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ABSTRACT

The collision problem between ship and bridge is a complex multidisciplinary problem. This paper states the
frequently-used engineering calculation methods of the ship-bridge collision problem. After analyzing the load
characteristic when the pier was impacted by the ship, the author summarizes three kinds of impact load model:
triangle load model, half-wave sinusoidal load model, poly-lines load model and then gets the corresponding
equations. In order to obtain the impact load characteristic value, the author builds the finite element model with
various tonnage ships and bearing stations in different scales in deep water firstly. By using the impact numerical
simulation method, this paper cannot only calculate the ship collision equivalent static loads, but also study the
relationships between ship collision force, ship mass, tonnage and collision speed. The author can finally get the
impacting force calculation formula of the ship impacts the rigid walls. Meanwhile, considering the differences
between ship impacts the rigid walls and cushion cap, there is a further analysis of the effect that the cushion cap
scale, shape and impact angle put on the maximum impact force and the average impact force.
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INTRODUCTION

The collision between ship and bridge is a typroaltidisciplinary problem. It relates to the bridgegineering, ship
engineering, traffic engineering, collision dynasn&nd fluid mechanics, etc. At present, the fodustwdy mainly

concentrates on confirmation of impact force, thendge of pier and ship, the development of anlideotievice and
the probability of ship impacting bridge, etc. Mastydy ways of ship-bridge collision have been tmer. The

collision problem is a strong nonlinear problemitsm author tries analyzing the collision in detéltoo complex even
impossible. This is the background of the simplifealysis method of ship impacting bridge[1].

The simplified analysis becomes relatively compieainly because of contacting, fluid-structure iattion, etc. This
analysis method can be divided into three clagspsgvalent ship impacting method, particle spriggtesm method and
time course load method. The first method losdst €ifyship impacting dynamic effect, which distatie construction
reflection even much more serious. While the seeonethod has already belonged to the dynamic mettinidh shows
the external and interior dynamics process dutiregcbllision process. But this kind of method weiéicome complex
when the course of ship body changes during thisioal process. This kind of method cannot be zedlin large-scale
structural analysis software. It is also going agfathe structural design and analysis. So it dggeslowly nowadays.
The third method adopts loading, which results fithe impact force time course calculated by callidiThis kind of

method does not radically simplify the analysis hodt but it contains the enlightenment of buildihg simplified

analysis method--if people can confirm the expegerimpact force time course according to the ittipgcondition, the
structure dynamic reflection analysis would be #mpt the same time, this method can also be éedegasier by
engineers. Among the three methods, the last twibads have bigger development space. Time couasénkp method
is also a promising method. In this paper, theauthll study the relationships between ship-impagforce, ship mass,
tonnage and impact speed, which is based on angliad characters that the pier impacted by $hganwhile, the
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author will have a further analysis on effect tthet cushion cap scale, shape and collision anglempthe maximum
impact force and average impact force.

SHIPIMPACTING DYNAMIC LOADING MODEL

Time cour se Characteristics of impacting force

Fig. 1 displays the typical impacting force curig.observing, people can find that the whole tiroarse of impacting
force can be divided into three stages: the astageé, slowly decline stage before the ship bodgiking away and the
quick decline stage during the breaking away perfddthe beginning of impacting, there will be sogkime and
small-loaded slowly ascent stage. This is explaimethe fact that the previous contacting is smsalthe impacting force
is weak and the lasting time is relatively shortteAthis part of the structure is broken, therd e a wide range
contacting. At this time, the impacting force viiltrease quickly and get to the pedkth the elastic plastic distorting of
ship material and the bending, tearing and losfficaey of structure, the ascent stage gradualbfinies the time slope.
The loading curve will slowly decline when the enous range of material’s plastic distorts and thectire destroyed.
But this kind of global decline seems varying somes even the obvious platform. This decline stageases with the
impacting speed’s increase. At last, the load wiline quickly when the ship body began to brealayafrom each
other[2][3].
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Fig. 1: Characteristics of the typical impacting for ce changes with speed in post-peak stage

According to the time course observing of ship iotipgg dynamic, the author finds that the ship intipacforce
presenting a single peak as a whole. Although Kkirid of force will present the complex changes beeaof the
differences in the ship structure and the innarctitre’s crash order.According tothis observing result, this paper
chooses the mathematical functions as the bagiinipanodel of dynamic design, which can not onRect the time
course’s main features of impact force, but alsa@dm@venient for the usage of engineering desigmroAting to the
characteristic curve of the ship impacting a rigall, the author can summarize the following impagtoading model:
triangle load model, half-wave sinusoidal load made poly-lines load model[4].

Triangle loading model
Figure-2 shows the triangle loading model. Thedaating time t, is the practical lasting time of impact force time

course curve. The largest forde, is confirmed by equal load impulse principlg, , as the corresponding

appearing time o, , is the appearing time of practical force pealer€hare three parameter®, , t., andt, .

m
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Fig. 2: Triangle loading model

Half-wave sinusoidal loading model
Figure-3 shows the half wave sinusoidal loading endg, as the corresponding appearing timd2pf is half of the

lasting time of the practical impact force. There are two kirafsparameters:P,, andt . Following is the
mathematical expression:

P= Pm S”'{:t] (O<t<T)
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Fig. 3: Half-wave sinusoidal loading model
Poly-lines load model
Figure-4 shows the poly-lines loading mode. Itdsstituted by 3 lined-,, L,, L,. The peak point of impact force
(t,, P, ) is the practical curve peak. The load time befoeak adoptsl, (1/4 sine wave) as the simulation. The

spherical trapezoid curve included ib, and timer shaft is equal to the impulse betweenltiael zero and
impacting peakSo the load zero can be calculatdd,, as the load descending stage before the e inder breaks
away which stands for the ship bodl,, is tangent to the impact force curve quickly @esling stage. Load

destinationt,, is the point of intersection (different from theaptical one) betweerl, and timer shaft.L,
andl,’s intersection point ;. R) is confirmed by the load impulse (after-peak ifspuof practical curve)

equivalent principle. There are 5 parameters béhgngo poly-lines load modeR, Rt .t,.t;. It should be

pointed out is, besides superposition between @k practical curve, poly-lines load including loadgin,
destination, descent fraction are all the equivagpoint, which comes from the equivalence impulse.

L: p= Pmsir(ZZ)tJ

L,: p= Pl+(Pm—Pl)ex;{—ct_t°}

1 0

The equation of each line:

. b_p_. R
L: p=g e
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Fig. 4: Poly-linesload model

Parameter c in the formula is to control the dedicgnspeed and load platform of slowly descendiages,,. When the

c is relatively small, the load descending speeaelatively slow. So there is mainly no load platio Conversely,
load descending speed is relatively quick and tieam obvious load platform afterward. A large tnemof impact
sample time course show that: the featureigfis when the load has a degree of descendinglimaintain for a

period of time at a numerical value. Then a loatfptm is produced and descending quickly, enteirtg theL, .

By observing a plenty of sample time course, wd stirt from the angle of simplified load model aretjard
parameter ¢ as constant 10 usually.

FEM MODEL OF CONSTRUCTION COLLISION BETWEEN SHIPAND BRIDGE

The common methods of ship impacting force

The common engineering calculation methods of shigge collision are Minorsk theory (V.U. Minorslgnd

experienced formula[5][6][7]. Among the formulaso&k, the calculation results are relatively differéeom each
other because of the constant confirmation of dbffé calculation methods. Result of the same questhd same
situation shows that the calculated impact forcéctwviadopts the second method is the largest ondeWHe force

which adopts the forth method is the smallest one.

Among the common calculating methods of ship-bridgkision, we consider some simple factors. Theyraainly
involves impulse formula and energy formula, ethe Tesult based on the experienced data has satnacting
meaning to engineering applications. All the expreced formula do not completely consider the efféd¢he factors
like specific categories, structures and materfaten ship, pile foundation, cushion cap and abutimetc.
Nowadays, the global traffic infrastructure develaguickly, the river-crossing even the sea-crossirigge are
building constantly, the structure type of bridgeuipdating continuously and the tonnage and spéesthip are
always increasing. It is harder and harder to rtie=engineering design construction’s need justdigulating the
traditional engineering formula.

In recent years, with the development of nonlideaited meta-analysis technology and computer hardveystem,
the ship-bridge collision problem has some new Kkiteaughs. In terms of the different kinds of cgitin problem,
adopting the nonlinear limited meta-technology eecurately describe the complex geometry shapeeriaht
constitutive,damages of ships and bridge. Then people can geira accurate result. It is much better than the
traditional experienced calculating formula[8][9].

Ship impacting rigid wall mode

In order to build the time course load model opshipacting force, the author regards the rigidghias the typical
collision model. After considering the effect offstonnage, impacting speed and angle, the autimmsrizes the time
course load model of ship impacting force, which ba used into the structure(e.g. cushion cap)asizending when
analyzes the impacted bridge so as to get the peigicsimplified analysis.

The shape and size of practical bridge structuge $earing station) are different from the figutasorder to enhance the
feasibility of impacting force course load, thetdes like structure, shape and size should beteejeSo the wide appropriate
impacting force load mode should be constructeitidpas the original force time course curve of shipacting rigid wall (at
this time, the ship body can be contacted withatght), seeing the figure-5.
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Fig.5: Sketch map of ship impacting rigid wall

Ship model
In this paper’s simulation calculation, the basfoimation of the adopted ship can be seen inthble

Tablel: Parameter table of the shape and size of smulating ship

Dead weight capacity (ton) 3000 5000 5000 12000 52300
Displacement (ton) 3962 671q 7700 16700 62000
Length L (m) 99.9 109.0 137.0 190.0 86.8
| LBPL(m) 94.0 99.8 128.Q 182. 83.0
Main siz{"oided breadth (m]  16.8 19.0 224 32.26 16.2
Molded Depth (m) 7.8 7.7 11.0 17.2 47
Draught (m) 6.1 5.0 7.8 12.2 2.8
Bow height H(m) 11.0 11.0 12.0 20.0 7.0
Block coefficientCy 0.696 0.776 0.746 0.854 0.837
Bow type Bulbous Bulboy Type V| Bulboug Bulboug

Ship impacting bridge is an unlimited impacting gess. During the contacting process between bowbadde,

the bow structure will be buckled or squashed.rtento get a real impacting process, the authoulshsimulate
the shape and structure of the bow accurately. bidve part, which has the directly contact with bedgfructure
during the impacting process, should get an acewiatulation. Some mesh generations which is fayawom the

impacting area are relatively thick and can beaegd by steel. The rolled steel strain rate efiect fracture effect
also should be considered into the impacting cat@n.

The nose of ship is steel structure and it canigmoded into elastic plastic material. The lineadmshould be used
and the elasticity modulus is 2.1XMPa. The Poisson’s ratio is 0.3. Yield strengtB3§MPa. Harden modulus is
2.1x1GMPa. Invalid strain is 0.35. In order to consideg effect that the material yield strength got friva strain
rate, the author uses Cowper-Symonds mode in ralte@=40.4, P=5.0. The friction coefficient 0.@nsidered
into the calculation process[10].

The pile foundation is composed by cushion cappiled The cushion caps are mostly rectangle, polyayad polygon

with arc. The edges are mostly straight flangeroirathe cushion cap which is vertical to the beicixes direction. This
paper considers the cushion cap mainly rectangler@mnndity. The others are mostly composed byetthe® shapes.
As the maximum ship impacting force is the keyngieeering design, considering the impacting fotiee,author can
ignore the effect that rigidity makes to impactfogce. So cushion cap’s spatial position is fixedhacomplete rigidity.

The figure 6. shows the limited model of bridge rbers.

(a) Rectangle (b) Uity
Fig. 6: Cushion cap finite element model

EQUIVALENT STATIC LOAD MODEL
Definition of equivalent static load model
As the second segment mentioned, ship-impactimgdgnamic process. The maximum or peak of impadbnce
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appears in some time during the impacting prodesthe engineering design, such a dynamic impagpiregess
equaling to a static load is needed. Regardingdfuévalent load as the whole dynamic process, pesipuld choose
a proper way to define the equivalent static Iddte author chooses two ways to define it, seempgrd-7. The first

way is to choose the peal, of the whole time and process. The second way éhoose theopulationmean F’g
of impacting force in time domain.
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Fig. 7: Definition of equivalent impacting load

Fig.7 is an example of ship impacting force nun@@ri@lue simulation structure. The beginning tinfienapacting
istgo. The end time itsg . The whole lasting time of impacting[tftg . If the impulse is | g during At, time period,

the whole average impacting forcepgi& Iy /At

The Fundamental Formula of Equivalent Static | mpact L oad

Impacting force has been influenced by many factisen the other factors are relatively fixed, itn@acting speed
has remarkable influence on impacting force. Frbefierspective of impacting mechanics, the fabrspeed, the
stronger the force is and the corresponding duratioe is long. In order to clearly reflect thelirgnce of speed on
force, the passage has used the finite elementirastéblished in the third segment to do simulatiaieulation of the
process ships colliding rigid wall.

Figure 8 has shown how the equivalent static imjmard of ships with various weights changed with tihange of
speed. From the figure, we can see that the eguivatatic impact load is increased with the ireeeaf speed. They
basically grow in linear relationship. So the gfihiline equation y=A+Bx can be used for matching.

360
300 | —— P=-1.8615+40.053*V )
2804
240
200

Pm(MN)

160

120
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Fig. 8: Relation curve of 50000DWT ship ~V

Generally speaking, when reaching a certain sppedieavier the ship, the more kinetic energyst taus the impacting
force will be bigger and the duration time longéigure 9 and figure 10 has revealed the relatipnbetween the
maximum impacting force and mass and DWT in vargpeed. From the two figures, we can see that wdehing a
stable speed, with the increase of the ship massnaximum impacting force is increasing. But they not in linear
relationship. Meanwhile, with the increase of spabhd maximum impacting force of ships in differenass is also
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increasing.
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Fig. 10: Relationship between the Maximum Impacting Forceand DWT (bottom)

As the relationship between maximum impacting famd the mass of ship is not in linear line andhitseasing trend
conforms to the law of power function, so we cae tise form of power function to match. Here we ®o

y= ax’ .The matching can be implemented in two stepst, Firatch P, in various speed with M or DWT and we
can get coefficient a and index b in various sp&ben match the first step to get index b. Avergghem and we can
get the averagd .then, makeb as a fixed index and match again th in various speed with M or DWT. Thus

we can acquire a series of new coefficient a cpamding to the fixed indds .

Through the above matching and simplification, rlationship of maximum impacting power with masd apeed can
be shown as:

P, = 0017M %V

Maximum impacting force with the ship’s mass aneespcan be shown as:
P, = 0031DWT) %%V

In the formula: P, is the maximum impacting force ships collidingtwitgid wall; M is the total mass of ships (ton); W
is the load tonnage of ships (ton);V is the impactpeed (m/s).

With the same method, we can get the relationsbivden the overall average impacting force and sfags or
tonnage:

P, = (00L +0.0062M °°
P, = (0016/ +0.0117)(DWT) %

In the formula, I:’g is the overall average impacting force shipsdiolij with rigid wall (MN).

The Correction of Impacting Angle

When considering the relationship between impactingle and impacting force, the situation that shuipllide with
cushion cap in 0°(Head-on Collision), 30°, and é5pectively. Figure 11 shows, in different anglles,time course of
the resultant force of tangential impacting foroermal impacting force and impacting force of 12DW0T. By
comparing the impacting time course indifferentlasgwe can find that, when the angle is changeaidan 0°and 45°,
the impacting duration time reduces with the inseeaf angle. The time is longest in head-on coltisind the time
shortest, when the angle is 45°This is because, the larger the angle, the smaillspeed component in the normal
direction along the cushion cap, thus the shottertime is. Then let's see from the impacting fopegspective,
tangential impacting force is very small in heademtlision. When the angle changes from 30°to 4B&, peak of
impacting force reduces. The resultant force ofmadrimpacting force and impacting force have thmesaariation
trend. If the impacting angle changes from 0°tg, #6th of the peaks will reduce with the increasenpacting angle.
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Fig. 11: Normal impacting time cour se of each angle

By the above 12000 DWT ships colliding the cushiap obliquely, the influence of impacting angleimpacting force
has been analyzed qualitatively. To further accthieemathematic relation between impacting forakimpacting angle,
the situation of ships with different tonnagesidoip obliquely has been calculated.

By counting and analyzing the result, the correctioefficient of oblique maximum impacting can bewn as:
1 bo
=1-a,, —— | (l-cosf
A )

In the formula, &, and b, are simulation parameters. As for normal impaciinge, 8,=28.64, 1,=0.40. The

relationship of Yy andy,, , the oblique impacting correction coefficientsoskrall average impacting force, is

Ve =Co A » Cyis0.64.

The amending coefficient of impacted geometry

Generally speaking, bow's force of impacting thgidriwall is bigger than the force, which owns serasihip thickness
than the body height. In order to reflect the efideat the ship-impacting get from impacted redeuiggometry thickness,
the paper need to introduce the amending coefficien

”m:Ptm/P’ I7g=Rg/P

m 9

=)

> 1S the maximum impacting force anag is the total average impacting force of the shipacting force.

Figure 12 is the result of 50000DWT impacting®he 8m. 10m I 12m cushion cap. From the figure the author can
find that 77, will increase as the thickness increase when pleed is constant. When the speed changes from

2.0m/s to 6.0m/s, the number ¢f  is increasing or descending},, , in each tonnage ship doesn't show the
unified changing tend, which meartg  is related to the bow structure type and steelatd@more, by analyzing

the calculation result of each tonnage ship, theainds that /7, changes from 0.48 to 1.0. Different speeds make
the different changes, especially the large tonshge
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Fig 12: Relation of /7m with H for ship 50000DWT  (left)

Fig 13: Correction coefficient of meor rectangle geometry (right)

Considering the dispersing of impacting force anmagdoefficient, it is hard to get a unified fuioet expression by
using parameter statistic to calculate the 3000DYBU000DWT impacting amending coefficient. THg, in each
tonnage will increase as the increase of cushiprtiiakness. When the thickness increases to a euuthbw height),
1., will keep constant if it is 1. From the bridge iaintpacting design angle, the author finds thatasmful to the

engineering safety if the7  is small enough. But it is conservation to igntire effect. Considering the factors

above, 7], can be gotten from the envelope of different faregrection coefficient, which can be seen in fegs.

Horizontal axis in the figure is the ratio betwempacted geometry thickness t and the bow heightCHawing all
kinds of amending coefficients in each calculatiogdition in the figure, the author can get thecfion expression
which the outer envelope is index 1:
1-ex _e t <10
H H

M =

1., is the rectangle geometry amending coefficieninakimum forcet, is the thickness of cushion cap(mid,
is the bow height.

In terms of total average impacting force, the aaivggn coefficient My is:

1-ex _an L<l.0
H H

,79 =
1 L2 10
H

S

Similar to the discussion of rectangle geometnry,ahthor can also get the amending coefficienvtoidity geometry:

E - 08R0068
¢, = 0596R*®

R is the radius of cushion cap round geometryaridimula.
Calculation for mula of equivalent static ship-impacting force

After studying the effect what the ship-impactingck get from factors like ship mass, tonnage, atipa speed, angle
and impacted geometry, etc. The author summatieesesult of it, which can get the calculation fatanof equivalent
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static ship-impacting force.

1) Calculation formula of maximum ship-impactingde
P, = 001707, [j, £, M ' ¥
P, = 00317, [/, (£, [(DWT) ** [

2) Calculation formula of total average ship-imjagtorce
P, =1, O, (£, {00V +0.0062 M °*°

P, =1, , [, {0016/ + 0011 {DWT)***
CONCLUSION

Based on a plenty of impacting force time coursmpe, this paper summarized and put forward thiedskof
impacting force time course load model. These tlhiads of simplified basic dynamic modes are aldzhon the
impulse equality, which in order to guarantee timpulse as main feature during the impulse proddaff-wave
sinusoidal load mode owns the features like singbjde. The other feature is it can reflect the mdymamic
characters of ship impacting load. Poly-lines loaddel based on the original force’s time-developihgracter,
adopting the percentage of impulse and time as s@gfe’s control standard. From this paper’s sifiggliresult the
author can find that the coefficient in modes ahcshow the function of original impacting speedwhich
simplifies the difficulty of getting the confirmguhrameter.

Regarding the impact force time course as the it can overcome the shortcoming: static caloutatnethod of
impact force cannot consider the structure quatigrtia restrain of the body above impacted panthSa restrain
inner reflection to the upper structure of impagedt should not be ignored. Comparing with thectical impact
calculation force load, the poly-lines load modersor is relatively small among the three kindsnuddes. The
whole error is smaller than 35%. Meanwhile, thegfirency feature of its structure reflection is sénito the
practical one.

By using the simulating analysis to conduct a dietasimulating calculation, which is aiming at aise tonnage
ship impacting rigid wall with all kinds of speethe author studies the relationship between fosbip mass,
tonnage and impacting speed. At last, the paper thet force calculation formula of ship impactingid wall in
deep water. Meanwhile, considering the differertmetsveen ship impacting rigid wall and bearing statithe paper
makes a further analysis on the effect, which é&sftirce effect from the cushion cap, shape, anddatipg angle.
The author also gets the practical calculation methhich is the factors to ship impacting amendifg.this basis,
the author puts forward the simplified calculatformula.

The study of this paper provides a basic thinking ®oad mode for building the bridge-ship impactidesign
method. There are also some complex factors netedeel studied and developed, such as the effeaicleet bridge
member geometrical shape and size, the randonrfathip inner structure and impacting angle. Télated mode
parameter also needs our constant accumulationdamdlopment. Building such a bridge-ship impactfooce

design theory need a long and persistent studye’pédrienced process. This is just a beginning.
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