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» I. REVIEW OF TASK OBJECTIVE AND ESSENTIAL TASK ELEMENTS
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OBJECTIVE

The proposed two-phased effort is intended to result in an analytical
procedure which is capable of predicting the response associated with a
fender/vessel interaction. As part of Phase I efforts, performance algorithms
would be determined relating energy and lcad/deflection characteristics for
various generic types of fendering systems. These systems are typically
rubber, pneumatic, foam~-filled, etc. and have been investigated herein. The
resulting algorithms would be used to characterize a particular generic type
fender which would be represented in the response vessel/fender interaction
procedure developed in Phase II.

The response analysis to be developed would be capable of estimating the

following: )
a. The maximum energy absorbed by a generic type fender represented in
the response problem.

b. The maximum reaction load input to the pier and vessel hull during
response.

c¢. The maximum local deflections occurring in the fender and hull during
response.

d. The relative amounts of energy stored in fénder, local hull, hull
mode motions and hydrodynamic dissipation during response, thus
defining the energy storage requirements for the fender system.

The benefits of fender/vessel response capability would include:

a. The ability to simply explore a specific vessel/fender response
subject to design constraints such as maximum permissible reaction
loads and deflections or fernder system energy absorption requirements.

b. The ability to plug in and out alternative fender performance charac-
teristics via algorithms and explore overall vessel/fender response.

c. The capability of optimizing a specific vessel/fender response for
a given set of problem constraints.




ESSENTIAL TASK ELEMENTS -~ PHASE I

Task 1 - Acquire, review and assess the performance characteristics of currently

Task 2

Task 3 -

Task 1

Task 2
Task 3
Task 4
Task 5
Task 6

Task 7

used fendering systems in the available literature in order to estab-
lish a data base of energy absorption and load deflection data.

Determine algorithms which quantify fender system performance for generic
fenders. Identify and rank energy absorption mechanisms for these fender
systems.

Based on the literature search performed, identify an approach leading

to the development of a rigorous analytical technique for predicting
vessel/fender interaction. This technique will be fully developed in

Phase II work.

ESSENTIAL TASK ELEMENTS - PHASE II

Formulate the generalized equations of motion for the vessel/fender

dynamic interaction problem based on the approach identified in

Phase I work. This approach will consider fender performance
algorithms, local vessel stiffness, dock mass and stiéfness, vessel
and berthing characteristics.

Characterize vessel local hull or appendage stiffness.

Characterize dock stiffness and mass characteristics.

Characterize hydrodynamic mass and damping for vessels considered.
Computer code methodology.

Validate results against existing experiméntal data.

Validate results against proposed test program.
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YI. DATA BASE ACQUISITION RELATIVE TO FENDER-RELATED INFORMATION
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A data base of fender performance data and related information has been :
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1

established during the initial efforts of this proj;;t. Some 110 reports,
p;pers and manufacturers' catalogs have been accumulated and are included
as a bibliography with brief abstracts in Appendix A.

The scurces of information relative to fender performance data have been
designated by single asterisks (¥*). Similarly, those sources relative to the
vessel/fender response problem have been designated with a double asterisk (*%).

A search of the available literature listed in Appendix A resulted in the
following observations relative to fender performance data.

o The most significant source of energy and load deflection data is con-
tained within the catalogs of individual marine fender manufacturers.

e Fender performance data listed within individual papers or reports
generally reflect data extracted from manufacturers' catalogs.

° The most common generic type of fender for which performance data
is available is rubber.

¢ A minimum, and in some cases negligible, amount of performance data
is available for wood, gravity, torsion, hydropneumatic, hydraulic
and spring fendering systems.

® The second and third most common fendering .systems for which performance
data is available is pneumatic bag and foam-filled fenders. There
appears to be two primary manufacturers of pneumatic fenders, Sumitomo
and Yakohama, and two primary manufacturers of foam~filled fenders,
Seward and Samson.

® Much of the performance data for large size fenders, especially pneumatic
bag types, is extrapolated and not the result of full-scale testing due
to the magnitude of the loads required in compression.
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IIT. GENERIC TYPE FENDERS INVESTIGATED

The result of extensive literature search relative to ships fendering
systems concluded that fendering systems generally fall into two categories:
one considered commonly available, the other highly specialized. Common
type fenders are readily obtainable from many marine fender manufacturers
who have performed extensive full-scale fender tests relative to energy
absorption and load deflection data. These systems are widely used for com-
mercial and naval applications. Other systems considered highly specialized
have been determined to have little performance data available and have limited
or questionable practical field application. By far the most common fender

system, for which extensive performance data was available, was rubber fenders

R | VTR S rC R LW R C TS AT R T LRRLL JA SR S

followed by pneumatic and foam-filled fender types. Specialized torsional,

YL

hydropneumatic, gravity and hydraulic fenders had little available perférmance §
&

data and relatively limited practical field application. The small quantity of

data results available for specialized fender types was concluded so specific

and unique to the system investigated that generalized fender performance relation-

ships could not be readily determined. Generalized relationships require per- 3
formance data for variatione of fender system paraméters. Thus, the performance g
data derived from a particular specialized fender test could not be generalized é
to describe the generic family-type action. ‘ ;

For the commonly available systems consisting of rubber, pneumatic and

foam-filled systems, sufficient data was available for variations of system

PR D s PR W IT1I39

parameters, including basic geometric dimensions, materials, pressures, etc.

b Sh

in addition to full-scale test and extrapolated load and energy deflection
performance data. Because of the availability of required information, rubber

pneumatic bag and foam-filled fenders were selected for detailed investigation.
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Included in this investigation were the following specific type fender systems:

Table 1 indicates the various manufacturers of the fender systems investigated

in this

Rubber

Hollow cylinder - transverse loading
Hollow cylinder - axial loading
Trapezoidal - transverse loading
Solid cylinder - shear loading
Hollow cubic - transverse loading
Hollow cubic - shear loading

Rotary donut - transverse loading

Pneumatic

Floating bag - transverse loading

- Air block fenders -~ transverse loading

~ Air block cushions - transverse loading

Foam filled

-

Floating bag - transverse loading

task.
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IV. DERIVED FENDER PERFORMANCE RELATIONSHIPS

APPROACH

'; Figure 1 illustrates typical energy and load/deflection performance data

; for a rubber fender system. In this case the data reflects the performance of

a set of hollow cylindrical fenders under transverse loading. This data is

Gz

typical of data cbtained from various manufacturers and test reports. As can
be seen, the energy and load relationships vary as functions of geometric and
material properties between various manufacturers.

3 In order to characterize a particular type fender system, it is necessary

to determine a relationship between the fender type variables capable of con- j

2alp

densing or collapsing the particular performance relationships shown in Figure 1

into more generalized ones which represent a family of curves. An equation for

—
LA

| this generalized relationship can then be determined as a function of tﬁé vari~
ables established. The generalized relationships are based en the performance
data acquired from numerous sources and are the basis for characterizing the

generalized performance of the fender type.

The resulting generalized relaticnships derived will have an associated

57 e ik Aladeskiada

! degree of dispersion in the relatiomnship which reflécts the choice of variables

‘ selected to collapsed performance curves and the accuracy of the test or extrapo~ k
lated performance data in addition to the effects from manufacturers' material

i differences. The more accurate the choice of collapsing and nondimensionalizing
variables and the more accurate the available test or extrapolated data, the less

dispersion will be evident in the relationships determined.

—rom

The collapsing variable identification process is illustrated typically

l in Figure 2 which correlates the energy-absorbing capacity of rubber cylindrical

i. fenders at the rated 50 percent deflection to the volume of material tested.
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Figure 1: TYPICAL PERFORMANCE DATA

Load/Deflection/Energy Absorption

Cylindrical Hanging Fenders 5" to 24" O.D.

Load —Thousand Lbs. per Foot of Length

Load vs. Deflection

24" OO0

0 2 4 6
Deflection in Inches
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Energy—Thousand FL. Lbs. per Foot of Length

15" OD

18" 0D
{

24" 0D

0

4 6

2
Detlection in Inches

12
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Load applied perpendicular to bore. Test length: 1 ft.

Approximate load
vs. deflection

¥

ibs./ | Lbs./ :

0.0 1.D. | f1. igth.| ft.Igth. ¢
(in)] (in.)| @ 50%| @67%
51 2v2| 3,500 25,000
71 3%1 4,400 44,000
84 5,800} 50,000

10|5 | 7,000] €6000] °
1216 8,000 75,000
15 | 7v21 10,000 | 85,000
1819 |12,000]101,000
21 110%2 | 14,000 | 106,000
24 112 | 16,000 | 110,000

Approximate energy
vs. deflection

0.D.
(in.)

1.D.
{in.)

Ft. Ibs./
fi. igth,
@ 50%

Ft.lbs./
ft. igth,
@ 67%

2%

365

1,700

3z

650

3,000

970

3,800

1,460

5,200

2,000

5,800

3,125

11,800

4,500

15,200

6,125

22,800

8,000

24,000
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ENERGY ABSORPTION AT 50% DEFLECTION (FT-LBS/ FT3 X 10-3]
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Intuitively, it is reasoned that a quantifiable relationship between energy

capacity and volume exists but is not evident, since energy storage per

L s ————

unit volume may be significantly affected by manufacturers' brand materials

and by the variable ratio of cylinder inner and outer diameters ard any other
pertinent factors. However, the high degree of linearity illustrated by the
resulting relationship from four manufacturers' data sources based on some 70
cylinder sizes indicates that this relationship is well defined, highly 1linear
and has very little associated dispersion, regardless of the material differences
and variation of diameter ratio generally existing. This identifies energy
storage per unit volume as a strong collapsing relationship for this fender
type. (This relationship has prevailed for most types of rubber fenders
investigated.) The above correlation and significant condensation of particular
energy performance curves which occurs based on fhis relationship substantiates
the choice of the volumetric relationship as a significant rglationship for
rubber fender types. A relative independence of the effects of geometry and
material differences is implied by this relationship for fenders presently
available from fender manufacturers. Figures 3 and 4 illustrate the typical
effect of a valid and invalid choice of parameter selection. 1In Figure 3 it

is evident that considerable dispersion results from a noneffective choice

of condensing parameters in contrast to Figure 4 where the choice has resulted
in a more well-defined relationship.

Once 2 satisfactory set of condensing or collapsing variables has been
formulated and determined to result in a minimum of dispersion for the generic
relationship when plotted, a polynomial regression analysis is performed to
determine the polynomial equation of order (n) which best describes the energy/

deflection or load/deflection generalized relationship for the fender type.

10




Figure 3: NON-EFFECTIVE PERFORMANCE CONDENSATION

TYPE: RUBBER CYLINDRICAL
LOADING: TRANSVERSE

PLOT: LOAD / DEFLECTION
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T - Figure 4: EFFECTIVE PERFORMANGCE CONDENSATION '

TYPE: RUBBER CYLINDRICAL
LOADING: TRANSVERSE

PLOT: LOAD / DEFLECTION ' P
(per foot length of fender) .,
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‘ The equations which result are considered characteristic of the performance ;
I relationships which exist for the fender type based on available manufacturers'

data.

~ —r—

POLYNOMIAL PERFORMANCE EQUATIONS ~ GENERAL

The polynomial equations derived from regression analysis of manufacturers'

data for energy and load/deflection are of the following form:

n+l n+l
i i
- E a E Ai X P Y E wi Y &)
i=0 i=0
- where:
;[ E = Fender energy absorption ’ -
(V1 = Characteristic fender volume
P = Fender reaction load
Y = Characteristic fender area

X,Y = Nondimensionalized deflection--~ %

(L) = characteristic dimension of fender type

n = Order of polynomial equation used in regression analysis

A.»y, = Polynomial coefficients

Tables 2 and 3 located at the end of this section, summarize the polynomial
coefficients determined for energy absorption and load deflection described in

detail in the following pages.

13
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CYLINDRICAL FENDERS - TRANSVERSELY LOADED
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Figure 5: CYLINDRICAL FENDER INSTALLATION
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CYLINDRICAL FENDERS ~ TRANSVERSE LOADING

This type fender is by far the most commonly available from various fender
nanufacturers as indicated in Table 1. The variables determined most effec~
] tive in condensing the test energy absorption performance data were cylinder

volume for energy absorption, and cylinder inside diameter for nondimensionalizing

deflection. Figure 6 indicates the generic energy absorption relationship

which resulted from the data sources considered. In this case, the length of

—a—en

cylinder considered is on a per foot basis. The relationship between variables

which best fits the trend indicated in Figure 7 for energy absorption is:

E = BL {0.09X - 5.07%% + 9.14%°} 10° 2) :
n where:
- E = Energy absorption (ft-1b) .
D° = Qutside diameter of the cylindrical fender (ft)
; Di = Inside diameter of the cylindrical fender (ft)
1 L = Length of fender (ft) (plotted in Figure 6 per foot length)
3 . X = A/Di nondimensional
A = Deflection under load (ft)
B =1 2 _n 2 2
70,5 -0, (£

The above equation is representative in the range of X < 1.5.

16




The load/deflection relationship indicated in Figure 7 can be characterized

by the following equation.

P = DL {105.76X - 254.88%% + 163.95%°) 103 (3)
where: j
P = Reaction load (1b) ;

D = Cylinder outside diameter (ft)

e AZus X b

£ A

>
"

A/Di nondimensional

(=)
"

Cylinder inside diameter (ft)

(>
]

Deflection under load (ft)

25282 cal

t
n

Length of fender (ft) (plotted in Figure 7 per foot length)

The above equation is representative in the range of X < 1.5.
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E/Bx10° (FT-LB/FT3)

" Figure 6: GENERIC PERFORMANCE PLOT
TYPE: RUBBER CYLINDRICAL

LOADING: TRANSVERSE

PLOT:
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] Figure 7: GENERIC PERFORMANCE PLOT

TYPE: RUBBER CYLINDRICAL
LOADING: TRANSVERSE

PLOT: LOAD / DEFLECTION
(per foot length of fender)

U. S. RUBBER
GOODYEAR
VREDESTEIN

80

000

/0

50

P/Dox 10° (B /FT9)

10

( 30

20

0

O 01 02 03 04 05 06 07 08 09 10 11 12 13 14
( A/Dj  (NON - DMENSIONAL)
19

— co— . -




TR TV ks Vg BN TR TR s e m e e e — S AgATONTETE v v m v e s wes amesweseps e aip s e s + “ e f e e A m et g e v s aee mee v araw s

4
3 1
. 3
’
3 . “
3 :
. - N
i d
i 4“.
f
(7]
o
g (4]
N o .
¥ =
, g : ]
i}
9 <C -
c .
—
. [~ 4 [
: e
] o b
i | ~ P
:, = F
3 (&} A
-3 a |
g L)
3 (=Y ‘ A
e <r
3 o » 4
3 -4 4
i = _” 1
3 (] N d
) M : 4
)
.
Y
M
¥ {
. . . t
L - e A—
3




oAt

AXIAL LOADED FENDER INSTALLATION

Figure 8
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Axial Loaded Fenders
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AXTAL LOADED CYLINDRICAL FENDERS

Next to transversely loaded cylinders, the axial loaded fender was the
most common type for which performance data was available. These fender
systems are annular columns which comprass and deflect as buckling columns
with added energy capability resulting from its "hoop" effect. Being
circular, they have equal shear resistance for all directions of transverse
loading.

Figure 9 indicates the generic relationship for energy absorption
determined for this type fender system. The energy-volume relationship
determined for transversely loaded cylinders was equally effective for
axial fender types. In this case, the nondimensionalizing characteristic
dimension for deflection was the length of the cylinder. The resulting

algorithm for energy absorption derived from Figure 9 was determined to_be:

E = BH {5.95% + 51.13X% + 20.79%°} 10° (4)
The corresponding load/deflection algorithm illustrated in Figure 10 is:

P = BH {140.69X + 6.4X2 - 15.65x3} 103 (5

where:
P, E, Do’ Di’ B, A are previously defined.
X = A/H

B = Height of fender (ft)

The applicability of the above equations is X < 0.6.

22
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‘ Figure '9: GENERIC PERFORMANCE PLOT

TYPE: RUBBER CYLINDRICAL FENDERS
LOADING: AXIAL COMPRESSION

PLOT: ENERGY ABSORPTION g ©F Zj
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Figure 10: GENERIC PERFORMANCE PLOT

90 TYPE: RUBBER CYLINDRICAL FENDERS
LOADING: AXIAL COMPRESSION A
PLOT: LOAD / DEFLECTION
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HOLLOW CUBIC RUBBER FENDERS - SHEAR LOADED

25

j
3




INSTALLATION

CUBIC SHEAR LOADED FENDER

Figure 11

Na’
-‘

. i \,
| 2 N
R et

i

o

26




T I
T+-_4;,
| !
1%
i A
IL . Wb

B ISR E ! IR
R I \/
= - J ot

MOUNTING RECOMMENDATIONS

~BCOLTS(B) 1/2 UNC -2A x1-3/416
CORROSION PROTECTION REQD.

SAE GRADE & - e

STANDARD WASHER

. SHEAR FENDER

DOCK STRUCTURE TYPR (FIXED)

27




TR B el e

ot e

ot

k:

HOLLOW CUBIC RUBBER FENDERS - SHEAR LOADED

Shear fenders have the ability to stretch in four shear directions in

addition to withstanding large compression loads and limited tension loads.

TR TIPS PLCICE. S S

This feature allows for wale movement away from, into or tangential to docks
as vessels berth. In compression, the fender can be used alone or in tandem, ;
bolted betweer a wall and whale. Tension and compression loading allow the ;
shear fender to support the wale. This is illustrated in the previous figure
(Figure 11). Although this type fender system is simple and effective, it is
not commonly available from fender manufacturers as indicated in Table 1.
The data used to determine the appropriate performance algorithms has
been selected from a single source but reflects the eight different size
fenders available. These fenders are characterized by a cylindrical bore
running lengthwise in the direction of shear loading. .
Figure 12 indicates the characteristic energy absorption curve deter-
mined by correlating the fender emergy volume and the normaiized deflection
relationship. 1In this case the characteristic length was the height of the
shear fender normal to the direction of shear. The representative equation
for energy abcorption was determined to be:

3 0 3.44x%) 103 (6)

E = BH {2.63X - 5.30%° + 10.62X
The corresponding load/deflection relationship illustrated in Figure 13 is:

P = B {21.6X ~ 21.9x2 + 19.76x3 - 5.06x4} 103 )

where:

P = Reaction load (1b)
B = W° -—B (ftz)

28

KA st) s pno



et et

.
L}

Width of fender base (ft)
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Bore diameter (ft)
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n

A/H (nondimensional)

v
L}

Energy absorption (ft-1b)

The above equations are representative for X < 1.9.

Height of shear fender (ft)
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a Figure 13 GENERIC PERFORMANCE PLOT
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HOLLOW CUBIC RUBBER FENDERS - TRANSVERSELY LOADED
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HOLLOW CUBIC RUBBER FENDERS - TRANSVERSELY LOADED

This fendering system generally offers larger energy absorption and
larger reaction loads compared to similar sized cylindrical fenders although
it does not exhibit the typical buckling phenomenon. Their use is generally
between wood walers and concrete piers or draped as indicated in Figure 1l4.

The parameters determined significant in collapsing the energy and
reaction load relationships were determined to be fender volume and fender
height in the loaded direction. Fender deflections were normalized by the
characteristic fender height.

Figure 15 indicates the resulting generic relationship for energy
absorption. This curve can be defined by the following equation.

2

E = WL {21.1X - 74.2%% + 208.8x°) 103 | - (®)

The corresponding load/deflection relationship illustrated in Figure 16 is:

2

HL {178.7X - 702.8%X% + 1600.9%°) 103 (9)

o}
"

where:

E = Energy absorption (ft-1b)

s-}
L)

Reaction load (1b)

2}
n

Height of cubic in direction of loading (ft)

Base width of cubic (ft)

Length of fender (ft)

>4 o U}:
L]

A/H (nondimensional), X < 0.65
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TRAPEZOIDAL RUBBER FENDERS - TRANSVERSELY LOADED
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Figure 17: TRAPEZOIDAL FENDER INSTALLATION

. 13" high Wing Type Trapezoids! fenders, 10 ft.
lyoni rgo:nted disgonally on pier. Northeast Terminal, New
ork, N.Y.
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TRAPEZOIDAL RUBBER FENDERS - TRANSVERSELY LOADED

Trapezoidal rubber fenders employ two mechanisms in the absorption of
energy, these are: direct compression and buckling. They are generally
mounted directly to open~faced structures,or they can be used in combination
with timbering.

Figure 18 indicates the generic load/deflection curve which is
characterized by the region of buckling generally occurring at approximnately
30 percent deflection.

Figure 19 illustrates the generic energy/defiection curve for this type
fender. For this case the characteristic height of the fender in the direction
of loading was determined to be the significant condensing parameter for energy
absorption and load/deflection.

The following equations are representative of tradezoidal fender .

performance:

2 3

E = HIW, {0.57X + 36.55x - 56.55X° + 40.37%%} 103 (10)

The corresponding load/deflection relationship is:

P = HL {105.82X - 207.06X> - 48.24X° + 423.72x") 10° 1)
where:

P = Reaction load (1b)

Wb = Yender base width (ft)

H = Fender height in direction of load (ft)

L = Fender length (ft)

E = Energy absorption (1lb-ft)

X = A/Y4 (nondimensional, X < 0.53)
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SOLID CYLINDRICAL SHEAR FENDERS

In shgar fender installations, as in Figure 20, wooden fendering is fitted
over by means of supports on metal plates. The fenders are then mounted on
brackets s;cured to the quay. When the wood fendering is compressed, the shear
fendefF are loaded into shear. Since the shear modulus of rubber is only a
third'of its modulus of elasticity, reaction forces are kept low for this type

configuration.

Figure 21 indicates the generic energy absorption relationship which

‘characterizes this type fender. In the figure fender energy absorption

curves have been condensed by the volume of the fender. The deflection

under load has been nondimensionalized by the fender height normal to the

loading.
The energy equation which characterizes this relationship is: -
2 3
E = BH {0.54X + 8.79X°} 10 (12)

The corresponding load/deflection relationship illustrated in Figure 22 is:

B {22.77X + 1.14%% - 1.43%°} 10° (13)

o]
"

where:

P = Reaction load (1b)}
D 2

0 2
B = 7 (££7)

X = A/H, X< 1.0

D = Diameter of cylinder (ft)

H = Height of fender (ft)

A = Fender deflection under load

E = Energy absorption (ft-1b)
44
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Figure 21: GENERIC PERFORMANCE PLOT
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ROTARY DONUT FENDERS - TRANSVERSE COMPRESSION
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ROTARY DONUT FENDERS - TRANSVERSE COMPRESSION

Rotary fenders consist of hollow section rgbber wheels which are mounted
on a control axis that allows them to rotate freely when ships horizontal shear
forces are applied. This type fender is available in multiple-wheeled configu-
rations in a variety of wheel size diameters. The hollow wheeled section
essentially absorbs its energy in material compression and exhibits signifi-:
cant absorption compared to the reaction loads developed.

Figures 24 and 25 illustrate the energy absorption and reaction load
deflection curves derived for single-, double- and triple-wheeled fender
configurations. 1In these figures the energy absorption relationships have
been modified by characteristic dimensions of fender inner and outer diameters,
the number of donuts per axial and the width of the donut base. For the
reaction load relationship: the number of donuts, outer diameter and base
width were significant. For both relationships deflection was normalized by
the characteristic depth of the donut tire.

The generic relationships derived for energy absorption and load/deflection
and indicated in Figures 24 and 25 are:

2

E = NB {5.51X - 21.31X" + 23.osx3} 103 (14)

The corresponding load deflection curve determined was:

3

P o= NDW {~0.45X + 67.32X% - 189.6X° + 188.46X"} 10° (15)

where:

N = Number of donuts per axial

Do B Di
S




{
e s .
r

s et o gt e e M AR

e

o
\

pela v abity, -

—

foa 4

Outer donut diameter (ft)
Base width of donut (ft)

Inner donut diameter (ft)
Energy absorption (1b-ft)

Reaction load (1b)
A

D -D,

o i
2

Fender deflection (ft)

X < 0.68

30

o ————— O A



Figure 24: GENERIC PERFORMANCE PLOT
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Figure 25: GENERIC PERFORMANCE PLOT
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' PNEUMATIC RUBBER FENDERS - FLOATING TYPE
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PNEUMATIC FLOATING FENDER
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PNEUMATIC RUBBER FENDERS ~ FLOATING TYPE

Floating pneumatic fenders utilize the compressive elasticity of air
to support loads. For this reason performance deterioration due to fatigue
is absent. For realistic oblique ship loading, pneumatic type fenders do not
suffer significant loss of energy absorbing capacity as do solid rubber fenders.
For rough weather mooring, this type fendering system exhibits much less damage
due to the fact that maximum reaction forces under combined shear and compres-
sion increase slowly and sustain large allowable deflections. Under excessive
loads these fenders do not result in excessive reaction loads as do solid or
bottomed out rubber fenders.

Figures 27 and 28 indicate the results for 32 different size pneumatic
fenders investigated. These fenders ranged in pressures from 4.3 to 1l.4 psi
internally. Figure 27 illustrates the characteristic energy absorbing relation-

ship resulting from condensing the plot of energy absorption by the relationship
pl/l'4 LDOZ, the pressure, length and diameter characteristic of the fender.
This quantity is plotted against the deflection normalized by the diameter of
the cylinder bag.

The following relationship was determined representative of energy absorp-

tion for pneumatic fenders.
2 3 3
E = 8D {0.82X - 2.54X" + 17.94X"} 10 (16)

The corresponding load/deflection relationship illustrated in Figure 28 is:

2

P = B {5.19X + 39.95X 3

- 77.02X° + 149.o9x4} 103 ¢¥))

where:

g = pl/l:d 1,




Internal pressure {psf)
Length of fender (ft)
Fender diameter (ft)
A/Do, X <0.55

Fender deflection (ft)
Energy absorption (1b-ft)

Reaction load (1b)

56




,,,,,,

E/BD (NON-DIMENSIONAL)

Figuré 27: GENERIC PERFORMANCE PLOT
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Figuré 28: GENERIC PERFORMANCE PLOT
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RUBBER PNEUMATIC - AIR BLOCK FENDER
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Figure 20: PNEUMATIC AIR BLOCK FENDER INSTALLATION
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RUBBER PNEUMATIC - AIR BLOCK FENDER

Air block fenders are pneumatic, axially loaded fenders which can be
bolted to docks and applicable when floating bag types cannot be used.

They offer all the performance advantages that pneumatic bag types generally
exhibit.

The characteristic performance curves illustrated in Figures 30 and 31

were determined by nondimensionalizing the energy absorption and load/deflection
surves by P, H, and D, the characteristic pressure, height and diameter of the
block fender. The energy absorption and load/defeletion relationships were then
plotted against nondimensional deflection A/H, the percentagé fender height.
The resulting relationships are based on the investigations of 13 fender sizes
at 14.2 psi. Since this type fender was available in only one pressure size,
the pressure variable was considered similar to the relationship determined
for floating bag types.

The following relationship is representative of the energy absorption of

air block fenders illustrated in Figure 30:

3 3

E = 8D {2.58X + 9.73%% - 13.40%° + 40.09X°} 10 8)

The corresponding load/deflection relationship illustrated in Figure 31 is

represented by:

2 3

B {43.96X - 8.77X + 256.23%°) 10° (19)

o]
]

- 62.48X

where:

E = Energy absorption

P = Reaction load




wasend  MSGEN{ st

————

B =
H =
Do =
p =
X =
A =
The above

1/1.4
P HD
Fender height
Fender diameter
Internal pressure

A/H (nondimensional) X < 0.6

Fender deflection

relationships are valid for any set of consistent units.
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Figure 30: GENERIC PERFORMANCE PLOT

TYPE: RUBBER PNEUMATIC - AIR BLOCK .FENDERS
LOADING: AXIAL COMPRESSION
PLOT: ENERGY ABSORPTION
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’ Figure 31: GENERIC PERFORMANCE PLOT

TYPE: RUBBER PNEUMATIC - AR BLOCK FENDERS
LOADING: "AXIAL COMPRESSION
PLOT: LOAD / DEFLECTION
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Figure 32: AIR BLOCK CUSHION
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RUBBER PNEUMATIC - AIR BLOCK CUSHIONS

This systewu is similar to the air block fenders except that it is
rectangular in shape. It is mounted on a steel backing plate which can
be bolted to docks or semisubmersible drill rig legs. Although this fendering
system appeared to have a significant number of merits typically associated
with pneumatic systems, they were only available from one fendering manu-
facturer.

The data represented in Figures 33 and 34 are for only two fender
lengths at the same internal pressure. In these figures the energy and
load curves have been normalized by the characteristic pressure, length
and base width dimensions, while the deflection has been normalized by
the cushion height i1 the direction of loading.

The derived relationship which best fits the condensed data for energy

was determined to be:

3

E = BH {-0.12Xx + 7.46){2 - 12.71X" + 14.77X4} 103 (20)

The corresponding load deflection relationship is:

3

B {9.22X - 4.16X% + 5.10%° + 29.55%") 10° (21)

la°}
#

where:
E = Energy absorption
P = Reaction load
g = p1/1.4 WL
b
P = Internal pressure

W. = Base width of cushion

67
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3
L = Cushion length ‘
H = Cushion height in direction of load
X = A/B, X<0.6
A = TFender deflection
The above relationships are valid for any set of consistent units.
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Figure 33: GENERIC PERFORMANCE PLOT

TYPE: PNEUMATIC RUBBER - AR BLOCK CUSHIONS
LOADING: TRANSVERSE
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Figure 34: GENERIC PERFORMANCE PLOT

TYPE: PNEUMATIC RUBBER - AR BLOCK CUSHIONS
LOADING: TRANSVERSE
PLOT: LOAD / DEFLECTION

o YOKOHAMA

0.1 0.2 0.3 0.4 0.5
A/H (NON - DMENSIONAL)
70

06



TR S e Vi e s« 5w . .. B, “r , . . [ PR
.4 ! Q.A
K i
) 3
: A
8 1
! ' 3
3 . :
i
' .
: 1
B 9
14
> 4
i
J
- A3
i i
3
3
g
Y
v -
: o ' ,
3 (VY] .
=
3 = p
3 (YT , 3
2 T : k.
o f
E- (79] H ¢
2 .
H >
. o -t .
™~ P
a 4
. E s
H - b
] . k>
. — i 4
H [T : .
) i 3
m . b
- ¥
] ' \
. o . A
u. i k-
: 2
{
3 i
- .
y
3 K
% . A
A , 4
. . k
x 3
: X
3 3
- 2
. \m
¢
-
A
"
.

PPy &
—
S

< p— Frammw pomwusncre e . . v s — 4
N i ~ — L . ewrw & S —— —— Sy o~ —— - ———
P
<
R,
i
Y 1 3
. ?
3 )
v - > '




D R e S

e

s iy

g

R i i R e e 2 s g B A s e

Figure 35: FOAM-FILLED FENDER

PHEATIAY

T iz AR A AT AL T AN SRS




D

FOAM-FILLED RUBBER FENDERS

This system resembles the pneumatic bag type fenders except internally
they are completely filled with resilient, closed-cell foam. They typically
have greater energy absorption and less reaction force than pneumatic fenders
of equal size. They are generally lighter than pneumatic fenders of equal
capacity and cannot explode or sink if punctured.

Figures 36 and 37 indicate the results of investigating twe primary
sources of performance data for this type fender system. For these curves
the parameters found to condense the performance relationship were fender
length and diameter.

The energy absorption relationship found characteristic of Figure 36 was

determined to be:
E = 8D {0.27% - 1.03%% + 6.43%° - 4.69%°) 10° T (22)

The corresponding load deflection relationship illustrated in Figure 37 is:

2

B {1.77% + 6.25%% - 13.81X° + 16.32%°} 10° (23)

L)
(]

where:

E = Energy absorption (ft-1b)

P = Reaction load (1b)

B = DOL

Do = TFender diameter (ft)
L = Fender length (ft)

X = A/Do (ncndimensional)
A = Fender deflection (ft)




Figure 36: GENERIC PERFORMANCE PLOT
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' Figure 37; .GENERIC PERFORMANCE PLOT

13,5 TYPE: FOAM FILLED RUBBER FENDERS
LOADING:  TRANSVERSE
] * PLOT: LOAD/ DEFLECTION
O  SEAWARD
'3.0 O SAMSON

|2.5 AN z
| i
. §
. A
Iy
Q :
2.0 m 3
=
@ JAY :
= : )
- i
=
o‘ H
) ~ :
15 4a

oD

19,0 o R >N *

03 04 0’5 0’6 0.7

A /D (NON-DIMENSIONAL)
) 75

P P ——




e L o . J , ,
’ ks ~ v

A=

3
"t
. K
, v
' i
>

iy ¢

- m
5 I
. 2

3

SUMMARY TABLES FOR GENERIC FENDER ALGORITHMS
76

.

.k _
; 4
' 4
:
8 ¢
! 7
p—— . ‘
et e e e —— ——— — — T ———
S
:




pr e e e L T L T R R T e e s I e s . v - B - N 5 Ve

HVY3HS (S) WIXY (V) 3SHIASNVHL (1)

4 -0/
Krarxarxleixta=001/3

090 X | 100 | Lrpb | 2b3l-| 9¥L | 21’0 | Mepfepdanta-and ™Y 1 g HINOHSNO X008 HY
090 X | 820 |00V |OVEL-| €46 | 892 | Xbpapdada-vinddH 1)y Ky)yaanad MO0 uv |
€10 veLL | ¥52- | 280 | pfarpxfanxa—winddil| O0q/y | (1) ©va ONILYOH

_ OLLVINNIN

'S

890 SX| &L0 S8 | .€12-| 155 | parplente-toaieon o G0 ol (1) 1NNOG AWVIOH |
il x| vt | bve- | zo0r | bes- | g9z |pbptendandelPdwil 9 I () oeno moTion
[ 290 x| o0s 08'802| OV v2-| D112 ootV M | /g | W) 080 mOTIOH

WL X[ LE 6.8 | 50 Xaxte=""Y | g 1 (s) waoNa0 atos | |

O HIEG0 SX| 20 | LE0V | 5§95-| SSOE | 150 | ,Marpxlar arida=MHl g (1) Wa0Z3dvdL |
wovn 1| 90 x| 260 6L02 | eris | g65 | pferpdanda 20 M g Ly) H3ANTIAD MOTIOH
vowomumav| ¢ x|  20€ pi6 | i06- | 600 | erxantas2 200 | g g § (1) USONMAD MOTIOH

H3gany

ONAVO

?
3dAl H3IAN3S

va | ea | 28 | 18
Jsnolunzal 3oNve | NOWLWIASG NOLLVIO3 (X) NOLL

T
TEVIHVA- INOLLVNOT| GUYCNVLS | o) \vionoo  NOLLYNOS WHOA —o3u3a

NOLLJHOSEY ADHIAN H3AN3Id HO4 SWHLHODTV OIHINID

: . ; . N . g a el L RN N . . B CTIT TR N FRETAENT S
e 2 o T ATl e e T T W OOt 2 PN B R R el s s L i s e i e ot s e g . o IR VI DL F LN Iy o i e tatia g Shkichd i} i




[ 3]
-

NOILOZFT43d QvO1 H3AN34 HO4 SWHUHOODW OH3aN3O

HY3IHS (S) WXV (V) ASHIASNVHL (1)
. . 2 € 2 3 O '
. OLOZX | 2V0 | 2891 [18€)-| 529 | LUV | Xarxfarxiante=1an| Og/'y (1) SvE ONLYO1
— Q3T WYO4
090 >X 00 | 8962 | ul's | oit- | 226 |Xarfarxtanta e |y 1) NOHSND Y0018 Y
090 5% Lol £€2'952|8V29-| 2L°8- | 96V | Xt e xa el x%MM H/V 1 (V) 43ON34 X008 Wy
vasom 0| SS0F X | v0r | 6061|2022 | se6e | 618 | Fergfarfarda WO oq/y | (0 ovE oNIVOD
via 3asino & ' - OLLYWN3N
[S133HM 40 # N : . e . -
890F X | J60 | 9v881|09681 ZELO | SHO- | x*assfas xaixie I ﬁ_nmoe\q_ (3 1ANOQ ABY1OH
via 08 %8 01 S X STl 90S- | 9/61 | 26'12-| E9LT qx.\mmxnm.wam;,m.w%w_wﬁ H/V (S) OIENO MOTIOH
[ruamasve | 6905 x 0S€9 60094/08202-| 0L8LL| X8+ x%ex'a = mu H/V (1) 218N0° MOTIOH
YOLS X | 880 evi- | pL | 2022 | xFae plarxta S EE H/v | (8 u3an1a0 anos
w3 H | e50 S X 152 |2Leey| beey- 1902021 28S0L], arofasxaixta |  Hy/y (L) IVAOZ3dvHL
wovn 110905 X | 2v G951-| 0v9 |690pt [ xa'pex'a =, 2" /g | (v) H3IANTAD MOTIOH
NOUOTH3 v | 061 S X | 8691 S6E9L [88Y52{9L504| o pfexte- Twa | 107y |LDHIGNIAD MO
| | H3gany
N3l 3onvy | Nowvinag| B | 6B | 2@ | e NOLLYND3 ) ONIGVOT
NOILYNO3 | GHYANVLS . a1 zo:om.mwol ®
SINVISNOD NOILVNO3 WHO4 3dAL H3ON3
o




V. RANKING OF FENDER SYSTEM MECHANISMS

Commonly available fenders from manufacturers of fender systems operate

on the basis of one or more mechanisms which determine the way in which the

3 fender stores energy and deflects under loading. These mechanisms are commonly:

2 3 ' a. Axial compression
i b. Transverse compression

¢c. Transverse shear

d. Pneumatic bag compression

e. Foam-filled bag compression

These different mechanisms result in considerable differences in the basic

¢ performance characteristics of the individual fender types. The ranking of
energy~absorbing mechanisms takes on a significantly different importance
depending on the measurz of merit or goal which is established for the ranking

i process. Since a designer is concerned with many variables such as fender
energy absorption, reaction load, deflection, relative system costs, system

I durability, etc., the ranking of fender mechanisms will vary in accordance

with his selected criteria. For purposes of this4discussion, only two measures

! of merit are considered: energy absorption capability and reaction load as a

function of deflection. These measures of merit are generally diametrically

' opposed.From a design point of view, one would like maximum energy absorption

- with minimum reaction load generation for a given deflection. In ranking the
candidate mechanisms, the first approach considers which mechanisms absorbed
the most energy for a given deflection with reaction load not a factor. The
second viewpoint considers which mechanisms resulted in the least reaction

load for a given deflection not considering energy absorption.
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VI. PRELIMINARY FORMULATION OF THE FENDER/VESSEL
INTERACTION RESPONSE PROBLEM
The references included in Appendix A relative to the ship/fender
response problem have been designated by (%*), These references approach
the dynamic response problem in various ways and to various depths. Of the
references cited in Appendix A, the "Dynamic Respense of the Ship and the
Berthing Fender System after Impact," (37) included as Appendix B for

ready reference, was considered the most appropriate for further development.

The response problem formulation appears generalized enough to be
adapted to include the generic fender algorithms preliminarily developed

in Phase I work and hull, dock and berthing characterizations.

The essential task steps envisioned for Phase II efforts would include:

e Formulate the generalized equations of motion for the vessel/fender
dynamic interaction problem based on the approach identified in
Phase I work. This approach will consider fender performance
algorithms, local vessel stiffness, dock mass and stiffness, vessel
and berthing characteristics.

® Characterize vessel local hull or appendage stiffness.

e Characterize dock stiffness and mass characteristics.

e Characterize hydrodynamic mass and damping for vessels considered.
¢  Computer code methodology.

e Validate results against existing experimental data.

¢ Validate results against proposed test program.
It is envisioned that the first two task elements above would be based on
Phase 1 results, references (37, (32) and (33), the basic methodology for
the dynamic problem and studies related to local hull stiffnesses. Task 3

will be approached through a representative dock characterization for the

80
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ship selected initially as part of the response problem. The hydrodynamic
mass and damping characteristics for this vessel would be investigated using
references (37), (20) and (75) in addition to other relevant sources of mass

and damping information.

It is assumed that computer coding of the dynamic equations of motion
and their solution will require the significant Phase II effort. An initial
validation effort will include correlation between program results and any
known test results for which comparisons can be made. These will consider
the results in references (8), (62), (21), (26) and (3) but not be limited

tc those references.

Actual test precgrams to be developed as part of task 7 would consider
validation of fender algorithms for large size generic fenders via static
or model testing since most data issued by manufacturers is based on extrapolation
of small scale test data. This would be further developed ;s part of Phase II
efforts. In addition, test programs could include validation of response
program results through small scale model testing. Thics also would be

developed further into Phase II efforts.
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- -




I

i

3

!
3

-

—— ———

[P— ——

v —

*46.

47.

*48.

*49.

*50.

the preliminary tests at San Diego. Fowever, the following shortcomings were
listed and have existed since the initial tests: (1) high initial and maintenance
costs, (2) excessive distance (up to 5 feet) between moored ship and wharf face
due to the width of fender, and (3) high rebound forces resulting from the use of
prneumatic rubber bags on the test fenders.

Lee, T.T., "Hydraulic-Pneumatic Floating Fender - Additional In-Service Tests,
First Series.” CEL, March 1966. Tests of two experimental hydraulic-pneumatic
floating fenders, first in a well-protected harbor (Port Hueneme) and then in a
relatively exposed harbor (San Diego), are described. Each fender consists of a
S50-foot long bulkhead fronted by two air-filled and two water-filled rubber
bags. Also included is information to aid engineers in increasing the energy-
absorption capacity of existing dock fender systems.

Lee, T.T., "Review of 'Report on the Effective Fender Systems in European
Countries', by Risseleda and Van Lookern Campagne.” CEL, October 1965. With
the purpose of providing improved fenders for U.S. Navy used in berthing ships up
to 20,000 tons, a Navy~contracted report by Risselada and Van Lookeren Campagne of
the Netherlands on effective fender systems in European countries is digested and
reviewed. Additional material has been added by the reviewer to provide a more
useful treatment of the subject of European fendering systems. This report is
intended as a supplement to NCEL Technical Report R-312, "A Study of Effective
Fender Systems for Navy Piers and Wharves,” issued March 1965. Significant
European systems are described, with emphasis on systems attacked to docks.

lee, T.T., "Marine Fender.” Department of the NaVy, Patent Appl. April 1965.

Lee, T.T., "A Study of Effective Fender Systems for Navy Piers and Wharves."
Naval Civil Engineering Laboratory, Technical Report R-312, March 1965. The
report is intended to assist engineers in the selection of effective and
economical fenders. Search of literature, consultation with authorities, field
inspection and research, lead to the conclusions that, for berthing ships of up to
20,000 tons displacement, the most effective and economical fender systems for
Navy docks are: (1) for sheltered harbors, a modified retractable system; (2) for
unsheltered harbors, standard greenheart timber pile with rubber bearing block at
deck 1level; and (3) for dock corners generally, the Raykin (rubber-in-shaer)
svstem., Drawings and specifications for the three recommended fendering systems
are included. Also included are: (1) comments by authorities in the field of
marine fendering, (2) case histories, (3) load transmission and energy-absorption
data, and (4) cost of construction and maintenance.

lee, T.T., "A Hydraulic~Penumatic Floating Fender." Naval Civil Engineering
Laboratory, Technical Report R-334, February 1965. The report is intended to
provide technical information and data to engineers and designers who are
concerned with an effective increase in the energy-absorption capacity of existing
fender systems. In-service tests of two 50-foot long floating fenders (each a
bulkhead fronted by two water-~filled and two air-filled bags) indicate that they
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. Li, S$-T, Ramakrishnan, V., "Ultimate Energy Design of Prestressed Concrete Fender

Piling.” ASCE, Journal of Waterways, Harbors and Coastal Engineering Division,
November 1971. This article examines the advantages of lightweight, prestressed
concrete fender piling over other types of marine fender materials. Energy
absorbing capacity, ultimate energy design and optimum stress are among the
factors analyzed.

-
-

. March, F.A., Davis, N.B., “"Floating Donut Fendering System.” Coastal

Engineering, 1979. A new dock fendering system with special application in
remote areas and areas of large water level variation is déscribed. The system
is based on the use of a large floating Donut fender which rides up and down on a
central driven steel piling. A summary of general design requirements for dock
fendering systems is presented, followed by a description of Donut fender
construction and features.

Oortmerssen, G., “Berthing of a Large Tanker to a Jetty.” Offshore Technology
Conference, May 1974. A method to describe the berthing maneuver of a large
tanker to a jetty is presented. The method, which results in the perdiction of
maximum deflection of and maximum load in a dolphin, is based on an equation of
motion with a constant added mass coefficient and zero damping. Data are
presented on the added mass and damping of large tankers in shallow water.

Ostenfeld, C. et al, “"Ship Collisions Against Bridge Piers.” Offshore Technology
Conference Proceedings 1975, 2252.

Petersen, M.J., Pedersen, P.T,, “Collisions Between Ships and Offshore
Platforms.” Offshore Technology Conference, May 1981.

Piaseckyj, P.J., "State of the Art of Fender Design.” 24th International
Navigation Congress, 1977. The author is a technical consultant to Mitsubishi
International Corporation for “"Seibu” Dock Fender in North America. In this paper
he reviews three systems, the ship (docking operation), the fender (design and
spacing), and the berthing structure.,




g Lyl T

| 5.

l *59.

1

60.

~%62.

63.

64.

65.

*%66.

Powell, R.G., Carle, R.B., “"The Use of Hydraulic Cushioning in the Docking of
Super Tankers.” Offshore Technology Conference, May 1972.

OQuinn, A., "Design and Construction of Ports and Marine Structures,” McGraw-
Hill, 1976. An extremely valuable source of fendering performance data. The
chapter includes numerous tables with load~deflection, energy absorption and
reaction data, and diagrams depicting specific brand-name fenders.

kKeese, L.C., O0'Neill, M.W., et al, "Rational Design Concept for Breasting
Dolphins.” ASCE Journal of Waterways and Harbor Division, May 1970. A single
freestanding tubular pile~dolphin forms the basis of the design concept examined
in this article. The authors present an informative discussion of breasting
absorption capabilities, and include a case study as an example problem to
illustrate their design concepts.

Seidl, L.H., "A System for the Analysis of the Dynamics of Vessels and Platforms
Moored Offshore.” Brazil Offshore 1981 International Symposium, September
1981. A systematic approach for the numerical simulation.of the behavior of
vessels or platforms moored offshore is presented. The paper i1llustrates how
different analytical techniques are used in various applications. Among the
applications discussed are those of vessels moored to conventional pier-type
offshore loading terminals, vessels or platforms monored to offshore multi-point
moorings and finally single point moorings. The theoretical background for each
of the analyses is presented first. The method of treating the various components
of the mooring system as well as the -‘assessment of the nonlinear_ mooring
restoeration function for the time-domain analyses is then outlined.

Seidl, L.H., lee, T.T., "Correlation between Theoretical and Experimental Values
of Mtions and Moring Forces of Ships Moored at a Sea Berth.”  3rd International
Ocean Development Conference, Tokyo, 1975.

Surin, B.F. "Berthing Forces of Large Tarkers.” 6th World Petroleum Congress
1963, Frankfurt, Section VII, Paper 10.
Svendsen, I.A., “Measurement of Impact Energies on Fenders." Dock and Harbor

Authority, September 1970.

Svendsen, I.A., Jensen, J.V., “"Form and Dimensions of Fender Front Structures.”
Dock and Harber Authority, June 1970. This article discusses the reguired
dimensions the front structure of a fender must have to avoid the fender causing
plastic deformations in the side of a ship. Diagrams for tankers and bulk
carriers are presented from which the dimensions of the fender front can be
determined when the fender force and the size of the ship is known.

Takagi, M., Shimomura, Y., et al, "Design of Moring System of Vessels Inside
Breakwater,” Ocean Engineering, 1981. A method of simulation calculation for a
mooring system of vessels inside a breakwater is illustrated. VUsing a simulation
program based on the above method, a test design for 2 mooring system for oil-
storage vessels of total 5.6 million kiloliters was conducted. In order to obtain
data for the simulation program, various experiments such as wind tunnel tests to
test wind resistance, and wave tank tests to test the waves transmitted through or
over the breakwater, and the motions of vessels inside the breakwater due to



a5 A b T R S0 AN S

s et A R

67.

68.

69.

'70.

74,

waves, were conducted. Some proposals concerning design criteria and safety
factors are presented. Finally, the results of the test design under estimated
sea and weather conditions are shown, and the design is concluded to be both
technically and economically feasible.

Tam, W.A., "Dynamic Moring and Fendering System.” Offshore Technology Conference
1971, April 1971.

Terrell, M., “A New look at Fendering Systems.” Dock and Harbor Authority, May
1972.

Thoresen, C.A., Torset, O0.P., “Fenders for Offshore Structures.” 24th
International Navigation Congress, 1977. The design of fender systems for fixed
offshore structures and the influence of collision potential between ship and
structure,

Thorn, B.J., “Engineering and Economic Evaluation of Floating Fender Concepts.”
CEL, June 1966. This report contains an engineering and economical evaluation of
eight different concepts of floating fenders to be con'idered for Navy docks.
The engineering aspects involve discussion of different design criteria, such as
vessel approach velocities, acceptable lateral dock loads, bull loads and stresses
in structural timber. A description of the dynamics of a berthing ship is given,
including a discussion of the various energy correction coefficients to be
used. The hydrodynamic mass coefficient is especially emphasized. The results
obtained on this coefficient by many different investigators are summarized,
showing that large unexplained discrepancies exist. - -

Toppler, J.F., Harris, H.R.. Weiersma, J., ”Planniﬁg and Design of Fixed Berth
Structures for 300,000 to 500,000 DWI Tankers." Offshore- Technology Conference,
May 1972.

Vvan Orrschot, J.H., "Subharmenic Components in Hawser and Fender Forces.”
Coastal Engineering, 1976. Forces in mooring lines and fenders of a moored
vessel exposed to waves have a mixed harmonic and a subharmonic character. The
subharmonic oscillations, with periods well beyond the range of wave periods, may
cause forces that are as large as, or even larger than the forces associated with
the harmonic oscillations. The origins of the subharmonic oscillations are
discussed and it is shown that in model testing, the correct reproduction of both
the mooring arrangement and the irregular wave motion is essential.

- Vasco Costa, F., "Dynamics oi Berthing Impacts.” NATO Advanced Study Institute

on Analytical Treatment of Problems in the Berthing and Moring of Ships, May
1973. The analytic approach presented in this paper is intended to help naval
architects with the design of ship's hulls, engineers with the selection of
fenders and the evaluation of the forces on which to base the design of berthing
structures, and, finally, to help wmasters and pilot choose berthing proceiures
less likely to go wrong.

Vasco Costa, F., “"Fenders as Energy Dissipators.” Dock & Harber Authority,
September 1979. The author's purpose in writing the article was to point out the
advantages of developing new types of fender systems that dissipate energy instead
of giving it dback to the ship.




~1'5. Vasco Costa, F., “Mechanics of Impact and Evaluation of the Hydrodynamic Mess,
Analytic Study of the Problem of Berthing.” July 1965.

1'6. vasco Costa, F., "Shipping Ropes as Energy Absorbers.”

Dock & Harbor Authority,
October 1978 and February 1979.

Ty

"7. Vasco Costa F., "The Berthing Ship, the Effect of Impact on the Design of Fenders
and Other Structures.” The Dock & Harbor Authority, May, June and July, 1964.

ot b

78. vine, A.C., "Advanced Mrine Technology. Handling

and Transfer at Sea
Section.”

Woods Hole Oceanographic Institute, ONR, December 1974.

‘79. Young, R.A., “Marine Fender Specifications."  Ports '80, ASCE, May 1980. This
paper examines the various parameters and characteristics which can be specified
for a marine fender system. These factors include vessel size range and type,

type of installation, fender size and arrangement, energy, reaction, deflection,
hull pressure, elastomeric material, etc.

Mo meiias %2

“80. "Cambridge Fender.” Tanker and Bulk Carrier, March 1969. A brief description
of the Cambridge fender including its energy absorption capabilities.

LR PERRST, Y WD  RES

*8l. "punlop 0il and Marine Division Fender Manual,” Dunlop 0il and Merine
Division. This very complete manual describes in detail each of Dunlop's fender
types. Performance data includes energy absorption, load-deflection and the 4

menual provides charts, diagrams and tables describing the characteristics of
{ Dunlop Fendering systems. -

ot

* 2. “Engineering Data on Duramax Commercial Fenders, Johnson Marine Fender :

' Catalog.” Johnson Rubber Company, January 1982. Included in this package is a
description of Johnson's commercial bumpers and marine products in general.
Detailed information on Johnson's rubber fender systems is provided, including
energy absorption, deflection and reaction data. This bookle: is a valucble
source of engineering dat:.

83. “Fender Mnufacturers - Expanding Range and Capacity.” Cargo Systems

International, July 1980. The results of a Cargo Systems survey of the worldwide

fender market are presented. Only fourteen fender manufacturers responded; their
products and capabilities are briefly summarized,

+ "Fender Selection Guide.™ Intertrade Industries, Lltd. Intertrade produces the
Ship Guardian foam-filled fender. The company's brochure emphasizes the

importance of guidelines for selecting fender systems. Energy absorption, f
reaction force, and standoff are discussed.

*65. “"Fender System =~ Laid on the Line.” Cargo Systems International, February ,
‘ 1980. A brief article describing Bridgestone's latest fender type - the Cell
Shock Absorber; performance curves are included.

"A. "Fenders for Marine Structures and Ships.”

International Dredging and Port
Construction, January 1981.

7, “General Tire Mirine Fender Guide.” General Tire & Rubber Company. This

A-11

it i+ o A ———— 7 —————

R .\A‘é&;l .-




] pamphlet describes General Tire's marine fender s stems. Two tables depicting
energy deflection curve and load deflection curve are included.

IB. “"Heavy Duty Fendering.” Tanker & Bulk Carrier, February 1973.

89. "Lord Kinematics Vibration/Shock/Noise Control Products.” Lord Xinematics, Lord
Corporation, 1978.

1 90. "Marine Fenders - Becoming an Essential Insurance Against Damage.”  Cargo Systems
f International, March 1979. A brief article examining the design and selection of

marine fender systems, with emphasis on the changing requirements for fenders.
q Some of the fender types discussed include pneumatic, rubber, foam, gravity and
! pile systems.

*91. "Marine Fenders Engineering Data.”  Goodyear Tire & Rubber Company. This fender
manual is very detailed ané informative. It is divided into chapters dealing with
descriptions of Goodyear's product line, applications, engineering calculations s
and performance data, rubber compounds and the 'marine hardware used in

' - installation. An extremely useful research tool.

2. "Morse Fendering Products.” Morse Chain, Borg Warner, 1982.

i . "Nordell Hydrocarbon Rubber, Engineering Properties and Applications.” DuPont
Company, Elastomer Chemicals Department.

. "Offshore Moring Fenders for ULCC's.” Marine Engireers Review, October 1973.

95. "Pier Designs for the Fleets of the 1990's and Beyond. Proceedings of a Workshop

{ Sponsored by CEL.” CEL, February 1981. The workshop, sponsored by NAVFAC/CEL,

) was held in order to obtain a cross-section of fleet requirements, problem areas,

priorities, and ideas to aid in the development and evaluation of improved pier

3 design concepts. The Proceedings include the findings and long and short range
recormendations of the workshop.

N *96. "Raykin Msrine Dock Fendering.” General Tire & Rubber Company, Engineered
g Construction Products.

*97. "Regal Marine Products.” Regal Tool & Rubber Co., 1979. Regal's marine
: products include boat bumpers, sub strips and shock cells, among others. This

package provides basic information on the products with details on performance
data.

b “"Rubber Fendering Reduces Damage to Vessels and Piers.” Maritime Reporter, July
1981. A brief article describing the advantages of rubber fender systems, their
energy absorption capabilities and reaction ioads.

LY PR

- » “Samson Ocean Systems Marine Products.” Samson Ocean Systems, Inc., November
1976. Short brochures and a descriptive paper on non-pneumatic fenders and
| flotation devices.

‘100. »geaward Marine Fenders."” Seaward International, Inc., May 1977.

e e ——




o
‘q

-‘Uu “Seibu Dock Fenders.” Seibu Polymer Chemical Co., Ltd., 1981. Seibu
manufactures rubber fenders for a wide variety of marine applications. Seibu's
manual 1is a comprehensive guide to the company's product line. It includes

l detailed performance data, photographs and diagrams.

"102. “Sumitomo Rubber Fenders."”  Sumitomo Rubber Industries, Ltd. Brief descriptions
l of Sumitomo's full line of fenders, including pneumatic, rotary and rubber V-type
and D-type fenders.

]3.”Survey of Naval Port Fender Systems.” VSE Corporation/CEL, January 1980. A

survey of Navy piler fender systems was conducted to evaluate the need for an RDT&E

program leading to improved <fender systems. Eighteen major activities were

‘ 1 . surveyed by mail and on-site visits were made to activities in San Diego and

| Norfolk. Among other problems, the survey revealed poor to fair conditions for
pier fender systems, increasing costs and declining quality of timber materials.

4. "Survey of Naval Port Fender Systems. Berthing of Submarines, Aircraft Carriers,
Hydrofoils and Surface Effect Ships.” VSE Corporation/CEL, June 1980. This
survey is a follow-on to the overall survey of naval port fender systems conducted
from May 1979 to January 1980. This present survey provides information, data,
conclusions and recommendations concerning fender systems and camels used for
submarine berthing, aircraft carrier berthing, and berthing of hydrofoils and
surface effect ships.

*105. “Technical Manuals for Oreco Protective Systems.” Oreco III, Inc., January
i 1982, Oreco III manufactures boat and offshore platform bumpers of the donut
. type. Their brochure gives a brief description of their product.

$106."he Irving Marine Fender, Non-recoiling.”  Marine Aluminum Aanensen and Co., A/S
Hawgesund, Norway.

*107. "Uniroyal Marine Fendering Systems.” Uniroyal, Inc. Uniroyal produces primarily
rubber fenders, small line of pneumatic. This comprehensive fendering manual
includes detailed descriptions of and extensive performance data for Uniroyal's
line of rubber fenders. Also included are results of full-scale testing, rubber
compound specifications and descriptions of marine hardware for installation.

*108. "Vredestein Industrial Products in Building, Dredging, Marine and Offshore.”
Vredestein Building/Dredging/Marine, 1981. Vredestein's marine manual reflects
the varied character of the company. It includes detailed descriptions of and
performance data for Vredestein's rubber dock fenders as well as for dredging and
sealing equipment.

#..J. "Yokohama Pneumatic Rubber Fenders.” Yokohama Pibber Co. Ltd., 1980. A
conprehensive manual describing Yoxohama's line of pneumatic rubber fenders. The
manual contains photographs and diagrams of the fenders plus numerous tables and
figures depicting performance data.

A-13

PRV, § T CTRIES)

(K

ea k34,

4




Appendix B

"DYNAMIC RESPONSE OF THE SHIP AND THE BERTHING
FENDER SYSTEM AFTER IMPACT"

4

4
<
3
E
o
g

[TRISRICRY I RUPFCRCVE TS § 21 8-

PP TRV R Y



PROC. OF JSCE,
No. 200, APRIL 1872

m

DYNAMIC RESPONSE OF THE SHIP AND THE BERTHING
FENDER SYSTEM AFTER IMPACT

By Sadao Komarsu* and Abdel Hamid SALMAN®®

ABSTRACT

This paper describes a mothod(of analysis for
evaluating the portion of ship kinelic energy and
impact force transmitted to a berthing structure
provided with fenders which have linear or non-
linear spring constants./ In the analysis, present- ,
ed herein,@: dynamic responses of the ship, !
fender and berthing structure, after impact, are
considered, and derived equations for the selec-
tion of different parameters needed for the solu.
tions of the dynamic equations) are included.
These are comprised of the virtual mass of the
ship, in both translational and rotational motion,
in addition to.the time interval required for the
solutions of the motion equations by numerical
integration mcthods.

1. INTRODUCTION

Since the size of ships, particularly tankers,
has increased in recent years, the design of off-
shore berthing structures has become more ‘m-
portant. One of the prime difficulties facing de-
signers is the evaluation of the portion of ship
kinetic energy and the impact force transiniited
to each of the fenders and the berthing struc.

ture, especially structures provided with rubber.
like fenders.

(1) The Kinetic Energy of the Berthing Ship

When a ship is approaching the berth with
both translational and rotational motion, its kine-
tic energy is given by the following equation;

£,=_;. M,y,a.,\..;_;,.,a cenne(1)

® Professor of Civil Engineering, Osaks Uni.
versity.

»+ Doctorate Course Student, Civil Engineer-
ing Department, Osaka Univeasity (Eng.
Suez Canal Research Center, Egypt).

A~

where My=virtual .mass of the ship,

Jo =virtual moment of inertia about the
vertical axis through the ship's cen-
ter of gravity,

Vs =velocity of translation,

awy =angular velocity.

(2) The Effective Energy for Fender System
. Design
During berthing the kinetic energy of the ship
may be dissipated in several ways, among which
are the following:
i) Elastic deformation of the structure and
fender,
ii) Swinging of the ship due to yawing mo-
tion.
ili) Heeling of the ship due to relling motion.
iv) Elastic deformation of the ship's hull.
<v) Piling of the water trapped between the
ship's hull and the face of the berthing
structure. (This occurs in the case of a
jong closed structure.)
Designers who are involved with marine struc.
tures design are interested in the portion of
energy indicated by i) which is called the effec.
tive energy (E:). The problem of determining
the effective energy has been trcated analytically
by several investigators. Michalos!)?? treated the
problem as one which had a single.degree-of.
freedom dypamic motion, and considered the
theory of elastic impact in his analysis. The
judgement of otherst»®, including the authors,
is that the ship’s dynamic impact on the struc.
ture can be considered as a plastic impact, where,
upon impact, both the ship and the fender sys-
tem move together as one combined mass. Vasco
Costa?? has derived a dynamic equation for esti-
mating the effective energy in which only the
portion of the energy dissipated by the yawing
motion of the ship was considered. The rolling
motion and the influence of the fendsr system
dynamic response were ignored. Hayashi and
Shirai® have dealt with the problem as one which

.
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112 S. KoMATSU and A. H, SALMAN

has three.degrees.of-freedom dynamic motion;
swaying, yawing, and rolling motion. The equa-
tions are valid j) for structures which are pro-
vided with linear spring constants, such as steel
spring-like fenders. ii) for only one case of ap-
proaching mode of berthing, in which the vector
of the approaching velocity is perpendicular. to
the arm connecting the ship’s center gravity with
the point of contact.

Besides, the dynamic response of the fender
system -was ignored. The empirical equation for
determining the effective energy (E,) is also used
for design purposes and is of the form

E,=CE, ......(2)

where E, represents the approaching ship's kine-
tic energy and C is the reduction or dispersion
factor. Pages'®) guggests the following equation
for determining for C;

C=1/(1+16a%) ceree( 3)
where a=d/L. L represents the ship’s total length
and d represents the distance between the ship's
center of gravity and the point of contact, meas-
ured paralle] to the berthing face. Other design-
ers have selected a value of C which varies from
0.2 to 1.0 depending on several factors, such as
the mode of berthing operation, local hull de.
formation, structuse type, etc.?:62.0.9

From published information it became clear
iliat the portion of the energy transmitted sepa-
rately to the berthing structure and fender is

still a problem, especially in the case of fenders
with non.linear spring constants, and rubber.like
fenders, which are in this class, are being used
2xtensively due to their large energy-absorbing

. characteristics.

The authors have presented a method of ansly-
sis based on the dynamic behavior of the system,
after collision, to evaluate the impact Joad and
the portion of the ship's kinetic enmergy trans.
mitted to the berthing structure and fenders
which includes fenders that have both linear and
non-linear spring constants. Also, to evaluate
the portion of the energy dissipated in the swing-
ing and rolling of the ship after impact.

2. DYNAMIC RESPONSE OF THE SHIP
AND THE BERTHING STRUCTURE
AFTER THE FIRST IMPACT

(1) General Mode of Berthing

When the ship is approaching the berth under
its own power, it is angled in to make the first
contact with the fender system at a point near
its bow or stern. This point of contact is always
Jocated in a horizontal plane higher than that
passing through the ship's center of gravity.
During this mode of berthing, the ship will
undergo dynafic motion which lras three-degree”
of-freedom, namely; swaying, yawing, and roll-
ing. The other motions, heaving, pitching and

3

Fig. 1 Behaviour of ship after contact.
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Dynamic Response of the Ship and the Berthing Fender System Afler Impact 13

surging are of little consequence in energy dis.
sipation and may be neglected.

(2) Equations of Motion

In the following analysis it is assumed that no
sliding contact is made along the kndei"; surface.

Consider the motion of the ship, as a2 free dody
under the action of the Joad Pacting at the point
of contact C, we have; .

At any time ¢, after the ship came in contact
with the fender system, Fig. 1, its center of
gravity will sway in the direction of the acting
Joad, tc the position G. Then the ship will swing
about its vertical axis passing through G, an
angle 0 due to the yawing motion and finally it
will roll about its horizontal Jongitudinal axis an
angle ¢. Denote the coordinates of the final
positions of G and C, with respect to the axes
X and Y, by (Xe, Ye) and (Xo, Yc) respectively,
The X and Y axes are taken parallel and nor-
mal to the surface of berthing respactively.
From the figure, the relation connecting the
fender system motion &t C with the motion of
G is;

Xo=Xe+(rd+ Hé)cos (r+a) }
Yo=Yo—(rd+H$)sin (y+a)

the second order terms in the above eguation,
8, ¢ are neglected.
Consider the dynamic equilibrium of G, the
following equations of motion will hold;
i) SwWAY )
MsX o= —Pr—Ruwx
Ms¥ o= — Py~ Ruwy
ii) YAWING .
Isb=Pyrsin(rda) ) e {S5)
=Py recos(r+a)~N '
1)) ROLLING
B1$=(Py-cos ¢r— Px-sin )
—W-H¢=Ny )
Px, Py and Rwx, Rwy are the components of the
lender reaction and the water resistance, after
:he ship came in coentact with the fender system,
-espectively. N and N; denote the water resis-
:ance to yawing and rolling motions respectively,
However, as the time of contact is very small,
~ater resistance, is safely allowed. Water resis.
ince is effective in the time between the first
ind the second impact, this will be discussed in
letails in next paper.
As for the berthing structure response, the
‘ollowing eq. will hold;

R e o e THOUIRE SRR S

MEy=Pr=Kx-Xempx-X, } (6)
M?|=PY—X)"YJ—'[‘Y°}.’1
In the previous equations the value of P is evalu-
ated from the given load~-deflection relation {P-
D) of the fender in question, The load is con-
sidered to be applied in small increments associ-
ated with the time interval. This P-D relation
is determined from statical analysis or tests. At
any time {, the deflection D will be calculated
from the displacement of the point of contact C
and the deflection of the structure, which will
equal to;
Dx=Xe~- X, :
= 3 3
Dy=Yo-¥, I and D= YD+ Dy
verens(7)

In considering the second impact, the velecity
of the point of the first contact at separation,
magnitude and direction is needed, which will
equal to;

Ve=vXa4 Vet ]

ay=tan=1 (XY )
At time of contact ai,=a, the angle that the ap-
proaching velocity makes with Y-axis. a is con-
sidered positive when the velocity vector of Vb
at G points towards the point of contact C.

If the value of the spring constant of the ship
hull at point of contact is available, the elastic
deformation of the ship's hull can be evaluated.
Let Ka, Sa. and pa define the spring constant,
defiection, and the damping coefficient of the
hull at point of contact respectively, then the
equation of deflection of the ship's hull, in P
direction, will be;

CH=P-Kn-S—p-S) 0 e (9)
In this case P will be function of (Xe, Yo, Xo Ya
Sak. The iaitial conditions of motion, at time of
contact, sre;
Xo=Yo=0=¢=Xo=Yo
=Xe=Y,=85=0.0
Xe=Xe=Vesipa ) e -(10)
Yo=Ye=Vicosa
=¢=X,=¥,=85=0.0
The solution of dynamic equations is carried out
by numerical integration methods with the help
of the digital computer.

ceeeei( 8)

(3) Energy Equations

The daveloped previous equations are valid as
Jong a3 the ship being in contact with the fender.
During this time, the following energy equations
are valid;
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1. Part of the ship's kinetic energy trans- )
mitted to;

i) Fender v,=5' P-dD,
i) Structure v.=S' KoedSs

i) Ships Hul Va={ Ka-dSi,

=effective energy E,.

11. Work done by the ship in rotational
motions;

i) Swinging W.=S‘ P.y.do,
ii) Heeling Wg:S‘P-H'dﬁ

III. Part of energy induced in the system
vibration;

i) Ship £...=-;—M(Ji’a'+1"as)

+ Sl + S it

ii) Structure E'.=%M.(x.s+}".')

The above equations should satisfy the con-
servation of energy during berthing i.e.

Ev=iMiVé=EctEatE o 12)

{4) Broadside Berthing

I the motion of the ship during the berthing
operation is mainly governed by tugboats, as is
always the case with the Jarge ships, the ship
can make contact with the berthing structure
entirely broadside. In this casc the ship will
undergo dynamic motion which has two-degree
of-freedom; swaying and rolling, and terms con-
taining ¢ in equations (5) and (11) with vanish.

If the energy dissipated by rolling motion is
neglected for safety, then the fender system
will be designed to absorb all of the kinetic
energy of the ship, whichk is the case when C=
1.0 in egquation {2). This mode of berthing is
considered ideal as the ship impact load will be
uniformly distributed on the structure®,

If we assume that the berthing structure is
provided with a fender which has a linear spring
constant X, the equations of motion will be;

i) Structure

Pe=(P—Ky-Ysmp - Yo)IM; l wreene(13)

i) Ship (+fender) J

Y.=-P/M’
in which P=Ks(Ye~Y,) and Y,, Y, are the dis.
placements of the structure and the point of
contact respectively in Y.direction Fig. 1.

1f, at the time of contact, the following condi.
tions exist;

Y.=Y¢=0.0 Y.=0.0 Y¢=V0 "“"(xa)
and assuming p=0.0, the analytical solution of
these eq. (13) is given by;

Yi=Aisinpt+ Assinpt | ] e as)

Ye=A1B,; sin pit+ AsBs sin pt
The equations of energy become:

Y, t 5
Y% =S K.Ygd}’.=s KYiYadt .
=1/2K (A1 sin pyt+As sin pyt)?
Vr={ K¥em YoP e~ Yo

=12KAx(Br=1)in prt
+As(Bs—1) sin pof]} )

In the case of a very rigid berth, which offers
a large resistance, the deflection Y, will be very
small and, consequently, its ability for energy
absorption will be very poor, and can, therefore,
be neglected. In this case all the portion of
energy consumed in the swaying motion of the
ship should be absorbed by the fenders. |

beoreee(16)

Notations

L1=polar moment of inertia about
the longitudinal axis (1-1)
passing through the C.G.

Ji-s=polar moment of inertiz about
the vertical axis (2~2) pass-
ing through the C.G.

Mi=the effective mass of the
structure.

Ms=the virtual mass of the ship
while swaying.

P=the ship acting Joad.

H, Hi=the vertical distances between
the C.G. and the point of con.
tact and the meta.center re.
spectively.

rx=the distance from the C.G. to
the point of contact.

w=the ship's displacement
weight.

7xthe angle that the velocity |
vector makes with the arm
r at time of the first contact.

L))
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Ka, Ky=structure stiffness in X and
Y direction,
Hx, gy=structure damping coefficients
in X and Y direction.
Xu Xy=the displacement of the struc-
ture in X and Y direction. *
A= Vo/p(By—By) |
Ay= = Volps(By1 - Bs)
ol y=(a+0)2F Y [GTOYEFFbe
By=b/(p1*—0)
By=b/(ps3—a)
a=(Ks+ Kg)I M
b=KolM;
c=Kz|My

4

3. SELECTION OF THE PARAMETERS
FOR SOLUTIONS OF THE DYNAMIC
EQUATIONS

The dynamic equations of motion presented in
section 2 contain the following parameters;

for the ship, Vo, M3, 5.1, s, Hi,

for the structure, M;, X,

for the fender, (P.D)
and in practical design, the ship's displacement
weight (W) is, generally, the only value given
with the information for the marine structure to
be constructed.

This section includes equations, tables, snd
graphs to help in selecting or computing the
unknown parameters for solutions of the dynam.
jc equations.

(1) Approach Velocity, Vi

From eq. (1) the impact energy is proportion.
al to the square of the approach velocity. Thus,
the energy level will increase considerably if the
velocity is only slightly increased. In the selec-
tion of this velocity for design, many factors
should be considered, such as:

1) Method of docking

A ship approaching the berth under the con.
trol of tugboats usually berths with less velocity

thao one approaching under its own power.

2) Berthing conditions

In the case where the berth is exposed to wind,
waves, currents, etc,, it is more difficult to con-
trol the ship velocity than in a sheltered berth
and the velocity may become large. However,
for extremely high wind velocities in the order
of 100 to 120 mph that occur during short peri-
ods, it is advisable to require ships to temporari.
ly anchor away from the berth in order to avoid
being damaged!®,

3) Ship size

Larger ships are always berthed with great
care and with the assistance of tugboats. It is
generally assumed that the larger the ship, the
smaller will be the velocity with which the ship
will contact the fender system®),

1¢

100N !JIJ 4 ! ! ‘.! ——
10 !
T osh=-
=de
BY Y~ : R =
:: ;_:;Sbr'"l'c':'ccl i ” = ¢
¢ v M £ » W wWe o0

Ship displacement weight

Fig. 2 Berthing velocity normal to dock
vs. Ship -displacement 1:zight (after
Lee).

T. Lee presented the curves shows in Fig. 2
from which the berthing velocity may be select-
ed for design. Under various conditions of berth-
ing, Vasco Costa®? recommended Table 1 as a
guide for the selection of velocity.

Before proceeding to the selection of other
parameters, some relations concerning the ship
characteristics will be discussed. For example,
a tanker of length L, draft d and beam breadth
B, Fig. 1, will have the following empirical re-
Jations:

W=cppLBd
€»=0.75 10 0.80::0.78

Table 1 Approach velocity of berthing ships

tft/sec)
. Approach Displacement of the ship
Wind and swell conditions
Up to 3,000 ton | Up to 10,000 ton } Over 30,000 ton
Strong wind and swell DifScult 2.8 2.0 1.5
Strong wind and swell Favourable 2.0 1.5 1.0
Moderate wind and swel! Moderate 1.5 1.0 0.8
Frotected Difficult 1.0 [X] 0.¢
Protected Favourable 0.3 0.6 0.4
(alter V. Conts)
B-6
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DJd=total depth/draft=1.3315
LID=13.75
L]d=18.25
OC=d-0.52D=0.31d veerse(18)
k=radius of gyration about vertical
axis through G=0.2L %
ke=radius of gyration about Jongi-
tudinal axis through G=n'B
n'=0.37 to 0.472=0.42 J

(2) Derivation of Added Muss Equations for
Berthing in Shallow Water

1) Added mass in horizontal motion, M;

It is well known that when a ship moves from
deep to shallow water, as in the case when berth-
ing, the added virtual mass is increased due to
the presence of restricting boundaries. Kochi®
investigated the effects of shallow water on add-
ed virtual weight for both vertical and horizontal
vibration. The measurements were made for a
block having a half-beam & and a draft d. The
results of the experiments are shown in Fig. 3.
To apply the Koch results on hull shape sections,
it is suggested that the added weight to any
section of the ship, calculated for deep water for
this particular section shape, should bte increased
by the ratio of the added weights in shallow and
deep water for a rectangular section of the cor.
rect beam-draft ratio and depth of water.

Furthermore, on the basis that many modern
+akers have very similar hull shapes, sections

v re3) F_
..se Vs ,/ [ 19 ‘1‘
ce . ////':/ M —:u T
Ve o _
(X Q// Shm beom oo W.L
éy :'.-::::: of water
" s s beler beed

00020 mese Ly 4y ¢ 2¢°
. .
N N .

Fig. 3 Effect of shallow water on added mass

in horizontal vibration, Curves of Cy .
for rectangular section (after Koch), ~ "

Fig. 4 Actual sections of ship (after Kumai),

L2 L

Fig. § Values of added mass coefficient Cx
for horizontal motion in deep water.

for typical tankers, Fig. 49, are considered in
the analysis hereafter. .

With the help of the curves of Fig. 5 and these
sections, the distribution of the added mass along
the ship length may be obtained (step 6 in Table
2, and curve a Fig. 7). Considering the Koch
results for rectangular sections, and the proce-
dure above, the added mass of actual hull shape
sections, where the ratic of water depth T to
draft d is 2.0, can be evaluated (steps 7 to 10,
Table 2). The results are shown by curve & of
Fig. 7).

However, the water depth considered by Koch
was deeper than that required for berthing. The
experimental results obtained by Marwood and
Johnson, Fig. 6 are of considerable help in this
field!®, This is bearing on the fact that the
percentage increase in Cy in shallow water,
where 7/d=2.0, than that in deep water for the
ship iid-scctions (4-7), computed on the basis

13—
t
i
Jooe !
|
{
|
t
- m
H
H S PO PN
3
5
: .
2 H
1 : §
AR E i
¥ ol
1}
P
|
| (X l-a-uh..;_ﬁ_
] \ sowatye - orl gol
ey Ay S B
AN
!
1
|L3W .
it E 2 a0 le

Fig. § Effect of shallow water on added mass
—{(Marwood & Johnson).
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Dynamic Response of the Ship and the Berihing.Fender System Afier Impact

Table 2 Evaluation of added mass in shallow water

= 4 1 3 1
Section No. ] 0 1 ‘2 2 3 4 § [ 7 [ 3 lz 9 ] 2
1| smt2besmonw.L.| 0.0 [ 12.0] 18.5) 2.0] 20| 25| 22.5] 21.8] z.s| 75| 26.5] 2.5 19.0] 0.0
2] Amdxd (dead | 0.0 | aar|asss]| as3| sis] s8] smrs| sms|smas|sr.s [ sses| sies s 210
3| seactuatores | 0.0 | 1mf250.3|330.5] 441.5] 5505 5744 | 57404 [ 72,8 573.8] 836|133 2655 | 195
4| e=Ares. coett. 574 | 1.0 | 0.252] 0.644|0.703 ] 0.809 ] 0.967 | 0.995 | 0.995]| 0.994 | 0.994 | 0.963] 0.929) 0.916| 0.97
5 w/d 0.0 | 1.143] 1762} 2.190 | 2.476 | 2.619 ] 2.619 2.639 | 2.619] 2.619 ] 2.52¢ ] 2.333] 1.810] 0.952
6| S “;::’ s"'") 0.0 | o.9] 0.¢2| 0.42]0.405] 0.4¢| 0.46| 0.46] 0.46] 0.46] 0.4 0.42 0.05] 0.0
2] ‘D::"l"“"’ 0.0 |0.445| 0 15| 0.46]0.465] 0.465 ] 0.465] 0.465 [ 0.465| 0.465 | 0.465| o0.46] 0.45] 0.4
s ah 0.0 | 1.75]1.135] 0.913] 0.008 | 0.764 | 0.764 | 0.764 | 0.764 | 0.764 | 0.792] 0.857] 1.105| 2.10
Carte (Shallow W.)
o T/dm20 =1 | 0.0 |o.4s8]0.501]0.510] 0.512) 0.516] 6.516] 0.516] 0.516 | 0.516 ] 0.513} 0.511] 0502 0.48
Fig. 3
Cx (Shalliow W.)
10 Cyre | 0.0 [0.537] 0.468) 0.486 | 0.446 | 0.488 | 0.510] 0.510] 0.510] 0.5%0| 0.485 | 0.467] 0.463} 0.477
Cu=Cyuy Cor
w. - k
n|c ‘°;/:T:§' 0.0 | 0.886] 0.772] 0769 0.735 | 0.805 | 0.840 ] 0.840 0.840] 0.840 | 0.80| 0.773] 0.764 | 0.738| 0.0 )
of the Koch results, showed a close ag.recmcnt 1 3
= — sseans
with Marwood and Johnston's experimental re. m ZPJBL (19) 3

sults, as indicated in Fig. 6.

Taking into account the results shown in Fig,
6, the derived values of the added mass coeffi-
cients in step 10 are re-calculated for a water
depth and draft ratio of 1.2 (step 11, Table 2 and
curve ¢, Fig. 7).

By integrating along the length and substitut.
ing for d=Bj2.61 from Table 2, the following
equation, for the added mass in horizontal vibra-
tion, was derived;

'

Y

!

o Mallae lon - v,

| L
-’

(13 X2 —--r-—- - -
L T.\‘l’ _J h“l-I:-ﬂ;
-T-—‘I- o heeet Mess w1 BI0IL

Cn

) - .‘..'.... I' —.}_..;-_L.l 1]

The virtual mass becomes
My=m+m’ eeeses(20)

and the virtual moment of inertia J;.3, in yawing
motion will bet)®

hy=Mk?

2) Checking the derived formula

Taking into sccount both model and prototype
experiments, Vasco Costa®? presented the follow.
ing equation for estimating the virtual mass of
a berthing ship;

My=M +m’'=m(1+2d/B) cerens(22)
Shu T'ien Lit1) also presented the following equa.
tion;
Mye=m(1+xB/()6D)) crens(23)
‘I:he virtual mass for different tankers, using

the three equations, was calculated, Table 3, It
can be seen that the derived equations yield re.

wenee(21)

l =N ool I ] sults which are about 5% more than the Shu
r «:-J" ’I 0 ’}—\4. T'ien Li equation and about 5% less than the
. j I o Vasco Costa equation.
" o e .....:..‘,_-..f... oo e 3) Added mass of inertia in rolling motion

The added mass moment of inertia coefficients

oA PRR ORI

x3 s tienon

depend upon the sectional shapes and the ratic
of beam to draft; the same parameters which

Fig. 7 Distributioa of added mass along
length.

1‘ B-8
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Table 8
pw (DipLw.| £ B d 1 n m 4
Tankers ton| m| m m ton| ton| ton %
10000 | 33300 3o "2 7.9 25500 | 19000 | 26700 2.0
20000 | 26700 178 2.4 9.5 48000 | 39000 | 4775 9.9
20000 { 40000 200 %8 10.3 72000 | 59600 | 68200 95.0
50000 | 66600 2% » 1.4 | 14000 | 103000 | 105700 92.5
85000 | 313000 260 3.1 3.0 | 196000 | 373000 | 180000 92.0
100000 | 133000 25 ae .6 | 23000 | 206700 | 213000 | 95.0

1=Vase Costa Formula
11=Shu T'ien Li Formula
I1=The New Formula

2 W

Cy o
()
o

v
¢ 2 3 & 5 s 08 s 10
AP ! rr

Fig. 8 Distribution of added virtual weight
along length in torsional vibration
(after Kumai).

effect Cxr. Also, these coefficients depend on the
location of the center of rotation. Model experi-
ments were carried cut by Kumai on prismatic
models having sections corresponding to those of
a tankerl), Applying the experimental results
on the actual sections of a tanker ship, Fig. 4,
Kumai cbtained the distribution of the added
mass moment of inertia along a typical tanker
hull in the loaded condition, Fig. 8. By integrat.
ing along the length, Kumai derived the follow-
ing expression;

J1,=0.00531(1 +0.365d/d;)B'L (ton-m3)

For a fully loaded tanker (d=dy), the above ex-
pression becomes;

41,=0.00725BL (ton-m?)

Eq. (24) represents the added mass moment of
inertia in deep water, but, as was discussed pre. -
viously, berthing always takes place in shallow
waters. Therefore, the effect of shallow water
on the inertial moment has to be considered.

Matsuura and Kawakamii®? performed numeri-
czl computations, applying the finite element
method, on the effect of the resiricted water on
the inertial coefficients, Cy. Rectangular sections
having a ratio of half-beam to draft of 1.0 and
two locations of center of rotation, y/d=0.0 and
1.5, were investigated, Fig. 9.

R e WPUIPUNUIIE R ¥ SNL

average: 95%

To apply the results shown in Fig. 9 to the
case of a fully loaded ship, the following correc-
tions are necessary; a) first, since we are inter-
ested in the moment of inertia (/i;) about the
center of gravity of the ship where yo/d=0.31,
eq. (18), the effect of shallow water on the cen-

0.6
| 1 o,
L I B
| -I=1.8 l l 'I
L X i T
°‘—-’--L- —1-—.——-—..]-—.._____
1Y !
i ! | | wemsw
| i |
] !
ol e
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° aa tt 1
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Fig. 9 Effect of shallow water on added
mass moment of inertia in rolling
(after Matsuura & Kawakami).
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Fig. 10 Varistion of Cr with ' respect to
center of rotation for b/d=1.0 (after
Matzuura & Kawakami).
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ter of rotation becomes important. This is ob-
tained by comparing the inertial coefficient:, 2y,
at point gy where T/d=1.2, Fig. 9, with point as
in Fig. 10. That is,

Cre,/Crsy>=0.120.1=1.2
From which the value of Cr at ys/d=0.31 and
T/d=1.2, namely Cre, will approximately be
equal to .

Cre=1.2(0.056)=0.067 )
b) The second correciion is obtained from the
consideration of three dimensional motion. The
correction factors from 2 to 3 dimensioral me-
tion can be obtained from Fig. 11, If Ljd=
18.25, eq. (18), the correction factor correspond-
ing to pure rolling, (n=0), is equal to 0.96.
Multiplying eq. (26) by this value yields;

Cre=0.067(0.96)=0.064

/” »——
. ok

[ L]
2 4 s ¥ W l"“

Fig. 11 Taylor correction factor from 2 to
3 dimensional motion.

¢) The third correction is obtained from the &i-
fect of actual ship hull sections. A comparison
was made with sections 4 to 7, Fig. 8, having
Cr in deep water equal to 0.06, and the rectan.
gular-shaped sections where Cr in shallow water
was derived, eq. (27). From Table 2 the area
coefficient (¢) of these sections is equal to 0.996
or about 1.0, giving a very slight effect due to
the round edges of these particular sections.
‘The other sections have already been considered
by the use of the equation derived by Kumai,

eq. (24). Hence, for deduction, the Cy values of
ship sections in shallow water (values included
in Fig. 8) can be muitiplied by the ratio §.064/0.06,
which denotes the Cr value in shallow water as
compared to deep water for sections 4 to 7. This
will lead, finally, to multiplying eq. (25) with the
above ratio for obtaining the added mass moment
of inertia, as follows, in shallow water;
Ah=0.00774B'L (ton-m?) sseeas(28)
The polar moment of inertia, Jy, about a longi-
tudinal axis passing through G is equal to
hy=m(k:)p
and substituting from eqg. (18) results
Iy=0.78pLBd{0.42B)
Letting d=B/2.62 from Table 2, step 5,
‘ton/m?
1y=0.0541B81L (ton-m3)
AW/ 5)=(0.00774B1L)/(0.0541B1L)=0.143

=1,03

This ratio is in close agreement with the ratio
of 0.15 given by Prof. Hayashi®). The virtual
moment of inertia /-1 becomes )

B1-1=1.143m(k )3 =0.2028"n (ton-m?)
or  ha=Il+41y=0.06188L

(ton-m?)
- . (30)
4) H, or GM, which denotes the vertical dis-
tance between the ship's center of gravity, G,
and its metacentre, M, Fig. 1, can be calculated
from the following equationi®;
B=L|Cy+GM(dID)Cy weene(31)
where C; and C; are constants having the fol.
Jowing values for oil tankers (where E]D:O.SZ);
L C1=12.5 (U-shape)~13.2 (V-shape)
C3=5.7

Fig. 12 Mitsubishi Shoji Oil Berth,
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5) Effective mass, M), of the structure

For determining the value of M, that shouid be
substituted in the motion equations, the authors
investigated some existing berths in Kobe harbor.

One is an o0il berth belonging to the Mitsubishi
Shoji Co. which consists of four dolphins of dif-
ferent gizes and a piatform, Fig. 12, located back
from the berth line. The berth is provided with
V-type rubber fenders. The berth was designed
to accomodate tankers varying in size (8000,
20000 and 47000 DWT) under the control of
tugboats.

2) The 47000 DWT berths against two dol-
phins which have.an effective weight equal to

cap+effective piles weight
=2(1604180)=680 tans.

b) The 20 000 DWT should use two dolphins
which have an effective weight equal to

2(100+120)=440 tons.

c) The 8000 DWT should berth against two
dolphins which have an effective weight equal to

2(60+80)=280 tons.

The displacement weights of the above ships
are approximately (1.3W) or 61 000, 26 000 and
10 400 tons, respectively. The virtuai masses
(M) will be equal to 104 000, 48 000 and 25000
tons, respectively, Table 1 and the ratio MM,
will be equal to 680/104 000=0.007, 440/48 000==
0.009, and 280/25 000=0.011.

M/My=0.01 -

Thus for the first design approximation, we can
assume that M, will be as much as 1% of the
virtual mass, Ms, of the approaching ship. If,
at the end of the calculations, the difference be-
tween the derived value of A and the assumed
value is great, the calculations can be repeated
using the derived value for M.

6) Structure and fender resistance

As discussed previously for the design of marine
structures, the function of the structure should
be known in advance in addition to the ship dis.
placement weight, In the selection of the resis-
tance (X;) of the structure, the structure func-
tions, whether rigid or flexible, should be con.
sidered. 1f the berth carries heavy loads (heavy,
delicate equipment carried on the deck, cranes,
power station, etc.), there is no choice; deflection
must be limited. The construction should be
rigid and provided with elastic’fenders to absord
the ship's kinetic energy. On the other hand,
if deflection is allowed, the berth can be flexible,
A pile dolphin is a good example for this type.

B3-11

4. SOLUTIONS OF THE DYNAMIC
EQUATIONS BY NUMERICAL IN-
TEGRATION

The differential equations of motion of the ship
and the berthing structure are in the form of:

Structure Xo=1(Xor P{Xay Xe), Xs)

Ship
i) roll $=G(g, P(X,, X.), 1)
i) yaw §=Gy(6, P(X:, Xc), &)
iii) sway Xe=Gu(Xe 6, &, P(Xs Xo),
{Xe=Xs))
eseeref33)

(These notations are explained in section 2.)

In eq. (33) the first differential terms represent
the damping effect which is gensrally neglected.
Solutions of eq. (33) are quite difficult to be car-
ried out analytically, especially in the case where
fenders (such as rubber) that have non-linear
spring constants are used. .

A numerical solution implies the determination
of the displacement and velocity of a system as
a function of time. These displacements and
velocities are obtained in a step-by-step integra-
tion procedure, starting with given initial condi.
tions. There are many different methods of
numerical integration from which two methods,
the Newmark 8 method!®) and the Runge.Kutta.
Gill method'?, wiil be explained.

{1) Time Interval Effect on the Two Numeri-
cal Integration Methods

Tests have been conducted to study the effect
of the time interval on the accuracy of the two
methods. In these tests, fenders with linear
spring constants were used, for which the exact
sclution of the equation of motion is odbtained
by using eq. (15). Through the comparison of
results which are included in Table 4 and Fig.
13, the following conclusions could be made:

1) The error involved in fender absorbed ener-
gy. Vo, is relatively small compared to the
energy V: absorbed by the structure.

2) The percentage of error involved in the V;
values is nearly twice that of the structure
maximum deflection, X, i.c. 4V, ¥ =24X1%.

3) For the same time interval the error in.
curred using the Runge-Kutta-Gill method
is greater than that involved in the New.
mark B mcthed, The difference also in.
creases as the time interval is increased.
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RS
et kb e

interval variation, the berthing data, and the

wi ) error involved in the maximum defiection of the
) . berthing structure was developed.

The curves shown in Fig. 15 were plotted from

Fig. 14 for an error equal to 2% of the struc-

. MNE ATTA ture maximum deflection. This gives 2% ervor

= XA P cmmee . in the structure maximum reaction (KsX;) and

nearly 4% in the structure's stored energy. In

N Wy this figure the z-axis represents the berthing :

AN A%

| 4 .
' ,: :’ “ » o» data, which is the factor N, and the y-axis re-
; w S W o o N W presents the time interval 4t. The factor N is ¢
LI A 2 function of the ship's virtual mass, the struc- :

. . . ture's effective mass, the structure and fender
3 ‘ M spring constants, and the ship's approaching .
4 £ velocity according to the following equation; i

N=(M|MAsX100) (cm) oeeees(34)

where A; is obtained from eq:. (17).
From Fig. 15 the relation between N and the
time interval 4t for an error of 2% in 4X; is
- given by: .
= K o i) The Newmark 8 method (5=1/4) ,

. . 41=0.0006TN+0.0012 (sec).  -r---(35)
: 3 Fig. 13 Convergence of error with respect

7
to time interval, N<3T R
X l 41=0,00015N3~0.0029N'3 -
’ g L (2) Selection of s Suitable Time Interval _+0.018N —0.0313 (sec} ------(36)
; . Through many investigations carried out by N2373
the authors, Fig.t4, a formula linking the time ii) The Runge-Kutta.Gill method
2~ Newmork % D'Melho‘ *
- 'v] H M 4
Rl “'hqrn ‘“l‘\n-ll-;‘n a[v- N
EMEEITERE R EET)
" 3.927 S
Sjea0] Mo ] 648 g
Tile sl 015018 1.u2 7, ‘
S|w0| ojox [ wr] <
(] 60 | 121
7 M[es J00 | 18 |4
20 8 60 [T
9 S0fs [0 W_j ]
10 80| 1.2 | & 2 AW

RN

ENHURS

AT  in . see’ .
Fig. 14 Effect of time interval on the berth structure max defiection for different cases

of berthing.
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St Nowmark £ Metded
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e.ns l e I oo -
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. PL b e et e
Fig. 15 4T, vs. N for 2% error in berth
structure max deflection, .

41=0.0018 (sec)’ T (7
N<3.T3
41=0.000066 '3 - 0.00137N3
+0 0095N - 00178 (seC) «veeee (38)
N237

(3) Application to the Non-linear Spring Con-
starit Fenders

Both rubber and retractable fenders possess
non-linear relations between the load and the
displacement. To apply the preceding equations
for selecting the time interval for structures
provided with these type of fenders, the load is
considered to be applied in small increments as-
sociated with the time interval. The procedure
for calculation is as follows: . P

. 1) The spring constant (Ks) of thc fender corre-

sponding to zero dnsphcement is taken from
the given load-displacement rejationship.
The factor N can be calculated and, con-
sequestly, the time xnterval 1rom eqs. (35),
(36) or eqgs. (37), (38),

Subtmutmg in the equations of motion,
the displacement of the fender at the end

2

:\—_—'

3

‘Y of the interval can be obtained.
‘ 4) The srxng constant corresponding to this
' L duphcement .can | e calculated &5 indicated

in step 1).
Repeating steps 2), 3), and 4) until the al-
Jowable fender displacement is reached.

5)

[N Y—

i

5. APPLICATION e T

(1) A Case of Genera! Berthing and Fenders
of Non-linear Spring Constant
Solved Example
3) Data Given;
A tanker ship of displacement weight W
=40 000 ton
Approaching velocity Vy=15em/sec
Ship characteristics are;
Length=200m Breadth=25.8m
Draft=10.8m
Berthing data;
r=80m H=30m 7=50° a=20*
Assuming, for the first trial, the fender system
data as;
Ks=15tonfcm Fender=2 pieces of type I,
Fig. 17.
b) By applying the formulas included in sec.
tion 3, the following data was computed'
M3=70 69 ton-sect/em

npwt{laitse) Came .
ni L

@»
I
| sodat |

Fig. 16 Flow chart for design procedure by
using newmark ‘8" method.
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Table § s
Case el T | H K | Fender |Effective] cu £t i ¢’
No, | Mode of berthing | 7 m | ton/em: | Fig. 3?7 enggy ”E. sect | sect

1 General berthing | S0 | 0 | 3 15

Typel-| 4179 | 52,6 26}333 2&}35

2 | Norolling o lefo 15

L4 42.09 8.4 N I

el

c e % || 0 %
3 Fender of linear

6.25 %.70 86.5

spring constant

L———rrr

Ky =500 ton/
M Tagten/m |y

Tables 3 and 4
§1.7 refer. 4)

g K1-K1

** The fender stifiness uud in these cases is chisen by trials 10 give 1,m0.0 at max.'mvay.-‘ ‘

ooe My=120ton+sec?/em, Vem10cm/sec

sees Kr=the combound stifiness of the fender systems X, X;/(Kit Kp) i . . '-"-' L
Mi=0.7ton-sectfem - 1 ) ;
H=CH=221m Ea= ”""" AR ; :
J-3=54 % 10% ton-sect-cm? " 1!
J-4=113x10" ton-sec?-cm? + ”-"’* kel

¢) For numerical integration, Newmark B
method with S=1/4 was used. Besides, equations
(35) and (36) were applied for selecting the time
interval. Calculations were carried out by the
digital computer, the flow of computations is
shown by the block diagram Fig. 16. Results is
included in Table 5.

{(2) Besides, for comparing the presented
method with other investigators methods, two
other examples were tried, Table 5.

6. COMMENTS ON THE RESULTS

(1) Verificstion of the Developed Method of
- Analysis - K

To verify the assumptions presented in estab.
lishing the dynamic equations included in section
2, conservation of energy before and after colli-
sion is checked from the deduced results

1) Conservation of the kinelic energy
- From Table 5 we have at V,=0.09:200 ._-

i) Part of the ship's kinetic energy tnumxt-

tedte:: - -~ o
Fendsr system=Effective energy
Ee=41.79 (ton/m)

ii) Part of energy mdnced by the system vi.

bration: - - -

. P

s}“p femure =
B Eu ="M!(XC’+Y")
b o +—ls-d' +'-I}-l"

at Yo=0.0 this eq. yields to;

B-15

B ‘

substituting “for d and ¢ their values.
0.11124x10~% and 0.151x10-3 aec*‘ re-
spectively, we obtain;

A2t

Eur=29.96+6.69+0.616=37.26 (ton-m) ]
Structure . . s
E.=%Mx-$‘ RO A O T )

";_-}xo.vx(-4.659_):/1oo=o.o77

) (ton-m)

! E..+E...37.26+o.o77=.37.3 (xon-m)

Total energy at V¢=00 wxll be " -
£¢+£n+.£.-79.09 (ton m) -++(39)

But the ship’s approaching energy is; {

E.:-l—x'lo 69 x 15’[100 79.520 (ton.m)

w L Leeeene(40)
Eq. (39) Eg. (40) whsch satxsﬁed the conserva.
tion of kinetic energy before and collision.
2) Comservation of the moment of momentum
i} At time when the ship made the first con.
tact, the moment of momesntum :s gwen
by; "¢ e e oereowNXL
MMi=hs- Vi sing " 00
:70.69x15x8000x0 766[100
=649.8 %108 (ton-eec m).
e Sl et ......(41)
_ i) At time when the s)up surked to rebound,
the moment of momentum is ‘equal to; .
MMimIisb 4 Disd 4 Miy X4 T a1 o1 ‘
.10 1034-8,15x 10
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+527.80 x 10
=662.05x10¢ (ton.sec-m)
carees(42)

Eq. (41)=Eq. (42) which eatisfied the moment
of momentum principles.

(2) Checking of Time Interval Selection Proce-
dure

The accuracy of the deduced results, as seen
jo the previous paragraph, verified, on one hand,
the right procedure of developing the equations
of motion, and on the other hand, it supported
the author's recommendations for the evaluvation
of the time interval 4T presented in section 4.
Fig. 18 shows the variation of 4T through the
numerical integration process acoording to the
variation of the fender's stiffness shown by Fig.
17. Any mis-choice of the time interval will lead
to large errors, and sometime, Jeads to unreason.
able results as included in Table 4.

320, -
3
20 Aleg S
l: P~ DV/L-_\/ c
d: // ,—E—A/ =
160 v > 32 Eﬁ
3 /X 1 v
o y s H
P . /] Ward 16 M
v 7
/7
W//
0 )

[3 W 00 30 200 20 M0

Fig. 17 The load and energy vs. deflection
for V6OOH rubber fender (Tokyo
Rubber Dock Fenders).

o.008°
0.000
. 0000
3
2
S wme
.0
TR |
[X)
e 1,0 2.8 3.9 “e 20

7. COMPARING TBE METHOD WITH
OTHER INVESTIGATORS METHOD

i) Case 2, Table 5, in which H=0.0, is simi-
lar to the case treated by Vasco Costa, i.e. sway-
ing and yawing motions are only considered.
From the table we have; at Vp=0.69+0.0 cm/sec.

Ee=(Veet Voy o+ V;2=(18.40+3.42+20.27)
=42.09 (ton/m) sesees(43)
Substituting with the given data in the equation
given by Vasco Costa, we obtain;
- kitricosp
E. (W)= M Y P
=42.15 (ton/m) R (7))

ii) Case 3 is similar to the case treated bv
Hayashi & Shirai, i.e. fender of linear spring
constant and 7, Fig. 1, equals tc 90°,

From i) and i), if we considered some error
due to numerical integration, the author's meth.
od will be in sgreement with the two special
cases treated in references 4) and 5).

8. SUMMARY AND CONCLUSIONS

The foregoing .study describes an analytical
treatment of the ship berthing problem, based
on the dynamic response of the ship and the
fennder system during berthing.

The presented analysis covers almost the main
factors involving in berthing operations. These
are comprised of;

i) The approaching mode of the ship with

reference to the face of the berth, de.

. signed by a and 7.

ii) The location of the point of coatact on
the ship’s hull, denoted by r and H.

iii) The structure stiffness and the fender
stiffness, whether the latter of a linear or
non-linear spring constant, beside to the
hull stiffness at the point of contact, if
available,

iv) The mechanical behaviour of tbe fender
system with respect to the variation of
the acting load direction. This is very
important in case of rubber.like fenders,
as their energy absorbing capacity is a
function of the Jcad direction.

v) Consideration of shallow water effect in
swaying, yawing and roliing.

For solving the developed equations of motions,

S i

AT

B I e ENS AL D ok 2haa HAL,

Fig. 18 Variation of time interval 4T vs.

. recommendations and formulas for estimation
l time of berthing.

and selection of the different parameters, parti-
cularly the time interval, are presented.

I B-16 ;
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The solution of these equations will lead 10
the evaluatiop of the data required for design-
ing the fender system;

i) Evaluation of the energy absorbed by the

fender.

ii) Evaluation of the energy absorbed by the

1

?)

4)

5)

7

8)

fender structure and its dynamic reaction,
magnitude and direction.
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