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Probabilistic Modeling of Ship Collision with Bridge Piers
Modéle de la collision d’un navire contre les piles d’un pont
Wahrscheinlichkeitsmodell der Schiffskollision mit Briickenpfeilern

Katsuhiko KURODA Hideyuki KITA
Assoc. Professor Res. Associate
Kyoto University Kyoto University
Kyoto, Japan Kyoto, Japan

K. Kuroda, born 1942, got his Dr. degree of civil engineer- H. Kita, born 1954, got his Ms. degree of civil engineering

ing at Kyoto Univ. His main subject is reliability analysis at Kyoto Univ. His main subject is the analysis of ship be-

of geotechnical structures and decision analysis. haviours and planning of transportation facilities.
SUMMARY

This paper presents a model to estimate the probability of ship collision with bridge piers constructed
over a strait or bay. The model includes, at the operational variables, the design variables such as the
span length and the pier diameter, the traffic volume and the fairway width. Some numerical examples
of the collision probability for these variables are also presented. In computation, statistical data col-
lected in Japan are used.

RESUME

L'article présente un modéle pour estimer la probabilité de collision d’un navire contre les piles d'un
pont construit au-dessus d'un détroit ou d'une baie. Les variables de conception telles que la portée
du pont, lediameétre des piles, le volume du trafic et la largeur de la voie maritime sont prisen considé-
ration. Quelques resultats numériques de la probabilité de collision sont calculés, sur la base de don-
nées statistiques au Japon.

ZUSAMMENFASSUNG

Ein Modell wird vorgeschlagen, um die Wahrscheinlichkeit einer Schiffskollision mit Brickenpfeilen
in einer Meerenge oder Bucht abzuschéatzen. Die Bauparameter einer Briicke, wie zum Beispiel die
Spannweite und der Pfeilerdurchmesser, und der Verkehrsumfang von Schiffen werden hier als die
operativen Variablen behandelt. Ferner werden einige numerische Ergebnisse der Kollisionswahr-
scheinlichkeit fur diese Variablen anhand der statistischen Daten in Japan gezeigt.
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1. INTRODUCTION

Ships carrying hazardous material such as 0il and LNG tend to increase in number
and size. On the other hand, a number of maritime structures such as oil-plat-
forms and bridges over a bay or strait recently become to be constructed. There-
fore, once a ship happens to collide with those structures, there will be tremen-

dous Tosses and damages.

Taking these situations into account, not only the structural safety but also
the ships' navigational safety should be considered in planning and design of
those structures.

This paper discusses a mode]l to estimate the collision probability of ships with
a bridge pier. The model has been developed based on the model proposed previ-
ously by the authors ([1], [2]). 1In order to give useful information for plann-
ing and design of bridges constructed over a bay or strait, this model includes
the span length, the pier diameter, the fairway width and the marine traffic
characteristics as the operational variables. Numerical examples by the proposed
model are also presented and discussed.

2. FACTORS INFLUENCING SHIP COLLISIONS

The authors ([1]) classified the factors which influence the collision of ships
with obstacles in or near the fairway such as the bridge piers and other offshore
structures as shown in Table 1. These factors can be devided into two groups :
operational factors and non-operational ones.

In the operational factors, fairway width, curvature and obstacles are related to
location and design of the structure. In case of bridges, the fairway width and
obstacles are represented by the span length and the pier cross-sectional dia-
meter, respectively, and the curvature partly depends on the location of ithe
bridge. Since this paper aims to obtain the probability of ship collision with a
bridge pier, the factors of fairway length, fairway crossing and fairway side
shape are not considered explicitly. Curvature of the fairway is assumed to be
infinite. That is, the fairway is assumed to be straight under given bridge lo-
cation. However, it should be notified that these fairway characteristics can
not be omitted in case of the probability of collisions between ships.

In the non-operational factors, navigator's and natural conditions are impTlicit-
ly taken into consideration as the random variation of the distance where the
ships start their give-way motions to avoid the collision with the bridge pier.

Table 1 Factors Influencing Collisions

Operational Non-Operational
Chamematics Traffic characterstics v 8208 o S0P e Condiens
1. Fairway Width 1. Ship Size Distribution 1. Quality 1. Ship Size 1. Tidal
2. Fairway Length 2. Sailing Velocity Distri- 2. Illegal Sail- 2. Speed Per- Stream
3. Depth bution ing formance 2. Wave
4. Curvature 3. Total Traffic Volume 3. Bad Watch- 3. Steering 3. Sight Dis~
5. Fairway Crossing 4. Traffic Volume Ratio ing Performance tance
6. Navigation Mark in Different Directions 4. With or 4. Stopping 4. Wind Direc-
7. Obstacles 5. Crossing Traffic Volume Without Performance tion
8, Channel Side 6. Wake Position Distri- Pilot 5. Radar 5. Wind Force
Shape bution Egquipment 6. Weather

7. Headway Distribution 7. Time
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3. PROBABILITY MODEL OF SHIP COLLISION

3 > ] MOde.‘ 1. ng Process fafﬁ'c Cond. Fairway Cond. rBridge Des. Cond
As shown in Fig. 1, the basic consider- L—j - - S
ation starts with modeling the give-way 1 ¥
C 3 . : p.d.f. of Sailing Critical GNS p.d.f. of GWS-
motion of a ship of particular size, By, pasition, ‘distance, 1t distance, f(1,)
sailing at the position Xg.The co111s1on 3, O 1
of this ship with the bridge pier is de- B Premer
fined as the event of failure of the B, = wh : Pk 8,0,
give-way. This is given by the function ST I T—
of Bk, Xy, the pier diameter, D, fairway L' ) Prob. of Give-way
width,W, span length,L, and the distance - L i
1y .between the ship and the center of the T TrroT
3 i 1 1 - Ships with pier,
pier section when the ship starts give S L
DUL N,

way motion, Hereafter, the distance,l,
is called as the give-way starting d1s . G
tance (GWS-distance).  Since the Gus- d: 1 Mlodeling Process of Collision
distance can be regarded as a random var- LE 4

iable, the event of failure of give-way becomes a random event. The probability
of occurrence of this event is defined as the " failure probability of give-way",
and denoted by Pfs.  On the other hand, the sailing position,Xk, can be COHS]dEP
ed as a random variable whose probab111ty density function (p d.f.), ox(X/W,Q),
is specified by the fairway width and the traffic volume per hour, Q ﬁus the
expected failure probability of give-way, Pef, is given as a function of By, D,
W, and Q. Based on this probability, probability of ship collision, P., is ' ob-
tained.

3.2 Failure Probability of Give-way

As discussed in the previous section, modeling the give-way motion is the basis
of a mathematical treatment of ship's collision with a bridge pier. Suppose a
ship of part1cu1ar size, Bg, sailing at the position, Xk, with- the velocity,Vy,
takes a give-way motion ( Fig. 2a ). In

general the give-way motion includes al- -

tering course by steering, speed-down ,

anchoring, and so forth. However, the {5} Civeyay wotioa
present model consideres only the steer-
ing motion because speed-down, anchoring
and other motions are quite rare compar-
ing with the steering motion. Let 1, be
the distance between the ship and the
pier in the y-coordinate when the ship
starts the give-way by the angle ,6, of
altering course (see Fig. 2b). The dis-
tance , d{t), between the center of the
ship and the pier when time t 1is passed
after starting the give-way motion is
given by

d(t) = [{X- V,t sino - —L2—}2 +
{1,- vt cose}z]u2 (1)

in which
L=W+(2x+ 1)D (2)
This is reduced on the assumption that Fi

the ship can be approximated by the cir- —lﬂé—g-g}:i;xgg Motien agny Lriviedl G
cle of diameter, By, which denotes the
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width of the ship. Eq.(1) gives the minimum distance, d*, as
*

d =1 sine + (X - —%—)cose (3)

Then the collision of the ship with the pier is defined as the event that the
distance,d*, is less than equal to the "collision diameter,Dck",which is defined

by

D = (B, + D)/2 (4)
that is,
d* <D (5)

Applying Egs.(3) and (4) to Eq.{(5), the critical distance , 1;, is given by the
following equation :
*

N L
1, = D coseco + (Xk ~ —5-)cote (6)

*

The critical GWS-distance ,1, , means that the ship will collide with the pier if
she starts the give-way motidn at the distance to the pier Tess than 1%. In the
practical situation, ships start the give-way motions at the various distance de
pending on the conditions of their own instruments and navigators and others.Ba-
sed on the authors' observational data at Obatake in Japan, the GWS-distance, I,
follows lognormal distribution as shown in Fig. 3. Thus the p.d.f. of 1 is ap-
proximated by

log 1, - v

- 1 >k 1 42
£101,) v exp[ (JZ_O] )] (7)

In the above equation, the mean u} and the standard deviation o, could be a
function of the conditions discussed previously. For instance, the observational
data by the Ministry of Transpotation of Japan ( [3] ), the GWS-distance under
head on situation between two ships is the function of their velocities and
sizes. However, enough data of GWS-distances are not collected to identify the

function statistically. Therefore, in this paper the GWS-distance 1, is assumed
to follow a lognormal distribution with constant mean and standard deviation.

Taking into account that Ty follows the tognormal distribution, the failure
probability of give-way, Pf, is calculated as follows :

1 _I.CL <y
> []+ERF(J-2— )] for Xk p nk (8)

*
Pf(Xk’Bk’D’L) = PY'Ob.[ ]ké .Ik ] =s |
wher ERF(*) is the error function, Lo 0 and X: are otherwise
given by * .999
]Og ] = L .,
- k 1 .99
IC:k - oy (9) > .
and E.go
W +2)D - B 2 A
* k 2 £
X ° o .
k 2 2.50 l//,
3.3 Collision Probability 5_10

Ships can be expected to take their sailing position
on the fiarway at their will, However, their posi- o1 L

tioning could be affected by the fairway conditions /
and the traffic condition. Inoue ([4]) reported -001 bl 500
that the sailing position is affected by the fairway Bs-distance 1y (m)

width and the traffic volume per hour modified by
the ship length, and that the sailing positionfollows Fig. 3 Prob. Distribution
the normal distribution as shown in Fig. 4. of GWS-distance,]k.
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According to his conclusions, the mean
sailing position , uyx , in a two-way
traffic fairway of width , W , can be .
approximated by for West

for North ;

we = a (11)

where a is a constant defined for the _ - 5
given fairway conditions, that is, e T Te T T HE

0,2 with centerline mark

a

0.1 without centerline mark ;%rSomh

a
and the standard deviation of sailing
position ,o,, in @ certain direction "

on the two-way traffic fairway is (0) North Bison Strait {(b) Irago Channel

*
o, = —7.17O+00105N+2U1680L (12) Fig. 4 Distribution of Sailing-Position

in which W is measured in meter and Qf is the traffic volume per hour modified by
the ship length when the standard ship Tength , L¥ , is employed as LT = 35 m.
Eq.(12) means that sailing position in x- d1rect1on (see Fig. 2b) tends to spread
outer side of the fairway as the width and the traffic volume increase.

The modified traffic volume Qf is calculated by the traffic volume , Q', per hour
in a certain direction and its ship size distribution.Based on the data presented
by Fujii ([5]), the ship length in the traffic volume Q' follows the lognormal
distribution. Namely, denoting w as the natural logarithm of ship Tength LS,

w = 10910 LS (13)
the p.d.f. of w is given by
= B
0,(0) = expl - —-(-—=2) FInr o, (14)

Using Eq.(14), the modified traff1c volume Qf in Eq.(12) can be calculated by
— 1 * w
Qf = Q X 10 ¢w(w)dw (15)
From Eqs.(11) and (12), the p.d.f. of Xk is given by
Xk - u
0, (% 1 W,0") = expl - (—"2k )2 02y o (16)
Y-S
Applying Eq.{16) to Eq.(8), the expected failure probability of give-ways Pos, is
” 1 ICk 1

P (B ,D,L,W,Q') =

f( k? Xg
This probab111ty is the elementary probability in the sense that any one ship of
size Bg is expected to have the probability Po¢ to collide with the pier under the

hourly traffic volume .Q'. Therefore, when O traffic volume per vear is expected
and Qi ships of size B exist in Q, the Probability, Psk’ that any ship of Qk does

not collide with the pier is
_ Qe _
PSk(D’L’w,C'.’Q) = ( 1 - PEf) =1 - Pef Q ¢w(wk)dmk (18)
Therefore, the probability that all of Q ships do not collide with the pier is

fae)

PS(D,L,W,Q',Q) = 1-0Q o Pef ¢m(mk)dmk (19)
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In the above integration it should be noticed that Pe¢ 1s the function of w s
because By has a unique relationship with the ship length Ly. Fujii ([5]) gives
the relation as follows

Bk:uwk+8 s (]=O.88, B=‘O.47 (20)
Since Ps gives the probability that none of the ships of volume Q collide with

the bridge pier, the probability that at least one ship collides with the pier is
approximated by

PC(D:LstQ'sQ) =1 - PS = Qﬁ Pef ¢’m(wk)dwk (2])
where
Q' =Q / 8760

3.4 Average Number of Collisjon Ships

Since every ship of size B, s expected to have the elementary probability of
collision, the probability %hat Nk ships of Qk will collide with the pier isgiven
by the binomial distribution as

% Qp -N N
PC(Nk) = (Nk ) (1 - Pef) k™K Pef k (22)
This gives the average number , Nk, of collision ships of size Bk as
Ne = Per Q (23)

Therefore, the average number, N_, of collision ships when total traffic volume Q
per year is expected is given by

(v

N.= Q O Pos 0, (u ) du, [ships/year] (24) |
This has the same form as Eq.(21). However, Eq.(21) is the approximate form of
the probability. Therefore, it does not exceed unity even if Q becomes very

large number, while Eq. (24) gives the average number of collision ships if it
goes over unity.

4. NUMERICAL EXAMPLES AND DISCUSSION

In computation of numerical examples, the values Table 2 Values of Parameters
of the parameters in the model are used as shown Used in Examples

in Table 2. The angle of altering course , o , 5 = 30° U, = 6.15
is based on the fact that the steering angle used 1 )

by mostof the ships in altering their courses is o = 0.88 gy = 0.59

about 15 degree. The mean, u,, and the standard g -0.47 s = 1.40
deviation, o, of GHS-distancd are from the data ) w

observed at Obatake in Japan (see Fig. 3) a=0.2 o, = 0.15

The statistical parameters , u , and , o , of )
the ship size distribution are“assumed frém those of the traffic in some straits
in Japan ( Fujii[5]).

Fig. 5 gives the relation between average number N_of collision ships per year
and the span length under a given fairway width and the traffic volume. From this
figure, it can be understood that the number of collision ships will decreases as
L increases., This is resultant from that the marginal space between the fairway
edge and the pier becomes large as the span length increases. However, according
to the authors’® previous study ([2]), the average number of collision between
ships per year does no change so long as the fairway width is constant. This is
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shown by the dotted 1ine 1in the figure. .
On the contrary, _in Fig. 6 is shown the f::g;:?:- ::Q:—g---?— ']
relation between N _ and the fairway width ; -, i —‘8 bet. ships = ﬂ
under constant spaff length. In this case, with pier ; :
the number of collision ships increases ;-2 0 - 40 {ship/h)
as the width increases.This might be felt | T
strange. However, it should be notified by 1000

that when the fairway width increases the ﬁd‘~r
marginal sea space decreases and in | 6F | P S e—|
addition,ships tend to sail widely out of Oy= 0.15 )
the fairway as shown in Eq.(12). While -8 —
the number of collision between ships is 10 1100 1200 1300 100 1500
reduced when the fairway width increases. Span length L (n)

0 = 30 {ship/h)

This is also shown by the dotted 1line in Fig.5 Nc~L Relation
the figure. The trade-off between them
should be considered in planning and 10 &F. \
design of bridges over a strait or bay. o o (e 0 e o o
. g . : . ad Q-_—-dpbet. ships
Fig. 7 gives the relation between N¢ and . L TTth pier]
the traffic volume under a constant L and Vs gQ:QO(shis’M
W. This can be intuitively understood. 10~ Qo-ao(shithH
O0=20 (ships/h)

5. CONCLUDING REMARKS 107 Y ;
From these numerical results, it can be 6l ‘\\\Y>
expected that under the traffic volume 10 L= 1100 (m)
Q = 900 ships per day and the span length X - 0.025
L = 1 km, and the fairway width W = 800m, 08 e D o) p
ship collision with the pier is expected 9= 0.15
once in every two years. 1010l

) 1000 300 . 800 | 0
The proposed model has many assumptions Fairway Width W Zm?
and simplifications. However, this mode]
is expected to give useful information for Fig.6 Ne~W Relation
planning and design of maritime structures
such as bridges over sea,oil-piatforms in 1ol T
the sea and so forth.  Further developec OH - 1.40
model is under studied by the authors. L= ¢

& ®: = 1.60 D
Ne W
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