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ABSTRACT

The force deflection curve for a rigid-plastic circular cylinder
subjected to transverse loading applied by a sharp wedge is derived
following an energy approach. A local deformation field is assumed and
global deformation of the cylinder acting as a beam is neglected. The
concept of the moving hinge with no slope discontinuity is used. The
effects of the global deformation of the cylinder are then taken into
consideration, and the overall force-deflection curve of the member acting
as a beam is calculated.

The above obtained force-deflection curve, in combination with the
equivalent curve for a ship's bow, and also the foundation stiffness of a
platform are used as spring data for a simplified two-mass dynamic model
with linear and nonlinear springs. This model is then used to determine
numerically the plastic deformation on one platform member (leg or brace)
due to a collision with a ship.

Finally a method is outlined for a cost-benefit analysis of a minor
collision vs. strength of a platform, using probabilistic data on the risk

of such a collision, and the platform's damage calculation method presented

above.
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FOREWORD

As offshore 0il and gas exploration and production activities expand,
industry and the public in general have become more aware of potential
hazards which might seriously affect the safety of offshore operations. One
such hazard is the possibility of collision between ships and offshore plat-
forms. This is an area in which considerable attention has been devoted in
Furope, particularly in Norway, Denmark and the United Kingdom. In the
United States the project reported here was to our best knowledge the first
attempt at studying this problem from an engineering point of view.

One of the main difficulties in studying the problem of coliisions
offshore is that these accidents can take a variety of forms, depending
on many factors, such as the type of vessel and platform involved, the
relative velocity and angle at impact and the environmental conditions.

In extreme situations there is hardly anything the designer can do, except
to try to improve navigation and handling capabilities and safety and evacu-
ation procedures. Thus if a supertanker runs at 20 knots into a fixed
platform a complete loss of the platform's structure probably cannot

be avoided, and it would be unreasonable to modify the design to allow

for such an extreme case. The very low probability of occurrence of such
an accidént is in general the main reason for ignoring it, as far as the
platform design is concerned. It 1is then reasonable to concentrate on
collision scenarios involving typical offshore supply vessels, for which
the displacement is of the order of & few thousand tons. In such cases the
probability of occurrence of collision accidents is not negligible, and it
is possible to design the platform's structure so as to limit the extent of
collision damage, improving as a result its survivability and performance

under accidental load conditions.
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In simple terms the purpose of this project is to develop a set of
techniques capable of assisting the designer in assessing the behavior of
an offshore platform when subjected to collision loads. These techniques
can then be used to modify the structural design in such a way as to improve
the collision damage survivability of the platform. A short discussion on
cost-benefit considerations is also included in the present report.

This study cannot claim to cover in a comprehensive way all the aspects
of collisions offshore. This is an area in which research work can stiil
be done, and some suggestions regarding those aspects which can be con-

sidered as more critical are included in the present report.



Introduction

Although very detailed analytical methods have been developed and
employed in the deSign of offshore platforms so that they will be able
to withstand all the operational and environmental loads imposed on
them during their expected life, not much work has yet been done in
the area of protection against callision.

One reason for the above is that usually only a few collision accidents
result in loss of 1ife as compared to other accidents Tike blow-outs
or explosions. Tablel.l shows the number of total accidents occuring 1in
connection with platforms in world-wide operation during the 1/1/80 to
12/31/80 period. We can see that only 4 out of 62 fatal platform accidents
were due to collision. In addition, each fatal collision accident has
far less fatalities than accidents like capsizings. Table 12 shows the
number of lives lost in structural accidents for platforms in worldwide
operation during the above mentioned eleven year period. We can see that
capsizings average over 12 fatalities per accident as compared to & for
collisions.

Unless the collision results in great structural damage, in addition
to a few deaths, the accident is treated more or less as equivalent to
a car accident and does not receive substantial coverage in the news
media. From all colliision accidents which occurred during the above
mentioned period, only one resulted in total structural loss {a tanker
with an old deserted platform in the Gulf of Mexico) and had only one
fatality. The remaining collisions were small scale with supply
boats. The fact that, most of the time, work on safety issues 1is initiated

after a large scale accident has received considerable attention in the



TABLE 1.}

Number of fatal accidents occurring in connection with platforms in
worid-wide operation during 70.01.01. - 80.12.31. according to initiating
event and extent of structural damage.

ALL PLATFORMS (MCBILE PLATFORMS)

Initiating Structural Loss suM
event Total Severe Damage Minor

Weather i1 - - - i (1)
Collision 1 (1) 1 (1) - 1 (1} 3 (3)
Blow - out 4 (1) 6 (4) 2 (2} 1 (0) 13 {7}
Leakage - 1T (1) - - 1T (1)
Macnine eic. - - 1 (1) - 1 (1)
Fire - 1 (0) 1 (0) 2 (0) ¢ (0)
Explosion 1 (0) 4 (2) 5 (2) 5 (4) 15 (0)
Qut - of - pos - - - - -
Foundering - - T (1) - 1 (1)
Grounding - T (7 - - 1 {1)
Capsizing 4 (4) 3(3) T11) - 8 (88)
tructurai 1 (1) - 1 (0) 6 (4) 8 (5}
strength
Other - - - 4 (2) 4 (2)
SUM 12 (8) 17 (12) 12 (7) 19 (11)| 60 (38)

Source: Lioyds' List

Adopted from Ref. [33]



TABLE [.2

Number of lives lost in structural accidents for platforms in world-
wide operating during 70.01.01 - 80.12.31 according to initiating

event and extent of structural damage

ALL PLATFORMS (MOBILE PLATFORMS}
Initiating Structuyral Loss SUM
event Total Severe vamage Minor
Weather 13(13) - - - 13003
Collision 1(1) 8(8) = 4(4) 13{13
Blow—out 12(5) 35(26) 20(20) 3 70(51)
Leakage - 1(1) - - 1{1)
Machine etc. - - 1C1 - 1
Fire - 7(0) 2(0 8(0) Y7¢0
Explosion 4() 8(2) 114(2) 11(8) 34(12)
Qut=-of-phase - - - - -
Foundering - - 1< = 1¢1)
Grounding - 6(6) - - 6(48)
Capsizing 93(93) 6(8) 1{1) -~ 100 100)
Structural | 1530123) - 303 W0 | 1360130
Ptrength
|[Other - - - 4(2) 4(2)
SUM 246(235%) 71(49) 39¢25) 4021y | 396(33)
Source: Lloyd's list

Adopted from Ref. [33]
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media might explain why so little work has been done on the collision
protection of offshore platforms. 5till, collisions occupy the third
place in platform accidents after the ones due to environmental load and
blowouts. ( Tablel.3). As a result, considerable capital losses occur in
structural damages because of collisions.

In the following Chapters a simple method of estimating the struc-
tural damage to a platform resulting from a minor platform-ship collision
(1ike the ones with supply boats) is presented. In fhe first Chapter,
an upper bound calculation of the force-defiection curve is performed for
a rigid-plastic circular cylinder under transverse loading applied by &
wedge. A local deformation field is assumed and any global deformation
of the cylinder acting as a beam is neglected. In the second Chapter,
the effects of the global deformation of the cylinder are taken into
consideration and the overall force-deflection curve of the cylindrical
beam is calculated. In the third Chapter, the above ocbtained force-
deflection curve, in combination with the equivalent curve for a ship's
bow and side, and also the foundation stiffness of a platform are used
as spring data for a simplified two-mass dynamic model with linear and
non-linear springs. This model is used to calculate numericaily the
plastic deformation on one of the platform's members (1eg or brace) due
to a collision with a ship. Finally, in the fourth Chapter, a method
is outlined for a cost-benefit analysis of a minor-collision-damage vs.
strengthening of the platform using probabilistic data on the risk of
such a collision and the platform's damage .zlculation method presented

in the first three Chapters.



TABLE I.3

Number of accidents for platforms in world -~ wide operation during
70.01.01. - 80.12.3). according to initiating event and extent of

structural damage.

ALL PLATFROMS (MOBILE PLATFORMS)

Initiating Structural Loss SUM
event Total Severe Damage Minor

Weather 7(3) 12C10) 30¢22) 210417 70(52)
Collision 4(2) 5(2) 17¢11) 21018) 47(32)
Blow-out 15(5) 13(7) 15(9) 14(7) 57(28)
Leakage = 2(2 3(3) - 5(5)
Machine etc. 1 2(1) 5(4) 5(6) 13¢113
Fire 301 6(2) 20012) 1912 48(27)
Explosion 2(0) 3(2) 1044) 9(6) 24123
Qut-of-pas - - 3(2) - 3(2)
Foundering 4C1) - - - 4(1)
Grounding 2(1) 6(6) 3(2) 5(2) 16(11)
Capsizing 11¢113 44 3{1 1€1) 19017)
Structural 1< 6(4) 20(14 2520 52(39)
strength

{Other 20 3(0) 1(0) 12(8) 18(8)
SUM 52(25) 62 (40) 130(84) 132(97) | 376(246)

Source: Lloyds' list

Adopted from Ref. [33]




This research cannot claim to cover in a comprehensive way all the
aspects of collisions offshore. Some areas certainly need further work,
and the most relevant aspects of recommended research are summarized below.

(a) Local Structural Behavior

Interaction curves defining the magnitudes of axial force,
bending moment and crushing force required for plastic deformation
<hould be developed. The effects of shear force and torsion should also
be considered, as well as inplane versus out of plane bending.

(b) Material Ultimate Strength

The energy absorption capability of structural elements is
determined by the material’s capacity to suffer large strains without
fracture. Methods for assessing material ultimate strength when very
large plastic deformations are involved should be developed. The effect of
strain hardening should also be studied.

(c) Support Flexibility

Tubular joints do not provide a perfect degree of end fixity. A
varying degree of end fixity, in terms of end translations and rotations,
has a strong influence on the energy absorption capability of tubular
members. Methods for taking this effect into account in the analysis
should be developed. Consideration should be given to the adjacent members
in performing such a study.

(d) Redundancy and Overall Structural Behavior

The survivability of any structure ijs to a very large extent
determined by its degree of redundancy. No systematic way for assessing
the optimum degree of redundancy is available in the literature, and this

is a very important area of research.



{e) Collision Mechanics Models

The collision problem cannot be completely isolated from its
own scenario. The way the impacting and impacted structure interact with
each other and the environment is very important when studying collision
gffects. The collision model included in this report is a very crude
representation of reality and is acceptable for initial estimates of
structural behavior. However, for a more complete understanding of the
problem and its implications it is necessary to develop a more sophisticated
approach.

(f) Reliability Studies

Collision studies should be considered within the more general
context of structural reliability. Most existing codes of practice for
structural design, and those being currently developed for the offshore
industry, are based on reliability considerations. This trend should
also be reflected in the way collision studies should be carried out

in the future.

(g) Data Collection

Collision accidents are occurring quite often in offshore
operations. However, in most cases the information which is made available
is very limited, mainly because of the reluctance industry has in publicizing
accidents. It would be extremely beneficial to researchers if technical
information regarding such accidents could be collected, since this is

the best way to close the gap between theory and practice.

(h) Experimental Studies

Analytical and numerical studies are not enough to cover all

the aspects involved in the structural behavior of tubular members.



These should whenever possible be complemented by careful experimental
studies. Some tests have already been performed in Norway and the United
Kingdom. Due to the magnitude of the investments involved this is an

area in which an internaticnal university/industry cooperative effort would

be most welcome.

{i) Fendersystems for QOffshore Structures

A natural extension of the structural studies suggested above
is the development of fendersystems for offshore installations. These
should include not only systems capable of protecting the structure from
direct impact, but also systems capable of preventing the impacting
ship from passing below the fleating platform's deck, and damaging for

example the risers.



CHAPTER 1
LOCAL DEFORMATION OF CYLINDERS UNDER TRANSVERSE LOADING

1.1 Introduction

Tubular members are extensively used in offshore structures. Conse-
quently, an offshore collision will most probably involve transverse
concentrated loading of a cylindrical beam and will result in either loca]
damage of the shell or in global deformation of the cylinder as a beam.

In both cases, the extent of local damage will be of great importance
since it will affect the strength of the structural member by decreasing
its moment of inertia and introducing an eccentricity. In order to assess
the extent of such a crumpling due to a collision we need the force-
deformation relation for such a local deformation.

Although some work has been done in the area of large deformation
of shells of revolution loaded axisymmetrically (Ref. [1] to [7]),not
much of that work has been extended for the case of non-axisymmetric
Joading. The reason is that because of the non-axisymmetric nature of
the loading, the resulting deformation field is asymmetric. Thus, its
modelling and the analytical solution of the problem can become very
complicated, requiring several (sometimes relatively crude) approximations.

In this Chapter, an attempt is made to extend an existing method of
analysis so that the problem of the transverse loading of a cylinder
under a concentrated load can be solved and a force-deformation relation
can be obtained. Most of the work done with respect to that problem is
experimental (Ref. [8] to [12]). Morris and Calladine have presented
in [13] an upper-bound calculation method for the indentation of
cylindrical shells but their analysis was limited to relatively small

deflections. The method presented in this chapter involves the concept
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of the isometric transformation of surfaces, first applied in mechanics

problems by Pogorielov in [14]. According to this , we say that a surface

has undergone an isometric transformation if its Baussian curvature* is
the same before, during and after the deformation. As the word
jsometric indicates, all Tinear dimensions along the surface are preserved
and no extension is required during the transformation. Instead, the
surface is folded. In the case of a thin shell, which is easier to
deform by bending rather than extension, the choice of an isometric trans-
formation to describe the assumed deformation field {in an upper bound
calculation) becomes the Togical one. The above approach was successfully
used in [15] to analyse the crushing of rotationally symmetric plastic
shells undergoing large deflections.

In employing the above concept of isometric transformation for
the solution of the problem of the transversely loaded cylinder, we
observe that it is impossible to have a local deformation that is
strictly isometric.** Instead, we can assume a deformation field that
requires an isometric transformation in the transverse direction and
a quasi-isometric transformation in the longitudinal direction (where
the shell transforms isometrically but some extension is required).
As in the-case of plastic axisymmetric shells, a distinctive feature
of such a deformation mechanism is that the energy dissipatﬁon function
is concentrated in narrow zones (hinge lines) while the remainder of
the structure is undergoing a rigid body motion. To obtain an expression

for the load vs. deflection, the rate of internal energy dissipation

* The Gaussian curvature of a surface is the product of its curvatures
along any arbitrary pair of principal axes.

** Only if the crushing of the cylinders is uniform along its length (case
of a ring crushina mode). The conditions for such a mode of deformation are
very small length-to-radius ratio and ends free to ovalize and they make

. this mode of deformation of no practical use in our problem.
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due to the imposed deformation field is calculated and equated to the rate
of external work performed by the moving load as deformation proceeds.
Then, the resulting expression is minimized with respect to several
geometric parameters. Because of some simplifications made with respect
to the kinemetics (in order to be able to obtain an analytical closed
form final solution), the obtained load cannot strictly be called an
upper bound but the analysis is essentially along the same lines.

In the following section, a detailed description of the assumed
deformation field is given together with other assumptions made during

the present analysis.

1.2 Assumptions and Basic Geometry

1.2.1 BAssumed Deformation Field

In defining the deformation field, the cylinder is divided in
three regions (Fig.1.1):

(i) The deforming plasticized region bounded by two closed curved
hinges called from now on guter and inner hinge 1ines.

(i) The undeformed rigid region outside the outer hinge line.

(iii) The already deformed rigid region inside the inner hinge line.

We should note that these hinge lines and regions are symmetric about
the transverse plane that is perpendicular to the cylinder's axis and
alsc contains the 1ine of application of the Joad. Because of the above
symnetry, we can consider only half of the cylinder.

The hinge lines are assumed to lie on a plane. In order to have
local deformation only, that plane has to be at an angle with the

cylinder's generators.”*

¥ As compared to the ring crushing mode where the hinges will 1ie on
a plane parallel to the cylinder's generators.
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We call that angle o (Fig. 1.2). Thus, because of the existing symmetry,
the above inclined plane forms an angle 2a with the inclined plane of
the other half of the cylinder. It follows that the two hinge lines
have points of slope discontinuity (A, B, A', B':Fig. 1.2) 1ying on the
line of intersection of the two inclined planes.

Another assumption is that the transverse cross-sections of the
cylinder remain circular outside the deformed region. Further, an iso-
metric transformation is assumed in the transverse direction. This
requires that the region inside the inner hinge is the mirror image, about
the inclined plane, of the intact cylinder before any deformation
has occurred. As a result, the recion inside the inner hinge is a cylin-
drical section of reversed curvature and with generators forming an angle of
20 with the generators of the undeformed cylinder. Such a
deformation pattern requires a certain extension of the material along
the longitudinal direction. The existence of that extension is the main
conceptual difference between the analysis of an axisymmetric case and
the present one.

During deformation and as deflection increases, the planes of
the hinges move downwards and the hinges themselves move outwards
through the material. In order to satisfy the conditions of kinematic
continuity on the moving hinges (presented in [15] and [16]) the deforming
shell should have no slope discontinuities at the hinges as they propagate
through the material. Thus, the only effect of the hinges as they move through
the material is to impose a change of curvature. In addition to that mode
of energy dissipation, the material that lies between the outer and

the inner hinge lines is in a plastic state undergoing extension in the
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hoop direction* relative to the hinges.

In order to calculate the dissipation due to hoop extension we need
to have an expression defining the form of the plasticized zone that
lies between the inner and outer hines. Approximating the perpendicular,
to the outer hinge line,cross-section of the plasticized zone by a
parabola was proved in [15] to give very satisfactory results. As mentioned
earlier, the material outside the outer hinge and inside the inner hince
line is rigid, with the latter moving downwards in a rigid body motion

as deformation progresses.

1.2.2 Definition of Coordinate Axes
Now that we have described the kinematics we should define the
several coordinate systems used.
From Fiqure 1.2 we have:
(i} X,Y,Z: Global coordinate system fixed on the cylinder with
the X-axis coinciding with the cylinder's axis and the
Y-axis being in the negative direction of the appiied
load.

(ii) x',Y',2': Global coordinate system fixed on the inclined plane
of the hinges and moving with it as the deformation
progresses. X' and Z' are on the inclined plane and
Z' is also parallel to the Z-axis.

(1§} A',x',y': Local coordinate system. 1A' is tangent to the outer
hinge, and A'-x' plane coincides with the inclined
plane. Consequently, y' is perpendicular to the
inclined plane.

* The term hoop will be used throughout here to describe a direction
parallel to the hinge lines.




=15~

Z 2

FIGURE 1.2




-16-

As it can be seen with the used notation, a prime (') denotes a variable
that is associated with the moving inclined plare. In the following
calculations variables without a prime should be interpreted as the

projections of the ones with the prime on the fixed coordinate system.

1.2.3 Equations Describing the Deformation Field

Before proceeding with writing of equations we should make another
simplification. In order to have compatible kinematics, the outer
hinge line, which lies on the inclined plane, should be the intersection
of a plane with a cylinder. The resulting ellipse, however, prohibits
the closed form evaluation of {the further along) required integrals
around the outer hinge. In order to obtain a closed form solution the cylinder's
circular cross section is approximated by a parabolic expansion (Fig. 1.3).
As a result of that simplification the obtained hinge lines are parabolas.
Further, we assume that the inner hinge is the outer ane shifted by Ny
towards the negative X direction. This is consistent with the previous
assumption that both inner and outer hinge lines lie on the same plane.

We can now write the equations that describe the assumed deformation
field in terms of the plastic deflection at the point of application of
the load and various geometric parameters:

- equation of the inclined plane:

Y= (R - wL) + X tanao {(1.1)
where W= deflection of the point of load application
R = radius of the cylinder

- equation of the parabolic expansion of the cylinder

¥=R--2—RZ _(1.2)
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Combining (1.1} and (1.2) we get the equations for the parabolic outer

hinge line:

Y = (R-wL) + X tano {1.3)

Relative to the X', Y', 7', coordinate system the two equations become:
2
w L
v L 2R
sina

Y =20 (1.4)
By requiring that there is a material continuity at both the
outer and inner hinge and that there is also a slope continuity at
the outer hinge and approximating the cross section of the plasticized

zone by a parabola (as discussed earlier) we obtain the following

equation for the cross section:

+ - tana coso 12 '
Y ST“Y ['(nosinYn)x + X] (AS)*
where v' = angle between the tangent at an arbitrary

point on the outer hinge and the X' axis.
n. = distance between the inner and outer hinge
Tines measured along X. Ny is assumed
constant and independent of y’.
The angle Y' can take values between 8' and % along the outer hinge,
where 8' is the value of yv' at the point of slope discontinuity of the
outer hinge {on the intersection line of the two symmetric inclined

planes). 8' is related to W and o by the following expression:

¥ In order to avoid clustering the main text with unnecessary detailed
derivations, all equations that reaquire such involved derivations are
given in the appendix. The letter preceding the label of these equa-
tions rifers to the respective appendix (A for Chapter 1, B for Chapter
2, ete.). :
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We are now ready to proceed with the calculation of the
internal energy dissipation due to the above described deformation
field. An idealized rigid-plastic material model will be used so

that no strain hardening or Baushinger effects are considered.

1.3 Internal Energy Dissipation

The rate of'energy dissipation during plastic deformation of a

rigid-plastic continuum can be written as:
D= ffﬁoédv (1.5)
v

where V: volume of the deforming material
e: sum of all the strain rates corresponding to a particular
dissipation mechanism

9’ yield stress of the material

In order to evaluate the rate of internal energy dissipation
due to hoop and bending strain rates the concept of the instantaneous
rotation of a section presented by Calladine in [16] will be used.
In doing so, a general, perpendicular to the outer hinge, section of the
plasticized zone between the two hinges {shown in Fig. 1.4).will te con-
sidered. As already discussed, the shape of the section is approximated
by @ parabola and its equation in terms of the local coordinate system
x', y' is given by (AS); In Figure 1.4, A represents the outer hinge, 8

the inner hinge, and I the center of instantaneous rotation.

1.3.1 Hoop Strain Dissipation

—
For a shallow arc section AB we can write dV approximately as:

dv = dx'dy'dx’ (1.6)
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Also, € is given by:
. L ] I_E)
€=m-§%‘_—x-|—)' {1.6)

rate of angular rotation about the outer hinge

where a'

radius of curvature of the outer hinge

pl

distance of the center of instantaneous rotation
from the x'-axis

For a shallow arc section, and in order to simplify calculations we

can approximate £ as:

e =4 L, 7
€ w pl (] )
Also, dA' can be written as:
drx' = p'dy’ (1.8)
Substituting (1.68), (1.7) and {1.8) in (1.5) we obtain:
/2 g %
DhOOP - 400 .l yldyldxld_Yl
[} h
8 0 -3
where 2' is the width of the plasticized zone.
i
Since w' = z we get:

/2
. o M '
ghoop . 460-[ W, ralil (1.9)

(

: g %

with M=f/,: y'dy'dx’ (1.10)
°°2

where Iﬁwlz rate of displacement of the inner hinge in the negative
y' direction.

M': first moment of area of the plasticized zone's section
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For a shallow arc section it can be shown that %; is given
approximately by:
ARE (k14)
and -
|ﬁm| = 2w cosa (From Al)

where w is the rate of displacement of the point of application

of the Toad along the negative Y direction.

Substituting (A1) and (A14) in (1.9} we obtain:
n/2

hoop _ 4 . '
D o'ohn0 tana wf dy

[ ¥S)

Evaluating the integral and subtituting the expression relating &'

to W, and a, {A1S), we arrive at the final expression for the rate

"

of internal energy dissipation due to hoop extension, in terms of U

W, o, and ¥ .

phooP - 13—6 Mo;c(?ﬁq) tana tan'}(;:;) (1.11)
ZWL
where Mo * (1.12)
w = EL (1.13)
L R

1.3.2 Bending Energy Dissipation

In evaluating the rate of internal energy dissipation due to

bending we assume that all bending is concentrated at the outer hinge.

The bending strain rate then can be written as:

o' {TE (1.14)

-
=

* This assumption is consistent with the concept of the instantaneous
rotation of a section as presented by Calladine [16].
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where l'h is the width of the plastic hinge.

The rate of angular rotation can be shown to be:

2w cosza (A4)

5
no iny!

E

As before dV is given by:

dv = dx'dy’d)’ (1.6)
Substituting (1.14), (A4), and (1.6) in (3.5) and evaluating the integrals
over the thickness of the shell and over the width of the plastic hinge

we arrive at:
2
" bend h 1 2 dA!
D = 80°4w—4‘os a[_siny' {1.15}

di'is related to dy' by the following expression:
' = Rslne gy - (A21)
siny' .

Substituting {A21) in (i.15) evaluating the integral, and rearranging

we get the expression for the rate of internal energy dissipation due
n
o

to bending in terms of L , @, W, and wL
.B
bend = SM W h QZw cos a + —T (1.16}
n
0 3tana

The abcve expression is for wedge loading only. If the load is
not exerted through a wedge but through a beam of width B the deformation
changes as shown in Fig..(l.s). A constant, along the length, cross-section
(Fig. 1.5b) region replaces the lipe hinge between the two parabolically
shaped plastic zones. The only energy dissipation mechanism along this
region is due to bending since, as the straight hinge 1ines AC and A'CT
move through the material the radial curvature of the cyliner is

1

reversed from % to - 7 The expression for the energy dissipation due
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to bending for the above case is the same with the one given in [15]
for the crushing of rotationally symmetric shells if the circumferen-

tial length is replaced by the loading beam's width B. It can be

written:
o® = am i 8 (1.17)
. .
with I ho tang (1.18)

Combining the above two expressions we obtain:

~ R -
B + «f2w
B _ . h Y7L
D" = BMOW o Tano (1.19)
Iy
R ~ B
with B = R (1.20)

Then, by combining (1.16) and {1.19) we arrive at the general expression

for the rate of internal energy dissipation due to bending in terms of
R Mo B

MO, F ] h ﬁ' s Oy W, ﬂnd WL
bend 2 W B
an
Dtct JZWL [:os o + -+ ] (1.21)

3tan"a tana

1.3.3 Membrane Extension Energy Dissipation
As discussed earlier we do not have any extension in the transverse
direction but only along the longitudinal direction. The extension

strain rate along that direction can be written then as:

¢t (1.22)
. h

where ﬁe {s the rate of membrane extension along the Tongitudinal direction.
Since & is independent of the location along the hinge and ajong the

cylinder's thickness the energy dissipation due to membrane extension

is given by:
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DXt = 2ng W, 2R3 (1.23)
0o e
Y=6
where ZR3 represents the length of the cylinders arc over which
Y=§

the membrane extension is exerted. B8 is shown in Fig. (2.5}

and given by:

1

B=cos (1) (1.24)
It can be shown that Qe can be written as:
i.re = w tan2q (A23)

Substituting (1.24) and (A23) in (1.23) and rearranging we arrive at the
final expression for the rate of internal energy dissipation due to the

membrane extension in terms of Mo’ %-, w, a, and WL.

gt - 15 MW (%) tanZa- cos”) (1 - WL) (1.25)

1.4 External Work

The external work performed by the moving load as the defermation
proceeds depends on the type of loading member used. If a wedge or beam
is used the point of application of the load is moving along the
negative Y direction with velocity w. Thus, the external work is

given by:

DB

ext - (1.26)

Py
where PB js the applied lopad.

If a point Toad is applied through a boss in the middle of the
deformed rigid region, the point of application of the load is moving

along the negative Y direction with velocity w %%%%3 [see (A22)]. Thus,

the external work is given by:
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P - p g tan2o
Dext Ppw Tana (1.27)
We should note, that the above expression for boss loading holds
even if the Toad is not applied in the middle of the deformed rigid
region, as long as it is applied on that region (since its points

move downwards with the same velocity).

1.5 Load Calculation

Combining equations (1.11), (1.21), {1.25) we obtain the following

expression for the rate of total internal energy dissipation

b =ama(=2). ¢+ -1+ 2 (1.28)
int 0 h 1 N, 2 3 ’
(%)
W
. 2 -1 L
with C] =3 tana - tan sing (1.29a)
R 2 @ B
Cp = B—J?WL cos“a + 7+ (1.29b)
Jtan @ tamc
C, = R tan2a - r:os;'1 (1 - %) | {1.29¢)
3 h L :

Since neither of the expressions far the external work performed by

n
the load are functions of ?? we can minimize (1.28) with respect to

n
2 We obtain:

h
() 42
h C.|
Substituting that back in (1.28) we get:

Ding = 16My% [757T; + ¢ ] (1.30)

Equating (1.30) with (1.26) or {1.27) we arrive at the final expression

for the applied load in terms of % s &, and ﬁL.
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- For a beam of wedge loading:

VoW W o
- 2 {R -1 2 L 8
Pg = 16M, J;(h) /?w"L tangstan (sina)Eos o+ — + tana]

3tana
R -1 "
+ |3) tan2e- cos (1 - wL) {1.31a)
- For a point loading:
_ 1 coséa .
Pp i PB (1.31b)
Cos a

Both (31a) and {31b) have only one minimum with respect to a.
Since it looks impossible to minimize them analytically we will

minimize them numerically.

' P
Appendix A, section 7 contains the numerical results for the (ﬂﬁ)
: min

o]

and ®in at various WL's and for several combinations of the geometric

parametars (%) and (%) . Figure 6a,b,c shows the variation of the load,

for several values of the thickness ratio, (E) .

1.6 Discussion

The presented analysis is valid only if ovalization of the cylinder
does not occur and the transverse sections outside the deforming region
remain circular. To obtain a deformation that satisfies this condition
we should have a cylinder with small length-to-radius ratio and fixed ends
The only experiments that tried to satisfy the no-ovalization condition
were done by Morris in [11]. Unfortunately, the investigation was Timited
to deflections up to ﬁL = 0.057 for a thickness-to-radius ratio of 53.

Therefore, no direct comparison can be made between our analysis and these

experiments.
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If we compare our results with the one from experiments (Ref (123}
where ovalization had occured (Fig. 1.7)* we see that our analy§is over-
estimates the crushing load by approximately a factor of three. Since
ovalization is unavoidable for all length-to-radius ratios that are useful
for practical applications, we conclude that further studies should include

an ovalization mechanism in the assumed deformation field.

* Figure 1.7 shows only up to % _= 0.4 because for W > 0.25 global

bending of the tubular beam had started during the experiment. Thus,
comparing the corresponding load with the calculated local crushing

Toad has no meaning.
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Chapter 2

s CAPACITY OF A TUBULAR MEMBER
LOADED_TRANSVERSELY

2.1 Introduction

The expression for the indenting load obtained in the previous
chapter holds only if the global deflection of the cylinder acting as a
beam is zero. In practice, we have simultaneous local and global
deflection. The two deformation modes interact with each other producing
a necessary crushing force for a given pair of deflections,local and global,
which is a function of these deflections.

To simplify the problem we can separate the cylinder's deformation
into two phases as done in [17]. In the first phase, the cylinder is
assumed to deform only Tocally. In this way a local indentation load vs.
deflection is obtained (as done in Chapter 1). In the second phase, it
is assumed that the Jocal deformation stops and the global bending
mechanism takes over. From simple geometry considerations, a function of
the global load vs. indentation can be obtained (see Appendix B,

Section 3). The indentation where the local load eauals the global

load is the one at which the switch from the local to the global mode
takes effect (Fig. 2.1). This approach, although simple, tends to over-
estimate both the maximum load sustained during the collision and the
local deflection at which this occurs. The overestimation of both these
quantities, in a problem where the important variable is the absorbed
energy, can very seriously offset the results and conclusions. In the
following sections, an attempt is made to model the interaction between
the local and the global deformation modes in order to obtain more

realistic results.
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2.2 Mode)l for the Deformation Mode Interaction

The deformation due to the global bending deflection can be taken
as occurring only in the middle section of the cylinder, where the con-
centrated hinge in global bending is formed. It is reasonable then
to assume that the interaction, if any, between the local and the
global deformation fields will occur in that middle section. Fig. 2.2
shows a general case of the middle indented section. As a result
of the global bending, arc fﬁh is in tension and arcs E}, fﬁ and ﬁgb
are in compression. Also, due tc the local deformation arc
ﬁEb is in tension. Since we cannot have a section both in

tension and compression it is obvious that tension will

prevail for part of the ﬁEE arc, say EE, and compression will prevail

for the rest. Fig. 2.3 shows how the local tensile strain raﬁe is super-
imposed on the global compressive strain rate over the arc EE. At point

E the two strain rates are equal and they cancel each other. The position
of point E depends on the relative magnitude of the local and global
deflection rates QL and QG respectively defined in Fig. 2.4. This posi-
tion is defined by the angle ¢ + w {see Fig. B1), which is related to

the above rates by the following expression:

(1 -c) [201 - ﬁL) + sin(¢ + w) ~ cos{e + w)] - C[(%)Eg%ﬁg] =0 (B12)

_ w 1
with ¢ = ?r (B10)
W
_ G

where  w: total deflection rate
Tocal deflection rate
global bending deflection rate

w, : local non-dimensional deflection

—
2(¢ + w): angle spanning the arc £BG where local extension prevails



-35-

UNDER TENSION DUE
TO LOCAL DEFORMATION

FIGURE 2.2




-36-

¢ '7 N9l

qy D4V QIWJ043d IHL ¥3A0 ILVY NIVALS

JA1SSIUAWOD INIANIE-TVEDTY IHL OGNV NIVHiS
FIISNIL YI0T FHL 40 zo_h_mc&mwmzm

|

S)

( :



-37-

h'¢ JN9I4

INI‘I

(»)

A1vY NOE1337434d vd09

IHL ANV IYJ01 JHL 40 NOILINId43d




-38-

Now that it is well defined which parts of the indented middle cross-
section are under tension and which are under compression we can find the
location of the plastic neutral axis by equating the sectional areas

under tension and compression. We obtain the following simple relation:

= sin(d + w) (BS)

Topy

We note that the location of the neutral axis depends on the amount of
material on the deformed part of the indented section which js under
tension. Thus it depends on the relative magnitdues of WL and *G‘

2.3 Energy Dissipation due to Membrane Extension OF Compression at the
Middie Hinge

For the cross-section of Fig. 2.5 we have:
e =gy *eqpteE (2.1)
where €, strain rate over region I
5 strain rate over region II

E M
I1
strain rate over region III

€111’

The above strain rates are given by:

. .1
« 1 e
i 7%, v 9 (2.2b)
1y - '
€1y = 1|V i Ve (2.2¢)
s 2.8
with ¢ = T (B7)

where §: rate of angular rotation of the cross-section about the
neutral axis

2yt width of the plastic hinge due to global bending

L: length of the cylinder

dy 1q,qpp° distances from the neutral axis (see Fig. 2.5)
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They are given by the following expressions:

9 5 m -1{E

=) = costy - % 0<ty <7 - sin (—R-) (2.3a)
4 -1
<1 % - cost, -sin (%) <ty < % -8 {2.3b}

d
(%) = (%)+ 2cos g - cost, 0<ty<g {2.3c)

From {(1.5) integrating along the thickness of the cylinder and
along the width of the plastic hinge we obtain an expression for

the rate of energy dissipation due to local membrane extension and

" ]
o! = ang o ‘/' &ds (2.8)
_ arcs

By substituting (2.1}, (2.2a,b,c), {2.3a,b,c), (A23), (BS), (B7}

global bending:

(B10) and (B11)} into (2.4) and integrating over the arcs of the cross-

section we obtain the final expression in terms of % . % . ﬁL, Qs T

and (¢ + w). (See appendix B, section 2).

D =16Mw ’ %J:)- os(¢+w)+(¢+w} sin(¢+m

- s1n[cos (1 - "L - CO0S -1 (1 - w ) sin{¢ + w ]
W

+ L)

L

2 ]') [2(1 - WL) + sin(o + m)] cos”! {1 -

- sin[%os"j'(l - WLﬂ - ;[}anZa . t:os'T (1 - ﬁLﬂ (813)
From (B12) we obtain:
2(1-% ) + sin(etn) - cos($+w)

) o (2.5)
4 (%) tanZa z(l-ﬁL) + sin(o+w) - cos(d+u)




(L) tanZa
R 2 (2.6)

(-2 =
‘; (‘k‘) E‘a‘rz"22 +2(1- ) + sin(¢+w) - cos(4rw)

We substitute (2.5) and {2.6) in (B.13). Noting that the denominator

in these equations is always positive we can take it out of the absolute

d
(h tan2a 2[cos($m)

D, = 16M w -
H 0 (%_) E.%_Z_@ +2(1-0 ) + sinfo*w) - cos (¢+w)

value, to obtain:

1

+ (p +w) sin(e +m)] - sin[t:os'1(1 - v‘iL)] - cos (1 -WL) sin{e +uw)

+ | tan2a - cos'lt'l - ﬁL) cos{d + w) - sin[{:oss'.I (1 - v'il_)] (2.7)

5 4 ralculation of the Crushipg Load for a Simply Supported Beam

2.4.1 Analytical Expression for the Load vs Deflecticn and Several Geometric
Parameters ’
The above expression is the rate of energy dissipation aue to global

bending of the cylinder and due to Jocal membrane extension. Thus, by
combining it with the hoop and bending term of {1.30) we obtain the
total rate of internal energy dissipatioﬁ. By equating that with the
external energy dissipation given in (1.26) and (1.27) we arrive at the
final expression for the total applied load, P:

For a beam or wedge Toading:

d
EB (h ltanZa 2 E:os{db +w)

= 16M
° (%) fan2x , (1-%) + sin(osw) - cos(ow)

+ (& + w) sin(e + m)] - sin[cos'l('l -i‘vL)] - cos'](l - i’cL) sin(e +w)

|

J V2w 2w, o
2 (R -1 L 2 L B
+ 3 (F) J?w’l_ tgno. « tan (sin)[cos o + 5 + a]

3tan"a  tan

+|tan2a- cos‘](I - ﬁL) cos{a + w) - sin cos”! Q- ﬁL)

(2.8a)
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where w is given by:

1
_ -1 ~ ~ ~ 1 ~
W = COS [(1 - wL) i\EL(I? - wL) -3 Jfor' W > 0.5 (B4)
w= 40 for ﬁL £ 0.5
For a point loading:
—_ 1 cos?a &
P o - P 2.8
P 2 cosza B ( b)

The final crushing load vs. total deflection is then given parametricaily

by (2.8a,b) and (B4} in terms of M, % , &, and a.

2.4.2 Minimization Procedure

Given the geometric parameters % and -% , for each value of GL,
expressions (2.8a,b) can be minimized with respect to ¢ and o to yield
the final crushing load corresponding to that value of ﬁL. From the
above process, the function of ¢ values at the minimum load, Snin® Vs
WL is obtained. Combining ¢min(WL) with (2.5) and (B4) we obtain a
function of the £ values at the minimum load vs % > Zmin (ﬁL). To obtain
the final relation for the load vs total deflection we need to calculate

w as follows:
W

L o~
dw
W= ———'—'I:'T— (29)
{w )

o Cmin

A smaIT computer program was developed to perform the minimization. A
very simple grid search scheme was employed. An 11 by 50 point grid
was used in most of the cases, and was found adequate. Yet, since the
required computer time was minimal, a much more detailed search could
be easily performed if better accuracy was needed. The program was
constructed to be interactive so that the user could vary the various
parameters and search ranges and intervals. A listing of the program

is given in Appendix B, section 4.



-43-
2.4.3 Numerical Results
The crushing load was calculated for several combinations of the
radius-to-thickness ratio, %, and length-to-radius ratio, % . Appendix
8, section 5 contains the detailed results for the cases examined. For

a . , and ¢

-~ p
L, the values of w, M Enin® %min nin

each combination of %—and R
are given at several deflections, ﬁL. The crushing load vs local deflection
are plotted in Fig. 2.6-2.11. 1In Fig. 2.6-2.8 the crushing load variation
with the length-to-radius ratio is shown for three radius-to-thickness
ratios. In Fig. 2.9-2.11 the variation of the crushing load with the
radius-to-thickness ratio is given for three length-to-radius ratios.

Fig. 2.12 gives the maximum load and the load-deflection curve for two

cases: when the interaction between the local and the global deformation

modes is taken into consideration and when they are assumed (for simplicity)

to be independent.
2.5 Effect of Axial Restraint at the Supports

1f the ends of the tubular beam are axiaily restrainec the load
carrying capacity of the beam will increase compared to the simply
supported case presented in the previous sections. This is due to membrane
forces developing while the tube deflects globally as a beam. The
post-yield behavior of rectangular beams has been analysed in [18] and
extended to beams with tubular cross-section by Oliveira in [19]. The

following expressions hold:

p

R m N 7 N -
5 =2¢C0S 53 TEN W

PB 2 Np 8 NP G

d o

p - .1 N N

—rz—y = k | W - SN 59— o < 1
P

R_mT-~ N
— =z W o > 1
PB 8 G . Np
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with ks =

where PR: load carried by a beam axially restrained at the supports

PB: load carried by a simply supported beam

ﬁL: non-dimensional axial force
P

Ks: axial stiffness at the supports

The above equations were solved by Tinearizing the yield condition for
a particular value of ﬁiu Fig. 2.13 shows several curves relating
p
Pp to PB and W for various values of the stiffness parameter ks. Fig., 2.14

shows the simply supported case of Fig. 2.12 adjusted for an axial support

restraint of kg = 1, together with the results from an experiment
([12]). Both are for the same geometric parameters: % = 17.65, %-= 6.11,
B .

5 0.465.

2.6 Discussion

In all of the calculated load-deformation curves three separate
phases during deformation can be noted. These phases which were also
observed during experiments ([ 8] to [10]) are: (1) a pure crumpling
phase during which only local deformation occurs, {ii) a bending and
crumpling phase during which both local deformation and global bending
occurs simultanecusly, and (iii) a phase of structural collapse during
which the local deformation is very small and the load drops steeply.

There are several trends that can be deduced from the results.
Examining Fig. 2.6-2.8 we can note that the load capacity is reduced as
the length-to-radius ratic is increased for constant radius-to-thickness

ratio. This behavior, of course, is analogous to the variation with
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length of the collapse load for a rigid-plastic beam. Another observation
from the above figﬁres is that the crumpling phase gets shorter as %
increases. This was also observed during the experiments by Thomas, 5.G.
et al. in [ 8] to [10].

In addition to the above we can see from Fig. 2.9 - 2.11 that the
load capacity increases as the radius-to-thickness ratio increases for
constant length-to-radius ratic. This can also be explained by recalling
the rigid-plastic beam case mentioned above. Similarly, it can be seen
that the pure crumpling phase becomes longer as %-increases. Also, we
note that the variation of the duration of the above phase with E is less

than the variation of that phase‘s duration with %.
If now we examine Fig. 2.14 we see that the overal] pattern of the

ca]cu]ated Joad-defiection curve is similar to the one obtained by the
experiment. However, there js a difference of a factor of two {a the two
load levels. Also the slope of the experimental curve between 0.4<Wp<1.0 is
larger than the slope of the calculated curve, although a relatively

high axial support stiffness was used for the latter (probably higher

than the actual one of the experiment). This, I believe, can be expiained
by the fact that as discussed in the first chapter the expression which

is used in this chapter for the load due to local deformation overestimates
thaf load by a factor of around three. Finally,in Fig. 2.15 it is shown
schematically how a smaller local crushing load would affect the calculated

overall load-deflection curve for a tubular beam.
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Chapter 3
DYNAMIC MODELLING QF A COLLISION

3.1 Introduction

During a collision of a ship with an offshore platform the kinetic
energy of the ship is partially absorbed by the platform and partially
absorbed by the ship itself. The classification societies and other regu-
latory bodies have included in their codes clauses that define what
percentage of the transformed energy is absorbed by the ship and what
by the platform. Since the partitioning of the energy depends on both
the masses and the plastic load-deflecticn characteristics of the ship
and the platform, just defining a percentage partitioning might result
in consi¢erab1e errors. To avoid this, most codes specify a percentage
that is conservative for the platforms, with the 100% of the enerqgy
required to be absorbed by the platform being the extreme.

Sgrensen has presented in [20] a simple way of calculating the
maximum load that a platform of known stiffness characteristics would
withstand during a collision with a ship of also known mass and stiffness
characteristics and for a given impact velocity. The load vs. deflection
curves for both structures were assumed to be elastic-perfectly plastic
and the problem could thus be solved analytically. In addition, the
foundation stiffness of the platform was taken as infinite so that no
movement of the impacted member was allowed. In this section the above
method is extended, so that it can be applied using more realistic load-
deflection characteristics. Furthermore, one more degree of freedom was
added to the model, so that cases where the platform's foundation stiff-

ness cannot be assumed infinite, could now be analyzed.
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3.2 Simplified Collision Dynamics Model

The collision problem can be modelled as a plastic impact involving

translational motion only. The following equations can be written:
mysy = 'F(GI + 62) (3.1a)

mzi = F(Ei1 + 62) - FR(x) (3.1b)

where my: mass and hydrodynamic added mass of the impacting ship

equivalent mass and hydrodynamic added mass of the
platform (defined further in this section)

Xp displacement of the center of mass of the impacting ship
x: displacement of the center of mass of the platform
F: contact force between the ship and the platform
F_: platform's foundation reaction force ﬁ
61: crushing length of the impacting ship

8yt crushing length of the platform
A schematic representation of the impact model is given in Fig.3.1. The
following relation between x,, X and 61, 62 holds:
X]-X’61+62=5 (3-2)

By substituting the above in (3.1a,b) we obtain:

m1£] = -F(x] -x) (3.3a)
myx = F(x; = x) - Fplx) (3.3b)
Defining X = x; - x (3.42)

we have X = R} - X (3.4b)
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By substituting in (3.3a,b) we obtain:

mX = F{X} - Fp(x) (3.5b)
The load-deformation funczion F(X) can be obtained by combining

the two plastic load-deformation functions of the ship and the platform

as explained in appendix C, section 1. The platform foundation's Joad-

deformation function, FR(x). could, for most cases, be substituted by the

linear term (k-x}. Since F{X) will be non-linear and (3.5a,b) should

be solved numerically we can leave FR(x) in a general force-deflection

form. Thus we preserve generality, in case that the foundation support

reaction is non-}inear.

3.3 Numerical Solution of the Differential Eduations

3.3.1 Formulation of the Recursive Relations Used for the Solution

To solve (3.5a,b) we use the Central Difference Method as
outlined in [21]. The equations are integrated using a numerical
step-by-step procedure. In essence, this method is based on two ideas.
First, instead of trying to satisfy (3.5a,b) at any time t, it is aimed
to satisfy them only at discreet time intervals At apart. Second, a
Tinear variation of displacements, velocities and accelerations within
each time interval At is assumed. We then have:

. )
Xy ;‘Z["t-at 2xt+xt+ét] (3.6)

]
X F[xt-nt "Bt "t+At] (3.60)

where t denotes positionin time.
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Substituting back in (3.5a,b) and sclving for X, .. and x, .. We

obtain:
- atll L I
xt"‘At = At [ITI2 FR (xt) = (m1 + mz) F(Xt‘] + 2Xt - Xt_ﬂt (3.73)
Atz
xt"’ﬂt = -I'T'IE— [F(xt) - FR[Xt)] + th - xt-At (3.7b)

To initialize the problem and calculate the solution at time At, x_At

and X_pt are needed. They are given by:
. Atz .-
X_ ¢ = Xy - 8tX + S Xy (3.8a)
2
VU I\ g
X_pe = %o At Xq + 5~ Xg

where X % X
o "o "o

and Xy *o’ io are the initial conditions.

To obtain a valid solution using the central difference method,

the time step 8t should be less than a critical value tCr and

T .

min
At =~

where Tm.n is the smallest period of the system.

The critical time step,;ﬁtcr, at small displacements is evaluated in

Appendix €, section 2. Thus we have

At<at,, =
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2 (C.4)

with K =

ky= -t (C.3a)

ky = _2 {C.3b)

k = _E (C-BC}
x=+0
where F](él): plastic load-deformation relationship of the impacting ship

F2(62): plastic load-deformation relationship of the platform

FR(x) :  force-deflection relationship for the platform's foundation
reaction

Here we should note that a At slightly smaller than the critical time
step guarantees stability in the results but not accuracy. In many
occasions a time step several times smaller than the critical one is

required for the results to converge within satisfactorily small errors.

3.3.2 Required Input for the Solution _

For the consecutive time step solution a computer program was devel-
oped using (3.7a,b), (3.8a,b) and the method of combining (in series)
two piecewise linear force-deflection curves ( presented in appendix C,
section 1). The input of tﬁe program consists of:

(i)} masses my and m,

(ii) 1load deflection relaticnships FI(GT)’ FZ(GZ), FR(x)

. . . . » P . - -
(iii1) initial conditions Xgo %o xo and Xy &g xo
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Before proceeding with the description of the program and the results the

physical meaning of the above gquantities should be given:

- The mass m, is the mass of the impacting ship plus the added mass
which can be taken as 10% of the ship's mass for bow and stern collision
and 40% for side collision (Ref. [22]).

- The mass m, for a floating structure is the total mass of the structure
plus the hydrodynamic added mass. In the case of a bottom-supported
structure, m,, is the equivalent lumped mass plus added mass of the
structure taken as a candilever (see appendix C, section 3).

- The load-deformation relationship F1(6]) can be taken from (2.8 a,b),
(2.9), and (84) for minor collisions. 1In the cése of a major collision,
where the deformation of the platform will not be limited at the
impacted member, a global analysis of the platform using finite element
methods should be performed to complement the above given relationship
for large 8y

- The load-deformation relationship Fz(dz) can be taken from the
literature. Some experimental data and analytical results are given
in Ref. [23], [24], and [25].

- The foundation reaction vs. deflection relationship can be calculated
for a given platform design.

- Initial conditions will be dictated by the case we want to analyze.

For fixed structures, io’ %,» and X  are zero.
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3.3.3 Description of the Computer Program used for the Solution of
the Differential Equations

The program, which uses double precision variables, was constructed

to be interactive so that the user can vary the input masses and

initial conditions to examine various cases. In addition, he can vary

the time step, At, until the resuits converge within an acceptable

margin. The program goes through the following steps during execution:

(i)

(vi)

{vii)

{viif)

Reads the stiffness characteristics of the ship, the ptatform
and the platform's foundation.

Calculates the combined spring characteristics of the ship and
platform spring in series.

Prompts for input of the ship's and platform's masses.
Calculates and displays the natural_periods for the linearized
system at time t = #0.

Prompts for input of the ship's velocity and acceleration at
the moment right before impact.

Prompts for input of the time step to be used for the
calculations, and the time intervdl at which to prjnt the
results*.

Calculates, displays, and stores in an output file the results
consisting of: the time, t, the displacement of the center of
gravity of the ship, Xq» the displacement of the center of
gravity of the paltform, x, the contact force developed between
the ship and the platform, and the platform's foundation reaction.
Since both the ship's and the platform's deformations are

plastic when (x.i - x) becomes negative the program stops and

* For example, if 50 is input as print interval, the results will be
printed at every 50 time steps, i.e. at t = 504t, 100at, 1504t, etc.
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asks if the user wants to continue with a new time step, new
initial conditions, or new masses and goes back to steps (vi},
{v), or {iii) accordingly. Otherwise it stops.

A complete Tisting of the program is given in Appendix ¢, section 4.

3.4 Numerical Examples

3.4.1 Cases Examined

There were eighteen example cases examined. These consisted of

six different collision scenarios for each of the following three tvDes

of p]atfdrms: an anchored semisubmersible, a jacket, and a tension led
platform. The various collision scenarios are given below:
(i) “Stiff" bow collision on a brace
(i) "Stiff" bow collision on a leg.
(iii) "Soft" bow collision on a leg
{iv) “Soft" bow collision on a brace
(v) Side collision on a leg
(vi) Stern collision on a Teg
In the above, "stiff" bow refers to a typical-strength bow of a supply
vessel while "soft" bow refers to a specially designed bow that reguires
a lower crushing load for the same deformation. Typical load deformation
curves for the ship are obtained from Ref. [26]), while the equivalent
curves for a typical installation's brace and ieg were calculated from

equations (2.8a,b), (2.9), and (B4). They are presented in Fig. 3.2

to 3.7.

3.4.2 Results

The results for the various cases examined are given in Appendix C,
section 5. The calculated ship and platform displacements for scenarios
(i) to {(vi) are plotted in Figures 3.8a through 3.13a. Similarly, the

calculated contact forces and the platform's foundation reactions for the
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above six scenarios are plotted in Figures 3.8b through 3.13b. Each

of the above graphs contains the obtained curves for the three different
platform types: the semisubmersible, the fixed jacket, and the tension
leg platform. The contact force level is very important in assessing

the damages to both the platform and the ship during a collision.

Therefore, in Fig. 3.14 the contact forces developed during a collision
according to the above six scenarios are compared for each of the examined

piatforms.

3.5 Discussion

It appears from Figures 3.8a through 3.13a that the displacement of
the center of gravity of the impacting ship is independent of the mass
or the foundation stiffness of the impacted structure and that it varies
with the platform's and ship's structural stiffness. On the other hand,
the deflection of the center of gravity of the platformseems to be more
dependent on the foundation stiffness and the platform's mass. Thus, we
see that the deflection of the semisubmersible, with a relatively small
mass and foundation stiffness, is consistently higher than the ones of
the fixed jacket, which has a comparable mass but much higher foundation
stiffness, and the tension leg platform, which has a comparab]é foundation
stiffness but much higher mass (and consequently inertia}.

Examining the forces developed during the various.c011ision set-ups
which were studied we note from figures 3.8b through 3.13b that the con-
tact force between the impacting ship and the impacted structures shows
trends inverse of the platform's deflection. Hence, the contact
force for the case of the semisubmersible is consistently slightly Tower
fhan the ones of the jacket and the tension leg platform. Also, we can

see that the jacket's deflection is kept sma]l_by its large foundation
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reaction while the deflection of the tension leg platform is kept smalil
by means of its inertia only {due to its large mass} since its foundation

reaction is virtually zero.
Fig. 3.14 shows the variation of the contact force level for the

various collision scenarios studied and as an extension with the struc-
tural stiffrness of the ship and the platform. We note that the effect

of the "soft" bow {vs. the "stiff" bow) in reducing the maximum contact
force is non-existent when the stiffness of the platform (its brace in
this case) is lower than the stiffness of the bow itself. On the contrary,
when the stiffness of the platform is higher than the stiffness of the
bow, the effect of a "soft" bow can be very significant. Noting that the
contact force for a stern collision with a leg is relatively high and
recalling that, due to operational procedures, a supply vessel is more
1ikely to impact on a platform by the stern*, we conclude that a specially
designed "soft" stern can be very helpful in reducing the maximum contact
force. In that way the damage to the paltform due to a collision can be
reduced together with the risk of further structural failures and conse-
quent total loss. Of course, a low-reaction force, high energy capacity
fender placed at the stern of the ship or on the leg of the. platform
would give the same result as a "soft" stern. The problem with such a
fender is that it would be bulky and most probably impractical to use

but then, it may be much more economically attractive.

* 1In most installations the supply vessel anchors or is moored at a
buoy by the bow and backs-up towards the platform with the stern. A
line that gives-in at that point or a miscalculation will result in a
collision by the stern.
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CHAPTER 4
COST BENEFIT ANALYSIS FOR MINOR COLLISIONS

4.1 Introduction

A collision with an offshore platform can be characterized, based
on the extent of the damages to the structure, as major or minor. A
minor collision. will result in only repairable local damage of the
structure and most probably will not call for cease of operations. A
major collision on the other hand will, in addition, damage the plat-
form globally and will certainly force an indefinite cease of operations
at least from the damaged platform. TablelV.l sumnarizes the risk of
collision of several types of vessels with a platform together with the
consequences of such a collision.

Designing a platform to withstand a major collision and remain
operational can, even if it is proved to be technicaily feasible, be
extremely uneconomical. Instead, several precautionary measures are
taken so that the risk of such a major collision can be decreased.
According to the 1964 Continental Shelf Convention, offshore installations
must be sited off recognized shipping lanes.  Further, the Convention
established the right of the costal states to declare safety zones, of
500 meters radius, around each of the installations. These zones, which
for permanent platforms are marked on navigational charts are prohibited
to all marine traffic not requiring access to the installation for approved
operational purposes. The installations themselves are required to have
Tights flashing the Morse letter " during the night and other means of
identification during the day. Since all these platforms are large
structures they tendto give good radar return to vessels using such

equipment (hopefully all large ships under conditions of poor visibility).
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Table IV.1
Probability

Type of Ship of Collision Damage Extent
Supply vessel Tocal
Crane Vessel P> 1072 local or global
Rigs and Buoy Fenders local
Tanker for Loading global
Stand-by Vessel P> 10-3 local
Fishing Vessel local
Pieasure Craft Tocal
Commercial Traffic ~ global
Supply Vessels servicing -6
another installation P>10 Tocal or global
Fishing Vessel Tocal

Adopted from Ref. {32]
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In addition to the above safety measures, in the North Sea {where there
is relatively high concentration of platforms}, each group of installations
in a certain vicinity is required to have a stand-by safety boat in
permanent attendance.

As it turns out, the above safety measures and specifically the
500 meters safety zone have very positive results in limiting the collisions
to mostly the ones with the servicing vessels which have to berth
alongside the platform. From Table IV.2 we can see that 37 out of 43
collisions involving offshore installations in the North Sea in the 1974-
1976 period are collisions with supply vessels. Still, although most of
these collisions are minor ones, it can be seen from Table I.3 that they
occupy the third place in platform accident frequency and so they are
responsible as a total for considerable capital ]osses. Thus, designing
the structure in a way that it can withstand a minor collision with very
1ittle damage could be very attractive economically.

In this chapter, ways of estimating the risk of a minor collision
are discussed (with particular emphasis to supply boats) and a method
is outlined for a cost benefit analysis of a collision damage vs
strengthening of the platform. Ref [27] presents a similar. very brief,
simplified cost-benefit method which though is restricted by the fact that
it investigates only various fender investment alternatives, <o it
examines the problem from the point of view of an already constructed
structure rather than from the initial design stage. In the following
formulation, the total cost of the structure (including both the initial
fabrication cost and the expected damage losses due to collision) is
minimized and the optimum local strength characteristics (around the

waterline) of the platform are defined. The cost of repairing the damage



TABLE 1v.4
INCIDENTS INVOLVING UK OFFSHORE INSTALLATIONS IN THE NORTH SEA IN 1974/6

Safety zone

infringements Collisions
Southern Basin
Service craft 6 2
Fishing Vessels 69 1
Unknown & others 35 1
Total 110 4
Northern Basin
Service craft 0 17
Fishing vessels 6 0
Unknown & others 3 0
Total 9 17
East Shetland Basin
Service Craft t] 18
Fishing vessles 0 2
Unknown & others Q 2
Total 0 22
Total, all areas 119 43

From Ref. [28]
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due to a minor collision together with the initial construction cost vs.
strength are considered. In addition, the platform's damage calculation
method, presented in the first three chapters, combined with probabilistic
data on the risk of such a collision as well as the impacting ship's dis-
placement and impact velocity are used. In the next section methods of

estimating these probabilistic data are presented.

4.2 Risk Analysis of Offshore Collisions

In broad terms, risk is defined as the product of the probability
of occurrence and the expected consequences. As far as the risk of colli-
sion is concerned the marine traffic around a platform may be divided in
three general groups:
1) Vessels having business with the platform and which will approach
very close to or even berth alongside it:
(i) Supply Vessels
(ii) Crane Vessels
{iii) Tugs and Buoy Tenders
2) Vessels wishing to go close to the installation but not normally
expected to enter the 500 meter safety zone:
(i) Tankers for loading at a nearby SPM
(ii) Stand-by boat
(iii) Fishing vesseis
{(iv) Pleasure crafts
3) Vessels on passage through the area:
(i) Ordinary commercial traffic
(ii) Fishing Vessels

(1i1) Supply vessels visiting another installation.
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As it can be seen from Table 4.1 collision of one of the vessels of the
first group with a platform has the highest probability of occurence
while collision of one of the vessels of the third group is the least
probable. Besides the probability of occurence there are two more major
parameters that influence the extent of collision damages and coensequently
risk. These are the displacement and impact velocity of the colliding
ship. Thus, to correctly assess the risk of collision we need three
pieces of probabilistic information:
(i) probability of collision, Pn
(ii) probability density function of impact velocity, pdfVc
(11i) probability density function of impacting vessel's mass,
pdfM .
5
A1l the above functions depend on which group, of the ones described
earlier, the impacting vessel belongs to. As it has been shown in the
introduction of the chapter, the majority of the collisions are minor ones
and with vessels belonging to the first group. Thus, the following
analysis will be for simplicity confined to these vessels and more
specifically to the supply vessels servicing the platforms*., A risk

assessment can be based entirely on past experience or simulation tech-

niques. Both methods have advantages and disadvantages.

4.2.1 Coliision Probability Based on Past Experience
1f the analysis is based on past collision statistics several limit-

ations arise. Due to the nature of the events, the sample size is very

* As it has already been discussed, it is infeasible or uneconomical
to design a platform to withstand a major collision (1like one with a
passing cargo ship) and so, a case 1ike this is irrelevant to the
following cost-benefit analysis.
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small creating considerable uncertainty for the calcuiated probability.
In addition to that, whether the basic assumption of independence of
events holds is questionable. That is so, because after one or several
accidents have occurred, changes will be introduced to the system (i.e.
changes in the codes). Those changes will almost .certainly influence the
probability of consequent collisions. On the other hand, if the sample
size is large enough (as in the case of North Sea) and most occurred
collisions are minor ones not involving many fatalities and excessive
damage (so that the codes might not be changed), probabilities derived
based on past statistics can be very realistic.

Their main advantage is that they incorporate uncertain factors,
1ike the relative movement of a mobile rig due to waves, which the
simplified analytical methods have to neglect. Their major disadvantage,
however, is that they can been used with confidence only for platforms in
the region where the statistics were compiled. This is so, because both
the environmental and the operating conditions are locked in the past
statistics and there is no way to differentiate for different ones in

another region.

4.2.2 Collision Probability Based on Simulation Techniques

In the case that we need to estimate the probability of collision of
a vessel with a platform in a region where there are not enough past
collision statistics we can create them using a simulation method. The
input to the calculations is the probability density functions of the wind,
wave, and current intensity and direction. In such a way, this method
Jends itself handy in almost any region where platforms are or will be

located since the above required data are readily available for these

sites.
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The shortcoming of this method is, of course, that it gives results
as good as the analytical model which is used for the simulation. Still,
considering that it can be used for every location where weather data
are available,and past collision statistics are not, makes it better than
nothing. Another limitation of this method is that it calculates a
conditional probability given that a certain ith critical failure has
occurredon the approaching vessel (lossof power, loss of steering, etc.).
Then, this conditional probability is combined with the probability that
the ith critical failure will occur to yield the probability of collision
due to the ith critical failure:

P (collision) = P(collision/failure i)-P(failure i)

To obtain the total collision probability, given that the i critical
failures are independent of each other, we have to sum all the Pi {collision).

5o,
m
P (collision) = D [P(collision/failure 1)-P (failure 1)1  (4.1)
-i

where m: number of possible critical failures

n: operating lifetime of the installation {years)
It is easily seen that, if there exist many critical failures with non-
negligible probability of occurrence, i.e. Pn(failure i), the above ‘
method tends to be costly and time consuming. In our case of the supply
boat where the only probable critical failure during the berthing approach
are: (i) 1loss of power, (ii) loss of steering, and (iii) loss of '
mooring line(s) the above outlined simulation method is relatively easy

to employ.
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4.3 Cost - Benefit Analysis

Usually, when the structural analysis for a platform has been per-
formed the only objective is to design the most economic¢ (in terms of
jnitial cost and sometimes maintenance) structure that complies with the
pertaining codes and that can withstand the extreme environmental loads
which might be imposed on it during its operating life. The resulting
structure is then checked for several accidentai loading conditions,
usually specified by the codes. If it is not found adegquate, it is
strengthened until it 1s. In that process, no economic considerations
are given to the structural-strength vs. accidental-load-damage aspect
of the problem even if the accident has a relatively high probability
of occurrence. In the case of an offshore collision, the above probabilty
has been calculated to be (for a North Sea Installation) about 0;35/yr.
for a mobile rig and 0.1/yr. for a fixed platform (Ref. [28]). Although
the usual damages resulting for most of the expected collisions are small,
it is easy to see that a significant collision damage cosf can be
accumulated using the 30-year operating 1ife of the installation. The
expected economic loss from collisions during the platform's Tifetime
can be written as:

c.=¢, (D} P : (84.2)

where C. © Expected cost of collisions
¢y = Cost of collision as a function of the collision damage
Dp = Platform's damage due to collision
P, = Probability of-c011isions during the n years of the

platform's operating lifetime
As discussed in Chapter 3, the platform's damage due to a collision is a

function of several variables and can be written as:
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Dp = Dp (VC, Ms' Mp, SS, Sp) - (4.3)
where Vc: Ship's impact velocity
Ms: Impacting ship's mass plus hydrodynamic added mass
Mp: Platform's mass plus hydrodynamic added mass
SS: Ship's loaded vs. plastic deformation characteristics

Sp: Platform's local load vs. plastic deformation characteristics
(i.e. of a brace)

In addition, it is logical to assume that Ss is a function of Ms for
similar types of vessels {1like the supply vessels of our case). Vc is

a continuous variable and has a certain probability density function.
ATthough Ms can take several distinct values at each site at a certain
time (based on the displacements of the existing supply vessel fleet
servicing that site at that time], in the long run it can be thought of as
a continuous variablewith an associated probability density function

{See Fig. 4.1). Then, the total expected economic loss from collision

during the platform's lifetime can be written as:
Cc = ff Cd[Dp(VC’MS’ M[” Ss(Ms‘l,Sp)]-Pn'pdfvc.pdst_dvc.dMs
Vo Mg

where pdfv : probability density function of Vc
c

Ms

At this point we should note that if we wanted to be vigorous we should

pdf probability density fucntion of M,

write the (Pn'pdfvc-pdst) term as a joint pdf, which would be a function
of Uc and MS. This pdf would be almost impossible to determine and
so a simplification was introduced by breaking it into three terms,
all relatively easy to obtain, Both Pn and pdfv can be obtained either

from past collision records or using the simulation method like [28]
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and [29], while MS can be obtained from histograms of supply vessels
involved in offshore collisions, similar to the one of Fig., 4.2.

The cost of the structure CS and cost of damage Cd are related and
can be taken from past experience of the yard most likely to handle

the job or from compiled statistics 1ike [30] and [31]. Although

they both refer to ship construction costs, they are applicable in the
offshore contruction also since both the cost of steel and labor and
the labor intensity and overheads are the same for the offshore jacket
construction as they are for shipbuilding.

Now that the cost of collision is determined we can write the total
cost of the structure as:

C, =C._+¢C | (4.5)

where £ is the initial fabrication cost and c¢an be determined
from the same sources as Cd

Noting that CS js a function of the platform's strength characteristics
S and substituting 4.4 in 4.5 we arrive at the final expression for the

total cost of the structure in terms of its strength characteristics Sp

Cy = C5(Sy) +fj’cd [0p(Vcs Mgs Mys SqING). S)] Pyopdfy -pdfy ~dVe dM,
V.M
¢ s (4.6)
To obtain the economically optimum platform's strength, Sp, the above
expression can be minimized with Sp taken as the minimization variable.

Sp is subject to the constraint:

S, 2 Sy

where Sd is the design strength for analysis based only on environ-
mental loads.
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During the minimization process, the effective mass of the platform,
Mp, is treated as an input variable and can be assumed constant for
small changes in the local strength of the structure, Sp, around the
waterline. Alsa, the strength of the impacting ship, Ss’ is considered
as input variable function and the strength characteristics of a typical

supply vessel can be used.

4.4 Conclusions

As discussed earlier, this is just an outline of a method rather
than a detailed analysis.Much of the required input is described in very
general terms and some more refinements will be required to define the
exact set of data required before applying it. However, these details
were not included because they depend on the particular characteristics
of a location and installation and they should be adjusted accordingly
every time. Thus, although the formulation was presented in a rather
general way, care was taken to link each set of required data to realistic
and existing sources or to feasible and practical methods of gathering
them. When the presented method is used with the help of a computer,
the extent of damages can be calculated easily and repeatedly (as
demonstrated in Chapter 3). It can thus be proved to be of very good
nelp in economically optimizing structures such as mobile rigs which have
(in the North Sea) a probability of minor collisions of 0.35, i.e.
more than one every three years in their 15 year life.

In concluding, we should add that the above formulation is general
enough so that it can also be used to aralyze the economic feasibility of

any fender system, either energy dissipating (one use only) or not. To
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perform such an analysis, the fender's load vs. deformation characteristics
have to be combined with the platforms's local strength characteristics 1o
obtain Sp, and the fender's cost has to be included in the structure's

cost, Cs'
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APPENDIX A

A.1 Calculation of Angular Rotation @'

-
»

We define: W
(fig. Al and
Fig 1.4)

£l+ a“' e

as the vector of the downward velocity of the
inner hinge (negative Y direction}.

as the downward velocity of the external load

as the vector along the Y' axis

as the vector of the component of the velocity of
the inner hinge which is parallel to the negative
Y' axis (fig.1.4)

as the rate of angular rotation of the plasticized

zone section as deformation progresses

2' as the width of the plasticized zone (fig.1.4)

-

To caleulate w we need to consider the following factors:

e The cross-section between the inner and outer hinges

(plasticized zone) rotates as a rigid body about the

instantaneous center (taken as the outer hinge).

e The average downwards (parallel to the negative Y axis)

velocity of the above cross section is the velocity at

which the external load moves.

e The region inside the inner hinge has been assumed to

move as a rigid body downwards and so does the inner hinge.
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-

We can now write w as:
*
w= 2wl
= - + N
17 tana J
~ > .
The component of w along m is W It is given by:
-
- [ -
* vem m
WS >0l =
|m|L|m
= 2Wcosa [sinai- cosa j] (A1)

The rate of angular rotation is then

-

o "
. _ "o .
with VAR Tosg Sim Y? (A3)

From (A1), (A2), and (A3) we obtain

o . 2 W cos’a
& = ATsiny (A4)
0

A.2 Evaluation of the fquation Describing the Parabolic Pfoproximation

of the Cross-Section of the Plasticized Zone

We define: P as a vector along the A' axis
(Fig A1) h as a vector along the outward normal to the
parabolic expansion of the cylinder's surface

at a general point A on the outer hinge

<t

as a vector along the x' axis

ot |

as a vector tangent to the parabolic expansion

to the cylinder's surface at A and perpendicular to p
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g' as the angle between v and %t

3 as the angle between Wi and Y-axis
Y as the projection on the X-Y plane of the angle
between the outer hinge and the X' axis
Let us write the equation describfnq the cross-section of the plasticized
sone between the outer and the inner hinge as

‘2 4 bx' +c

y' (x'} = ax
We evaluate the three constants by fitting this curve at the points

A and B and at theslope (tand') at the outer hinge A. We obtain:

a= - tang'
'

b = tand'

c=0

This gives:

2 4 %] (AS)

y*(x") = tanc' [- 1?, x
Before being able to evaluate tand' we need to calculate ¥ and v. We

have that:

H = §+ tanx © 3 - tany - k

h=cotd3 . +k (A6)
From{1.2) we have:

dy _ 1

taf.&-af =17 (AT)
Angle Y is equal to the angle between the A-axis and the X-axis.
So, we can write:

dX Z_. ] =-coty A(B)

3z " T Rtamd  tan{-v)

Combining the above and {A7) we obtain:

tanB = tan®- coty
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Substituting back in (A6) we come to:

tany “
o= tana)

By definition we have:

2=hxP
= tan [- (tan vy + tan a)-| + tana-J - tany-k] (A9)
also,
'J =M xp

1 1
~— [tany 3 + tany-tam- J + %] (A10)
c0525

tana

The angle o' can then be calculated from:

and after some pages of tedious algebra we obtain:

£0sa

coso!
J/I + coszy- tanza

and

tany 2. Z
TSy /Eos a + cot”y (A11)

tang’

Substituting (A3) and (A11) in (AS) we obtain:

1fo1y . tana cosu 2 '
y'(x') = siny' [- m"(') x'C + x"] (A12)
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A.3 Evaluation of the First Moment of Area of the Cross=-Section

Betwaen the Inner and Outer Hinge

The equation of the cross section of the plasticized zone is given

by (A5) as:

x'2

The first moment of area (about the x' axis)of an arc of thickness h

and given by the above equation is approximately given by:

Mt =h [ y'dx'
¢

. % tang' ¢ £'2 (A13)

Substituting (A3) and {A11) in (A13) we obtain:

Hl
@ - e e (n14)

A .4 Relation Between? and "L

We define: 8' as y' at X'=0
6 as the projection on the X-Y plane of 8’

From (AB) we can write:

- Z(X=0) _
cots Rtana (A15)

From (3) we have:

Z(X=0) = /ZR%_ (A16}

Combining (A15) and (A16) we obtain:
/o b
2 ©

tana

cots = (A17}
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We now need to find the relation betweeny andy y' is the angle

between the ' axis and the X' axis. From geometry it can be shown

to be equal to the angle between the Y axis and the vector V. Then

from analytic geometry we have:

[EATR

7|

cosy'

1

f/i + tanzy- €05 za

We also have the trigonometric identity:

i
cosY' =
v+ tanzY’

Combining the above two relations we conclude that:

tany' = tany- coso

OT',

cote

1 =
cots €050

Combining (A17) with (A18) we obtain:

f2 4t

- .
coto Sinc

(A18)

(A19)
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A.5 Relation Between ' and v'

We have that

DL
d’ = COSY'
From(1.4)we obtain:
ax' = - L g7
Rsina
dxl_ Zl

- 1
47" T " Rsing - Teoty

From the above, differentiating with respect to Y we obtain:

d7' = - Rsin o dy'
sin“y’

Combining the above two expressions we get:

dX' = cosy' Rsina g4

sin“y'
Substituting the above in {A20) we obtain:

+ - Rsing
sin“y'

1

dx dy

(A20)

(A21)
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A.6 Calculation of the pate of Membrane fxtension

We define: *p as the rate of downward (parallel to the
negative Y-axis) motion of the inner hinge.
&p as the rate of rotation of the longitudinal
section of the plasticized zone.
Figure A2 shows two subsequent {(during deformation) cuts of the cylinder
by a plane parallel to the X-Y plane, Lines AEG and BFH are the inter-
section of the hinge planes with the cutting plane. CE and DIF
represent the cut of the deformed rigid region (inside the inner hinge)

by the cutting plane. £l is the vertical displacement of the point E

for a deflection increment (of the load) of aw. We have:

EF = GH tang
£1 = £F = tan 2a

From the above we get:

El = fane tance

By taking the limit as aw- 0 and rates instead of displacement we obtain:
o= h HDnZs (A22)

and
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The rate of membrane extension of the material along the longitudinal
direction (X-axis) can be given by:
'n'e = wp ’ o tana

Combining the above two expressions we arrive at:

we = W tanZa (A23)
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2.7 Complete Numerical Results

Symbol Equivalence:

THICKNESS RATIO ©vennerernmnnnnnnns -Rh-

LOADING BEAM WIDTH «evrvrrrrnvreenns -g—

WL oo s 1LY

PO o oo éﬁ) _
Wmin

ALPHAMIN « oo eeeeesveeeseaeanennens & min

M ...... Load Due to Hoop and Bending

C2M .... Load Due to Membrane Extension



FILE: CA 1

THICKNESS RAT1O=

wL
0.0500
0. 1000
0. 1500
0. 2000
0.2500
0. 3000
©. 3500
0. 4000
0.4500
0. 5000
0.5500
0.6000
0.6300
Q. 7000
0. 7500
0. 8000
0. 8500
0.9000
0.9%00

- 1.0000

THICKNESS RATID=

WL

©.0%00

At

10,000

PO

27.0081
42.6070
55.7440
67,5409
76.4659
88.7138
98 . 4503
107.8082
116.8333
125.5320
134.0040
142.2795
150.2829
158.3348
166. 1527
173.8103
181.3572
188.8119
196. 1851

203.4873

10.000

PO
34.3219
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VM/SP CONVERSATIONAL MONITOR SYSTEM

LOADING BEAM WIDTH=

ALPHAMIN
4, %5000
5. 0000
5. 5000
8.0000
6.0000
8.5000
6.5000
€.5000
7.0000
7.0000
7.0000
7.0000
7.0000
7.0000
7.0000
7.5000
7.5000
7.5000
7.%000
7.5%000

POD
6.0292
9.5272

12. 4647

15. 1026

17.%485

19.8370

22,0142

24.1066

25,1247

28.0698

29.9642

31.8147

33.6266

3%5.4047

37.1529

38,8652

40.5527

42,2196 °

43.8683
45.5011

LOADING BEAM WIDTH=

ALPHAMIN

4.0000

POD

7.68746

¢.0

cm
18.9607
25.8825
as. 4889
4% 6561
52.8864
£9.3327
66.5643
73.5850
77.4024
B3.7568
a9 ._9€15
96.0330
101.9844
107 .8269
$113.5698
115. 1001
120,4695
§25.7633
130.9868

136. 1444

0. 465

CiMm

27.1811

C2M

B.
12.
17.
21.

24,

29

3t

4.

39

41,
a4
46,
a8,
S0.
82.
58.
€0.
63.
65.

€7.

0475
7245
2551
BRASB

$795

.3811

.8861

2532

.430%

752
0424
2465
3985
5079
5828
7103
8a7v
0485
1983

3428

CIM

7.

1408
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FILE: Ci 1 a1 VYM/SP CONVERSATIONAL MONITOR SYSTEM
0. 1000 49,9016 5 . 0000 11.1583 a7.1772 12.7245
0. 1500 62.9593 5. 5800 14.0781 45.7042 17.2551
0.2000 74.6228 5. 5000 16.6862 54,6094 20.0134
0.2500 85 .4306 6. 0000 19. 1028 60.8511 24,5735
0.3000 95,5677 €. 0000 21.3696 68.5170 27.0507
0.3500 t05. 2550 6. 0000 23.5%357 75%.8981 29.3570
0. 4000 1144776 6. 5000 25,5980 80.2244 34.2532
0.4500 123.3899 6. 5000 27.%5908 06.8784 36.5115
0.5%000 132.0486 6. 5000 29.5269 93,3663 28.6829
0.5500 140.4894 6.5000 31.4144 99.7078 40.7816
0. 5000 1486749 7.0000 33.2447 102.4284 46 .2465
0.6500 156 . 6841 70000 35.0356 108. 2857 48.3985
0. 7000 164 . 54R4 7.0000 36.79414 114.0405 50.507%
0. 7500 172.2843 7.0000 38.5239 119. 7015 52.5828
0.2000 179.9065 7.0000 . 40.2283 125.2763 54.6302
0. 8500 187.4272 7.0000 41.9100 130.7709 56.6563
0.8000 1948581 7.0000 43.5T716 136. 1912 58 . 6669
0.9500 202.2092 7.0000 45.2153 141.5418 60.6674
1.0000 209.4517 7.5000 46,0348 142.1089 67.3428

THICKNESS RATIO= 16.000 LOADING BEAM WIDTH=  1.000

Wi PO ALPHAMIN POD C cm
Q. 0500 40.7514 4.0000 " 9,1123 33.6106 7.1408
Q. 1000 56.7401 £, 5000 12.6875 45.3104 11.4297
G. 1500 69.9225 %, 0000 156352 54270t 15, 652%
Q. 2000 81.6772 5. 5000 18.2636 61.6628 20.0134
0. 2500 92.4641 5. 000 20.6756 £9.9865 22.4776

0.3000 102.6187 6. 0000 22.9485 75.5690 27.0%07



-110-

FILE: Ch 1 Al VM/SP CONVERSATIONAL MONITOR SYSTEM
0. 3500 112,.2155 &. 0000 2%.0821 82.B586 29.3570
0. 4000 121. 4477 &.0000 27,1565 89.9114 31.5364
0.4%00 130.3497 6.%000 29. 1471 93,8382 36.5115
0. 5000 138, 9249 §.5000 31.0645 100.2426 38.6823
0.5%00 147 . 2848 6.5000 32,9339 106, 5032 40.7816
0.6000 185, as88 6.5000 34.7616 112.6364 42.8224
0.6500 © 163.4701 6. 5000 36.5530 118.6550 44 8151
Q.7000 171,3026 7.0000 © 38.3044 120.7947 50.5079
0.7500 178.9716 7.0000 40.0193 126.3887 52.5828
0.8000 186.5294 7.0000 41,7092 131.8992 54,6302
0.8500 193.9884 7.0000 43.3779 137.3321 56.6563
0.9000 201.3600 7.0000 45_0255 142.6931 58.6669
©.9500 208 .6541 7.0000 466565 147.9867 60.6674
1.0000 215.8804 7.0000 4B.2723 153,2175 62.6628

THICKNESS RAT1O= 10.000 LOADING BEAM WIDTH= 2.000

wL PO ALPHAMIN POQD CiM CaM
0.0S00 50.2714 4. 0000 11.2410 43.1306 7.1408
0. 1000 67.28114 4.5000 15.0445 %5 8514 11.4297
G. 1500 80.9317 4. 5000 18.0969 66.8720 14.0597
©.2000 92.9105 5.0000 20.7154 747558 18,1546
0.2500 103.9034 5. 5000 23.2348 81.4318 22.4776
0. 3000 114.0982 5.5000 25.5129 89.3607 24.7375
| 0.3%00 123,795%7 5.5000 27.6816 96,9491 26.8466
0. 4000 133.0463 £.0000 29.7500 101.5099 31.5364
0.4%00 141.9167 6. 0000 2%.733% 108.3011 33.6156
0. 5000 150,5259 6.0000 32,6586 114.9118 35.6141
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FILE: CA 1 A9 VM/SP CONVERSATIONAL MONITOR SYSTEM
0.8500 158.9142 & . 0000 35.5342 121.3672 37.5470
0.6000 167.0445% 6.5000 - 37.3523 124.22214 42.B224
Q. 6500 $74.9B0O6 5.5000 39. 1268 130. 1655 44,8159
Q. 7000 182.7721 5.5000 40.8691 136.0037 46.7684
0.7500 te0. 4365 5.5000 42.5829 141, 7468 48.6897
0. 8000 197 .9886 6. 5000 44 2716 147.4032 80.5855
0.8500 205, 4410 8. 5000 45.9380 152.9794 52.4616
0.9000 212.7792 7.0000 47.5769 154 . 1123 58, 6669
0. 9500 220.0030 7.0000 49.1942 1593357 60.6674
1.0000 227.1602 7.0000 50.7946 164.4974 62.6628
THICKNESS RATIO= 17.650 LOADING BEAM WIDTH= 0.0
wi PO ALPHAMIN FOD cim c2M
0.0%00 39. 1441 4, 0000 5.5884 26.5408 12.6035
0. 1000 €1.9047 4. 5000 10.4182 41.7213 20.1734
0. 1500 B1. 1717 5.0000 13.6621 53,5450 27.6266
0. 2000 98,3773 % . 0000 16.5580 66.3344 ' 32.0429
0.2500 114.3716 5.0000 19.2500 78.3832 35.9883
Q. 3000 129.32%9 5., 5000 24.7670 85,6642 43.6617
Q. 3800 143 . 5446 5, %000 24,1801 96 1604 47.3842
0. 4000 157, 2051 %, 5000 26.4594 106.3032 %50. 9015
0. 4500 170. 4036 5_5000 28.6808 116. 1457 54,2579
0. 5000 183. 1522 6.0000 30.8265 120.2932 62.B589
0.8500 195 .5023 6.0000 32.90%2 129.2320 65.2704
0.6000 207.5%638 €. 0000 34.9353 137.9771 69,5868
0.6500 218.3727 §.0000 36,9229 146.5478 72.8249
0.7000 230.9594 &. 0000 38.8730 1549604 75.9990

©.7500 242.3458 6 .0000 40,7901 163.2287 79,1211
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FILE: CA 1 Al VM/SP CONVERSATIDNAL MONITOR SYSTEM
0. 8000 2%3.5664 §.0000 42.6780 174.3647 82,207
0. 8500 264.6279 6.0000 44.5398 179.3777 85,2504
0.9000 275.5527 6.0000 46.3786 187.2772 882758
0.9%00 286. 3560 &..0000 48_ 1969 195 .0702 91_2858
1.0000 297.0322 &.5000 49,9938 194 ,6212 102_4113

)
THICKNESS RATIO= - 17.650 LOADING BEAM WIDTH= 0. 465
wL PO ALPHAMIN POD c1M c2Mm
Q.0500 48.5327 3.5000 8. 1886 27.521S 11.0112
0. 1000 71.1778 4., 0000 11.9800 53.2772 17. 9006
0. 1500 6. 1990 45000 151815 65.3835 24 8154
0. 2000 107.3278 4,5000 18,0645 78.545%5 28,7823
Q. 2500 123.0415 5. 0000 20.7092 87.0532 35,9883
0.3000 137.8872 5. 0000 23.2079 98.2807 39. 6056
©.3500 152. 0455 5. 5000 2%.5%09 104.6613 47.3B42
0. 4000 165.5080 5. 5000 27.8568 114 60861 50.9019
0.4500 178.5291 5.5000 30.0484 124,2712 54,2579
0.5000 191.1770 5.5000 32.1772 $33.6933 57.4837
©. 5500 203.5%046 5, 5000 34.2521 142.9012 60.6034
0. 8000 21%.5385 8.0000 36.277S 145.9517 69.5868
0. 8500 227.2233 6.0000 38.2442 154 .3984 72.8248
0.7000 238.6951 &.0000 40.1750 162.6961 75.9990
0. 7500 249.9785 & .0000 42.07a1 170.8574 79. 1211
. ©.8000 261.0950 &. DOOO 43.9452 178.8934 B2.2017
0.8500 272.0630 6.0000 45.7912 186.8127 B5.2504
0. 9000 282.8997 6.0000 47.8151 194 .6240 80.2758

0.9500 282.6186 & . 0000 49.4194 202.3340 91.2858



FILE:

Ca

1.0000

THICKNESS RATIO=

Wb

0.
0.
0.

Q

o o o o 0o o0 o0 9

C.
0.
0.
a.
0.
o.
0.

1.

THICKNESS RATIO=

0500
1000

1500

. 2000
. 2%00
. 3000
. 3500
. 4000
. 4500
. %000
. 5500
. 6000

6500
7000
7500
8000
8500
9000
a500
0000

Wi

0.

0500

At

30s4.2378

17.650

PO
56.9588
80.0218
g9, 1932
116.2158
132.0287
146, 7516
160. 7909
174, 3021
187.2651
199.7909

212.0026
223.9424
235.643%
247.1357
258.3542
269.3828
280.2668
291.0234
3014.6670

312.2117

17.65%0

PO

69,4460
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5. 0000

ALPHAMIN

3.5000
4. 0000
4. 0000
4. 5000
4.5000
5.0000
5.0000
S.0000
5.5000
5.5000

£.5000
€.0000
€, 0000
£ .0000
&, 0000
6. 0000
&.0000

ALPHAMIN

3,.0000

VM/SP CONVERSATIONAL MunITOR SYSTEM

%1.2066

LOARING BEAM WIDTH=

POD

9.5868
13.4685
16.6953
19. 5604
22.2219
24.6999
27.0629
29.3371
31.5188
33.6270
35.6824
47.6920

39.6615

41, 5957

43_4839
453401
47.1720
48.9825
50.7738

52.5487

LOADING BEAM WIDTH=

POD

11,6885

209.9495

1.000

CiM
459476
62. 1211
77.1735
87.4334
99,7025
107. 1450
117.8076
128 . 1287
133.0072
142.3072
151.3992
160.3062
169 .0465
177.6356
179.2333
187.1812
195.0166

202.7478
210.3812

217.9234

2.000

CiM
60.0204

94 .

2884

M

i1.

17

22

28.
32.
39.
42.
a6,
54.
57.
&60.

63.

86

69

79.

az

as.

a1

o4

0112

. 9006

L0197

7823
3262
6066
9833
1743
2579
4837
6034

6362

.5974

L5001

1211

.2017

2504

2758

.2858

. 28B4

C2M

9.

4256
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FILE: CA 1 A1 VM/SP CONVERSATIONAL MONITOR SYSTEM
0. 1000 93.6881 3.5000 15,7687 78.0491 15.6390
0. 1500 113.3345 4.0000 19.0754 91,3148 22.0197
0.2000 120, 7408 4.0000 22.0051 105.2011 25.5397
©.2500 146.5672 4.,5000 24.6689 144.24 10 22.3262
0.9000 161.4445 4.5000 27.1729 125.8662 35.5763
0.3500 175.5571 . 0000 29.5482 132.5738 42.9933
0. 4000 188.9587 5. 0000 31.8038 142.7843 46.1743
0.4500 201.9131 5.0000 33.9842 152.6945 49.2186
0.5000 214. 4948 5. 0000 36.101% 162.3501 52. 1448
©0.5500 226. 7250 5. 5000 8. 1603 166.1216 §0.6034
©.6000 238.5458 5. 5000 40.1499 174.9096 63.6362
0.6500 250. 1283 s . 5000 42.0994 183.5309 66.5974
0.7000 261.5022 5. 5000 44,0127 192.0023 69. 5001
0.7500 272.6924 5. 5000 45.8971 200.3373 72.3552
0.8000 283.7200 5.5000 47.7%32 208.5477 75.1724
0.8500 2946030 5. 5000 49,5849 216.6426 77.9604
0.8000 305.3579 5. %000 51.3951 224.6308 80.7271
0.9500 315.8368 §.0000 £3.1756 224.6511 91.2858
1.0000 326.3828 €.0000 s4.9338 232.0946 94.28B4a

THICKNESS RATIO= 25.000 LOADING BEAM WIDTH= 0.0

WL PO ALPHAMIN POD cIM cam
0.0800 49. 1865 3.5000 6.9560 33.5899 15.5966
0. 1000 77.9292 4.0000 11.0209 £2.5742 25.3550
0. 1500 102.2531 4.5000 14.4608" €7.1037 35. 1493
0.2000 123.9689 4.8000 17.5318 83.2007 40.7682

0.2%00 144 . 1469 4.%000 20.3854 88.3590 4% 7879
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FILE: CA 1 A1 VM/5P CONVERSATIONAL MONITOR SYSTEM
0. 3000 162.0562 5. 0000 23.0596 106.9562 56. 1000
©.3500 180.9717 5. 0000 25,5932 120.0888 60.8829
0. 4000 198. 1797 5.0000 28.0268 - 132.7769 65.4027
0.4500 214.8022 5. 0000 30.3776 145.0875 69.7148
0.5000 230.9308 5. 0000 32.658% 157.0713 73.8595
0.5500 246 . 6065 5. 5000 34.8754 160.7659 B5.8406
0.6000 261.7920 5. 5000 37.0230 171.85%58 90 . 1363
0.6500 276.6584 5.5000 39. 1254 192.3278 94,3307
Q. 7000 299.2441 5. %000 41,1881 192,8022 88.4421
0.7500 305.5823 5. %5000 43.21%9 203.0963 102.4B62
©.8000 319.7014 5. 5000 45,2126 213.2251 106. 4766
0.8500 333.6257 5.5000 47.1818 223.2004 110.4256
0.9000 947.3779 5. 5000 49,1266 232.0338 114.3443
©. 9500 360.9775 5. 5000 51.0499 242.7343 1182433
1.0000 374.8438 5. %000 52.9543 252.3114 122.1325

THICKNESS RATIO= 25.000 LOADING BEAM WIDTH= Q.465

wL PO ALPHAMIN POD C1M caMm
0.0%00 60. 1382 3. 0000 8.5048 46,7874 13.3508
0. 1000 88.6723 3.5000 12,5402 £6.5207 22. 1518
0. 1500 112.6165 | 4,0000 15.9264 #1.4271 31. 1894
0.2000 134.2481 4.5000 18,9855 93,4800 40,7682
0.2500 154.0612 48000 21.7875 108.2734 45.7879
0. 3000 172.7988 45000 24 4374 122.4073 50.3914
0. 3500 190.7009 4.5000 26.9692 136.0132 54.6877
0.4000 207.6B69 5. 0000 29.3714 142.2841 £5.4027
O. 4500 224 .0989 5.0000 31.6924 154.3841 69.7148

0.%000 240.0382 5.0000 33.9465 166. 1787 73.859%
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FILE: Ca 1 A VM/SP CONVERSATIONAL MONITOR SYSTEM
©. 5500 255.5716 5.0000 36.1433 177.7036 77.8680
0. 6000 270.7527 5. 0000 38,2902 188 .9BB1 81,7647
0.6500 285.6250 5. 0000 40.3935 200.0556 85.569¢6
0.7000 300. 1108 5.5000 - 42.4421 201.66%90 88.4421
0.7500 314.3237 5.5000 44,4521 291.8377 102.4862
0.3000 328.3259 5.5000 46,4323 221.8494 106_4766
0.8500 342, 1406 5. 5000 48,3860 231.7182 110, 4256
0.9000 355. 7900 5.5000 50.3163 241.44%8 114, 3443
0.9500 369.2925 5.5000 52.32258 251.0494 118.2433
1.0000 a82.6672 5.5000 54,1173 260.5349 122.1325
THICKNESS RATIO= 25.000 LOADING BEAM WIDTH= 1.000
WL PO ALPHAMIN POD CiM Cam
0.0500 69.959%4 3.0000 $.8937 56. 6086 13,3508
Q.1000 98.8882 3.5000 13.9863 78,7465 22.1918§
0. 1500 123.0365 4. 0000 17. 4000 91t.8472 31.1894
Q. 2000 t44.4974 4. 0000 20.4350 108.3222 36.1782
0.2500 164 .4477 4.,5%000 23.2564 118.6598 a45.7879
0. 3000 182.9903 4. 5000 25.8787 . 132.5989 50.3914
0.3500 200.7047 4.5000 28.3839 146.0170 54 .6B77
0.4000 217.7346 4.5000 30.7951% 159.0070 $8.7476
0.4500 234, 1461 5.0000 33.1133 164.4313 69.7148
©.5000 249.9343 5.0000 35.3461% 176_0783 73.8595
0.5500 265,3264 5.0000 37.5228 187. 4585 77.8680
0.6000 280.3743 5., 0000 3%.8509 198.6097 B1.7647
0.6500 28%.1211 5. 0000 41,7364 208.5517 85, 5696

©.700Q 309.6028 5. 0000 43.7844 220.3038 89.2991
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FILE: Ca 1 At VM/SP CONVERSATIONAL MONITOR SYSTEM
©.7300 323.8494 5. 0000 45,7992 230.8820 22.9676
0.8000 337.8511 5. 5000 47.7793 231.3747 106.4766
0.8500 351.5657 5. 5000 49,7189 241.1402 110.4256
0. 9000 365. 1194 5. 5000 51.6357 250. 7753 1143443
0.9500 378.5310 5. 5000 $3.5324 260.2878 119,2433
1.0000 391.8188 5.5000 55.4115 269. 6865 122, 1325
THICKNESS RATIO= 25.000 LOADING BEAM WIDTH= 2.000

wi PO ALPHAMIN POD CiM c2M
0.0500 84.7833 2.0000 11.9902 79.4326 13.3508
0. 1000 115.0083 3.0000 16.2646 96.0464 18.9619
0.1500 139.5363 3. %000 19.7334 112.287% 27.2489
0.2000 161.3791 4.0000 22.8224 125. 2039 36. 1752
0.2500 181.2784 4. 0000 25.6366 140.6490 40.6294
0.3000 200.0488 4.0000 28.2912 155.3345 44.7143
0.3%00 217.7659 4.5000 30.7967 163.0782 54.56877
©.4000 234.6561 4.5000 23,1854 175.8086 SB.7476
0.4500 2%50.9889 4.5000 35.4952 188.368 1 62.6208
0.5000 266 . 8555 4.5000 37.7391 200.5118 66.3438
0.5500 282.3154 % . 0000 39.9254 204.4477 77.B680
0.68000 297.209% 5. 0000 42.0218 2154448 81.7647
0.6500 211,8044 5. 0000 44.0958 226.2350 85.5636
0.7000 326. 1377 5 .0000 46.1228 236, 8387 89.2991
©.7500 340.2397 5. 0000 481172 247.2722 92.9676
. 0.8000 3541372 5. 0000 50.0826 257.5500 96.5874
0.8500 367.8530 5 . 0000 52.0223 287.6836 100. 1696
0.9000 381.4082 . D000 53,9393 277.6838 103.7244
0.9500 354.8201 5. 0000 55.8360 287.5588 107.2612
1.0000 408 . 1064 % . 0000 57.7150 257.3174 110.7893



-118-

ErA

™
P
@ W |
Lengitudinal Q :
Side View % |
Z |
.__.ﬂu,_Jﬂ_ij. { R
Z | X
A l
= |
!
|
Tep View of 3
the .
Projection 3 | fl;
of the
Hinge Plane T
on the iz
X-Y Plane B
— e, Y 4 R
Y i( —s X
]
_
/]
&)

Top View of
the

Hinge Plane

FIGURE Ale,b,<




-119-

Y
W .
n
o =
o \ c, 7
X A

TRANSVERSE CYLINDER'S SECTION

FIGURE Ald




RETCE

H4Q ANV H93) ¢ NOILvWd043d
ONI¥NG SLNIOd LNINDASENS LV 1ND a
WI1LdIA TYNIANLIDNOT TWHINID
2
ol V
o
& » Y
q7l._ 1 v
]
4 o
m 8
.
H 5 a
U >
h
\

(A-X) 2uejd 6uiLlind 341y uo \

Jojedauag doj jo voridalouy



-121-

Appendix B

81 Caleulation of the Locatior of the Plastic Meutral Axis for an

Indented Section Subject to Both Global Bending_and Local Ertension

We define: £ as the distance of the plastic neutral axis from the

gbend

L
&

From Fig. 82 wo

center of the cylindrical section when the cylinder

undergoes both Tocal and global deformation. OSee Fig.

as the distance of the plastic neutral axis from thc
center of the cylindrical section when the cyiinder
urdergoes only global bending. See Fig. Bl.

as the iocal deflection rate. See Fiy. 4a.

as the global deflection rate. See rig. 4b.

as the rate of angular rotation of the cross-section.
See Fig. 4b.

as the length of the cylinder

as the anglespanning the deformed arc of the indented

crocs-section. See Fig. Bl.

Sce Fig. Bl
See Fib., Bl
can write:

- Based on geometry:

cos5 =

Based on cure bending {(ecuating areas on both sides of the

simple bending neutral exis):

sinu =

gbend

(47

[ ]

B1)
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Combining (B1) and (B2) and substituting (1.24) for 3 we obtain:

cosw - sime = w{l - QL) For ﬁL > 0.5

(83)
w =0 for w < 0.5
Solving (B3) for w in terms of W e get:
o= cos ] (1 - ) s (2 - W)~ | for @ >0.5
LIve ) L
(84)
w=0 ~ for % < 0.5

Let us now assume that some extension prevails in the aqlobal
bending compression region of the section and its measure given by ¢ + -
(see Fig. B1). By equating the areas under tension with the areas
under compression and simplifying we obtain a relationship between
¢ + uw and
. =1 (&
(dJ + u)) = 51N (ﬁ) (BS)
The rate of compression {due to global bending) at any arbitrary

point of the deformed arc of the indented section is given by:

rate of compression = p[Z + 2R cos3 - R cos {o + )] (B6)
b . - ZIR
Where ¢ is given by: = *Eg (B7)

The rate of extension due to local deformation is given by w..

From AZ3 we have:

rate of extension = QL tanZa (88)

Equating (B6) and (B8) and substituting in (B5), (B6), and

(1.24) we obtain the relation between o, GL, and QG in terms of ﬁL,

L

R and a:

igl2(1 - ) + sinfo + w) - cos(y + )] - »'«L[(%)“;Za} o (89)




-123-

Y
We define: £ . (B10)

1

"
(1-8) =2 (B11)
By dividing {89) by wand substituting (B10) and 5(11) we obtain:
-~ . . , L\ tanZa4 .
(1 - &2(7 - NL) + sin{¢p +w) - cos{q + w)] - & (ﬁ) __§__] = 0

(B12)

B.2 Evaluation of the Integrals Qver the Sectional Areas That are

Under Tension and lnder Compression
From (2.1}, (2.2a,b,c), and (2.4} we have:

| Dy, = 4nGD./1jﬂI ¢ udg

By substituting {(2.2a,b,c), (A23), and (B7) in the above expressicn

vy -

we obtain:

1
)

2
£ 1 Rdt +[ [%- cost R4t

~
1
wr
—
4 =
by YT

5 1
8
J(zwﬁ [(g) + 2c053 - cost - w tan?a Rdt ’
+ —l:'-"— R
o
Evaluating the integrals and substituting for sin’ %— and £ from (B5)

and {1.24) and for ¢ from (B10) anrd {B11) we obtain:

[ X}
t

= 1GM n( )‘c {d=2) {Z{COS +w) + e+ ) sin(a el
(
-1

] - cos'l (1 - ﬁL) sin{v + w)

L
3]
—t
=]
—
[R)
o
w
—
ek
1
A
—
—

S o+ osin{e 4 w\] cos'} (1 - QL)

- riten2u - cos 0 {1 - GL)T ' 2.13)

t
7]
-
=
1
O
=
0]
—
—
¢
2
—
L

T = = it
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8.3 Maximum Load That an Indented Section can fustain Under Pure Global Bendin~

1f an indented section undergoes only global bending we can cajculate
the crumpled Toad that it can sustain by putting the local deflection rate
kL equal to zero in (B13). This rasuits tog being equal to zerc a1s0.
Thus, we can obtain the following expression for the rate of energy

dissipation:

L
‘G . (ﬁ] .. . 1 .
D” = 32M0wG (k) [ZECOSJ + o osiruY - sinfcos {1 - wL}]
\

- cos'] {1 - ﬁL) sin o [2(1 - ﬁL) + 5inw) cos'} (- )

v

sin[cos'I (1 - GL)]]

The external rate 07 work

58 = Pg. W

Equating the above twc expressions we obtain the maximum load an

indented section can sustain under global bending vs. the indentation:
3

— ! R = - '] - . "1 - — '_\ . ,

= 64h0 T [(: - WL) cos (1 - wL) - sin{cos = (1 - wL)]+ COsSw + i s1n\~]
R

Ps
(B14)

where w is given by {B4)
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B.4 Listing of the Program Used for the Calculation and Minimization
ot the Giobal Load

Symbol Efguivalence :

L
LTR ot teeeeeenrananennss =

R
THR vorteenereenneoansneen o
HLO vevvveevieearnnenns W

W
| ~ﬁL

v
ettt e e aaeneas .
PUIN «neneenereeeeennns P

Mg/ min
IMIN Lt it L min
ALDMIN .vvvvenninnnnennss oo
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FILE: LOAD FORTRAN A% ViSSP CONVERSATIONAL MONITOR SYSTEM
RE&L LTR LOAODO 1O
10 WRITE(6,210) LOAQOD20
210 FDRMAT(’ ENTER THICKNESS RATIO, LENGTH RATIO, LO&DING WIDTH'} LDOADOC IO
READ{S, ~»}THR LTR WLO LOADDOA0
WRITE(7,25)THR LTR Wil LOAQQOSD
215 FDRM&T{[//5X.‘R/H:',F?.E.lox.'L/R-'.FS.S.101.‘3/&!'.F6.3//) LDAQOOGD
WRITE(7,214) LDAODOTD
214 FDRM&T(EX.'H"QX.’WL',Tk.’PMlN’.4x.'ZETAHIN'.3X.‘hLPHAMIN',dX. LOAQUOBS
+PHIMIN' /) LOAQDCOO0
Do § 1=1,20 LOADOI0O
wL=ELOAT(1)= 05 LOADO1IC
callL MINIM[W.NL,THR.LTR‘HLD.ZﬂiN.ALDMIN,PHIN.PHIDHI.{ND,INBZ} LDACD 12D
URITE(7.211}H,HL.PMIN.ZMZN,ALDMIN,PHIDMI LOADDT20
IF{w.EQ.0D)GD TO 2 LOADD 14D
241 FORMAT{EF10.4) LOADO 130
TECIND, NE.OOWRITE(7.212)1IND LOAOOD 16D
912 FORMAT(’+" .15} LOAGO TS
TF(IND2.NE.OYRITE[7,213}IND2 LRADD 18O
213 FORMAY(‘+’,15) LO&OD 120
1 CONTINMNUE LOAOC200
2 WRITE(G,216) LOAOG210
216 FORMAT(’ ENTER 1 FOR NzZW GEDMETRIC PARAMETERS'/7X.'0 TQ STGP' ) LOAQD220
READ{S,»)157 LOACO2Z20O
IF{IST.EQ.4)GC TO 10 LDAOD240
sSTOP LDAQO2E0
END LOAOO2S0
SUBRQOYUTINE MINIM(H.HL.THR,LTR,HLO.ZHIN.ALDRIN.PMIN.PHIDMI.INDMI. LDADDZ270
+IND2MI ) LOADD280
REAL LTR LGCADD29D
DIMENSIOM P{8g,11) LOAQD3CD
PI=3.141592654 LOADQ3NO
Do 1 124,80 LDAODIZ0
ALD=FLOAT(1}+.5+1.5 LOADDI3D
AL=ALD»*FP1/180. LOAOO3AT
SWLASORT (2. *WL) LOADD3SO
G2=16.'TLNtAL)‘SQRT{THR-2_!3.-hTtN(SWL/S}N{AL))r(CGS[AL)t-QtswL/ LOAOQSED
*TAN(ﬁL)+(SNL/1&NiAL)}"3/3.+NLO=SHL/TAN{£L]*'2)) LOAOD3TO
o 2 u=1. 11 LDACDZSD
2=z1,-FLRDAT{J-1)* 1 LOAOO330
WLD= Y. -WL LOAQDACD
PHI=C. LOAODS 0
OMG=0. LOrOQARC
TF(WL.LT..S)GD TO 12 LOAQDE 2D
CALL NEWT2{WLD,.OMS.IND] LOALD440
12 ANG=0MGHPHI LOADDASC
IND=0 LO~QOLBC
£1e7. «WLD+SIN{DHC)-COSICME) LOAQO4TO
BeTAN{Z.*AL)/2.*LTR LOLDO4ARO
A2sWLD+TIN(ACOS(WLE) ] LOADCARD
Z1=A1/\B+A1} LOr (D500
22242 (B*AZ) LO4L 00510
1F{2.LE.2%)G0 TO 10 LOLOD52C
1F(Z.GE.22)60 TO 11 LOADUS30
CALL NEWTDH{Z.ANG,HLD.AL.LTR.IND) LOADOS4D
LOADOSS0

GO TO 10
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11
10
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LOGAD FORTRAN A1

ANG=ACDS(WLD )
CONTINUE
20=1.-2

G3=8.'THR°{2.tZD/LTR-(Z.*{CGS(ANG)*&NG-SIN(ANG))-SIN(ACGS(WLD))'
FACDS(WLD)I*SIN{ANG) J+ABS(2. +2D/LTR«( (2. *WLD+

+SIN(ACOS(WLD )} -2+ TAN( 2. ALY~ ATAN{SWL) )}

20

16

10

P(Y.J)*Z*G2+2. 52
1F{I.EQ.1.AND.J.EQ.1}CGD TO 20
PTIST=P{I, 4}
IF(PTST.GE.PMIN)GO TG 2
IMIN=
ALDMIN=ALD

ZMIN=2
PHIDMI=( ANG-OMG}*180./P1
OMGDMT =0MG* B0 . /P]
PMIN=P(I, J)

INDMI=IND

INO2MI=THD2
ao TO 2
PMIN=P(1,1)

TNDNMI=IND

INDZMI=1NDZ
ALDMIN=ALD
ZMIN=2Z
PHIDMI={PHI-DMG)=* 180./P]
OMGDMI rDNG= 180, /PI

CONTINUE

IF(IMIN.NE.1)GD TO 32
CONTINUE

IE(ZMIN.EC.Q)50 TO 29

WeWe, Q5/ZMIN
G0 T3 20
w=0.
CONTINUE

RETURN

END

SURNOUTINF NEWTON{Z.A,WLD, AL . LTR,IND)
REAL LTR
DoO-1 I=1%,507

A=A
g:g-{(z.tWLD-CDS(h]*ﬁlN(ﬂ))'(1.‘2)’2'7&”(2.*AL)/2.'LTR)/(1.
+(SIN(AYFCOS(A))
1F(A1.EQ.Q.AND.A.ER.0,)GO TO {0
IF(A1.£0.0.)30 TD 1
T=(A-A1)/A4

IF{T.LT..0%)}GD 10 10
CONTINUE

IND=t

CORTINUE

RE TURN

END

SUERDUTINE NEWTZ2{WLD,4,1N0}
pD 1 121,500

FRET,
A=A-(2.vWLD-COSEAI+SIN(AY )/ (SIN{A)+CES(A))
IF(AY.EG.O.AND . A EN.Q,}GO TD 10
IF{41.8¢.0. )60 0 H
T=(A-A1)/AY

IF(T.LT..01}G0 TO 10

CONTINUE

IND=2

CONTINUE

RETWRN

ERD

SIN[{ANG))*ACOS(WLD) -

-2)/

VM/SP CONVERSATIGNAL MONITOR SYSTEM

LOAGOR S0
LGAODSTO
LOAOOGED
LOAQDS SO
LOAGDEOD
LOAQOE 1D
LOAQDEZQ
LOACDS3D
LOADCGAD
LOAOOCSSD
LOAQOESD
LOAOCETO
LOAQOS3D
LOANCERD
LOAQOTCO
LOAQQT 1D
LDAOOT 2D
LOAQDTID
LOAGOT40
LBAOQT B
LGAODTSED
LOAQCTVQ
LOADOTBO
LOADOTID
LOAGOROO
L0AQLEB 1D
LOACO820
LOAQOB 2O
LOAQQE40
LOAQCBEO
LOAOQOSSC
LA 50RTT
LOAQOBED
LOACDERD
LDACCH0L
LOAOQS10
LOoAQDO9ZO
LOACQAZD
LGAQDSAD
LOAQQACO
LOADOIGD
LOAQOITD
LOAOODSED
LOADQY9D
LOAD OO
LOADIOYD
LDA0I020
L0AD1L3D
LOAC104G
LOAD1Q50
LOAO1DED
LOAQIOTO
LCAQICRD
LOAQ10RD
LOAOHY 100
LOAG 110
LOADYIZO
LOAQ 1O
LOACY Y40
LOADT 150
LOAQYED
LOAQ1170
LDANIED
1LCAD1 18D
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B.F Complete Murerical Results

FILE: LO § A1 VYM/ 5P CONVERSATIONAL MONITOR SYSTEM

R/H= 10.000 L/R=10.000 B/Rx Q.0

" wt. BPMIN ZETAMIN  ALFPHAMIN PHIMIN
0. 0500 0.0%00 31,3567 1.0000 2.,0000 0.0
0. 1500 0.1000 37.€121 0.5000 7.5000  25.8419
0.2750 0.15C0  39.3463 0. 4500 11.5000  31.7883
Q.4417 0.2000  39.9561 0.3000 +7.0000.  36.8699
0.6083 0.2500 40.0162 0.2000 17.0000 41,4095
©.8583 0.3000  39.2438 0.2000 25.0000 45,5730
1.3583 Q.35 38.0833 0.1000  34.5000  £9.4%84
1.65483 0.4000 35.8E22 0.1000  34.5000 53,1301
2.3583 0.4500  35.4€70 0.1000 34,0000  55. 1467
2.8583 Q.5000  33.5449%5 0.1000 23.S000 56.3687
13,3533 0.5500  32.7542 0.1000  33.8000  55.8727
3.8583 0.6000  31.4482 0 10600 33.0000 £2.8241
4.3583 Q.6500  29.949 0.1000  32.5300  49.8629
4,8583 0.7000 2B.6IB6 0.1000  31.500D  485.315%
5.3883 0.7500  27.203% 0.1000 30.5000 41,4415
5.85832 0.8000  25.9283 0.1000 29.0000  36.65945
0.0 0.8500  24.00B6 0.0 2. 0000 0.0
R/H> 10.000 L/R=15.000 g/R= 0.0

W wL PMIN ZETAMIN  ALPHAMIN PHIMIN
0.0500 0.0500 28,7222 10000 4.5000 18. 1949
©.21867 D.1000  29.7%66 0. 3000 14.50C0 25.8419
0.4€567 0.1500  29.88648 0. 2000 18.5009 31.7883
0.9667 0.2000 29,1554 0.1000 28.5000 24,6028
1.4657 0.2500 2€,3003 0.1000  26.00C0 27.218%
1.9667 0.3000  27.5%03 01000 26.0000 31,4255
2.4537 0.3500  26.7:391 C.i000  30.C002 49,4584
2.96867 Q.a000  25.7u%7 0.1000 30.0C00  E3.1301
3,46G7 0.4v00  25.2253 0.0 29,0000  B3.8317
3.8367 0.5000 24,3122 C.1050 22.05900  57.2593
4.4687 0.5:00 23,5278 01000 29.0000  BE6.6UES
4. 9667 0.6000 22.8876 01600 2B.0000 S2.1113
5,.4687 0.6500  22.C07% 0.1000  2T1.800D 49,8087
0.0 0.7000  20.6749 0.0 2.0000 0.0
R/H> 10.000 L/R=20.0CD B/R= Q.0

w wi PMIN ZETAMIM ALFHAMIN PHIMIN



FILE: LD t
0.1750 0.0500
0.3750 Q. 1000
0.87%0 ©. 1500
1.5750 0. 2000
1,B8750 0.2500
2.3750 ©.2000
2.2750 0.3500
3.3750 C_4C00
3.B750 0. 4800
4.3750 0.5000
48750 0.550Q
0.0 0. 6000

R/H=® 17.650
w Wi
0.0500 0.0500
0.1333 0. 1000
©.2333 0. 1500
0.3583 ©. 2000
0.4833 0. 2500
C.6500 Q. 3000
Q. 8000 C.3300
1. 1500 0.4000
1.6500 0. 4500
2.1500 0.5000
2.6500 Q.5500
3. 9500 0.6500
3.650¢ C. 8500
4.1500 0. 7000
4.8500 0. 7500
5. 1500 . 8000
5, 6500 0.8500
0.0 0. 9000

R/H= 17.650

W WL
Q.0500 C.0500
0.1750Q 0. 1000
C.3417 0.1500
0.5917 0.2020
0.8417 ©.2500
1.3417 o, 2000
1.84147 0.3500
2.34157 0.4C00
2.8417 Q.4500
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At
23.2346 0. 4000
24,0258 0.20C0
23.2774 0. 1000
22.6378 Q. 1070
22.C443 0. 1200
21,4487 0. 1000
24,0124 G. 1000
203 EBE0 0, 1003
20.0:400 ¢. 1000
19,5382 0. 1000
19,1209 0. 1000
18.04886 0.0
L/R=1G. 000
PHIN ZETAMIN
38.6983 1.0000
£8.56682 0.6000
63.1£15 0.5000
€5.5080 0. 4000
65.5420 0. 4000
65.5635 0. 3060
64,7613 0.2000
62.6892 0. 2500
50.8938 C. 1000
58.0B40 c. 1000
§5.872% 0. 1000
53.4438 . 1000
50.7152 0. 1000
48,2437 0, 1000
45 5581 0. 1630
42,1427 0. 000
40,8370 9. 1000
38,2289 0.0
L/R=13.000

PMIN ZETAMIN
46.€963 1.0000
49,7455 0. 4000
49,3429 G. 2000
49 . Ga4D 0. 2000
4P, 4544 0.2000
47,1843 5.1000
4% C351 Q. 1000
43,79 O,1000
47 7147 Q. 1000

VM/SP CONVERSATIONAL MOMNITOR SYSTEM

B/R=

ALPHAMIHN

L0000
L3060
ielolele
L0000
. QOOU
L0000
L 500G
L8000
L0000
LBGO0
L B0OT0
L0020
. 5000
L8000
LB000
LRC00
L2000
. 0000

B/R=

ALFRAMIN

A
7
12

o
£33

OO0
LB000
L0000
14,
20000
Rusve)
30.
30.
24.

G0

000
cOul
[ elea)

18,1549
1235147
,4271
24 . 8502
41,4096
45,5730
49 4564
53. 13321
56 . €330
SG. 3241
56.2833
0.0

0.0

PHIMIN

18. 1949
25.6419
31.78E3
36.35699
41,4095
45,5730
49 . 4CGES
3.5
L1267
L3537
6727
G241
49,0829
L31ER
41.4415
56,5920
32. 5004
0.0



FILE: LO 1
3,347 O 5000
3.B44T 0.55¢0
4.3417 0. 86000
4.8417 C.863500
5.3417 0.7000
5.8417 C. 7300
0.0 0.80030C

R/H= 17.850

w wL

0. 1000 0.0800
0.2667 0. 1020
0.7667 0.18C2
1.2667 0.2000
i1.7667 0.2%00
2.2687 Q3000
2.7687 0.,3500
3.2667 0. 4000
3.76G67 0.4500
4.,26467 0.5CC0
4, 7667 0.5560
8.2667 0.60050
0.0 0.6500
R/MH= 25.000

) wiL
0.0%00 Q.C500
C. 1000 0.1000
0. 1833 Q. 1800
0.2833 0. 2000
0.4083 0.2500
n.5323 0.32002
0.7000 0.3800
0. 8667 O, 2000
i.11687 C.45%0
1.6167 0.50C0
2.1167 0.5500
2.6167 0.6002
3.1167 0.6500
3.6167 0.7
4.1167 0.7500
4,817 0.8C0060
5.1467 0.8300
5.6167 0. 8000
o.0 0.9500
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Al
4C. 8044 0.1000
39.6509 0. 1000
33 . 1954 0. 1000
36.5072 ©. 1000
34,8502 Q. 1500
33.5955 0. 1000
30.9727 0.0
L/R=20.000
PMIN ZETAMIN
37.65€0 0. 5000
40, 3534 0. 3000
4C. 0756 0.1000
38,7615 0. 1800
37.6044 0.1009
36.4033 Q. 10C0
25 . 4804 0. 1000
36 _7842 0.1000
#3.4887 0. 1000
32.4422 0.1060
31.5722 . 1000
30.7617 0.1600
28.594546 0.0
L/R=10.000
FRIN ZETAMIN
4B, 6323 1.0C00
TS .2151 1.0030
Ga, 10325 0.8000
u7.2353 .50
fg.552 0.4200
g.8271 0.4000
B7.3434 0.30C00
86.%23143 0.:000
B4 . <123 0.2000
81.0128 0, 1000
TT.BG3D G.1000
Ta.2514 0. 10T
7¢.5250 Q00D
€6.6553 0100
£2,E37¢ Q. 1000
53,5053 Q108
05,4913 Q.10

£2.3448 0. t600
48,1516

VM/SP CONVERSATIONAL MONITOR SYSTEM

29. 0000
29.0020
2B . 0000
27 . 5000
26,5000
25.0Q000
2,0000

8/R=

ALPHAMIN

4, 0000
9.0Cc00
22,8000
22.50050
26 500D
16,9000
26.30C0
28.0000
26 . 0500
25 (000
25 .Co00
24 00
2.0000

B/R=

ALPHAMIN

35000
4 GOO0D
B.5020
£, OO0
12 .0000
§2.0200

17.00200

Q.

. 23593
.6389
L1113
8087
L3889
L0470

o

PHIMIN

ia.
25.
Q.
24.
41
45,
a9,
53.
ELN
55
&5,
52

C.

244
8419
4278
B30O2

L4096

5730
4594
1301
5330

L9211

2333

.0510

¢

PHIMIN

18.
Z9.
3
35
41.
45,
49.
)
532.
56.
E5.
52,
49,
4h,
at.
26

O.

1943
B419

.7823
.B699

2026
5720
i5C4

130t

332
2387
8727
G241
o229
2165
4613

L ER4S
. 6064
L1748

0523
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FILE: LO 1 At VM/SP CONVERSATIONAL MONITOR SYSTEM

R/H= 25,000 L/R=15.000 B/R=» 0.0

W WL PMIN ZETAMIN ALPHAMEN PHIMIN
0.0500 ©.0500  48.6327 1.00C0 3.5000 18. 1949
0. 1500 0.1C00 63,3035 0.5000 5.5000 25,8419
0.2750 0.185C00 67,6979 0. 4200 3. 0060 31.7¢82
0.4417 0.2000 6§7.970% 0. 3000 12.0200 26 .8699
0.6917 0.2500  66.6484 0.2000 190000  41.4096
0.9417 6.3000 65.3223 0.2000 19.0000  45.%750
1.46147 0.35C0 B3,5303 0.1000 30.0000  49.4584
1.9417 0.4000  60.8911 0.1000 30.0000 53,1301
2.4417 0. 450 59,2568 01000 29.00080 53.6317
2.94t7 Q. 500 85 . 4661 01000 28.0507  ©7.2583
3.48417 0.5500  54.7<92 0.1000 23,0000  58.6359
3.9417 0.6000  $2.5ES0 0.1000 28.0000 52.1113
4.8417 0.6800 50,1004 Q.1000  27.5000  49.8087
4.9417 0.7000  47.7BT71 01000  26.85000 45,9859
5.4417 0.7500  45.7404 0.1000  25.0000 41.0470
5,9417 0.8000 43.%941 0.1000 23.5000  36.7917
0.0 0.8500 40.0143 0.0 2.0000 0.0
R/H* 25,C0C L/R=20.000 B/R= 0.0

W WL PMIN 2ETAMIN  ALPHAMIN PHIMIN
©0.0500 0.0500 48,6223 1.0000 3.5000 18,1948
0.2157 G 1000 55,1080 0.3000 9.0C00 25.041%
0.4687 0.1800 55,2639 0.2000 12.5000 22.3%1%
0.3667 0.2000  54.0£06 0. 1000  22.8000 24,8302
1.4687 0.2500 2.3660 ¢.1000  26.5000 41,4058
1.9667 0.3000 S0.8618 0. 1000 26.5000 4% . 5730
23,4667 %.3500 49 .1CES 0.1000  Z5.49000 48,4584
2.5657 0.4000 48,0384 0. 1000 26.0000 53. £201
3.4687 0.4500  26.1231¢ 0. 1000 26.0000 85 .68330
2.9667 O.507% 44,5440 0.1000  25.C200 B6.921%
4. 4667 0,550 43,3209 C.1000 25,0020 56.2337
4,5667 0660 44,9570 0.1000  24.0000  52.0510
5.4667 0.65C0  40.263%3 0.1000  23.5000 49,8684
0.0 O.7T000  38.7655 0.0 2.0000 0.0
R/H= 17,650 L/R=x G.%10 B/R=* 0.48S5

w wiL PMIN ZETAMIN ALPHAMIN PHININ
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FILE: LO t L3 VM/SP CONVERSATIONAL MONITOR SYSTEM
0.05C0 0.05C0 48,1414 1.Q0000 3.,3000 18,1549
0. 1000 0.1000 699630 1.00G00 4.5C20 23.8419
0. 1714 Q. 15C0 83.2612 0.7000 €.0000 31,7883
0.2548 Q.2000 88 _62%30 0. 6000 9. 0000 36,6599
0.3381 0.2500 8G. 9107 O.E000 G. Q0000 41,4036
Q.4381 0. 3000 92 . 75448 0.500Q 13.0000 45,5730
0.5381 0.3530 93,3743 0. 5000 13,0002 49 4584
0.&6631 0. 4000 23.4010 0. 4000 17.5000 53. 1301
©.7881 {.4500 82,1178 0.4020 17.5002 56.6330
Q.2548 G. 2000 89.3903 0.3030 23,0000 58,0559
1,2048 0.5500 87, 3691 0.2000 30.0000 56.2210
1.7548 O.6000 B84 2470 0. 1600 37.5000 53.4179
2.5048 0. B%C0 79,7633 0.41C00 37.0000 49 5276
2.7048 0. 7000 75,2582 Q. 1000 36,5000 46,1763
3.2048 0.7200 7G.B18Q 0. 1000 35, 000 40,7316
3.7048 Q. B0CD €5 . 2765 Q. 1000 345000 35.3877
4. 2048 0. 8500 61,5696 Q. 1020 332.5000 32.877%
4.7048 0. 9000 $7.2651 0. 1000 315000 27.9512
5.2048 0. 8500 53. 1166 0. 1000 29.0000 22.37144
c.o 1.0000 48.5240 0.0 2.0000 O.§922
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APPENDIX ¢

C.1 Method for Corbinina in Series two Non-Linear Springs which are

Given by Force-Deflection Curves Consisting of Linear Segments

The basic idea used is that for each force level, the cembined
deflection of the springs is given by the sum of the deflection of each
individual spring under that force level. Fig. C1 shcws parts of the
piecewise linear characteristics of the two springs {1 and 2} to be
combined. Then, we have the following general expression of combined

deflection vs. force:

s = F (& =498y (5 - j-1%5! N (c1)
¢ : i-1°1 7 j-1°2

¢ (Fy =« yFy) (Fy = . . F.)
P i-11 j2 j-12

for ;. 1F) < F, < .F, (Cza)

F

j—iFE <f.< J.F2 (C2h)

ol

if1 = 4af > 0 (c2c)

The expression for 6C changes only at noints of slaope discontinuity of

either curve (i.e. at A, 8, C, snd U in Fig. C1). Thus, we calculats

6C only at these points, and the combined force-deflection curve

consists of linear segnents in between these calculated points (see Fig. (2)
In the case where the slope of cne or more of tha )inear segments is

negative the above procedure is slightly alterad. Since it would Le

is & Jocal peak

T

easier to explain we will use an exzmple. In Fig. (3,
on the spring load-deflection curve (I). The comtined spring's reaction

has also a tocal peak at acint A where the combinegd deflection <¢

= + & . Since w: have nlastic

iy
(“C)A %4 D
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deformation, when the load level drops (past A) the deformation of the
spring (I1) remains constant, 5p' Thus, at point B we have for a force
level F. a combined deflection {§_.) = 35 * 3,. The deformation of

B <'p 2 p
spring (II)stacts increasing again at point A' where (éc)

:5 §
At AP
After we have reached acain a force level equal to the locai maximum
at A (i.e. ptA’) we can proceed as discussed in the pravious paragraph

using equation (C1}.

c.2 cCalculation of the Initial Critical Time Step

To calculate the initial critical time step we need to have the natural
periods of ine dynamic system. Since the system is non-linear we cannot
réal]y talk about natural periods for thet system. Instead, we shouid
caleulate the natural pericds of the linearized sytem. We cdefine the

linearized stiffnesses as fellows:

ky = Eil {C.33)
] cié1 [ ’
| & =
61 +0
kz :-j-—-—:—g— ) (C.ab)
.2l
|
Ga:ip
T odx 1
x=+0

For two lin2ar springs in s2riss we have:

k '-rkr
172

The linearized systes can be written as follows:
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Or, in a matrix form:

iy x] k=K "x1 G
[ mz] [x] * L{ ol [ TV 20 {C.5a,b)

The natural freguencies are the rootsof the quadratic equation:

(-mw? + K)(-mye? + k + K) - K2 =

4 2
or (m]mz)m - [m]{k + K} + mZK]J + Kk = 0

After solving for w and simpiifying we obtain:

A 0R

/"'"";_\
+
\\-....-x/
3
|~
EEEE
~y
| S 1
Ml

m'] ’
, min . (C.6)
Since Tcr = L we obtain the fcllowing expression for the initial
critical time step.
2%"2-
Dte, = =z TR ——— (C.7

?J-‘t(- + t.'i Y f; me_}m::"“"’: ""‘\- ;‘-:-(-{-
) ()6 (5) i

C.3 Calculation of the Fauivalent Mass 31nd Added Mass of a Fottom-

Supperted Structure

et the structure have a momeni of inertia about its bottcm supoort

point of I and & hydrodynamic aaded inariia about the same point of I,. Also,

Y

let the depth of water where the slatform is instaiied be H (see Fig. C4).
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Tnen, the equivalent mass of the structure can be taken as a lumped mass

at the waterline level. So we have:

[+1

1f we know separately the mass of thé jacket and the mass of the
deck {usually a significant percentage of the total mass) as well as
the deck Tevel from the waterline we can estimate 7. We need to
assume that the distribution of mass of the jacket is uniform over its

Jength. Then, we obtain for the equivaient mass:

2 ]

_ (HpHi ) (o)
E H 2

W

A (C.8)

M

where H.: distance of the deck from the waterline

H : water depth

W

MD: mass of the deck

MJ: mass of the Jacket

IA: jacket's added moment of inertia
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C.4 Listing of the Proaram Used for the Solution of the Differential
Equations of Motion Characterizing the Collision

‘Symbol Explanation

FA(1,1),D{V,I) ...... Ship's Load-Deflection
Characteristics

FA(2,1},D{2,1) ...Platform's Lcad-Deflection
Characteristics

FR{1),XR{I} ... Foundaticn's Load-Ceflection
Characteristics

F{3),XC(J)...Combined Ship's and Platform's
Load-Deflection Characteristics

DTCR v ieiei it iiiveiianns Critical Timestep

3 Deflection of the Ship's
Center of Gravity

X2 v Deflection of the Platform's
Center of gravity

5 1 Ship's Mass

M2 vt i r i renenatassioren Platform's Mass



FILE: OYN FORTRAN A1

IMPLICIT REAL«B{(A-H,0-2)
REAL+8 M1 M2, KM1 KMT KS KS2

DIMENSION FA(2,50).0{2,50),FR(50} XR(50).F
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VM/SP CONVERSATIONAL MGNITOR SYSTEM

+X2{3E000), INDI( 10D}, INDU(ICL)
¢ READ FORCE-DEFLECTION DaTA: SHIF ,PLATFDRM LOCAL ,PLATFDRM GLOBAL

READ{ 2, 100N N2 N3
100 FORMAT(3IS}

N=H1

IF{N2.GT.N)N=N2

TF(N3.GT.NJN=N3

WRITE(S,222)

(100), XC( 100}, X(36000),

222 FORMAT(’ ENTER 1 FOR SEPARATE PLASTIC STIFFRESSES® INPUTY/TX,

40 OTHERWISE")
READ{G,*}IRD
IF(IRN.EQ.1)GO TO 25

READ(2.223)((2C(1), F(I}.XR{I),FR(1)),I=1,N)

223 FORMAT{2(F10.4,F10.3,5X))}
GO TO 8
25 DO 1 I=1,N

READ(2.101)D{1.1).FA(1.1).n(2.l).Fn(2.I).xn(1).FR(I)

101 FORMAT(3{(F10.4,F10.3,5X))
1 CONTINUE
WRITE(6,221)

221 FORMAT(// INFUT SPRING DATA)

WRITE(S,220)N1, N2 N3, ((Fa()
4I=1,N)

1).0(1.1).FA(2.1},D(2,1),FR(I},XR(1)).

220 FORMAT{/2I5/(3(F10.3,F10.4,5%))}
€ CALCULATE FORCE-DEFLECTION PAIRS FOR COMBINED LOCAL

C SHIP-PLATFCRM SPRING

CALL SORT(£A,0,N1,N2,F XC.INDI, IND)

NT=N1+N2

cacl COMBINI(F .XC,INDI . INDJ,FA,D,NY N2, NPT)

CALL OUT1(F,XC,INDI,INDJ NPT}

B WRITE{5,200)}

200 FORMAT(/’ ENTER MASSES: SMIP, PLATFORM')

READ(G, = JM1 M2
IF(IPER.EQ.1}G0 TG 10
XI=XC(2)
IF(XRE2).LT . XI)IXI=XR{2)
XIM=XI/2.

CALL INTERP(F.XC, NPT XIH,FI

.KS)

SaLL INTERP(FR,XR,N2_XIH, F21,K52)

JlteR S /M1
A2=(KS+KS2) /M2

A1-DSORT(KM1--2+KM2"2+2.-Kmit(KS-KSZ)/Mzi

o1=3.1415026%4

T1=2.8234271*PIXDSCQT(KM1+K12+A1)
T2=2.82$4271'PIIGSORT[KM1+KM2'A1}

WRITE({S, 203171, T2
205 FORMAT(//'MATURAL FERIDOS

+/ENTER 1 FOR A NEW PLATFORM MAS3,

wRITE(E 2C3YT1,72

209 FORMAT(// NATURAL PERIDDS
REAG(S,*)}IPER
IF{IPER.EQ.1)GD TO B

Ti=’ ,F$0.5.°

DFLEX 'TY xf F10.5,8%,°T2 = F10.5//
0 7O CONTINUE')

T2=’ FI1Q.5)

DYNCOO 1O
DYNOSQ20
OYRQOO30
DYNDOQQAC
DYNDOOSO
DYNOODRD
DYNOCOTO
DYMNOQOED
DYNOQOSO
DYNOD10OO
DYNOO1 10O
DYNOD 120
DYNCDO130D
DYNDOO 140
DYNOO150
DYNODO 165
DYNCO170
DYNOO {8
DYNOO 190
DYNGOZCO
DYNOD2 10
DYNDQLR0
DYNOOZ 30
DYNOD240
DYNCO250
DYNOQ260
CYNDO2Y0
DY¥NDOZED
DYNOD290
DYNOO3ZCD
DYNOOII2
DYNQO320
DYNOCS330
DYNCO320
DYNOO3IS0
DYNCO360
DYNDO27O
DYNOD3IE0
DYNCO33E0
DYNCO400C
DYNOZAO
DYNOCA 20
DYNCQ230
DYNOD 440
DYNQO4S0
DYNOOA6B0
DYNOQATO
OYHI04A2D
DYNOGASO
DYNOCOBD

DYRODEAQ
DYNOCSID
OYMNCOS530
DYNDOS40
DYNOOS 0



FILE:

231

V
201

2322 FORMAY(//'INITIAL VELOCITY=",F10.4,5X, " INTTIAL ACCELERATION=“ ,FID

6
202

230

204

C INI

C ITE

1%

16

203
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DYN FORTRAN &1 VM/SP CONVERSATIDNAL MONITOR SYSTOM

WRITE(6,231)M1 M2
FORMAT(//“Mis* F10.4, 58X, "M23* F10.4)
WRITE(S.2C1}

DYNROOSE0
DYNOCBT0
DYNQOERO

FORMAT(‘ ENTER SHIP*S INITIAL CONOITIONG: VELOCITY, ACCELERATION' JDYNCGESO

READ{S,* V0, AQ
WRITE{E,62321v0, 20

+.4)

WRI1TE(S5,202)

FORMAT(’ ENTER TIME INTERVAL, PRINT INTERVAL, AND XMAK')
READ(S, » }OT  NI2,XMAX

WRITE(6,230107

FORMAT(//'DT=" ,FI1G.7)

WRITE(S, 204)

FORMAT(//78x, "TIME 1OX, *X(SHIP) " 10X, X(PLATF}” 7X,
+CONTACT FCRCE',4X, 'FOUNDATION REACTION®.9X,"DTCR‘,9%.°T2//)
WRITE(S,204}
TIALISE A{-DT}.X2(-DT)

X(2)=0.

V2=V0

A2 =AQ

X2(2)=0.

X(1)axX{2)-OT*Vv2+DT++2/2,=AD

x2{1)=0.
RATE FOR X{T+07), X2(T+OT)

IP=Q

DO 2 J=2,36000

IF(X(J).GT.XMAX . OR_X2{J).GT.XMAX}GD TO 20

XI=x(dJ)

X21=X2(J)

CALL INTEPP(FR, XR,N3 . X21,F21.K52)

CALL INTERP(F ., XC. NPT, XKI,FI,KS)
IF(EKS.GT.0.01.AND . K52 .6GT.0.01}68 TD 15

DTCR=0.0

T2=0.0

GC TO 16

KM TS /M1

KM2: (KS+KS2) /M2

AVeOSGRT (KM == 24xM 242, ¢ XM tn [KS-KE2)/ M2}

DTCR=Y AZ84271/0LCRT{ KM THIMDPI AT

T2=2 828427 1+PT/OSORT(RM1+KM2-A1)

X2(J+1)2DT =2 /Maw(FI-F2Q}+2. +X2{)-X2(J-1)
X(U+1)}sDToe2/MInF2L (1. /Ri+ 1 /23 sDTwr2aFT22, s (J)-X(U=1)
TaDFLOAT(J=-2)=DY

XtaX2{J+1y+xX(J+ 1)

X2J=x2{Js1)

IF(XC(J+T Y. LT . x{Jd)}ISTOP =1

IF{IP NE_NIZ)GOD TO 5

18=0

WRITE(B,202)T.X1.%2J.F1,F21,07CR, Y2
FURMAT[E!,F10.7,5X‘2(F10.3.5x]‘SX.Z(F1G,3.10K}.F10.4.5X.F19.4)
WRITE(5.203)7.41,. %22, 71, F21.07C8

IF{ISTOP.EG.1)G0 T¢ 12

1Pe]P+t

CONTINUE

DYNQOEUD
DYMQOE10
DYROCG20
DYNOOGE3I0
DYNQOE4D
DYNCOBEO
DYNOOEED
UYNOOETO
DYNOOGED
BYMNOORI0
DYNOC 700
DYNDDTIO
DYNOOT 20
O¥NIOTI0
DYNOOY 40
DYNCOTSO
DYNOOYH0
DYNOQTT0
DYNOQTED
YOOV
DYNDOBOO
OYNCOB 10
DYNGG820
DYNCO825
DYNQOBAD
DYNOOB5O
DYNOOEGRD
DYNOOETO
DVNOCEA0D
DLYNOOB30
GYNOLI00
BYROOAO
DYNOGS 20
DYMNOOS30
DYROOD40
LYNOCE5D
DYRNOOIED
DYNOOATO
DYNODI30
DYNOLR20
DyYNDIQCO
BYNOIGHEO
DY NO1O20
RYNOIIO
DyYMNO 040
DYHOI1030
CHyilQICen
CrHoID70
GYNOIGIO
AYNG1730
DYHDtI0C
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FILE: DYN FORTRAN Al VM/SP CONVERSATIONAL MONITOR SYSTEM
IF(J.EQ.3680CQ)GD TC 11 DYNO11 10
12 WRITE(5.210} DYNO1120
240 FORMAT{(//’NEGATIVE D{X1-X2} REACHED' ) DYNO 4130
DYNO1140

WRITE(6,213}
11 WRITE(S,206]) DYNO1 150
206 FOPMAT!/’ENTER : 1 FGR NEW TIMESTEP'/8X,’2 FUR NEW INITIAL CONDITIDYNOT1GQ

+ONS /8%, '3 FOW NEW MASGES’/8X,'0 TO STOP') DYNO1170
READ(S, = INO DYNQ1 180
ISTOP=O DYNO1 180
IF(NO.EQ.QISTIR ‘ DYNO 1200
IF(NQ.EQ.1)GC TO 6 DYNO1210
T1E{NO.EQ.2)GD TOQ 7 DYHO1220
DYMNO 1250

IF{NO.ECQ.3)G0 TO 8§
20 WRITE(5.207) DYND1240
207 FURMAT(//‘XMAX HAS BEEN REACHED. ENTER 1 FOR A NEW XMAX, O TO STAPDYRO12BO

+*) OYMO1250
READ(S, = )IMAX BYNO1270
1F{ITMAX £Q.1)GO TO & DYNOT280
5TOP DYNO1290
END DYNQ 1300
SUBROUTINE SORT(FA4.D,N1,N2,F. X, INDI, INDJ) DYNO131C
IMPLICIT REALB(A-H.0-2) DYNG1320
DIMENSION FA{2.50).D{2.5O}.F(100}.x(100).1Nox(1oo).rnad(100) DYNO 1330

C COMBINC FA(I,J) IN A SINGLE ARRAY F(IC) DYND1340
1c=2 DYNQ 135D
N=h1 DYNO 1360
vo 2 1=1,2 : DYNO 1370
IF{1.EQ.2IN=N2 DYNO 1380
DO 3 J=2.N DYNG1280
ICniC+1 DYNO 1400
FOICY=FA{I,J)} DYNO1410
INCI{IC)=1 DYNO 1420
INDJ({IC Y= DYNO1430
X(10)Y=0(I,J) DYND1£40

3 CONTINUE DYNO14Z0
¢ SORT F(IC) IN AM LCSENDING ORDER DYNO14E0
fENT4N2 DYNJ 1470
P =N- OYKNQ1480
DO 4 I=3,NM1 : _ DYND 1450
IP1=1+1 DYND 1500
00 4 J=IP1.N DYNO1E10
IF(F(I).LE.F{J))IGD FO S DYNDI820

& FsvsF(I) DYND$530
xsv=xX(I) DYNO 1540
1sv=INDI{1) DYNO 1550
JSV=INDJU(I) DYND 1580
F{I}=FiJ) DYNO1STO
XfI1)=Xx(J) BYNS{BRD
IHDIC T }=INITI(J) DYHG 1940
INDU{IY=INDL(J) DYNG 1800
c{J)=F5V DYNQ 1510
X{d ) XSV CYND1E20
INDI{J)=TSV DYNO 1620
INGJI{J I =JSV DYND 1840
DYND16%0

GO YO 4



FILE:

2

211

212
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DY~ FCRTRAN A1 VM/SP CONVERSATIONAL MONITOR SYSTEM

IFCF(I).EQ.F{J).AND . X(I).GT.X{JU))GC TO &
CONTINUE

F(1)e0.

Xx{1)=0.

TNDRI( 1}=1

INDJ( 1)=1

Fi2)=0.

Xx{2)=0.

INDI(2)=2

INCJ(2) =1

RE TURN

END

SURRGUTINE COMBIN(F X, I,J.FA, 0. N1, N2, NPT)
IMPLICTT REAL-E(A-M,0-Z)

DIMENSION F({100}.X(100),1{100},J(100) FA(2,50}.D0(2.50)
NPT=0

NS=N(+N2

DD t M=3,NS

MM §=14- ¢

IF(I(MY_EQ. 3. AND . J{M) . EQ.N1.OR. L{M}.EQO. 2. AND . JIW) EQ N2 INPT=MMI

INO=M

INO=IND+ 1

IF(I(IND).EQ.(3-I(M)))GO TD 2

GO 1O 3

CONT INUE

SL=(D({I(IND},JOIND)Y}-DUICINDY {JIIND)}-1))})/
FEFACT{INDY . UUIND))-FA{I{IMND) . (J(IND)-1)))

X{MM1)=X{M)+D( T IND}, (LOIND) - 1))+ {F{M)-FACT(IND}, (JUIND}-1)))}"SL

F{MMt)=aF{M)

IF(NPT.EQ.MM1)GT TO 4

AsFA{T(INDY  (JOINOY+t)})-FA{I(IND)},J{IND]

BxFA(I (M}, {J(H)+1))-FALI{M) U(M)}

IF(B.EQ.0..OR.F(M).EQ.F{IND).AND A, EQ.0.)GC 7O 4

GO TG 1

X{M)=D{ {4, N1)+D{2 N2)

F(M)=F{M+1)

GO TO 10

CONT INUE

X(11=0.

IF{NPT .NE.MWM1 NPT =M

RETURN

END

SUSROUTINE INTERP(F X,N,XI,FI,K3)

IMPLIGIT REAL=8(A-#,0-2)

REALH KS

DIMENSICN F(100),x(100)

DO 1 [=2,N

IF{X(I}.GT.XI)GO TQ =

CONTIMNUE

KSe(C{1)-F(1-1)}/{X(1}-X(L-1%]})

FleF(Y-t)+KS=(A]I-X{I-1))

RETURN

END

SUBROUTINE OUTH{F, X [ J,M)

IMPLICIY REAL*B(A-H,0-2)

DIMERSION FLI00),ALA0D) ELICO)  JL IO}

WRITE(6,.211)

FORMAT(//FCONTAST FORCE®S FURCE-DEFLECTION CHARACTERISTICE’
+/¢ CONTACT FORCE',7X, PLASTIC DEFURM,. -, EX,"17.8x.'d"/)
WRITECS, 2123 {(FIR) X{K), I{K+i) JERe1)) K=t N}
FORMAT(2X,510.3, 10X ,F{10. 3 ,8X,12,E8X,12)

RETURN
END

DYNO 1650
DYNOIBTO
DYMO1650
DYNOAGRQ
ODYNC1700
DYNC1T1O0
DYNOIT20
DYNG T30
DYNO1740
DYNO1T5O
DYNG <760
DYNOATTO
DYNO1TRO
D¥&O$T790
DYNDI18CG
OYNG 1810
DYrO 1820
LGYNDTBIO
DYNQ 1820
DYHO1650
DYNCIRCD
DYHC AT
DYNG1BED
DYNO1820
DYKRC19CC
DYNO1S10
DYND1B20
DYNG1920
DYND1940
DYNG19T0
DYNOISE0
DYNQ1970
GYNO1950
DYNG1930
DYNO2CIO
QYHCLONT
OYHDO2070
DYNO2C30
DYNQR04T
DYNOZOS0
DYNOZOEG
DYNOZGTO
DYMOTTED
DYHOZOR0
DYNC2Z 100
DYWOZT O
DYNQ2120
DYNO2Z2 13
DYND2 130
DYRCGZ 150
OYNQA160
DYNOZATO
DYH22120
OYNOZITO
Dyngaans
DYNQIZI0
DYROZDE0
CYNOD230
DYHO22AD
GYNODATO
DYHC2TH0
DYNO2270
DYNQZ22D
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C.5 Complete Numerical Results

NATURAL PERIODS

Mi=

5. 5000

Semisubmersible: Collision Scenaric (1)

Tie

M2=

INITIAL VELOCITY=

DT=

-‘—‘—"-‘--‘-‘-‘f_—l-‘--AOOOOOOOOOOOOOOOOOOO

TIME

. 0S0Q0Q00
. 000000
. 1800000

2000000

. 2500002
. 3000000
. 3500000
. 40QC000
. 8500000
.EC00000
.53C0O000
. 8020000
. 6500000
. 7000000
L 7300000
. BOOOO00
L8S0CL020
L 900CCCD
CBECOOD0
LOQOL T
L0500 7D
AR L, AU

250U T3
L3000CS3
L3500000
LAQCODO0
. 4500300
LB000000
LBRO0000
. 80000020

0.0010000

2.0000

A(SHIP)

102

. 202
. 301
. 399
.49%
.591
.6B4
A iri -]
.BES
.252
. 037
L1149
. 198
L2753
.34B
L4198
.AB7
.551
LB12
.87
.T35
i
.B25
.8T0
L8111
. 949
.94
L0158
.43
L0587
.CEE
LI05

T2= 155.91882

X{PLATF)

INITIAL ACCELERATION= 0.0

CONTACT FORCE

0.691
1.4979
2.061
2,736
3.401
3.872
4. 280
4.877
5.063
5.437
8.777
5.974
6.163
6.343
€.514
G6.6%7
6.83!1
6.975
7.140
7.23E
7.337
T.3%3
7.405
7.434
T7.460
7,462

LEO00
7.%18
7.5927
T.83%
7.%940
7.541

FOUNDATION

pppppp_O-0.000QOOO_OOODOOOOOOOOOOOOO

REACTION

. 000
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Semisubmersible: Collision Scemario (ii)

NATURAL PERIODS : Tit= 4.76792 T2= 159,%166%
Mi= §.5000 M2= 28. 0000

INITIAL VELOCITY®= 2.0000 INITIAL ACCELERATION= ¢.0

DT= D.UCILo00

TIME X{SHIP) X(PLATF) CONTACT FDRCE FOUNDATION REACTION
0. 0500000 G. 102 0.000 . 0.798 G.000
0. 1000000 G.202 ¢.000 1.592 0.000
0. 1500000 G.300 0.000 2.378 0.000
2. 2000000 0.393 0.001 3.156 Q. 000
0. 2500000 0.494 Q.00 3.919 0.000
0. 3000000 0.5E3 Q.003 4,665 0.000
0.3506000 0.63f C.004 5.391 0. 000
0.2C000020 0.7714 0.006 6.094 0.000
Q.45%00000 0.5RE a. 005 6.717 0,020
0. 5000000 0.243 0.012 7.27¢% Q.00
©. 5500000 i.023 0.015 7.798 0.001
Q. 6000000 1.101 Q.020 8.297 0.001
0. ES00000 1,174 0.025 8.764 0.001
0. TCO0C00 i.7244 0.0 Q. 199 a0.002
0. 7800000 1,309 0.038 9.593 0.002
Q. 30000C0 1.37¢ 0.049 2.4564 g.002
Q. 8200000 1.426 0.054 10,292 0.003
0. SC0000 1,478 0.084 10.482 0.003
0. 350000 1.525 0.074 10.832 0.004
1.GOLOC00 t.567 0.085 11.042 0.004
1.0So0000 1.6C4 Q.098 19,211 0.005
$. 1000000 t.830 0.111 11.339 0.0086
1. 1800200 1.662 0.128 11,424 G.GOS8
1., 2000000 1.684 Q. 141 11.4686 O.C07
1. 2500000 1.7C0 0. 187 11.467 0.008
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Semisubmersible: Collision Scenario (iif)

NATURAL PERIQDS Ti=
Mi= 5.5000 M2
INITIAL VELOCITY-=
DT= O <55

TIME X(SHIP)
0.0500000 0.110
0. 1000000 0.210
0. 150G000 0.309
0. 2000000 0.407
0.2500000 ©.3505
0. 3000000 0.601
0. 3500000 0.636
0. 4000000 0.790
0. 4500000 ©.831
0. 5003000 0.971
0. 5500000 1.058
0.6000000 1.143
0. 8500000 1.226
Q. TO00000 1.303
0. 7500000 1.382
Q. BOOOOCO 1.456
Q.28502000 t.506
0.90000C0 1.593
0. 9500000 1.656
1,000 2032 1.7186
1.0500 1.772
1. 1001 1.824
1,156, 1.873
1.2002 . 1.917
1,25CC000 1.957
1.3005°0 1,994
1. 3500000 2.026
1. 4000050 2.053
1. 4500000 2.077
1. 50000C0 2.036
1. 8500000 2,111

2.0000

T2+ 159.92472

X(PLATF)

0. 000
0.C00
Q.00
0.001
0.Co1
0.002
0.003
Q.004
0. 006
0.008
0.C10
0.013
Q.07
0.021
Q.025
0.030
0.036
G.043
G. 050
0,058
0.0%6
0.078
0.086
0.087
0.108
0.121
©.134
0.148
0. 164
0.179
0.186

INITIAL ACCELERATION® o.¢

CONTACT FORCE

0.506
1.010
1.512
2.010
2.502
2.987
3.464
3.931
4,387
4,832
5.2G3
5.680
6.081
6.459
6.790
7.103
7.402
7.600
7.959
B.179
B.358
8,597
8.774
8.929
9.062
a.172
9.260
4.324
9.365
9.383
9.378

FOUNDATION REACTION

:

8388858888883

+

288

L007
.ces

8

OFJPCDOf)PS)pEDPSDO()OFDO(30(30(30(30(30<30<3
3 g

.010



Semisubmersible: Collision Scenario {iv)

2.0000

NATURAL PERIODS : Ti=
Mi=  5.5000 M2
INITIAL VELOCITY=
0T= Q.0500000

TIME X(SHIP)
0.0500000 0.200
0. 1000000 0.299
0. 1500000 0.398
0. 2000000 0.436
0. 2500000 0.593
0. 3000000 0.688
0. 3500000 0.783
0. 4000000 0.C75
0. 4500000 0.966
©.5000000 1.055
0. 5500000 1.142
0. 6000000 1,226
0. 6500000 1.309
0. 7000020 1.38%9
0. 7500000 1.466
Q. BOOOI00 1.541
0.8500000 1,613
0. 9000000 1.883
0. 9500000 1.749
1.000007%0 1.813
1.0500000 1.874
1. 10000070 1.832
1. 1500000 1.887
1. 2060000 2.0533
1.2500030 2.037
1. 3200200 2.132
13550000 2.175
1. 400000 2.214
1. 4500000 2.249
1. 5000000 2.282
1.5500000 2.31¢
1. 6000000 2.337
1. 6500000 2.360
1,7000000 2.373
1. 7500000 2.395

6.27490 T2

~146-

INITIAL ACCELERATIUW=

X({PLATF)

0.000
0.C00

159.92690

0.0

CONTACT FORCE

0. 461
0.920
1.378
1.832
2,284
2.724
3.161
2.5%9
3.8B84
4.162
4. 473
4,755
5.029
5.293
5.545
5.7717
5.925
6.067
6.201
€.329
6.449
B.561
G.650
5.764
6.853
6.535
T.089
T.074
7.432
T.181
7.2
7.254
T.a78
7.294
7.302

FOUNDATION

©0000000000000000000000000000000000

REACTICN
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Semisubmersible: Callision Scenario {v)

NATURAL PERIODS : T1= 2.49349 T2® 163.44814
Mi= 7.0000 M2= 28.0000

INITIAL VELOCITYs= 2.0000 INITIAL ACCELERATION®

OT: 0.0005050

TIME X{SHIP) K(PLATF) CONTACT
0.05C0000 0.101 ©.000 3
. 1000200 €.159 0.000 8
¢. 1900000 0.233 0.001t a
0. 2000000 0.388 0.003 10.
0. 2500000 0.478 Q.06 12.
0. 3Q00TEA 0.5582 0.010 14
0. 3500000 0.642 0.015 14
©. 4C00000 o.717 0.021 13.
0. AS00000 C.786 0.029 16 .
0. 5C00C00 ¢.549 0.038 16.
0. 5500000 G. 9086 0.04%9 7.
0. 6000000 0,.9%8 0.061 7.
0.630C0%0 $.003 C.075 17.
0. 7000000 1.041 0.G90 18
0. 7500000 1.073 Q. 107 15,
0. 8000000 1,089 G. 126 18.
O, 8500000 1.118 0. 146 18.

0.0

FORCE

. 548
. 767
. 723
598
377
.021
. 786
484
i1
e64d
142
S41
861
.099
254
326
35

FOUNDATION

99999990000000000

REACTION

. GO0

Q00



NATURAL PERIDOS

Mt=
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Semisubmersible: Collisicn Scenario (vi)

5.5000

T1=

M2=

INITIAL VELDCITY=

DT

QO00O00DOLO000O0QOO0O

©. 0005000

2.000C

X(SHIP}

- e Q0000 COOAQOCO00

MRl

199

.295
. 388
476
.560
.638

710

.776
.B35
.887
.L32

370

L 000
.024
.C40

T2= 159.80668

X(PLATF)

0.000
G.000
0.001
0.003
0.005
0.008
0.012
0.018
0.025
©.033
0.042
0.053
0.058
0.0673
Q.094
Q. 110

INITIAL ACCELERATION=

CONTACY

0.0

FORCE

.778
.509
.518
130
.654
L0786
.382
L 239
.583
067
.33%
. 648
.843
.9%3
.037
.036

FOUNDATION

_UF‘J:CJPOOQOOOOOOOOO

REACTION

o0

.Q00

000



Fixed Jacket: Collision Scenario (i)

MATURAL PERIODS

M= S.

INITIAL VELOCITY=

DT= 0.0010000

TIme

. 0500000
. HOO0QO00
. V500000
, 2000000
. 2500000
. 3000000
. 3500000
. 4000000
. 4500000
. 50C0000
. 5500000
. 6000000
. 6500000
1000000
. 7200000
L BODCO00
.BBOCO0D
. 9000070
.850N TR0
1.0007 770

[e¥eXsRoRsXaNoRoNaNoReReoRoRallofoRs R

1.49C. O
1.2000.20
§. 2500000
1. 3000000
1.3500G00
1. 4000000
1. 4500000
1. 5000000
1.55004G00
1.6000000
1.6500000
1. 7C0000C
1. 7500000
1. 8000000
1. 8500000

Ti=

MMM ANAMAMRNIOA R & o bt odtrh ot ik 220000000000

M2=

2.0000

X(SHIP)

—
[
LT+]
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T2- 5.62572

INITIAL ACCELERATION=

X(PLATF)

0.000
0.000
0.000
0. 001
0.001
0.002
0.003
0.C03
0.00%
0.0086
0.007
0.008
0.009
0.00%
0.010
.00
0.010
0.010
¢.009
0.009
0.008
. CO7
0.008
0.006
0.6C5
0.005
0.005
0.005
0.035
3. 006
0.C05
2.007
2.008
2.009
0.009
0.010
£.010

CONTACT

0.0

0.691
1.379
2.062
2.737
3.403
3.874
4,284
4.684
5.075
5.455
$.792
£.9%%
6.192
6.332
6.5G5
6.741
6.210
T.072
7.227
7.345
T.332
T.436
7.478
7.516
7.952
7.584
7.613
7.63%
7.662
7.682
7.689
7.712
7.723
7.730
7.735
7.737
7.738

FORCE

FOUNDATION REACTION

. 009
L0714
. 234
. 539
.015
.674
.50%
LAT3
.535
.639
.729
L7450
.62%
L3186
L7719
.593
.e54
. 680
.202
LET
.845
.024
. 349
703
187
.B74
L7581

NP ERHELMMAI DOV OADLCOBIANALOD -~ 20000



Fixed Jacket: Collision Scenarie (i1}

NATURAL PERICDS . Tis=

Mi® "5 5000 M2=

INITIAL VELOCITY= 2.0000

IT= Q.0010000

TIME X(SHIP)
0.0S0000C 0. 102
0. 1000000 0.202
0. 1500000 0.300
0. 2000000 0.398
0. 2500000 0.494
0. 3000000 ©.589
0. 3500000 0.681
0. 4000200 0,771
0. 4500000 0.858
0. 5000000 0.942
0. 5500000 1.023
0. 6000000 1,100
0. 56500000 1.474
0. 7000000 1.243
0. 7500000 1.308
0. BS00000 1.369
©. 8500000 1.425
0.9006000 1,476
0. 8500000 1.522
1. 0000020 1,564
1, 0500000 T 00
1. 1060000 1.630
1. 15000020 1,655
1.200000C 1.675
1. 2500000 1.689
1. 3000000 1.697
1. 2500000 1.700
1 ..4000000 1.697

1.11930 Ta=

INITIAL ACCELERATION= 0.0

X{PLATF) CONTACT FORCE FOUNDATION
0.000 0,798 0
Q.00C 1,582 o]
0.000 2.379 Q
0.001 3. 157 0
Q.00 2.922 i
0.002 4.670 1.
0.003 5,400 2
0.004 6. 100 4
0.0C5 6.738 5.
0.007 T.304 5
0.008 7.846 B
0.010 8.355% 9
0.011 8.REG8 11
0.012 9.325 12
0.013 G764 3
0.014 10.175 13
0014 10,555 14
Q.014 16, %06 id
0.014 14,225 14,
0.014 11.510 13.
0.013 $11.760 13.
0.013 11.974 12.
0.012 12,152 11
0.1 12,282 11,
0.011 1%.395 10.
0.010 12,4354 10,
0.010 12.47% 9,
0.010 12,457 .

REACTION

L0110
.82
L2AC
L6223
11

934

Lang
076

401

.83D
.93
L7a8
LO5G
L2404
13y
LBCa
LAeD
.20

EReL
Th2
192
§22

LECH

122
s

074
207
Tio
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Fixed Jacket: Collision Scenario (iii)

NATURAL PERIODS : Ti= t.12105 T2= 6.56714
M= 5.5000 M2= 32.0000
INITIAL VELOCITY= 2.0000 INITIAL ACCELERATION= a.0

DT= ©.001000C

TIME X{SHIP) K(PLATF) CONTACT FGQRCE FOUNDATION REACTION
0.0500000 0. 102 0.000 0.5G6 0.007
0. 1000000 0.202 0.000 1.010 0.052
0. 1800000 0.3 0.000 1.512 0. 72
0. 2000000 0. 400 0.000 2.010 ¢.395
0. 2800000 0.497 0. 001 2.503 0.744
0. 3000000 0.594 €. 001 2.989 1.230
G. 3500000 0.689 Q.002 3.467 1.852
0. 4000000 0.782 0.003 3.937 2,59¢
Q. 4500000 0.874 ©.003 4,397 3.450
Q. 5000000 0.964 0.004 4._847 4,374
0.5500000 1,051 0.005 $.286 5.336
Q. 8000000 1.137 0.008 s.712 6,293
3.6500000 1.219 ©.007 6.126 7.205
0. 7000000 1.299 0.008 6.513 B.C33
Q. 7S0Q0Q0 1.376 0.009 6.862 8.743
G. BOCCOCO 1.449 0.00% 7.197 9.307
0. 8500000 1.520 0.010 7.517 9.707
Q. 3000000 1.587 Q.010 7.823 9.937
Q. 9500000 $.650 0.010 8.113 10,003
1. 0000000 3.710 0.010 g.388 9,922
1.0800000 1.766 0.010 B.645 9.722
1. 1000000 1.818 0.009 g.8384 4.438
1. 1500000 1.866 0.009 9.106 9. 11t
1. 2000000 1.910 0.009 9.3208 8.783
1. 2500000 1.949 G.008 9,491 9.497
1. 3000000 1.4985 0.008 9.654 8,287
1. 3500000 2.018 0.008 9.796 a.183
1. 4000000 2.042 0.008 9.917 8.204
1. 4500000 2.064 0.008 10.017 8.358
1. 5600000 2.081 0.009 10.096 8.641
1.5500000C 2.094 Q.009 10. 153 9.036
1. 6000000 2.102 0.010 10. 188 9.518
1. 6500000 2.106 0.010 10.202 10.052

1. 7000000 2.105 0.0114 10.195 10.597
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Fixed Jacket: Collision Scenaric (iv)

NATURAL PERIODS : Ti= 1.12132 72= 6.8BBO8S
M{= 5.50C0 M2= 32.0000
INITIAL VELDCITY= 2.0000 INITIAL ACCELERATIONe 0.0

oT= 0.0010000

TIME X(SHIP) X(PLATF) CONTACT FORCE FOUNDATION REACTION
©.0800000 o. 102 0.000 0,461 : 0.006
0. 1000000 G.202 0. 000 0.9220 0.047
Q.150002C0 0. 301 Q.00 1,377 0. 156
©. 2000000 0.400 0.000 1.831 0.300
0.2500000 G.498 0.0G1 2.281 0.878
Q. 3000000 0.524 0.001 2.72% $.120
Q. 350000G 0.620 Q.Q02 3.153 ) 1.687
0. 4000000 Q.784 0.002 3.582 2.30%
0. 4500000 0.877 0.003 3.R8E9 3.143
0. 5000000 0.957 0,004 3.19¢ 3.4973%
C. 5500000 1.006 0. 005 4. 485 4,824
0. GOO0C00 ¥. 143 0.006 4,773 5.646
0.6500C00 t.228 0.0086 5.054 &.401
0. 7000000 1.210 0.007 5.328 7.051
0. 7500000 1.320 0.003 5.594 : 7.%568
0. 8000000 1.467 ©. 008 5.815 7.931
0. 850000C 1.542 0.008 5,972 8.129
. 9000000 t.614 0. 008 6,125 8,160
Q. 9500000 1.683 0.0GE 6.272 8.033
1. 0CCQQ000 1.749 Q.008 §.414 7.770
1. 0500000 t.813 0.007 6.549 T.401
1. 1000000 1.873 0.0067 6.679 6.966
t, 1500000 1.93¢ 0.008 &6.802 6.508
1, 2000000 1.4988 Q.008 6.918 6.074
1.25000C0 2.035 0.006 7.027 5,705
1. 3000000 2.084 0. 00% 7.130 5.438
1. 3503000 2.12%9 Q.0u5 7.232% 5.303
1. 4000000 2.171 0. 033 7.313 5.317
1. 4500000 2.209 0.00% 7,054 5.485
1. 5000000 2.243 0.0Gs 7,382 5.799%
1. 5500000 2.275 0.006 T.307 6.22%
1,E0C00C0 2.303 0.007 7,42 6.742
1. 85000C0 2.328 0.007 7.449 7.341
1. 7000CCO0 c.349 0.008 7.4865 T.92%9
1. 700000 2.287 0.003 7.479 &.480
1. 8006C00 2.381 0.00% ¥.491 B.254
1. 8500000 2.323 0 O3 7.4%3 9.314
1.900000Q 2.4C0 Q.oi1o 7.505 Q.533
1, 2348020 2,403 O.010 7.8 Q. et
2,000 2.402 (SR S 7.0 2. 475



NATURAL PERICDS

M1~

Fixed Jacket: Collision Scenaric (v)

7.0000

Ti=

M2=

INITIAL VELOCITY=

D=

000000200000 QCOOC000

TIME

L0E00CT0
. 1000000
L 1500000
L 2020000
L 2500000
L 30C0O000
. 3500500
. 40CCTI00
L 4500000
. 5000200
. BEQOGOD
. 6000000
.B5L002C
. 7000000
LTE00000
. 8C00T00
LBS00C00
L 9Co0GC0
LA500000
L 0000070

0. 0005000

2.0000

X{SHIP}

-t d e A+ QO0CO00CDO0QCO0Q0

. 101
. 199
. 295
. 388
478
. 562
.642

17

. 786

849

. 506
. 957
.01
.039
.O7T1
.95
. 113
24
. 127
124

T2=
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X{PLATF}

C.
O.
C.
L0032

4]

.
o.
Q.
O.
0.
0.
.024
027
.029
030
L0320
030
.028
.028
024
.021

QCo
000
o0

Q05
207
010
D14
017
o

2.8460Q

INITIAL ACCELERATICN=

CONTACT

Q.0

FORCE

546
769
727
.610
402
.045
.B29
.5%6
.224
.B34
,306
.830
116
693
.0t
.269
. 454
594
.G51
.658

FOUNDATICN

REACTION

.046
LAG83
L 167
. 957
572
. 163
.337
.829
L4585
.9ED
. 102
.871
.BE 1
014
.297
704
.200
211
.B07
LBUT
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Fixed Jacket: Collision Scenario {(vi}

NATURAL PERIOD: : Ti= 1.10587 7T2= 2.83913
M1= S.E8000 A2= 32.0000

INITIAL VELCCITY= 2.0000 INITIAL ACCELERATICH= 0.0

0T+ 0.000%5200

TIME X{3SHIP) X{PLATF) CONTACT FCRCE FOUNDATION REACTION
0.030002Q 0. 101 0.000 2.776 0.036
0. 100000 0. 199 0.000 §5.511 0.255
0. 1500000 0.295 0.001 7.521 0.934
0. 2000000 0.3&8B 0.002 9.138 2.094
0. 25000500 0.478 0.004 10.672 3.801
Q. 3000000 0.560 0.0086 12. 110 6.040
Q. 3500C00 0.638 0.009 13.444 B.749
0. 4000000 0.710 0.012 14,283 14.821
0. 4520200 .77 0.Ci5 14,753 15,082
0. 2000000 0.834 Q.018 16172 18_318
O 5500000 0.88¢ 0.0 16.542 24,309
0. o000 0.931 6.024 15.881 23.852
0. GSOLOC0 0.969 0.026 16. #131 25.775
0. 7000300 0.583 0.027 16.381 26.948
Q.7500000 1.022 0.027 16.521 27.299
0. 80QU000 1.037 0.027 16,641 26.812
0. 8500000 1.045 0.026 1€.710 2%, 537
0. 2000000 1.045 0.024 16.727 23.576
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—
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TLP: Collision Scenario

NATURAL PERIDDS : TH1= 5.49442 T= 87.34183
Mi= 5. 5000 M2= 1346500
INITIAL VELOCITY= 2. 0000 INITEAL ACCELERATION= 0.0

DT= 0.0010000

TIME X(SHIP) X(PLATF) CONTACT FORCE FOUNDATION REACTIDN
0.05C0000 0.102 0.000 0.891% Q.000C
0. 1000000 0.202 0.000 1.379 Q. 000
Q. 1200000 0. 301 0.0C0 2.082 0.000
Q. 2000000 C.399 0.000 2.740 0. Q00
0. 250C00 0.49% ©.0C0 3.408 0. 000
D. 3000000 C.591 0.000 3.880 G. 000
0. 3500000 0. 684 0.001 4.252 0.000
0. 4000000 G.778 ©.001 4,95 Q.00
C. 4500000 g.8s55 O.002 6 .088 . 001
2. 5CC0000 0.852 0.000 S.471 .00
0. 5500000 1.037 ¢.C03 S.802 0.002
. 6000000 1,19 O.L03 €.006 0.002
0.8500000 3. 1%8 Q.00 §.202 ¢.002
0. 7002030 1.274 0. 005 6.391 0.003
0.75000C0 1.348 0.005 €.573 0.004
0. 8030000 1.418 O. 000 6.747 J.0C4
0.88500000 1.486 ¢.00% £.912 0.00%
0. 8050000 1.550 o.o10 T.070Q . 606
0. 95000072 1.611 Q.012 7.21% C.C07
1. 0000000 1.669 ©.014 7.340 0.008
1. 050C000 1.733 ©.015 7.325 G. 008
1. 1000000 1.774 0.01'7 7.427 O.0C
11500000 1.822 ©.020 1.AER o.c1
1.20000C0 1.BRT C.022 T.802 0.013
1. 2500000 1.2807 0.0%¢ 7.5355 0.014
1. 30005000 1.9495 0.027 7.85% 0.016
1.35C0000 1.879 Q.00 7.551 0.047
1. £00C000 2.01G 0.032 7.635 0.013
1.4800000 2.037 Q.03 7.63d a.o21
1, 8020000 <.0%0 0.036 7.68%3 0.022
1, 58050046 2.081 0.0:2 v.ca8 0.024
1.e0QODI0 2.097 0.048 7.679 0.026
1. E3G0N00 2.1%: 0.049 T.u8B 3.028
1, 7020000 2,120 ©.C52 7.653 0.031%
1. 7500800 2.127 0.0uE 7 £es 0.033
1.80C0000 2.128 Q.05 7652 0.03b
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TLP: Collision Scenario (i1)

NATURAL PERIODS : Ti= 5.§1202 T2= ©7.34073
M= 5.5000 M2*  134.6500

INITIAL VELOCITY= 2.0000 INITIAL ACCELERATION= 0.¢

BPT= 0.0005000

TIME X{SHIP) X{PLATF) CONTACT FORCE FOUNDATION REACTION
0. 0500000 0. 101 0.000 0.798 0.000
O . 1000000 0. 201 2.000 1,592 Q.C00
Q. 1500000 0,299 0.000 2.381 0.000
0. 2000000 C.3s87 2.000 @. 161 0.000
Q. 2500000 C.493 0.000 3.928 0.000
0. 3000000 0.588 0.00f 4.681 0.000
G. 3500000 0. 680 0.0 S5.417 g.000
Q. 4000000 a.770 .00 6.131 ©.001
0. 4500000 0.857 0.002 6.762 c.oM
0. 5000000 0.942 G.002 T.333 0.001
0.5500000 1.022 2.003 7.830 0.002
0.60000C0 1.089 0.004 B8.401 0.002
0.6500C000 1,173 0.00% B.B96 0.003
Q. TO0000G 1.242 Q.008 9.361 0.004
0.7500000 1,307 0.008 9.796 0.005
0. 8C00000 1.368 .10 10. 200 0.006
0. B5CO000 1.424 0.011 10.570 0.007
0Q.9000000 1.475 0.013 10.207 ©.008
0. 950000 1.521 0.0%6 11.208 C.009
1. 000007 1.842 0.048 11.473 C.010
1.080C0 ¢ 1.5¢8 0.021 11.7C0 0.012
1. 1007 j.628 ¢.022 11,890 Q.04
1.4800. t.654 0.026 12,042 C.015
1.2000 2 1.672 0.030 t2.154 0.017
1.2800070 1.687 0.033 12,227 0.019
1, 300Q00CI 1.696 0.037 12.261 C.022
1. 38000600 1.699 0.041 12.255 0.0u4
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TLP: Collision Scenario {iii)

NATURAL PERIQDS @ Ti= G.41970 T2= 97.343%52
M= 5.500C M2= 134.6500
INITIAL VELOCLITY= 2.0000 INITIAL ACCELERATION= 0.0

DT= 0.0100000

OT= O.0C0S000

ek A ek ke a2 0000000200000 CO0DOD0

TIME X(SHIP) X(PLATF) CONTACT FORCE
S0CO00 .10} 0.C00 0.506
. 1000200 0.201 0.000 1.014
. 1500000 0.300 0.000 1.513
. 2000000 ©.399 0.000 2.019
. 500000 0.206 0.000 2.505
. 3000000 6.593 0.000 2.993
. 35C0000 0.554 0.001 3.474
4000000 G.TH1 0.001 3.246
. 4500000 0.872 0.001 4.409
. 5C0C00C 0.983 0.002 4.861
. 5500000 1.051 0.002 5.302
- 60000C0 1.136 9.003 5.730
. 6500320 1.218 0.¢03 6. 144
HONGGD 1.208 0.004 6.530
L TEOOTI0 $.37% 0.005 6.877
. BOOODGG 1,448 0.C08 7.209
. 8500000 1.519 0.007 7.528
. 200000 1.386 0.00% 7.826
-2R00000 1.649 0.010 £.110
. 0000050 1.709 0.012 B.376
0500008 1.765 ¢.014 8.623
. 1000000 1.817 0.01€ £.553
. 1500050 t.865 0.018 9.082
. 2000000 1.909 0.020 ¢, 233
. 2500000 1.945 0.023 9.423
L 20CD000 :.984 0.02% 9.573
. 3500000 2.G15 0.0 2.702
. A0D0O000 2.041 0.031 %.£10
. AB0D00D 2.083 0.03%4 9.£97
L BOON00O 2.081 0.023 9.S83
.E5I0CCO 2.094 0.041 10,007
. 6UNCO00 2.103 ©.048 10.029
. 6500000 2,107 0. 049 10.030

FOUNUATION REACTION

0.000

0900050000000
QQ
§388833885883

o]
ol
o
[X]

0000000
88088388
[T ] - e ) Y

]

0.010

oo
(e R el
(AN ]

0.015
0.016
D.018
0.020
0. 022
0,024
0.026
0.028
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TLP: Collision Scenario {iv)

NATURAL PERIODS : Ti=  6.72791 T2+ 97.34478
M1a  5.5000 M2=  134,6500
INITIAL VELDCITY=  2.00C0 INITIAL ACCELERATION= 0.0

DT= Q.0005000

TIME X{SHIP) X(PLATF) CONTACT FORCE FOUNUATION REACTIGN
0.05000C00 0,101 0. 000 O.461% 0.000
O. 1000000 Q. 201 Q.000 0.220 0.00C
O 18500000 Q.3%0 Q.000 1.378 0.900
0. 2000000 0. 399 2.000 1.832 0. 000
0. 2500000 . 437 L 000 2.283 G000
0. 2000000 0,593 Q.002 2.72%2 Q.o
0. ISO0000 0.689 D3.C00 3. 168 0.000
Q. 4000000 0.783 0.GOt 3.587 0.00D
0. 4500000 0.876 .00 3.898 0.001
0. 5000000 0.965 0,001 4.19¢ .30
0. 5500020 1.055 0.002 4.4%5 0.001
0 6000050 1.142 D.002 4,784 0.001
Q. 6300000 1.227 2.003 5.065 0.202
0. 7000000 1.309 D.004 5.328 0.007¢
Q. TSODCo0 1,289 J.005 5.80C3 G.0n32
0. BODO000O 1.4486 2,005 £.819 0.CO2
Q. 8300000 1.5841 2.007 £.976 C.0o04
Q. 9000000 1.613 2.408 & 126 0.003
0. 9500000 i.582 2.G0D9 6.270 €.005
1. CODC00O0 1.748 .01 €.408 C.006
1.0500000 1.812 0.012 6.52 . 007
11000000 i.872 2.G3 6.60h4 0. 003
1. 1500000 1.930 0.015 G.702 Q.00%
1. 2000000 1,584 .07 6.88 o.010
t. 2500000 2.035% 0.019 6.998 .01
1. 300000 2.083 0. 021 T.owRs O.542
1.390C000 2.128 2,073 T.iE6 0.014
1.4000000 2.170 O.026 7.069 0.J1%
1. £8500000 2.298 3.008 7,355 C.c?
1.500020 2.243 0. 031 7.362 ©.01§
1.880000C 2.274 03.C2a 7.7483 0.020
1. 6200000 2.303 ¢.037 7.40% 0.021
1.E€3C0000 2.327 {2.04¢ 7 427 0.523
1. TOo0O0N 3.349 0.043 T.4237 .02%
1. 7200000 2.367 £.045 T.443 c.027
1 . BDOOO0O0 2.3282 0.622 7,448 0.C29
1, BECO000 2,393 0.C33 T.454 0.031
1. 800000 2.401 0.057 7.4683 0.333

7.&0a 0,035

1. 9500000 2.40% G051



TLP: Collisicn Scenario {v)

134.6500

2.0000

NATURAL PERIODS : Tt=
Mi=  7,0000 M2=
INITIAL VELOCITY=
BT= 0.0005000

TIME X{sHIP}
0. 0500000 0. 101
0. 1000000 0.199
o. 1500000 0.29%
. 2000000 D. 238
0. 2500000 0.478
0. 3000000 0.562
0. 3506000 0.642
0. 4000000 0.716
0. 4500000 0.785
0. 500C000 0.B848
0. 5500000 0.9c5
0. 6000000 0.956
0. 65C0000 1.000
0.7000200 1.038
0.7500000 1.089
0. 8000000 1.093
0.8800000 1.110
0. 9000007 1.120
£. 9500000 1.1%8
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T2= 97.85669

INITIAL ACCELERATION= 0.0
X{PLATF) CONTACT FDRCE
0.000 3.548
0.000 6.774
0.0C0 8,745
0.001 10.649
.01 12.470
0.002 14097
0.003 $4.902
0.004 15,650
0. 006 $6.237
0.008 15.962
Q.010 17.522
0.013 18.014
G.016 18,437
0.019 18.790
0.022 12.07¢
0.026 19.277
0.031¢ 12,4140
0.035 19,469
0.040 19,453

FOUNDAT1ON

0000000000000000000

REACTION

OO0

o00

. 000
Q00
.0
.00
.002
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TLP: Collision Scenario (vi)

NATURAL PERIODS : Ti= 2.7380% T2« §7.33621
Mi= .5.5000 M2=  134.6500
INITIAL VELOCITY= 2.0000 INITIAL ACCELERATION= ¢.G

07+ 0.0005000

TIME X{SHIP) X(PLATF) CONTACT FORCE FOUNDATION REACTION
0.0500000 0. 101 0.000 2.777 0.000
0. 1000000 ©.199 0. 000 5.517 0.000
0. 15C0000 0.29% 0. 000 7.534 0.000
0.2000000 0.388 . 001 9,165 0. 000
0.2500C20 Q.476 0.001 10.72% 0.00t
0. 3600000 Q.560 ©.002 12. 186 0.0t
0.3500000 0.638 0.002 13.550 0.002
0. 4000000 0.710 0.004 14,342 0.002
Q. 4500000 Q.775 ©.005 14.824 0.003
0. 5000000 0.854 C.o07 15,254 0.004
0.5500000 0.EBS C.0Ng 15,830 0.00%
0. 6000000 0.950 .0t 15, 949 .03
0. 6500000 0.9E7 0.014 16.212 6.000
0. 7000000 0.997 ©.013 16.417 0,610
0. 7500000 1,620 .00 16.563 Q.01
0.B0OCOD00 +.023 o.022 16. G0 0.017%
0. BS00000 1.042 Q.org 16.678 0.016
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