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Abstract 

This study deals with the ship soft grounding mechanics applied to a Capesize bulk carrier. The ship 
runs aground by the bow on a smooth seabed. In view of the bow crushing damage, a critical situation is 
supposed to be met when the collision bulkhead in way of the inner bottom starts being damaged result-
ing in water ingress in the No.1 cargo hold. Then, for a given ship loading condition and a seabed angle, 
the critical grounding scenario, characterized by the critical initial forward speed, is assessed. Granted 
that this speed is exceeded, the critical situation may be reached while the ship rests. First, a mathemati-
cal model is proposed to analyze the ship grounding. Then, the mathematical grounding model results 
are compared to ship grounding dynamic FEAs. Eventually, the mathematical model predictions are 
found optimistic. Based on the observation of the FEA results, some modifications are identified. Their 
implementation in a new version of the mathematical model will be the object of a future work. 
Keywords: Bow structure, Grounding, Nonlinear FEA 
 
1. Introduction 
Statistically, the accidental grounding is a non-

negligible risk in ship operation. It is of great con-
cern in regard to the catastrophic consequences 
that may be expected. Over the past, regulations 
have been adopted in order to mitigate those con-
sequences in such a way that they would have no 
immediate impact on the safety of the ship. 
For ship bottom tearing and crushing, a double 

bottom arrangement is provided by the SOLAS  
(2009) convention, so that the hull split would 
only affect the double bottom water ballast tank. 
In a similar way, for soft grounding by the bow 
(see Fig. 1), the collision bulkhead would limit 
the water ingress to the fore peak tank and, poten-
tially, to the adjacent double bottom water ballast 
tank. 
The considered ship is a capesize bulk carrier. 

This study intends to assess the ship critical 
grounding scenarios as a function of the collision 

bulkhead location. The grounding scenarios are 
characterized by the ship critical initial forward 
speed. Granted that this speed is exceeded, the 
collision bulkhead in way of the inner bottom is 
supposed to be damaged while the ship rests. 
In the present study, a mathematical grounding 

model is presented based on the work of Pedersen 
(1994). This model has for advantage to simplify 
the grounding mechanics so that the critical initial 
forward speed can be rapidly evaluated.  
This article is divided into four sections. First, 

the simplified grounding mechanics are present-
ed. In a second part, the bow response to the 
crushing over the seabed is investigated by FEA. 
Then, the mathematical grounding model is im-
plemented by combining the nonlinear bow 
crushing response to the grounding mechanics. 
Finally, a few time-consuming dynamic ground-
ing FEAs are performed in order to validate the 
mathematical grounding model.



 

2 

 

Fig. 1 Ship soft grounding by the bow

2. Grounding mechanics 

Pedersen (1994) separated the grounding event 
into two phases. During those phases, the kinetic 
energy of the ship is supposed to be dissipated by 
friction with the seabed, bow structure plastic 
crushing and increase of the trim. In this study, 
the seabed is considered rigid so that no energy is 
dissipated by seabed deformation. 
Phase 1: Change in momentum 
At the contact between the ship and the seabed, 

the surge motion of the ship must change to be 
compatible with the new imposed kinematic re-
strictions. This is the change in momentum. The 
ship change of motion is driven by an impulse 
force, FI, concentrated in the point of contact C, 
as presented in Fig. 2. 

 

Fig. 2 Impulse force 

The impulse direction (β) is determined by con-
sidering as valid the Coulomb friction law pro-
vided Eq. (1). 

nf FF ⋅= µ  (1) 

Then, the amount of energy transferred by the 
impulse force all over the phase 1 is considered 
equal to the kinetic energy dissipated during 
phase 1, Ed1. To determine the bow velocity vx, vy 
and yθ in C while the phase 1 ends, Pedersen 
(1994) established the equations of momentum 
conservation. The linear momentum conservation 

perpendicularly to the impulse direction is pro-
vided in Eq. (2). 
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where V0 is the initial forward speed, M the ship 
displacement. Additionally, mxx and mzz are the 
added mass coefficients related respectively to 
the heave and pitch motions. 
Then, the angular momentum conservation 

around the point of contact C is given in Eq. (3). 
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where xG and zG are the coordinate of the center 
of gravity, Ry is the radius of inertia of mass and 
jyy is the added mass coefficient related to the 
pitch motion. 
At the end of the phase 1, Pedersen (1994) as-

sumed that the bow would be purely sliding over 
the seabed. This condition is expressed in Eq. (4). 

( ) ( ) αθθ tanzvxxv yGxyGCz
 −=−−  (4) 

From the Eqs. (2), (3) and (4), the bow velocity 
components in C, as the phase 1 ends, can be de-
termined. As a result, Pedersen expressed Ed1 as a 
function of the initial kinetic energy E0 (see Eq. 
(5)).  
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During the phase 1, the kinetic energy is dissi-
pated by friction with the seabed and bow struc-
ture plastic crushing. Here, the grounding me-
chanics are driven by the bow response to crush-
ing. 
Phase 2: Sliding motion 
In phase 2, the remaining kinetic energy is dissi-

pated by friction with the seabed, and the trim 
increase. Here, the grounding mechanics are driv-
en by the trim induced hydrostatic force (Fh) con-
centrated in C as presented in Fig. 1. 
A simplified expression of the trim induced hy-

drostatic force was proposed by Pedersen (1994) 
as provided in Eq. (6). 

zhh UKF ⋅=  (6) 

Kh represents the ship hydrostatic stiffness to the 
vertical displacement of the center of floatation 
(CF), induced by the bow lifted distance Uz in C. 
Its expression is given in Eq. (7). 
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where Az is the waterplane area and R is an 
equivalent radius of inertia expressed in Eq. (8) as 
a function of the ship mass M and the longitudi-
nal metacentric height (GMLong). 
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The phase 2 ends as the initial kinetic energy 
(E0) is entirely dissipated. 
Scope of the grounding 
For the ship herein considered, the energy dissi-

pated in phase 1 (Ed1) has been computed from 
Eq. (5). For seabed angles greater than 30 de-
grees, Ed1 is found to be greater than 50% of the 
initial kinetic energy. Therefore, in this study the 
grounding is analyzed for angles till 30 degrees. 
Beyond, it is supposed that the sliding motion 
characterizing the grounding is significantly re-
duced. 
Then, the bow critical crushing distance 

(Un,critical) is measured till the seabed starts being 

in contact with the collision bulkhead, as shown 
in Fig. 3. For this crushing distance, the collision 
bulkhead in the way of the inner bottom and 
above is supposed to remain undamaged. 

 

Fig. 3 Critical bow crushing distance  

In Fig. 3, it can be observed that the critical 
crushing is a function of the seabed angle and of 
the collision bulkhead location. Additionally, as 
the trim increases during the grounding, the ap-
parent angle between the bow and the seabed de-
creases, resulting in smaller critical crushing. 

3. Bow crushing FEA 

Nonlinear explicit Finite Element Analyses 
(FEA) were carried out in order to extract the re-
sponse of the bow crushed over the seabed. The 
FEAs were performed with the explicit dynamic 
module of ABAQUS. 
Bow structure modeling 
The extent of the model is longitudinally from 

the collision bulkhead to the fore end, vertically 
from the base line to the 3rd panting stringer and 
transversally from port to starboard. Fig. 4 pre-
sents the bow FE model. 
Shell elements have been used to mesh the mod-

el. The element thickness corresponds to the as-
built thickness reduced by half the corrosion mar-
gin. 
Then, the mesh size has to be fine enough to re-

produce the folded configurations of the stiffened 
panels. A mesh division of 8 elements in the 
width of typical panels has been chosen, resulting 
in a global mesh size of 100mm. Eventually, the 
model contains about 114,000 nodes and 116,000 
elements.  
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Finally, the material properties were defined 
based on the CR rules (2009). The provided ma-
terial engineering bilinear stress-strain behaviour 
was transformed in true stress-strain as for Paik 
(2007)'s "Material Model I". The stress strain-rate 
dependency has been expressed following the 
Cowper-Symonds (1957)' expression. 
Boundary conditions 
The purpose of those FEAs is to get the bow 

crushing response related to the seabed angle, in-
dependently from the friction, the trim and the 
crushing velocity effects. Fig. 4 presents the bow 
crushing modeling. 

 

Fig. 4 Bow crushing FE-modeling 

The bow is driven by a master node (MN) which 
couples kinematically all the nodes on the colli-
sion bulkhead and the 3rd panting stringer. There-
fore, those strong structural members are set up as 
not deformable. 
Then, the crushing FEA are performed without 

friction and the crushing displacement (Un) is 
normal to the seabed rigid surface. Additionally, 
the ship trim influence on the bow crushing re-
sponse is neglected. 
Finally, since the material behaviour is strain-

rate dependent, the crushing velocity (Vn) has a 
significant influence on the bow crushing re-
sponse. In order to cover the full range of possi-
ble Vn , the crushing FEAs have been carried out 
for the lowest and highest expected crushing ve-
locities. First, the lowest velocity corresponds to a 
quasistatic (QS) crushing. The material is taken 
strain-rate independent and the speed is arbitrarily 
taken as constant at 5m/s. In quasistatic explicit 
analyses, artificially increasing the simulation's 
velocity decreases the time of computation with-
out significant impact on the accuracy of the re-
sults. Then, the highest velocity corresponds to a 
crushing at the ship's maximum forward speed 

(about 14 knots) on a 45 degrees seabed. This is a 
conservative case. The Vn is taken as a constant at 
5m/s and the material is defined as strain-rate de-
pendent. 
Bow crushing response 
Fig. 5 presents the bow crushing force (Fn) for a 

quasistatic crushing and for various seabed angles 
(α). 

 

Fig. 5 Bow response to crushing 

Plastic strain for critical crushing 
Fig. 6 presents the equivalent plastic strain in the 

bow center-line girder while the critical situation 
is reached. For that crushing, the 15 degrees sea-
bed is in contact with the collision bulkhead. For 
more clarity, the plastic strain contour is dis-
played on the undeformed shape of the structure. 
Therefore, the area under the seabed surface 
(dash line) is in fact crushed over the seabed. 

 

Fig. 6 Plastic strain at critical crushing 

In way of the collision bulkhead, from the inner 
bottom up to the 3rd panting stringer, it can be ob-
served that the plastic strain level is less than 1%. 
Therefore, no significant deformations are ex-
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pected in that part of the collision bulkhead and 
the No.1 cargo hold is supposed to remain intact. 
This low plastic strain state at critical crushing 

in the vicinity of the No.1 cargo hold has been 
observed for every investigated FEA of bow 
crushing over various seabed angles. It can be 
concluded that the critical crushing distance 
measurement till the seabed meets the collision 
bulkhead (see Fig. 3) is valid since the No.1 cargo 
hold's watertightness is not exposed. 

4. Mathematical Grounding Model 

The main purpose of the Mathematical Ground-
ing Model (MGM) is to predict the critical initial 
forward speed V0,critical, with an accurate estimate 
of the final bow crushing. In this section the bow 
response to crushing (see section 3) is combined 
to the grounding mechanics (see section 2). 
Model implementation 
The whole grounding event is driven by a small 

and constant ship horizontal displacement incre-
ment dUx. At each step i, the bow forces and dis-
placements are evaluated. Then, the total dissi-
pated energy (Ed) is computed as provided in Eq. 
(9). 

∫∫∫ ++= tfzhncd dUFdUFdUFE  (9) 

The bow response to crushing (Fc) is extracted 
from the crushing FEAs (see Fig. 5), and the bow 
crushing displacement (Un) is computed from the 
expression given in Eq. (10). 

αsindU)i(U)i(U xnn +−= 1  (10) 

Then, the ship hydrostatic response (Fh) to trim 
increase is obtained from Eq. (6), and the lifted 
distance of the bow (Uz) is computed from the 
expression provided in Eq. (11). 

αtandU)i(U)i(U xzz +−= 1  (11) 

Finally, the friction force (Ff) between the bow 
and the ground is calculated using the Eq. (1) 
where the nature of the ground reaction (Fn) de-
pends on the phase. The tangential displacement 
of the bow over the ground (Ut) is computed from 
the expression given in Eq. (12). 

αcosdU)i(U)i(U xtt +−= 1  (12) 

During phase 1, the ground reaction force Fn is 
supposed only related to the bow crushing force, 
while the lift of the bow is neglected (see section 
2). Therefore, at each step i, the components in 
force and displacement Fc(i), Un(i), Ff(i) and Ut(i) 
are computed, while Fh and Uz remains to zero. 
Here, Ff(i) is related to Fc(i) employing the Eq. 
(1). Then, Ed(i) is calculated and compared to Ed1. 
Granted that Ed(i) is less than Ed1, the phase 1 
continues. 
The phase 2 starts as Ed(i) becomes greater than 

Ed1. Then, during phase 2, at each step i, the 
components in force and displacement Fh(i), 
Uz(i), Ff(i) and Ut(i) are computed, while Fc and 
Un stagnate. Here, Ff(i) is related to Fh(i) employ-
ing the Eq. (1). Then, Ed(i) is calculated and 
compared to E0. Granted that Ed(i) is less than E0, 
the phase 2 continues. 
Critical grounding scenarios 
By employing the mathematical grounding 

model, the ship critical initial speed has been de-
termined in such a way that the critical crushing 
is reached while the ship rests. Fig. 7 presents the 
critical grounding scenarios linking the ship criti-
cal initial forward speed to the ship loading con-
dition and the seabed angle. 

 

Fig. 7 Critical grounding scenarios 

It can be observed that since two crushing veloc-
ities (Vn) were defined for the crushing FEAs (see 
section 3), the predicted V0,critical are comprised 
between a lower (Vn=QS) and upper bound 
(Vn=5m/s). The deviation between the two 
bounds is only about 10%. 
Additionally, the final lifted distance of the bow 

is found to be less than 5m for the worst cases. 



 

6 

Considering that the grounded ship is in stillwater 
condition, its yield strength remains sufficient. 

5. Ship grounding FEA 

In order to validate the accuracy of the MGM 
predictions, some nonlinear dynamic FEAs are 
performed (see Fig. 8). The bow FE modeling is 
the same as previously discussed for the bow 
crushing FEAs (see section 3). Additionally, the 
bow interacts with the seabed and with the whole 
ship. 

 

Fig. 8 Ship grounding FE-modeling 

Bow/seabed interaction 
The friction between the bow and the rigid sea-

bed is defined with a friction coefficient (μ) equal 
to 0.7. 
Bow/ship interaction 
During the grounding, the change of trim of the 

ship is considered small enough to assume that 
the center of floatation (CF, see Fig. 8) remains at 
the same position. Therefore, to model the pitch 
and surge motion, the rotation around Y and the 
displacement following X are let free in CF. 
Then, the coupling constraints between the bow 

and the master node (MN) are the same as previ-
ously described (see section 3). 
A "hinge" connector is modeled between CF 

and MN. This hinge allows only one rotation 
around Y at CF so that the distance between CF 
and MN is constant. Additionally, a linear-elastic 
moment is included in that hinge at CF to model 
the hydrostatic resisting moment (Mh) which is 
derived from Eq. (6). 
Finally the mass and the inertia of the ship are 

located in CF. The mass of the ship Mship includes 
the added mass as provided in Eq. (13). 

( )xxship mMM += 1  (13) 

The heave and pitch acceleration effects on the 
grounding mechanics are supposed significant 
during the phase 1. To ensure the coherence with 
the MGM assumptions, the heave and pitch ac-
celeration forces have to be carefully considered 
in the FEA. Based on the previously established 
momentum conservation in Eqs. (2) and (3), a 
relation can be derived to link the heave and pitch 
motions (see Eq. (14)). 
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However, the FE model imposes a different in-
terrelation (see Fig. 8) as given in Eq. (15)  

( ) ( ) ( )FEAyCFCFEAz xxv θ−=  (15) 

To ensure the heave and pitch acceleration forc-
es consistency with the MGM phase 1, the ap-
proach herein employed is to scale down the mass 
moment of inertia around CF (Iy,CF (FEA)) as pro-
vided in Eq. (16). 

( ) CF,ycorrFEACF,y IKI ⋅=  (16) 

where the correction factor (Kcorr) is derived 
from Eqs. (14) and (15), as given in Eq. (17). 
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Finally, the heave motion at the center of gravity 
G is considered related to the rotation around CF. 
It has been included into the Iy,CF expression as 
provided in Eq. (18). 
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Ship grounding scenario 
For the MGM validation process, a ship ground-

ing case corresponding to a critical scenario (see 
Fig. 7) was investigated by FEA. The fully loaded 
ship is considered running aground on a 20 de-
grees seabed at an initial velocity of 3.61m/s. The 
results obtained by FEA have shown that, for this 
case, the MGM prediction was optimistic. Indeed, 
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the bow critical crushing has been reached before 
the ship rests. 
Therefore, a second identical FEA has been run 

for an initial speed reduced by 25% correspond-
ing to 2.71m/s. It was estimated that for this low-
er speed, the ship will be reaching the critical 
crushing while it rests. Those FEA results are ex-
amined to identify potential improvements rela-
tive to the MGM formulation. 
MGM comparison to FEA 
The MGM formulation, including the criteria 

identifying the end of each phase, has been estab-
lished (see sections 2 and 4) according to the evo-
lution of the kinetic energy dissipation, the bow 
crushing response (Fc) and the ship hydrostatic 
force (Fh). Therefore, this section focuses on 
them to compare the MGM to the FEA. 
Fig. 9 presents the kinetic energy dissipation 

evolution over the grounding, assessed by the 
FEA (thick black line) and the MGM (thin black 
line). A large deviation appears between the two 
models. The MGM prediction is significantly 
more optimistic than the FEA since Ek is dissipat-
ed faster.  

 
Fig. 9 Kinetic energy dissipation 

Then, for ( )FEAyθ (thick grey line) null, the bow 
motion can be defined as purely sliding over the 
seabed. Therefore, it corresponds to the end of the 
phase 1 (Ed=Ed1). The MGM and the FEA pro-
vide similar ship horizontal displacement (Ux) at 
that moment of the grounding. Therefore, the co-
herence discussed earlier (see Eq. (16)) between 
the two models in phase 1 is confirmed. Addi-
tionally, the moment when the ship rests can be 
identified for each model while Ek becomes null. 
The span of each phase as well as their respective 

bounding criteria have been displayed on the top 
of the figure. 
Fig. 10 presents the crushing and hydrostatic 

force evolution over the grounding assessed by 
the MGM (thin lines) and the FEA (thick lines). 
For the FEA, the bow response to crushing is di-
rectly derived from the ground normal reaction. 
Additionally, the hydrostatic force is computed 
from the hydrostatic moment in CF. 

 

Fig. 10 Evolution of the vertical forces in C 

First, in phase 1, it appears that the evolution of 
Fc(FEA).z stops rising before this phase ends. In 
parallel, Fh(FEA) starts increasing. According to the 
FEA results, a more suitable criterion to end the 
phase 1 would be to consider half the energy dis-
sipated in phase 1 (Ed1) (see Fig. 9). This criterion 
has been flagged in grey on Figs. 9 and 10. 
Then, as the phase 2 starts, the MGM assumed 

that the grounding mechanics are not anymore 
governed by the bow crushing response, but by 
the hydrostatic force (Fh). However, according to 
the FEA results, the ground reaction (Fn.z), 
equivalent to the bow crushing response 
(Fc(FEA).z), stagnates to the bow crushing response 
reached at the end of phase 1 ( ( ) z.F FEAeop,c 1 ). 
Therefore, in a new version of the MGM, the fric-
tion force should be computed using Eq. (1) 
where the ground reaction (Fn) is constant and 
equal to 1eop,cF . 

Finally, the MGM stated that the phase 2 would 
end while the ship rests. However, before the ship 
rests, Fh(FEA) stops rising, while Fc(FEA).z increases 
again. This new evolution begins when Fh(FEA) 
reaches Fc(FEA).z. Therefore, in a new MGM ver-
sion, the phase 2 should end at that point and a 
new third phase should take place. This criterion 
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has been flagged in grey on Fig. 10. The ground-
ing mechanics of the phase 3 would be identical 
to the phase 1. The phase 3 would end while the 
ship rests. 

6. Conclusion 

In this study, a mathematical model has been 
proposed to analyze the ship soft grounding me-
chanics. This model allows for evaluating the 
critical grounding scenarios characterized by the 
initial forward speed of the ship. For the fully 
loaded ship, the critical initial forward speed is 
comprised between 3.3m/s and 4.3m/s, while for 
the ballasted condition it is comprised between 
4.9m/s and 6.1m/s. This is globally significantly 
lower than the ship service speed. Additionally, 
the corresponding maximum lifted distances of 
the bow are found to remain small enough, so that 
the hull girder yield strength is not exposed. 
Then, the grounding has been investigated by 

FEA. After comparison, the MGM is found opti-
mistic. Several modifications are identified. They 
includes new formulations of the phase 1 and 2, 
and the addition of a final third phase. Their im-
plementation in a new version of the mathemati-
cal model will be the object of a future work. 
Finally, despite the inaccuracies, the mathemati-

cal model has shown it is a practical tool allowing 
for fast and versatile assessment of the soft 
grounding mechanics. 

List of symbols 

English symbols 
a1, a2  Dimensionless ratios for added mass 
Az Waterplane area 
E0 Initial kinetic energy 
Ed1 Energy dissipated in phase 1 
Ek Kinetic energy of the ship 
Fh Ship hydrostatic response to trim increase 
FI Impulse force at contact point 
Fc Bow response to crushing 
Fc,eop1 Bow response to crushing at end of phase 1 
Fn Reaction force normal to the ground 
Ft Frictional force between bow and ground 
g Acceleration of gravity (9.81m/s2) 
GMlong Longitudinal metacentric height 
Iy Moment of inertia of mass around Y axis 
jyy Added mass coefficient for pitch motion 

Kh Hydrostatic trim resisting stiffness 
M Ship displacement 
Mh Hydrostatic trim resisting moment 
mxx Added mass coefficient for surge motion 
mzz Added mass coefficient for heave motion 
R Equivalent radius of inertia 
Ry Radius of inertia of mass around Y axis 
Un Bow crushing distance normal to the ground 
Un critical Critical bow crushing 
Ut Bow sliding distance tangent to the ground 
Ux Longitudinal movement of the bow 
Uz Vertical movement of the bow 
V0 Initial forward speed 
V0,critical Critical initial forward speed 
Vn Bow crushing velocity 
vx Bow surge velocity at the end of phase 1 
vz Bow heave velocity at the end of phase 1 

Greek symbols 
α Seabed angle 
β Impulse force direction angle 

yθ  Bow pitch velocity at the end of phase 1 
μ Friction coefficient 
ρ Sea water density 
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