact f. (frontal) Log 2.04 1.5 MN
Ship impact f. (lateral) Log 0.61 0.385 MN
Sandstone height Norm. 0.7 0.13 m
Sandstone width Log 0.8 0.08 m
Mortar joint height Log 0.037 0.048 m
Impact height Norm. 3.0 0.5 m

� Sandstone compress. str. Norm. 21.2 2.4 MPa
Sandstone splitting str. Norm. 0.38 0.094 MPa

(Log)
Mortar compress. str. Norm. 15.5 3.58 MPa
Ship impact f. (frontal) Log 2.04 1.5 MN
Ship i. f. (protection) Log 0.046 0.8368 MN
Ship impact f. (lateral) Log 0.61 0.385 MN
Impact height Norm. 3.0 0.5 M
Normal load Norm. 0.242 0.0242 MPa

Abbreviations:
xm – empirical mean, s – empirical standard deviation, str. –
strength, i. – impact, f. – force, compress. – compression, m. –
modulus, B. – Bridge, Dist. – distribution.

Figure 7. FE-model of bridge � and principal compression stress in the pier during impact.
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which are comparable from an engineering point 
of view.

The criteria for the probabilistic calculation
included results of the dynamic FE calculation.
Therefore, the so-called limit state function was not
available in an analytically closed form. One way to
obtain results with the probabilistic calculation with a
known limit state function which is not analytically
closed is the application of the response-surface-
methodology, see for example Rajashekhar &
Ellingwood 1993. This procedure was included into
an existing classical FE code by the authors (Curbach &
Proske 1998).

5 RESULTS OF THE INVESTIGATION

The results of the probabilistic investigation are
shown in Table 3. Several structural solutions to
increase the load-bearing capacity of the bridges
under ship impact were also investigated. The results
are shown as probability of failure either per impact

P(V | A) or per year P(V ∩ A). The value per year also
includes the probability of the ship impact event. To
show that the models of the bridges are comparable,
the probability of failure under dead- and life load
conditions are also evaluated. Lines 6 and 14 in Table
3 show approximately the same value. Only these two
lines refer to the failure of the piers under normal
stress, all other lines refer to shear failure of the piers
or the arch.

The maximum permitted probability of failure per
year is about 1.3 
 10�6 (E DIN 1055-100). Due to
unsatisfactory results (see Table 3), the description of
safety in terms of risk has been extended.

One possibility to prove the safety of the bridges,
is through the comparison of individual risks in terms
of mortality per year per person, for a certain activity
or in a certain situation.

However, this representation does not take into
consideration the severity of a single accident. For
this reason, so-called F-N (Frequency-Numbers
Diagrams) are more frequently used for the represen-
tation of risks. In these diagrams, the consequences of
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Table 3. Probability of failure for different structural versions.

P(V|A) 	10�6 P(V ∩ A) 	10�6

# B Load Element Version p. impact per year

1 � Pier 2 Damage (crack) 313667.7 5018.7
2 Pier 2 No Damage (no cr.) 154256.0 2468.1
3 Frontal Pier 2 Impact fender 1540.5 24.6
4 impact Pier 2 Pier increased 
 2.3 11843.4 189.5
5 Pier 2 Tension str. inc. 
 2 43179.2 690.9

6 Dead- & Lifel. Normal stress 240.0 4.8

7 Lateral Pier 2 No Damage 328986.4 5263.8
8 impact Pier 2 Impact fender 84539.3 1352.6

9 � Pier II explosion chamber 80760.0 596.0
10 Pier II No explosion ch. 23300.0 172.0
11 Frontal Pier II Prestressed 340.0 2.5
12 impact Pier II Reinforced concrete 32.0 0.2
13 Pier II GEWI-Elements 28.0 0.2

14 Dead- & Lifel. Normal stress 203.0 4.1

15 Frontal Pier III Explosion chamber 35930.0 265.2
16 impact Pier III No explosion ch. 28720.0 212.0
17 Pier III Prestressed 30.0 0.2

18 Arch 1500.0 11.1

19 Lateral Pier III No explosion ch. 25670.0 54.9
20 impact Pier III No explosion ch. 10720.0 36.1

Abbreviations and explanations of the versions:
Lifel. – Lifeload, str. inc. – strength increased, ch. – chamber, Damage (crack) – The pier has been found with a 3 m crack,
No Damage – assumption of closing the crack, Pier increased – Size of the pier increased by factor 2.3, Tension str. inc –
Hypothetical material with higher strength, Explosion chamber – Explosion chamber have been found inside the piers, 
No explosion ch. – closing of the explosion chamber, Prestressed – Prestressing of the pier with no-bond tendons (2 
 2 MN
and 2 
 4 MN resp.), Reinforced concrete – replacement type piles (2 
 3 ∅ 1,5 m) inside the pier and closing the
explosion chamber, GEWI – use of threaded rods inside the piers (2 
 4) and closing explosion chamber, Lines 6 and 14
are not considering an impact!
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failure or an accident are plotted against the fre-
quency. The consequences are predominantly given in
the number of fatalities and occasionally in monetary
units. As the number of deaths is considered, one also
speaks of collective risks. Figure 8 shows the results
of this investigation. The bridges, especially the
bridge �, show a safety level which is insufficient.

In conclusion, it is necessary to find the most effec-
tive method of strengthening bridges to enable them to
bear ship impact loads. To find this method, the 
so-called “life quality index” (Voortman et al. 2001)
has been used. The results for which an assumed fatal-
ity number of either 10 people (based on history of
road bridge failures through ship impact) or 22 people
(based on history of all bridge failures through ship
impact) are used, as shown in Table 4.
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Table 4. Optimal investment to increase safety using different structural strengthening solutions and the life quality index.

# B Element As-it-is Strengthening � €

1 � Pier 2 Damage (crack) No damage 10 52.885
2 Front Damage (crack) With protection 10 103.548
3 impact Damage (crack) Pier increase 
 2.3 10 100.130
4 Damage (crack) Ideal tensile str. 
 2 10 89.735
5 Lateral No damage Protection 10 81.095

6 � Pier II Explosion chamber No explosion ch. 10 19.062
7 Front Explosion chamber Prestressed 10 26.679
8 impact Explosion chamber Reinforced concr. 10 26.782
9 Pier III Explosion chamber No explosion ch. 10 2.392
10 Explosion chamber Prestressed 10 11.910

11 � Pier 2 Damage (Crack) No damage 22 116.347
12 Front Damage (Crack) With protection 22 227.806
13 impact Damage (Crack) Pier increase 
 2.3 22 220.287
14 Damage (Crack) Ideal tens. str. 
 2 22 197.416
15 Lateral No damage Protection 22 178.410

16 � Pier II Explosion chamber No explosion ch. 22 41.937
17 Front Explosion chamber Prestressed 22 58.695
18 impact Explosion chamber Reinforced concr. 22 58.919
19 Pier III Explosion chamber No explosion ch. 22 5.262
20 Explosion chamber Prestressed 22 26.202

Abbreviations:
ch. – chamber, str. – strength, conc. – concrete, tens. – tensile, Lateral – zLateral impact,

Figure 8. F-N diagram including bridge failure caused by
ship impact (only relative values).
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