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Abstract
The consequences associated with ships running aground depend very much on the soil
characteristics of the sea bed and the geometrical shape of the ship bow. The penetration
into the sea bed depends on these factors and the penetration is an important factor for the
ship motion because it influences the ship heave and pitch motions as well as the friction
between the ship and the soil.

In this paper a rational calculation model is presented for the sea bed soil reaction forces
on the ship bottom. The model is based on the assumption that the penetration of the ship
bow generates a flow of pore water through the grain skeleton of the soil. The flow is gov-
erned by Darcy’s law and it is driven by the pressure of the pore water at the bow. In addi-
tion to this pore water pressure, the bow is subjected to the effective stresses in the grain
skeleton at the bow surface. These stresses are determined by the theory of frictional soils
in rupture. Frictional stresses on the bow surface are assumed to be related to the normal
pressure by a simple Coulumb relation. The total soil reaction as a function of velocity and
penetration is found by integration of normal pressure and frictional stresses over the sur-
face of the bow.

The analysis procedure is implemented in a computer program for time domain rigid
body analysis of ships running aground and it is verified in the paper through a compari-
son of calculated stopping lengths, effective coefficients of friction, and sea bed penetra-
tions with corresponding experimental results obtained by model tests as well as large-
scale tests.

1. Introduction

During the last few years much attention has been devoted to accidents where grounding of large
tankers resulted in severe oil spills. In [1] and [15] reviews are presented of the recent literature
on analysis of ship collisions and ships running aground. The purpose of the present paper is to
contribute to the development of a rational analysis procedure for ships running aground on rela-
tively plane, sloping, soft bottoms.

A simplified model for grounding on relatively hard, plane sea beds is presented in Ref. [2]
with the emphasis on evaluation of the overall forces induced on the hull girder. In this analysis
the model of the grounding event is based on an assumed effective coefficient of friction. The
analysis is divided into two phases. In the first phase the ship is subjected to an impulse caused
by the sudden contact with the ground. This sudden impact is assumed to be completely unelastic
and since the ship is assumed to be stiff the impulse leads to a rapid change of the initial forward
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speed so that the ship, after the impact, has a set of surge, heave, and pitch velocity components
which are compatible with the motion of the contact point along the sloping bottom. The impulse
analysis, presented in Ref. [2], of the first phase of the grounding event can only give rational
expressions for the change in momentum and the loss in kinetic energy. It cannot reveal details
such as the time variation of the ground reaction forces. For such detailed information it is neces-
sary to have a mathematical model for the interaction forces between the ship bow and the sea
bed as the one described in the present paper.

The second phase, considered in Ref. [2], is sliding of the ship bow with continuous contact
with the sea bed. The kinetic energy which is available after the end of the first phase is in this
second phase transformed into potential energy and into friction between the ground and the ship
as the ship moves up on the sloping bottom. In Ref. [2] the forces exerted on the ship bow are
assumed to be governed by an effective Coulomb friction law with a constant friction coefficient
which can only be determined by experiments. This is due to the fact that, besides the ordinary
friction between steel and ground, the effective coefficient of friction includes pressure forces on
the bow perpendicular to the motion due to penetration of the bow into the sea bed. Therefore, in
order to obtain a better basis for analysis of ships running aground on soft grounds, there is a
need for a mathematical model for the interaction between ship and ground which can be used in
a consistent way to determine the detailed behaviour during the initial phases of the contact with
th ground and, at the same time, to calculate the effective coefficient of friction in the second
phase of the grounding event. The grounding forces on a ship bow arise when the bow is being
pressed into the saturated soil. This generates a movement of the soil and of the pore water. In
general, the dynamic behaviour of saturated soil is strongly influenced by the presence of pore
water, and the phenomenon of large dynamic deformations of saturated soil is extremely difficult
to model numerically. In the present analysis, it is assumed that the penetration of the ship bow
generates a flow of pore water through the grain skeleton. This flow is governed by Darcy’s law
and it is driven by the pressure in the pore water at the bow. In addition to this pore water pres-
sure, the bow is subjected to the effective stresses in the grain skeleton at the bow surfaces. These
stresses are determined by the theory of frictional soils in rupture. Frictional stresses on the bow
surface are assumed to be related to the normal pressure by a simple Coulomb relation. The total
soil reaction force is found by integration of normal pressure and frictional stresses over the sur-
face of the bow. Due to the special form of ship bows, the contact area between soil and bow can
be approximated by a series of ellipsoidal forms and planes. This is used in the calculation of the
soil and pore water kinematics. The analysis procedure is implemented in a time domain com-
puter program for rigid ships running aground and it has been verified through a comparison of
calculated stopping lengths, effective coefficients of friction, and sea bed penetrations with corre-
sponding experimental results obtained by model tests as well as full-scale tests. In subsequent
papers [3], [15] and [16], the effect of hull flexibility and hydrodynamic memory effects on the
transient hull motions are analyzed.

2. The Soil Mechanics Model
2.1 Dynamic Loading of Saturated Soils

It is well known, see Mei, Yeung, and Liu [4], that the behaviour of soils is strongly influenced
by the pressure of fluid present in the pores of the material. This fact can be experienced at the
beach. When one runs in the submerged sand close to the waterline the sand feels hard whereas
the dry sand feels very soft in comparison.In traditional soil rupture theory [5], conditions are
assumed to be either drained of undrained. If conditions are drained an extra load on a soil ele-
ment is carried solely by additional stresses in the grain skeleton(“effective stresses”), and if con-
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ditions are undrained an extra load is carried by an additional pressure in the pore fluid alone.
Both drained and undrained conditions are considered independent of the time history of the load
and in this case of the impact velocity - and neither of these classical theories are therefore suited
for modelling of ship grounding events. In consolidation theory the time variance of loads and
deformations is considered. Biot, [6], [7], presented a general set of equations governing the
behavior of a saturated linear elastic porous solid under dynamic conditions. For standard geot-
echnical problems, the grain skeleton is most often assumed to be linear and elastic and inertia
forces are neglected.

Biot’s equations can be generalized to non-linear material behaviour if the constitutive rela-
tion is written incrementally. A fully consistent theoretical analysis of a ship grounding event
would require solution of these equations for example by use of the finite element method. The
solution would include phenomena like elastic compression, rupture with very large plastic
strains, liquefaction, dilatation of the soil in rupture, and flow of pore water. Use of such a model
for grounding simulations will require extensive computer facilities and it will be very time-con-
suming. Therefore, the soil mechanics model used here has been based on very substantial sim-
plifications and it is to some extent phenomenological.The model experiments briefly mentioned
in Ref. [2] suggest that when the ship velocity is relatively high, the soil reaction is governed by
pressure in the pore fluid.On the other hand, for very small ship velocities(for example after the
ship has stopped) conditions are drained and the soil reaction is therefore the result of the effec-
tive stresses in the grain skeleton alone.

The model used in the present analysis is based on the assumption that the soil reaction can
be found as the sum of two contributions, see Ref. [13]:

1. A force from the pressure in the pore water around the bow. It is assumed that pore
water is pressed into the grain skeleton, corresponding to the motion of the bow and that
velocities of sand grains can be neglected (i.e. generally small compared to that of the
pore water).

2. A force corresponding to a drained rupture around the bow.

This model is expected to give good results in the following two cases:

1. High velocity and elastic compressible of the grain skeleton. This case corresponds quite
well to ships with bulbous bows grounding with high velocity on soils with small per-
meability.

2. Drained conditions and fully developed rupture conditions in the soil that carries the
bow. This case corresponds to both bulbous bows and V-shaped bows in highly perme-
able material at low speeds or to the period after the ship has stopped.

In other cases, this model cannot be expected to predict soil forces with the same accuracy
because the displacement of the grains is not small compared to that of the pore water; the pore
water is not pressed through a steady grain skeleton.

The frictional stress on the bow is assumed to be a constant fraction of the normal pressure.In
the following section it is shown how the two contributions to the force from the normal pressure
is calculated.

2.2 Force from Pore Water Pressure

Equilibrium of the fluid phase in saturated soil can be expressed as ([7], [9])

_p.i:Mi}i-‘-pw g(%-'_bwi) W, (D
€
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where,
b : empirical constant accounting for non-linearities in Darcy’s law at high flow velocities,
g :acceleration of gravity,

: the spatial derivative with respect to the i’th component,

k  : permeability coefficient for laminar flow (Darcy’s law),
p : pore pressure (above hydrostatic pressure),

u, : absolute displacement of solid phase,

v, :absolute average displacement of fluid phase, v,

: is absolutely filter velocity,i.e. appropriate volume rate divided by total area,
w, :average pore water displacement relative to solid phase w, =v, —u,
w, :relative filter velocity, i.e. appropriate volume rate divided by total area,
p : density of water

The term bw, was introduced by Engelund, [9], to account for non-linearities in Darcy’s law
at high flow velocities. In [9] it is shown that the linear permeability coefficient can be calculated

as
2 2
k=e(1+e)gd )
o v,
and the correction factor, b, as
(1+e) 1
b= — 3
B e’ gd 3

in which

d :mean diameter of grains,

e :void ratio, i.e. pore volume/grain volume, and

v, : kinematic viscosity of water
(800, 1.8) : for spherical equal-sized grains.

(a,p) = {(1000, 2.8) : for uniform, round grains 4)
(1500, 3.6) : for irregular, edged grains
For a stationary flow of pore water with moderate flow velocities, Eq. (1) reduces to the

usual form of Darcy’s law: g
TPi=T W )
Eq. (1) can be linearized by introducing an effective permeability coefficient, k., defined by

i=l+b-|wa| (6)
k

k,
where |w,| is an average relative flow velocity.
In the following, it is assumed that the displacement of the grain skeleton is small compared
to that of the pore water. Then w: = v: and Eq. (1) becomes
_P,i=Mvi+M"’1 @)
€ €
Application of the continuity condition, vi,; = 0, to Eq. (7) yields the Laplace equation:

d’p d’p 0
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Figure 1. Pore water flow around a section of the bow

To illustrate how the total pore water pressure on a bow is calculated, we may consider the
example shown in Figure 1.
A plane problem is considered but the method is the same for a three-dimensional problem.
A semi-circular body is pressed with velocity ¢/, and acceleration {j, into a saturated soil. The
boundary conditions are
 No fluid flow into the bow.
 The pressure is zero at the soil surface

Several solutions to Laplace’s equation, Eq. (8), are known for different geometrical forms
and boundary conditions (e.g. [10], [11]). In [10] the motion of a rigid body in an ideal fluid, as
llustrated in Fig. 1, is considered. This problem is also governed by Eq. (8). The solution is
given in [10] in terms of a pressure potential, ¢.

Expressed as a function of a radial coordinate, r and an angular coordinate o, see Figure 1,
the pressure on the bow is

plr.a)=— 9

4 r

where,

_oullre)y  Pug (10)
e k,
Integrating p from Eq. (9) over the surface of the bow would give the total force exerted by
the pore water pressure.

In the case of a rigid body accelerated in an ideal fluid, the result of the fluid pressure, £ , is
conveniently expressed in terms of added-mass or inertia coefficients, often as
Fp = p,.C,\Vra (11)
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where

a : acceleration,

C, :added-mass coefficient,

V.  :volume of reference, often equal to the displaced volume

In the example of a circular body with diameter B, C,, =1 and V = % B’. Due to the afore-

mentioned analogy, knowledge of the added mass of a given problem can similarly be applied to
a drainage problem. In the example shown in Fig. 1 the total force from the pore water can be
calculated as

1

where the factor of 1/2 being necessary because C,,V; is calculated for a completely immersed
body subjected to fluid pressure on all sides.

Added-mass characteristics, C,, Vi, are tabulated for a large number of geometries and bound-
ary conditions. Therefore, Eq. (12) represents a very convenient form of calculation of the result
of the pore water pressure in a numerical scheme.

2.3 Force Corresponding to Drained Rupture

During grounding in normal sand, the force from the pore water will be dominating during most
of the time. Only at very low velocities and when it has stopped, the soil reaction will be gov-
erned by the drained soil reaction.

Rupture around the bow is clearly three-dimensional but the assumption of plane stress is
adopted with a subsequent correction for the three-dimensionality of the problem. The sides of
the ship, the bulb, and the ship bottom are considered separately. The part of the bulb in contact
with the soil is approximated by a plane surface so that only plane surfaces are considered. With
these assumptions, standard formulae for drained rupture in saturated sand can be used.

If it is assumed that the rupture is fully developed and that strain hardening can be ignored,
the normal effective soil pressure on the sides can be calculated by use of the theory for passive
soil pressure on plane walls. The soil pressure, e, , normal for the wall in the depth d» is

e =7y d Ky (13)
where ¥’ is the submerged weight of the soil, and the rupture coefficient K, is a function of fric-
tional angle, slope inclination, and surface roughness as it is given in standard geotechnical liter-
ature(e.g. [S]).

Eq. (13) can be integrated to give the normal force on the ship sides.

The maximum possible soil reaction on the ship bottom is found from the theory of load
capacities of foundations. A strip of d/ and width B can carry the load

L,
dQ=3y'N,Bdl (14)

where the coefficient N, is given in standard geotechnical literature(e.g. [5]). Integration of Eq. (14)
along the length of the contact area gives the load capacity, Q, based on the assumption of two-
dimensional rupture. To compensate for three-dimensional effects, Q is reduced by an empirical
factor of s,= (1-0.4B,,,,/L,,..) where B,,,, and L, are, respectively, maximum width and maximum
length of the contact area (B, /L,...<1).

This maximum load, Q,,,.= s, - Q, is not necessarily reached over the whole contact area of
the ship bottom - in some areas the ground will be elastically compressed and in some areas the
rupture is fully developed. Therefore, the loading and unloading behaviour up to and from the
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maximum load has to be defined. This is particularly important in the final phase where equilib-
rium between the hydrostatic forces on the ship hull and the soil reaction on the bottom has to be
reached. From tests with passive soil pressure on the plane walls it is known that the maximum
soil pressure is mobilized after a displacement of approximately 1-5 percent of the height of the
wall. It is here assumed that the load, Q,,,,, corresponding to a fully developed rupture, is reached
after a compression of a certain fraction 6 of B,,,,. Correspondingly, unloading from Q,,,, is
assured to occur over a distance of & - B,,,,. Fortunately the grounding behaviour and final rest-
ing position turn out to be quite insensitive to the choice of & so that a fixed value of § =0.03 is
used.

3. Analysis Model & The Rigid Hull Motion
3.1 Geometry and Coordinate Systems

The grounding behaviour is quite sensitive to the bow geometry and the numerical model must
therefore include a reasonable representation of the actual geometry. Many bulbous bows have
the shape of a half-sphere mounted on a cylinder, and this is easily represented mathematically.
The rest of the bow often consists of double curved surfaces. Such general shapes cannot be
defined by simple analytical functions. In the present numerical model the idealization shown in
Fig.2 is used. The soil pressure on a V-bow is assumed to work on the ship bottom and on the
plane sides defined by the points A,B, and C in Fig. 2. When a bulbous bow is considered an
additional soil reaction on the front spherical part is calculated.

Two coordinate systems are used: A local xyz-coordinate system which is fixed in the ship

Figure 2. Idealization of V-bow bulbous bow used in the calculation model

and a global XYZ-coordinate system which is fixed in the relation to the sea bottom, see Fig. 3.
The local coordinate system has its origin amidships. The x-axis points forward and coincides
with the ship base line. The y-axis points horizontally towards the port side and the direction of
the z-axis is upwards. The global system has its origin at the point of initial contact. The X-axis
_lies horizontally in the plane of symmetry of the ship pointing in its forward direction. The Z-
axis points in the direction opposite to the gravity field and the global Y-axis points in the same
direction as the local y-axis.
The geometry and the mass distribution are defined in the local coordinate system. The glob-
al surge and heave positions of the ship are given by the X and Z coordinates of the origin if the
local coordinate system. The pitch rotation, 6, is defined as the angle between the global X-axis
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and the local x-axis with the positive direction of rotation being defined by the y-axis.
As indicated in Fig 3. the ship is assumed to sail with an initial velocity V perpendicularly
onto a sloping sea bed bottom which has a bilinear geometrical form.

=]
N
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N X

S
7R

Figure 3. Definition of coordinate system

3.2 Equation of Motion

In the present analysis we assume that the ship hull is rigid and the hydrodynamic pressure
forces acting on the ship hull during the grounding event can be approximately by constant hydro
dynamic added-mass terms. These assumptions are released in subsequent papers [3], [15] and

[16]. With these assumptions the equation of motion can be expressed in the following form (see
Ref. [12]):

M O Zngx M Mzz (xgzez - GW)
0 MZZ —ngMZZ

@
M, —x M, J 6

y

F,
={F i+ Mxx(éu + zgéz)
M, | |~M.(200+xi6)+(M, - M, )iw| (15

where 5 is the ship surge velocity in the x-direction, w the heave velocity at x=0, and 8 the pitch
velocity.

If we denote the added hydrodynamic mass per unit length by ,(x) and f,(x) in the x- and
the z- direction, respectively, the hull mass per unit length by m(x), and the mass moment of iner-
tia per unit length by j, (x) we have

M, =], {m(x)+ p,(x)}dx

M, =], {m(x)+ p,(x)}dx

x, = [ {m(x)+ p, (x)}xdx/ M,

z, = [ {m(x)+ p x}zdx I M,

7, =14, + 2 (m(x) + p () fax
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This system of equation is solved for the accelerations in the local coordinate system.
These may then be transformed to the global system by

X = iicos@ +wsinB + (~usin 6 + wsin 6)0
Z = —iisin@ + wcos@ + (—itcos 6 — wsin 0)@ (16)
6,=6

Since we neglect the effect of propeller and rudder forces the only external forces {F,F M, }"
are the sum of the static restoring forces and the soil reaction forces. The derivation of the soil reac-
tion forces was described in Section 2.

The restoring forces are the result of hydrostatic pressure and gravity. On the assumption of lin-
ear behaviour, the vertical restoring force, AF_, and the restoring moment, AM,, given heave, AZ,
and pitch, A8,, displacements from the equilibrium condition can be calculated as

{AFZ,} 2[ (Po8Aw) (=Pu8AwXS) J {—-AZ } a7

AM, | | (=p,gAuxr) (PEVGM, +p,gA,x;) || ~A8,
where,
A, area of waterline
xp . longitudinal position of centre of floatation,
v . displacement volume,
p,. : density of the displaced water,

GM; : longitudinal metacentric height

4. Verification and Examples

The model tests briefly described in[2] have been used for verification of the calculation model.
A free-floating tanker model with a bulbous bow and length L,, =2.57m in scale 1:60 was forced
into a sand slope of 1:6 with a constant velocity of 0.464 m/s. The sand had a mean diameter d =
0.125 mm, permeability coefficient k = 8.5 - 10* m/s, and Coulomb frictional angle 41°. Figs. 4-
6 show measured and calculated penetrations into the slope, vertical ground reactions, and effec-
tive coefficients of friction. The effective coefficient of friction is the ratio between the round
reaction perpendicular to the slope and the ground reaction in the direction tangential to the

0.020

0.015

oot f-  Furrow depth Calculated furrow depth

Furrow depth(m)

Figure 4. Measured
and calculated furrow
depths

0.005

1 L | 1 A

0 0.1 0.2 0.3 0.4 0.5 0.6
Horizontal position (m)
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Vertical grounding force, Fz (N)

Effective coefficient of friction. ¢
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cal soil reaction
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Figure 6. Measured and calculated effective coefficient of friction

slope. A good correspondence between measurements and calculations is observed. It is noted
that the effective coefficient is significantly greater than the traditional sand/steel Coulomb fric-
tional coeffient which is 0.3 - 0.4,

A number of grounding tests were carried out with a condemnded vessel with a V-shaped
bow, a displacement of 300 metric tons, a length between perpendiculars of 29.55 m, a moulded
breadth of 6.60 m and a draught amidships of 2.67 m, see Ref.[14] The bow consists of highly
curved surfaces so when the geometry idealization shown in Fig.2 is used. only the part of the
bow that is in contact with the soil is considered. Table 1 shows the measured stopping distances
together with corresponding calculatedd values. Different slope inclinations are considerable in
order to take into account the uncertainty of the slope measurements and the actual variation of
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slope inclination. Tests 1 and 2 are best suited for verification because they were performed in
calm water and the slope measurements were the most accurate. For these tests the calcullation
model gives too large stopping distances - the maximum deviation is seen to be 21%.

As an application example, grounding of a 220,000 DWT tanker with an initial velocity of 5.1
m.s is considered. The main particulars of the ship are: length, L, = 269.0 m; breadth = 36.6 m;
draught = 13.2 m; trim = 3.0 m; mass = 1.07 - 10°kg. A sea bed of coarse sand (d =2 mm, e =
0.6, and frictional angle 37°) is considered. The inclination of the slope is 1:6 more than 7 m
below the water surfaces and 1:20 above this level. The stopping distance is found to be 42.1 m.
Fig. 7 shows the track of the bulb compared to the undisturbed sea bed. The maximum penetra-
tion is seen to be approximately 1 m and the final bow lift 4.5 m. Fig. 8 shows the vertical com-
ponent if the ground reaction and the effective coefficient of friction for this grounding event.

Table 1. Large-scale test. Measured and calculated stopping distances

Measured Calculated
Test No. Impact Slope Stopping Slope Stopping Slope Stopping
velocity 1:X distance 1:X distance 1:X distance
(m) (m) (m)
1 25 12-14 9.6 12 10.9 14 11.6
2 5.1 9-11 164 9 16.6 11 18.1
3 5.1 4-6 12.1 4 9.9 6 134
4 4.1 4-6 8.1 4 8.3 6 11.1
5 4.1 10-15 16.6 10 14.7 15 17.3
6 5.0 8-15 17.3 8 16.7 15 19.8
7 4.5 11-18 13.2 t 17.2 18 20.7
6
s e
o Undisturbed slope —.. \ Track of bulb
\l\j/ 2
) Figure 7. Slope and track of bulb
i p F,a';" during grounding of 220,000 DWT
| A . . . ) . ) ) ‘ tanker

&5
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Figure 8. Vertical component of ground reaction and effecive coefficient of friction

Conclusion

Prediction of damages due to ship grounding is an important part of marine risk assessment. By
presenting a simple, rational analysis procedure for the interaction between the ship hull and the
sea bed during grounding, it has been the purpose of this paper to contribute to the omprovement
of the scientific basis for such risk assessments.
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