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SHIP COLLISIONS WITH SLOPED BANKS OF WATERWAYS
— AN APPROACH TO DETERMINING THE STOPPING DISTANCE

Bernd Schuppener, Regina Kauther, Federal Waterways Engineering and Research Institute, Karlsruhe, Germany
Helmut Kramer, Jana Vorbau, VBI Construction Engineering Consultants, Kramer + Albrecht, Hamburg

ABSTRACT

When ships collide with the sloped banks of waterways, the damage to revetments is usually limited. However,
such collisions may impair the structural stability and serviceability of any structures such as bridge abutments
located in the immediate vicinity of the bank. A set of formulae to forecast the impact and the stopping distance in
the event of a collision was derived by Meier-Dérnberg (1983). The formulae are based on the principles of linear
momentum and the conservation of angular momentum and assume that the bank is rigid. However, cases of
damage have shown that ships always penetrate the slopes of waterways which are usually protected by revet-
ments with riprap. This paper presents a forecast model which applies the law of conservation of energy and also
takes into account the effect of the soil resistance when the bow of a ship penetrates a slope. Model tests and field
tests conducted by the Federal Waterways Engineering and Research Institute (BAW) were performed to investi-
gate the behaviour of the ground and the ship in the event of a collision. These tests were used to check the suit-
ability of the two forecast models. The results of the tests and the forecasts are presented. It is shown that both
models give conservative but realistic predictions of the stopping distance and the impact forces. This will provide
the basis for a realistic assessment of the safety of structures built next to waterways in Germany.

KEYWORDS: ship collision, banks of waterways

1. THEORETICAL MODELLING OF A SHIP COLLISION
There are two ways of proceeding when calculating the displacements of the ship and the contact forces acting

on the soil:

- The time-dependent displacements, x(t) and z(t), the velocities, rates of acceleration of the ship and the contact
force, F(t), between the slope and the bow of the ship can be calculated by establishing a kinematic equation,
taking inertia into account.

- The components of the stopping distance, Symax and S;max, Of the ship can be calculated on the basis of the
energy conservation law.

1.1. Method of calculation according to Meier-Dérnberg

Meier-Dérnberg (1983) developed a closed analytical solution to cover those cases in which the slope is rigid. In
a collision with a rigid slope, the bow of the ship slides up the slope and then back down again if the collision takes
place at an oblique angle.

The calculation method takes account of the entire spatial movement of the ship when it is being pushed up the
slope, i. e. the translatory motion of its centre of gravity, x(t), y(t) and z(t), and the rotation about the longitudinal
axis (tilting), the vertical axis (change in the direction of travel) and the transverse axis (being pushed upwards),
@,(1). The calculation method has been considerably simplified by assuming that the edges of the bow are straight
and that the surface of the sloping bank is both even and rigid. In addition, it is also assumed that both the ship and
its cargo are rigid and that any deformations of the ship are taken into account at the point of impact only. The colli-
sion as a whole is divided into two phases:

- The first phase comprises the impact which deflects the tip of the bow and initiates the subsequent sliding
movement. The new velocity components are determined after the impact, assuming that the impact is both
rigid-plastic (the contact between the ship and the slope is maintained throughout the collision) and frictional.
The same line of action is assumed for the Coulomb friction at the point of contact between the ship and the
slope and for the velocity of the ship relative to the slope.

- The second phase covers the subsequent upward motion and deflection until the ship comes to a halt or moves
down the slope again. The initial conditions for the velocities of the ship when it is pushed upwards are the final
velocities calculated for the first phase. The values of the draught, buoyancy force and the buoyancy moment of
the vessel, which change during the upward movement, are taken into account in the equations describing the
motion of the ship.

When a vessel with mass, m, hits a sloping bank with an inclination, «, at right angles and at a velocity, v,, the
components of the stopping distance of the ship’s centre of gravity, Xmax and zmax, given a friction coefficient of tans
between the bow and the slope, are obtained from the differential equation describing the motion of the ship for z(t)
or x(t) as follows:
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where a, is the distance between the point of contact between the bow and the slope and the centre of gravity of
the ship, i, is the radius of gyration about the y-axis and
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in which g is the acceleration due to gravity and hy is the draught. The maximum vertical lift of the assumed point of
contact is calculated as follows:

o= L 1-
hO

Sz,max = Zmax aj
The maximum horizontal force occurring at the end of the upward movement is:

- _ g Mm-a;-(sina+cosa-tand)
M Ry (sina-tans +a, cosar)
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1.2 Modelling with the energy conservation law

Another way of describing the collision of a ship with a sloping bank is to apply the law of energy conservation.
In this approach it is assumed that, on collision with the sloping bank, the kinetic energy, Eii,, of the ship is con-
verted into

- frictional work, Eg, between the soil and the bow of the ship,

- potential energy, E,, due to the lifting of the bow during the collision,

- deformational work, Eg,, of the passive resistance of the soil in front of the bow when the latter penetrates the
slope and

- deformational work, Ey.w, due to the crushing of the ship's bow :

Ekin= ER + Epot + EEp + Ebow

Compared with the method according to MEIER-DORNBERG, the advantage of this approach is that the work done
by the resistance of the ground in front of the bow can be taken into account. The following sections show that the
three energy components, Eg, E,tand Eg,, are dependent on the stopping distance, Smax.

1.2.1. Determination of the vertical components of the contact force between bow and slope

The contact force between the bow of the ship and the slope is used to calculate the frictional work and the
potential energy. It can be determined from the equilibrium of the vertical forces acting on the ship. When the bow
travels up the slope, an additional volume, AV, emerges from the water while the stern simultaneously sinks
deeper into the water, displacing an additional volume of water, AV, (Figure 1). By way of simplification, the
volume of the bow above the water and in front of the point of contact is disregarded and the hull is taken to be a
rectangular parallelepiped of length, L, and width, B.
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Figure 1: Geometrical quantities on collision of a pontoon-type bow with a sloping bank

Based on the equilibrium condition of the vertical forces, the following equation is obtained with the weight density
of water, %, and the vertical component, F,(s;), of the contact force of the bow:

Avstern' 7’W+FZ(SZ)=AVb0W' Al (1)
The following equation is obtained from the sum of the moments about the point of contact at the bow:

Avstern A (Lbow +2/3- Lstern) = Avbow N 173 - Lbow
Avstern /Avbow =13 [-bow / (Lbow +2/3- Lstern) (2)

In addition, the following apply to the simplified assumption that the hull is a rectangular parallelepiped of width, B:

Lbow + Lstern =L (3)
AVoow= 058, - Lpow - B 4)
Avstern = 05 : (Lstern/Lbow)' Sz Lstern -B (5)

Thus there are five equations available for determining the five unknowns which are AVgern, F2(Sz), AVoow, Loow and
Lstern. After the appropriate transformation, F,(s,) can be obtained as follows:

Fz(sz)=sz‘B'7’W‘L/4 (6)
Assuming that a friction coefficient, tan o, acts between the steel of the ship’s bow and the soil of the slope
when the bow travels up the slope and the upward path of the bow can be described by a straight line inclined at

an angle, g, to the horizontal plane (Figure 2), the contact force is inclined by an angle, &, to a line at right angles
to the slope. Thus the contact force, F(s;), exerted on the slope by the bow is:

F(sz) = F(s;) I cos (B +9) (7)
and the frictional force, R, is:

R(s;) = F - sin 8= Fy(s;) - sin 8/ cos (B +6) (8)

R
(s,) £ N(s,) ;

Figure 2: Assumptions and geometrical relationship between the contact force, F, and its components

It can be seen that the frictional force increases with s, and therefore with the stopping distance, s,, owing to the
increase in the contact force. The ship is therefore increasingly slowed down as it travels up the slope.
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1.2.2. Kinetic energy
The kinetic energy, Exin, can be determined from the mass, m, of the ship and the collision velocity, v,, as fol-

lows:

E, =m-V2/2

kin

As the water exerts a pull on the ship during the collision, a hydrodynamic water mass of between 10 % and
20 % of the ship’s mass is added to the kinetic energy of the ship.

1.2.3. Potential energy

The potential energy, E,, of the ship at the end point of the collision is the integral over the vertical component,
F,(s,), of the contact force from s, = 0 to the maximum upward movement s, = s,,max, at which the ship comes to a
halt. The following is obtained from (6):

"1y, L14-B-s,-ds,

sz=0

E

pot =

Epot = jv- LI8 - B- Symax
with s, = s, - tan g
Epot= v - L/8 - B-tan® B+ Symax (9)

It can be seen that the potential energy, E,, increases quadratically with the upward motion, s,, of the bow and the
stopping distance, Sy max-

1.2.4. Frictional work of the contact force

Using (6) and (8), the frictional force as a function of the upward motion, s,, of the bow can be determined as
follows:

R(s;)=s,-B-yw-Ll4-sin 5/ cos (f+ )
and the frictional force as a function of the path, s, with s, = s - sin £ is obtained as follows:
R(s))=s-sinpg -B-y,- LI4-sin 5/ cos (f+96)

The frictional work, Eg, done up to the point at which the ship comes to a halt is then the integral over the frictional
force, R(s;), along the path from s = 0 to s = s as follows:

sin B -sing Smax

=—~ -  .B. .L [s-ds
R 4.cos(f+5) T Sio
sin #-sino yoL-s?

R:8~cos(ﬁ+5). S max

Assuming that smax = Symax/COS B, the frictional work as a function of the horizontal component of the stopping dis-
tance, Symax IS:

: tan 8-sind '
8.cos(f +5)-cos’

R B'yW'L'Sf,max (11)

It can be seen that the frictional energy, Eg, increases quadratically with the stopping distance.

1.2.5. Work of the passive earth pressure of the soil in front of the bow of the ship

The resistance of the slope to penetration by the ship is modelled with the passive earth pressure of the soil, cf.
CALGARO (1991) and DENVER (1983). Closed solutions for the determination of the passive resistance of the soil in
front of surfaces under pressure exist for straight surfaces only. However, the bow sections of ships with sharp
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bows are generally curved. The geometry of the bow must therefore be approximated by means of straight sur-
faces to enable the passive earth pressure of the soil in front of the bow penetrating the slope to be determined.
The geometry of the sliding wedge due to the passive resistance of the soil that occurs when a ship collides with a
sloping bank at right angles is shown in Figure 3 for a simplified bow with two straight surfaces only.

When determining the work of the passive earth pressure of the soil, the lateral friction, Ry, of the wedge-
shaped bodies causing the passive earth pressure of the soil is disregarded by way of simplification and only the
horizontal component, E,,, of the passive resistance of the soil and the friction at the ship’s hull, Rs, mobilised by
the passive resistance of the soil on penetration is taken into account..

& | [

‘V

Figure 3: Sliding wedges causing the passive resistance of the soil, Eph, at the bow when a ship collides with a
sloping bank at right angles and penetrates the slope horizontally

Unlike the vertical component of the contact force between the ship and the slope, the passive resistance of the
soil in front of the bow is not a linear function of the path of the ship when it penetrates the slope. To calculate the
work of the passive resistance of the solil, it is assumed that the ship penetrates the slope “step by step” (Figure 4).
The components, Eg, and Rs, of the passive resistance of the soil and the work, Eg,, done by the two components
are then determined for each step. In doing so, it is taken into account that the passive resistance of the soil devel-
ops at an oblique angle to the inclination of the slope, i.e. the ground rises at an angle that is smaller than the angle
of the slope, a.

Figure 4. Step-by-step horizontal penetration into the sloping bank by the ship’s bow for the determination of the
work of the passive resistance of the soil

In the description of collisions by MEIER-DORNBERG (1983), the slope was assumed to be rigid. Under such con-
ditions, the inclination, g, of the path of the point of contact corresponds to the angle of inclination, «, of the slope if
the ship collides with the slope at right angles, i.e. when g = «. When the bow penetrates the slope, 0 <f < a. In
this case, the inclination, g, of the path of the point of contact is unknown. There are no other conditional equations
for 5. However, as there will be minimal soil resistance for the path occurring during a collision, the inclination, g,
and thus the stopping distance can be determined by varying 4. The decisive factor here is the inclination, g, of the
path which results in the greatest stopping distance.

1.2.6. Stopping distance

It is possible to make an initial, quick and simple, if not always conservative, estimate of the stopping distance if
the bank and the ship’s bow are assumed to be rigid. In this case, the deformational work due to the crushing of the
ship’s bow and the passive resistance of the soil in front of the ship’s bow is disregarded and the inclination, p, of
the path of the point of contact is equal to the inclination of the slope, a, if the ship collides with the bank at right
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angles. The kinetic energy is thus converted into potential energy and frictional work of the contact force between
the ship’s bow and the sloping bank, as follows:

Ekin = Epot(sx.max) + ER(Sx.max) (12)
With the kinetic energy:
Ey=m- V§/2

of the potential energy (9) and the frictional energy (11), the horizontal component, s, max, Of the stopping distance,
taking (12) into account, is as follows:

SX max = Va 4m
' Yw -L~B-tana~(tana+sm5/((cos(a+5)~0032 a))

It can be seen that a closed solution for the stopping distance, which increases linearly with the velocity of the
ship on collision, is obtained under these conditions.

When taking into account the work of the passive resistance of the soil in front of the bow, the equation of the
energy conservation law:

Ekin= ER(Sxmax) + Epot(sx.max) + EEp(Sxmax)

is best resolved iteratively in order to determine the stopping distance, s, max because - as described in 1.2.5. — the
work of the passive resistance of the soil has to be determined by assuming that the ship’s bow penetrates the
slope “step by step” and, furthermore, the relevant inclination of the inclination, B, of the path of the point of contact
must be calculated by a variational calculation.

Whenever considerable deformations of the ship’s bow occur, a further term for the deformational work at the
ship’s bow can be included in the equation. Initial approaches to determining the force-deformation relationship to
be used in this case are stated in Part 9 of DIN 1055.

2. TESTS TO INVESTIGATE SHIP COLLISION
2.1. Introduction

First of all, small-scale model tests in dry sand were conducted, not only to verify the theoretical calculation
methods but also to investigate the actual impact forces during ship collisions on waterways and the failures and
deformations that occur. In addition, three field tests were performed to verify the results of the fifteen tests carried
out in order to identify possible effects due to scale and any influence of the motion of the ship in the water as well
as to investigate the magnitude and effect of pore water pressure in the soil during a collision. The investigations
were limited to head-on collisions of typical loaded inland navigation vessels. The vessels were modelled as rigid
bodies.

2.2. Model tests
2.2.1. Test set-up and procedure

The tests were performed in the test pit at the former Berlin office of the Federal Waterways Engineering and
Research Institute. The model tests were designed with the aid of model laws which enabled the test results to be
interpreted and the results of movement and force measurements in the model tests to be transposed to a large-
scale prototype. The model of the slopes (Figure 5) is based on a cross-sectional profile of a sloping bank with a
1.3 gradient and a height of 5 m, which is common on federal waterways in Germany. The dry sand with a coeffi-
cient of uniformity, U, of around 2 was installed by pluviation. The in-situ density, D, was between 0.7 and 0.8. The
sloping banks were modelled with a horizontal crest. The collision was applied in the centre of the test pit to ensure
symmetrical conditions.

Two ships with bow designs typical of those used for inland navigation vessels, i.e. one with a sharp bow, the
other with a pontoon-type bow, were selected for the model tests (Figure 6). A type lla Europe barge, which has a
width of 11.40 m and an overall length of 76.50 m, was chosen for the ship with a pontoon-type bow. The model
tests were performed for a draught of 2.5 m, at which the ship has a tonnage of 1940 t. The Johann Welker type of
vessel has a sharp bow and, with a width of 9.46 m and an overall length of 80.00 m, has a tonnage of 1611 t at a
draught of 2.5 m.
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Figure 6: Pontoon-type bow of a type Il a Europe barge and the sharp bow of the Johann Welker type of vessel
In the model, the ships were only reproduced up to their centres of gravity owing, inter alia, to the limited
amount of space available in the small test pit. However, exact copies of the outer form of the types of bow being
investigated were built (Figure 7).

Wire suspension cable

// Hollow cylinder\
/. & N
| / N
\; S \ _

Figure 7: Model of a ship with a pontoon-type bow

The collision was performed as a dynamic action during which it was possible to measure the inertia occurring
at the ship and in the soil. To perform the tests, the ships were suspended from two wire cables to form a pendu-
lum. The suspension at the bow of the model included springs dimensioned in such a way that the contact force
occurring on collision and when the bow is lifted corresponded exactly to that which occurs when a buoyant ship
collides with a sloping bank. To reproduce a ship collision, the ship model suspended on the pendulum was pulled
back far enough to allow the collision velocity of the ship required for the test to be achieved when the ship swung
back to hit the model slope. The path, velocity and acceleration of the ship and the force were measured during the
impact. The pressures and accelerations in the soil were also recorded.

The tests that were performed and the test parameters are summarised in Table 1. Further model tests with
other boundary conditions were also performed but are not reported here.
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Table 1: Model tests and test parameters

Type of test Scale of Test parameters
(Number of tests) model
Model tests with a pontoon-type 1:23 Velocity on collision: v, =0 —1.16 m/s,
bow (9) Slope inclinations: 1:1, 1:2, 1:3, Mass: m = 191 kg
Model tests with a sharp bow (5) 1:23 Velocity on collision: v,= 0 —1.16 m/s,

1:17.8 | Slope inclination: 1:3, Mass: m = 191 kg

2.2.2. Selected test results

The measured displacements in the directions x and z allow the paths of selected points of the ships to be de-
scribed. The path of the first point of contact between the bow and the slope is shown in Figure 8 for a typical test
performed with a pontoon-type bow and a sharp bow. The paths of both types of bow exhibit characteristic differ-
ences. The sharp bow initially penetrates the slope horizontally by around 70 mm. The vertical component of the
soil resistance then lifts the sharp bow so that it penetrates the slope further on a path with an inclination that is
considerably smaller than that of the slope. By contrast, the pontoon-type bow only penetrates the slope horizon-
tally by 20 mm in the initial phase owing to its blunt form. In the second phase, the ship travels up the sloping bank
along a line running almost parallel to the slope until it again penetrates the bank noticeably in the third phase
when a horizontal displacement of around 300 mm occurs.
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=
£
¢ 120
8
— o
o
2 100 //
S
5 80 >
9 //
= 7l -
d) 60 - L -
> & - - - "

40 o 1 T - == 1
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| -
/r -
0 -
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horizontal displacement
of the contact point [mm]

Figure 8: Path of the initial point of contact between the sloping bank and the ship for a pontoon-type bow
and a sharp bow

The development of the horizontal component, F,, of the contact force between the ship's bow and the sloping
bank is shown in Figure 9 as a function of the horizontal displacement, s,, of the point of contact. There are also
marked differences in the way the impact force develops. Owing to the large width and the blunt shape of the pon-
toon-type bow, a significant degree of resistance can develop in the sloping bank in front of the bow right at the
beginning of the collision. This resistance results in a pronounced force peak at the very beginning of the collision.
The soil resistance, which acts as an impact, deflects the ship so that its bow does not penetrate the slope any
further in the second phase but instead slides up the slope along a line running almost parallel to it. At the same
time, the contact force continues to increase. After the ship has travelled far enough up the slope, the soil may
again fail owing to the increase in the contact force in a third phase. The bow will then penetrate the slope again.
Compared with the pontoon-type bow, the contact force increases more or less continuously for a sharp bow until
the ship comes to a halt. The sharp bow penetrates the slope and the passive resistance of the soil that increases
with the degree of penetration develops on both sides of the bow so that the contact force increases continuously.
The two phases of the path of the sharp bow can be clearly identified in the force-displacement graph (Figure 9). In
the first phase, in which the bow penetrates the slope horizontally by up to around 70 mm, the force-displacement
curve is far steeper than in the second phase in which the path rises.



31st PIANC Congress

Estoril, May 2006
Portugal
oy
o N
gl -

0,9

0,8

0,7 Ipontoon-type bowI I sharp bow I

0,6 | /
0,5 /

0,4

0.3 - = e c— ’
- /
0,2 = L

0,1 N -~

horizontal component of the
contact force Fy [KN]

i

P e—— at—

0 50 100 150 200 250 300 350 400 450 500

horizontal displacement [mm]

Figure 9: Horizontal component of the contact force as a function of the horizontal displacement for a pontoon-type
bow and a sharp bow

2.2.3. Comparison of the test and the theoretical forecast for a pontoon-type bow

The model tests conducted with a pontoon-type bow for a slope with a gradient of 1:3 have shown that the stop-
ping distance is mainly determined by the second phase in which the bow travels up the sloping bank along a line
running parallel to it. It would therefore seem obvious to compare the stopping distance determined for the pon-
toon-type bow in the test with the results of theoretical models in which a rigid slope is assumed (« = ), i.e. the
method according to MEIER-DORNBERG and the law of conservation of energy. In both models, the small degree to
which the bow penetrates the slope in the first phase is disregarded. A sloping bank with an inclination, «, of 18.3°
(1:3) and a friction coefficient between the soil and the hull, tang, of 0.625 (6= 32°) were assumed for the forecasts.
The friction coefficient is the value obtained for the model sand and the hull in the tests.

The maximum horizontal displacements, i.e. the stopping distances, Sy max, are shown as a function of the veloc-
ity on collision, v,, in Figure 10. A linear relationship between the stopping distance and the velocity on collision is
obtained both by the method according to MEIER-DORNBERG and when applying the law of energy conservation.
The graph shows that the values of the displacements obtained by the method according to MEIER-DORNBERG are
slightly lower than the test results. The stopping distances obtained with the law of energy conservation are greater
than those obtained for the method according to MEIER-DORNBERG as the energy loss on impact in the first phase is
not taken into consideration. On the whole, there is a good correlation between the theoretical and experimental
stopping distances.

The stopping distance obtained by the method according to MEIER-DORNBERG, on which the safety clearance
currently required on federal waterways is based, is also shown in Figure 10. A smaller friction coefficient between
the ship and the sloping bank, tan &, of 0.40 (6= 21.8 °) was assumed in this case in order to obtain a conservative
value of the stopping distance. It can be seen that these displacements are greater than the measured displace-
ments. Therefore, the safety clearance for slope inclinations equal to or smaller than 1:3 can also be safely applied
to non-rigid slopes.

A comparison of the maximum horizontal contact forces that the ship exerts on the slope at the end of the colli-
sion is shown in Figure 11. The forecasts according to MEIER-DORNBERG and the law of energy conservation result
in a linear correlation between the contact force and the velocity on collision for rigid slopes. Unlike the theoretical
forecasts, the development in the model tests is sublinear. This is because higher velocities on collision result in
longer stopping distances and a larger degree of upward motion and thus in greater contact forces. The soil cannot
withstand these forces and fails. The mean path of the ship in the test is not as steep as stated in the forecast for a
rigid slope (Figure 8). The bow is therefore always lifted to a lesser extent in the tests than in a forecast in which a
rigid slope is assumed. The horizontal component, F,, of the contact force is therefore also smaller in the test than
in the forecast.
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Figure 11: Horizontal component, F, nax Of the contact force at the end of the stopping distance as a function of
the velocity on collision, v,, for a ship with a pontoon-type bow

2.3. Field tests
2.3.1. Test set-up

In addition to the model tests, three field tests with the barge Gerda were performed on the Elbe-Havel Canal in
April 1995. Three collisions took place at right angles and at different velocities and draughts. The ship has a length
of 67 m and a width of 8 m and its mass is approximately 900 t at a draught of 1.9 m and 160 t at a draught of 0.6
m. The collisions took place at a 12 m wide embankment (Figure 12) comprising gravel and sand of medium
strength which had been specially constructed for the test. The inclination of the embankment was 1:3. The free-
board was around 1 m.

The accelerations at the ship and the water pressures beneath the bow of the ship during the collisions were
measured. The pore water pressures, the earth pressures and the velocities of ground motion occurring in the
slope during the collision were also determined.
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Figure 12: Test slope in the field test

2.3.2. Test results

The vertical and horizontal displacements of the point of contact for test no. 2 are shown in Figure 13 and the
vertical and horizontal components of the contact force are plotted against time in Figure 14. The collision lasted
around 2.4 s, after which the displacements of the point of contact reached their final values of 3.83 m in a horizon-
tal direction (Sxmax) @nd 0.85 m in a vertical direction (S, max). Compared with the model tests with a sharp bow, two
differences are striking. First, the vertical component of the contact force exhibits a pronounced impact at the start,
which can be attributed to the very full shape of the bow of the Gerda. It should also be noted that the horizontal
component of the contact force decreases after around 1.5 s although the vessel is subsequently lifted a further
0.3 - 0.4 m and a further increase in the horizontal component of the contact force would therefore be expected to
occur for structural reasons. The decrease in the horizontal force is probably due to the effect of inertia caused by
the vertical acceleration of the bow.
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Figure13:Vertical and horizontal displacement of the point of contact in field test no. 2
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Figure 14: Vertical and horizontal component of the contact force in field test no. 2

2.3.3. Comparison of the field test (Gerda) with the theoretical forecasts

The geometry of the bow of the Gerda had to be simplified for the collision forecast. The rounded bow was
modelled with two inclined surfaces. A soil wedge due to the passive soil resistance developed at each surface. An
angle of friction, ¢, of 35° and a mean weight density, ¥ (earth-moist and at buoyancy), of 14.6 kN/m? were taken
for the gravel and sand of the embankment after penetration tests had been conducted. An angle of friction, o, of
32°, which had been determined previously in specially designed shear tests, was taken for the friction between the
gravel and sand and the steel of the ship's hull. Pore water pressure beneath the bow was not taken into account.
The forecast of the stopping distance is based on the law of energy conservation referred to in section 2.2.

A hydrodynamic mass of 10 % of the ship's mass was also included in the calculation of the kinetic energy of
the ship.

Eyp=1.1-my, V75 =1.1.900-257°/ 3269 kNm

The mean width, B, and length, L, of the rectangular parallelepiped of the ship’s hull used to determine the verti-
cal contact force, F,, with equation (6) was calculated roughly from the mass of the ship, mgnp, @ draught, ho, of
1.90 m and the density of the water using the relationship:

Mg, =B-L-hy - py

ho - pw

The deformational work, Eg,, of the passive earth pressure of the soil as a function of the depth to which the
ship penetrates the sloping bank is shown in Figure 15, the graph being plotted for the case in which the path of the
point of contact between the bow and the bank is horizontal, i.e. the entire kinetic energy of the ship is consumed
by the work of the passive resistance of the soil, Eg,. Details on the calculation of the work of the passive resis-
tance of the soil are given in SCHUPPENER ET.AL. (2005).
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Figure 15:Deformational work Eg, of the passive earth pressure as a function of the horizontal penetration depth s,

The field tests carried out with the Gerda had shown that the bow did not penetrate the slope horizontally but on
a path with a mean inclination of 12.4°. A stopping distance with the observed inclination, g, of 12.4° was investi-
gated in a second calculation. In addition to the kinetic energy and the work of the passive resistance of the soil,
the potential energy and the frictional work of the contact force at the bow were taken into account in the energy
balance. On the basis of these assumptions, the work of the passive resistance of the soil, Egy, is reduced to 495
kNm, i.e. to less than 15 % of the total kinetic energy. This demonstrates clearly that the geometry of the bow need
not be modelled with a particularly great degree of accuracy in order to determine the passive resistance of the soil.
In addition, the stopping distance was computed on the basis of the assumption that the slope is rigid, i.e. the
ship’s bow does not penetrate the slope but slides up its upper surface (« = f). The results of the field test and the
theoretical forecasts are summarised in Table 2.

The summary in Table 2 shows that there is a good overall correlation between the two forecasts and the re-
sults of the field test, both for the contact forces and for the stopping distances:

- The forecasts based on the inclination of the stopping distance, g, of 12.4° observed in the field test yield stop-
ping distances that are between 10 % and 20 % greater than in the test. The forecasts are thus on the safe side.

- The forecasts in which the inclination of the stopping distance is assumed to be the same as the inclination of
the slope (a = f) underestimate the stopping distance and are therefore not on the safe side.

- The stopping distances forecast with the law of energy conservation always exceed those obtained with the
method according to MEIER-DORNBERG, as was the case in the model tests. This can partly be explained by the
fact that the loss of energy during the deflecting impact at the beginning of the collision is disregarded when the
law of energy conservation is applied.

Excess pore water pressures were measured in the soil of the embankment during the collisions in the field
tests. However, it was assumed in the forecasts of the stopping distance that no significant excess pore water
pressures acted between the bow and the slope and that the contact force could therefore be fully utilised to mobi-
lise friction. The fact that the stopping distance calculated when it is assumed that the friction is fully mobilised is
greater than that observed in the field test indicates that there were indeed no significant excess pore water pres-
sures acting directly between the bow and the slope. The measured stopping distances would otherwise have been
greater than the distances that had been forecast.

- The forecasts in which the inclination of the stopping distance is assumed to be the same as the inclination of
the slope (a = f) underestimate the stopping distance and are therefore not on the safe side.

- The stopping distances forecast with the law of energy conservation always exceed those obtained with the
method according to MEIER-DORNBERG, as was the case in the model tests. This can partly be explained by the
fact that the loss of energy during the deflecting impact at the beginning of the collision is disregarded when the
law of energy conservation is applied.

Excess pore water pressures were measured in the soil of the embankment during the collisions in the field
tests. However, it was assumed in the forecasts of the stopping distance that no significant excess pore water
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pressures acted between the bow and the slope and that the contact force could therefore be fully utilised to mobi-
lise friction. The fact that the stopping distance calculated when it is assumed that the friction is fully mobilised is
greater than that observed in the field test indicates that there were indeed no significant excess pore water pres-
sures acting directly between the bow and the slope. The measured stopping distances would otherwise have been
greater than the distances that had been forecast.

Table 2: Comparison of the stopping distances in the field tests (Gerda) and the results of the theoretical forecasts

Maximum contact . .
force [kN] Stopping distance [m]
horizontal | vertical | horizontal | vertical
FX FZ Sx,max sz,max
Results of field tests: 1200 1500 3.83 0.85
Horizontal stopping path: p = 0° 3000 0 427 0
(passive soil resistance only) '
Inclined stopping path as in field test: g = 12.4° 1623 1220 463 1.03
Law of energy | (With passive sail resistance) ' '
conservation Inclined stopping path as in field test: g = 12.4° 1276 1303 502 110
(without passive soil resistance) ' '
Inclination of stopping path equal to inclination 1733 1434 363 121
of slope: a=p =18.4° ' '
M Inclined stopping path as in field test: p = 12.4° 1299 1326 4.2 0.93
EIER-
DORNBERG T ; o alinat
Incllnatn?n c:f st_opplng path equal to inclination 1610 1351 31 0.99
of slope: = =184

3. SUMMARY AND OUTLOOK

The stopping distance of a ship during a collision with a sloping bank on a waterway and the loads occurring
during that collision can be determined theoretically by applying the principle of linear momentum and the principle
of the conservation of angular momentum for a fully plastic impact according to MEIER-DORNBERG (1983) and the
energy conservation law. Model tests and field tests, in which the degree to which inland navigation craft with typi-
cal bow designs penetrate and travel up a sloped bank were investigated, have been performed by the Federal
Waterways Engineering and Research Institute in recent years. A comparison of the observed soil-mechanical
failure mechanisms, stopping distances and forces with the models of the forecasts shows that there is a satisfac-
tory correlation between them which will enable the models of the forecasts to be applied under other boundary
conditions during collisions as well as to collisions by ocean-going vessels.

For nautical reasons, ship collisions generally occur when a ship is approaching a bank at an oblique angle, &,
of less than 30°. In this case, the ship does not continue its journey in a straight line but is pushed back down into
the water by the contact force that acts laterally. Upon collision with a rigid slope, the bow therefore describes a
curved path and slides back down the slope after reaching its highest point. To find out whether the bow of the ship
would reach a bridge abutment, the stopping distance can be estimated conservatively by assuming that the colli-
sion is perpendicular to the slope and by selecting the angle that results for a linear collision path on a rigid slope at
a collision angle, ¢ as the inclination, g, of the collision path (Figure 16, left).

In order to take account of the penetration of the slope by a pontoon-type bow, which occurs for geometrical
reasons when a vessel approaches the sloping bank at an oblique angle, it can be assumed that the bow pene-
trates owing to a continuous failure of the ground caused by the contact force acting on the slope. To enable a
relationship between the load at ground failure and the penetration of the bow to be formulated, it is assumed that
the ship initially rests on the edge of the bow. The side of the ship rises nearly vertically on one side of the edge of
the bow while the virtually horizontal surface of the pontoon-type bow is adjacent to it on the other side (see Figure
16, right). Under these conditions, the following relationship is obtained between the perpendicular penetration, zg,
of the bow of the ship, the inclination of the slope, v, at right angles to the collision path and the width, bg,, support-
ing the edge of the bow:

Zgp = bi -tan v (14)
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Figure 16: Geometrical relationships for a collision at an oblique angle and penetration of the sloped bank

Furthermore, it is assumed that the ground failure load corresponds to the vertical component of the contract
force, F,, which is evenly distributed over the length of the slope supporting the edge of the bow. The vertical
ground pressure, ogp, on ground failure can be determined for an infinitely long linear load as a function of the
width, bgp, supporting the edge of the bow and depends on the soil parameters and the slope inclination, v, at right
angles to the collision path. The contact force, taken as the ground failure load, is then:

F = UGb(bi) * Sxmax* beb (15)

The vertical component, zgp,, of the penetration of the bow can then be calculated iteratively with equations (14)
and (15). As it is assumed that the bow penetrates the slope, the inclination, g, selected for the collision path
should be several degrees smaller for the calculation of the contact force, F,, and the stopping distance, Sy max than
when a rigid slope is assumed (Figure 17). It must subsequently be checked whether the calculated vertical pene-
tration of the ship’s bow, zg,, corresponds to the inclination, g, of the collision path chosen initially. If the calculated
penetration of the bow is too great, the inclination selected for the collision path was too steep. By contrast, the
assumed inclination of the collision path was too small if the calculated penetration of the bow is less than that ob-
tained for the assumed inclination of the collision path (Figure 17).

Sloped bank

Actual path of ship’s bow

-
L

X

Figure 17: Sloped bank, perpendicular penetration of the ship’s bow and actual path of the ship’s bow on
penetrating the slope

For the sake of completeness, the deformational work due to the ground failure in the sloped bank can also be
taken into account in the iteration, as follows:

EGb=y2~N'ZGb.
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