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An approach to knowledge acquisition for 
the hull form design of fishing crafts

(3rd Report) Implementation, of a hull form definition system 
using hull variation and shape aggregation techniques

by Glenn D. Aguilar*, Member Hiroyuki Yamato**, Member 
Takeo Koyama, Member

Summary
A hull form definition system consisting of a hull geometry acquisition program and two hull design 

tools for fishing crafts was developed. One tool for definition involved hull variation where the 
longitudinal positions of the stations were changed and mapped to common parameters. In the other 
tool, hull forms were generated by selecting simple shapes representing boundary curves of hull 
surfaces. Different hull surfaces were produced by defining families of curves based on the edges. 
Analysis modules such as hydrostatics and reference charts for powering requirements were included 
for evaluation purposes. The results were also referred to a related knowledge based advisory system 
that gave necessary advice and guidance.

1. Introduction

This paper is focused on the hull definition component 
of research conducted on the construction of the design 
knowledge base and development of a knowledge based 
system for the design of fishing crafts. Earlier reports 
focused on the acquisition of knowledge from published 
sources using an on-line digitizing tool and on a selec
tion based system that built rules for decision making. 
Overall, this research was intended to develop three 
design related systems: a) the acquisition of design 
knowledge; b) the development of tools for hull 
variation or rapid definition of hulls; c) development 
of ^ knowledge base component to facilitate the process 
of design,

Included in this research was the determination of the 
usefulness of methodologies in the Object-Oriented and 
Knowledge Based paradigms that would assist in conce
ptualizing and aid the process of developing both non- 
know,ledge based and knowledge based components of 
the preliminary hull form design system. The Object 
Modelling Technique (OMT) [Rumbaugh 1991] and 
Knowledge Based Systems Analysis and Design Sup
port (KADS) [Tansley 1993]approaches were the soft
ware design methodologies employed. One resulting 
system was the Geometry Acquisition Tool for acquiring 
data from published sources that was developed and used

* RACE, Tokyo University.
** Dept of Naval Arch, and Ocean Eng., Tokyo 

University.

„ Receiver! 8th Jan. 1996
Read at the Spring meeting 15, 16th May 1996

for building the geometric representation and attaching 
symbolic information to geometric components of the 
hull. Another is the Hull Variation tool thatj-uses the 
main parameters such as the prismatic curve to affect 
changes in an existing hull form by a simple displace
ment of the longitudinal location of sections. The third 
program is the Hull Design Tool that generates the 
hull form by selection from simple shapes, aggregation 
of shapes and modification of shapes by changing rela
tively few features. The other programs such as the 
Select Tool and Advise System have been reported on 
in related papers[Aguilar l993 b] (Figure 1). jlelated 
research on knowledge based systems include the works 
of [Calisal 1991, Steams 1991, Welsh 1990]. -- - - \

KBS Analysis and DesignObject Modeling Technique
Support Technique (KADS)-(OMT)

I Knowledge AcqWsMen

Covered In this pepen

Fig. 1 Overview of research and coverage of this 
paper.
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2. Hull Form Design

The design of hull forms can be conducted through 
several processes such as the creation of totally new 
lines drawings, modification of existing hulls and the 
adoption of existing hulls with ,very minor changes. 
The most common method is to modify existing hulls 
and distort the lines to derive a hull meeting the require
ments. However, when the intended design departs 
radically from the parent hull, some difficulty may be 
encountered in deriving the mix of features that result 
in an efficient design. Although general purpose CAD 
tools such as Autocad and even ship design tools such as 
Macsurf or Autoship can readily produce initial hulls of 
sufficient fairness and ship-like forms, there is still a 
skill requirement in their usage. The intention of this 
program was to develop , a hull surface using a small 
number of readily recognizable features to automati
cally define the hull. Several similar works have been 
conducted notably the hull parameter approach of 
Keane[1987], the boundary curve approach of Hally 
[1987]and control curves approach of Calkins[1991]for 
chine hulls.

Modeling the process of hull definition was done using 
the KADS technique. The different design modules 
were considered tasks or processes and modeled accord
ingly. The basic modelling tool ini KADS is the data 
flow diagram (DFD) that is used to model tasks. Boxes 
represent different tasks that must be carried out and 
the lines connecting boxes represent the data flowing 
from one task to the other. Another symbol is the data 
store represented by two horizontal lines enclosing the 
data title and preceded by D. In Figure 2,2-dimensional 
data flows from the Scanned Datastore (D 5.01) to the

DS.01 Scanned

20 geometric data

hydrostatics

CP, C8, LCB,
surface, hydroconstraints

struc ured
feature ranges

_ 05.03 „ 
Craft 

Database -

----- 05.02

40 database

outlines

Task 2: Select 
Parent Hull

fain Prefit &
HacSurf (S)

surface and
5.2 fit 5.3 calculate 

hydrostatics, 
stability: 

MacHydro (S)

5.5 vary hull 
parametrically: 

-Hd Variation

5.4 generate 
hull; vary 
feature: 

HulDes
Program (KS)

5.1 acquire
geometric

Fig. 2 Task model of the hull geometry acquisition 
and hull definition systems.

Task 5.1 which is the acquisition of geometric knowl
edge. The agent that performs this task is the Geome
try Acquisition Tool. Another databases used in this 
hull definition system was the databases from external 
sources (D 5.02) . This was combined with D 5.01 to 
produce the craft ,database (D 5.03) . A commercial 
database product (4th Dimension) was used to create 
and structure the craft database (Task 5.6). The Hull 
Variation Tool or Hull Design Tool produces a defined 
geometric representation of a fishing boat hull. In the 
Task Model, the three approaches are shown. Task 5.2 
and 5.2 represents the ability to create new forms using 
MacSurf and MacHydro or any other ship design pro
gram. Task 5.5 corresponds to the process involved 
when using the Hull Variation Tool. Task 5.4 com
bines the selection of basic shapes that make up the hull 
surface. Shapes are represented by a set of curves that 
are in turn defined by sets of parameters which can be 
changed within limits derived empirically. The output 
of the task model is the hull that is represented as a 
data flow resulting from the three previous tasks. This 
hull data can be used for further stages of design.

3. The Geometry Acquisition Tool

A variety of data and references exist for the design 
of fishing vessels. Most are in the form of plans such as 
the lines drawing, general arrangement sketch, reports 
on performance including resistance, stability, seakeep
ing characteristics and other published information. 
Reference material from which such information come 
from includes textbooks, technical literature and exist
ing databases. Established textbooks and publications 
of Classification Societies provide excellent sources of 
constraints and requirements on hull form. Such data 
defines most of the limits imposed on the desired hull 
form. Most design offices have ready access to lines 
plans which are the basis for any design project. The 
usual method of developing a hull representation for 
computer work involves the offsets table of ship design. 
The approach used in this case was to scan lines draw
ings and digitize tlie image directly on screen without 
the use of external digitizers. [Aguilar 1993 a]

The task of transferring data from a lines drawing 
could potentially be automated using techniques in 
pattern recognition. However, lines drawings have too 
much “noise” such as grid lines, text and scales such 
that the effort to automate such digitization would have 
been too involved. Digitizing is normally done with the 
use of a mechanical digitizer where the position of a 
pointer and user actions such as clicking a button 
determines the relative position of a point within a 
coordinate system. Major advantages of the scanner is 
the ability to directly work on the object on the screen 
without using an additional peripheral. Having the 
data stored as a picture makes it available for other 
image related processing activities.

Digitizing required clicking on the curve points of the
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zero set 
calibrated 
station no 
halfbreadth 
hetght/2

structure name;
Stations

station no;

Start

I Spline

click on each point to be digitized

Fig. 3 Main window of the Geometry Acquisition Tool

image. Each curve of interest was digitized with some 
descriptions given to describe the curve and its location 
on the Hull. As most drawing files were too big to fit the 
screen, the images are grouped into three and digitized 
in turn: the profile aft, body plan and fore aft. Since all 
the curves are represented by all three, it was no longer 
necessary to digitize the plan views. First, the aft 
curves are digitized, then the stations and finally the 
fore curves. Digitized points are represented as squares 
in the figure (Figure 3). A window showing the different 
station's to be digitized is shown in the upper left to 
ease aid the user in station selection. Bspline, Cardinal 
spline or cubic splines can be selected as representation 
of the digitized curves.

Depending on the input figure, the process of scan- 
niiig, image editing and digitization can take up to 30 
minutes for a fairly complex hull form. Some amount 
of time is used in preparing the image for pasting into 
the Scrapbook to use in the system. Most of the figures 
used as sources were from books and the technical 
literature, showing the practicality and usefulness of 
the system.

Compared to measuring lines drawings to get the 
offsets and even copying the offsets directly, the devel
oped system was faster arid more efficient. This is 
mainly due to the ability to view the resulting image as 
represented in straight line or interpolating spline func
tions on the screen. Built-in hydrostatic calculations 
also added to the usefulness of the system. The result
ing database was useful from several points of view. 
The availability of data stored in the computer provides 
initial parent hull forms that can be starting points of a

design. Analysis of hull forms is facilitated by the 
availability of the digitized hull forms. Interpolated 
stations can also be used as input to different ship 
design programs. Besides the numerical representation 
of the curves, the picture representation itself can also 
be used in databases for various purposes.

4. The Hull Variation Tool
Before the implementation of a knowledge based 

design system, it was necessary to develop a module for 
the selection of the parent hull from which the design 
can be based. Although design can be conducted by 
creating entirely new designs or adapting existing ones, 
the most common approach to preliminary design is the 
Parent Hull type design. [Lackenby 1950]

The focus was on a tool for the rapid creation of hull 
form variants such that the resulting forms could be 
used as input to a selection type knowledge acquisition 
system. The resulting knowledge base was then used 
for decision making when using the hull variation sys- 
teiri to select the best design. Users of the tools are then 
provided with advice on which a.combination of param
eters are best for a particular problem.

Sessions with very helpful design departments result
ed in the compilation of declarative knowledge and 
some procedural knowledge in "fishing boat design. 
Although the knowledge learned was limited in depth, it 
provided enough reference to procedures that are avail
able-in the technicaLliterature. - _1 - --------—

Since the Cp curve was the major deciding element on 
the initial forms of the hull, a search was made-for 

, algorithms that allow one to directly change the Cp
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curve with the changes directly affecting the hull form. 
There are several advantages to this as summarized 
below.

1. i Allow the rapid changing of hull forms without 
going through the iterative process of changing hull 
points—> solving hydrostatics—> computing Cp cycle. 
There is a greater .experience and knowledge require
ment when changing hull points directly.

2. Limits on the amount of changes in variables -
reflect empirical data such that knowledge of successful 
Cp curves are included in the system. - - ~ ■

3. Direct changes on the Cp allows the direct link
between analysis modules that uses the parameters for 
in calculations and hull form changes. , ' <

Several dependencies and rules must be followed 
when changing the parameters. The fore and aft pris
matic coefficients directly affect the CB, LCB and the 
fore and aft parallel midbody, respectively. There is 
independence between the fore/aft Cp and fore/aft 
parallel mid body. There is also independence between 
the fore/aft Cp and the Tore/aft paralleL midbody.. 
Dependence in this case refers to the change of value of 
a parameter when its dependent parameter changes.' 
Independent parameters remain unchanged when the 
other parameters are changed. For example, when the 
CB is changed, both Cpa and Cpf are affected. If the 
Cpa is changed, the Cpf is not affected. These depen
dencies are shown in Table 1 where the parameters and 
their relationships are displayed. Elements with i" rela
tionships are independent (for example Cpa and Cpf) ; 
those with “d” relationships are dependent (such as LCB 
and Cpa) and the 0” mark shows elements related to 
itself. During the design process, it is important to take 
note of these dependencies so that changes affecting a 
particular value are known.

Varying the parameters involved selecting the param
eter and sliding a slider in the control window. Instead 
of directly working on the values of the parameter, the 
change (3) , in parameter is directly controlled. The 
values shown therefore do not reflect the actual values

Table 1 Parameter dependency table.

3Cpa 3Cpf 3Cb 3LCB 3pa 3pf

dCpa 0 !
dCpf i 0

3Cb d d 0 ■ 1 . • i

3LCB d d d 0

3pa d i d d 0 1 1

3pf i d d ' d i 0

d = dependent; ■ i = independent; 0 = ■ equivalent

of the parameter, but rather the change in parameter.
Not clicking on the buttons for dCP aft and dCP fore 

was equivalent to setting the prismatic coefficient con
stant. Varying the aft and fore prismatic coefficients 
was seen to result in different CB and LCB as well as p 
aft and Afore. Effects on the curve, are cumulative in 
nature; when one change is made, the following 
changes depend on the change made [previously. When 
.the changes are done, the waterlines reflect the corre
sponding response of the hull form— The basic compo- 

T nent of the hull changed is the longitudinal location of 
the stations.- Station locations are moved in either the 
fore or aft direction. As an example, when the block 

■ coefficient is changed, there is a corresponding change 
in the fullness of section areas. | In Figure 4, the CB is 
increased and the resulting Cp curve shows a “fatter” or 

' -more “squat” form. The waterliries also reflect such 
1 change, becoming more full or wider .at the sections.

5. The Hull Design Tool
__ .The Hull Design Tool was designed to provide addi
tional capabilities to the hull variation procedure. Its 

primary objective was the selection and generation of 
shapes that could be aggregated to form a ship hull. 
With KADS as the primary development methodology, 
task models were developed to determine the different 
sub-components, user/system procedures and knowl
edge required for producing a hull form. , The task 
model, describes the ,yarious sub tasks involved. Links 
to databases of existing ships provides the limits or 
constraints of ship main dimensions (D 5.4.01 and 
D 5,4.02 in Figure 5). Scanned forms provide the range 
of curve parameters (D 5.4.03 in Figure5). Edge or 
boundary curves (sheer line, keel line and stem line) 
and inner curves , (curves within boundary curves; sta
tions for example) are used in calculating the waterlines 
at a specified interval (Task 5.4.2 and Task 5.4.3 in 
Figure 5). The waterlines are then used to provide the 
sections from which the various calculations are based 
(Task 5.4.4 in Figure 5) ,

, The developed system was focused on the definition 
of lines that represent the boundaries of a ship hull. 
Once these boundaries are defined, families of water- 
lines are fitted using the boundaries. Selecting the 
“New” menu item from the File menu opens the Main 
Window that initially displays a box representing, the 
outer boundaries of the desired hull. (Figure 6).

One capability of the system is to refer to a knowl
edge base of related crafts to determine the initial 
sizing of the design. For example, if some data is 
required to. change the LB or LD ratios, graphs of LB, 
LD and BD can be referred to give an idea of the 
expected range of values. (Figure 7) ,

All the work on curves is done on the major planes 
corresponding to the traditional lines drawing. Projec
tion of curves on the Plan View, Half Breadth View and 
Body Plan are the major design elements. This allowed
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Change Control

□ iCP aft
Cp curve of new Cbmax Cp

. □JCP’fore I O.OQO I

Cp curve of old Cb

-0.072 jOI IOI 0.072

DIP aft I 0.099
1-0.070 |$| toi 0.198

lines of old Cb

I 0.000 1*1

□ 4LCB

lints of nev Cb
plan view of lines

Fig. 4 Main window Hull Variation Tool.

Hull Views

■:nrrjTTj | Reset II Accept 1D5.4.01: Ship Group 
Main dimension data reference charts

performance
05.4.02: Ship Group 
performance data

charts box dimensions

reference values boundaries

05.4.03: Feature 
database from G Scan

surface points

sections

5.4.3. define 
inner curves

5.4.2 define 
edges

5.4.4 define 
surface

5.4.1 define 
box

Fig. 5 Task model of the Hull Design Tool. Fig. 6 Initial window representing the LED.

the direct manipulation of the curves and the various 
shapes they represent. It was also easier to work in two 
dimensions. (Table 2)

Curve shapes and parameters are as shown in Figures 
8 and 9. Comer curve types fit a segment of a circular 
arc of a given radius between two arbitrary lines. 
Pointed End Curve type is a Bezier curve that requires 
defined end points and corresponds to most waterline 
shapes. S-Curve is a composite curve consisting of 2 
Comer curves with the parameters radius 1 and radius 2 
representing the parameters of each comer.

Starting a new hull form requires selecting the proper 
shape for each curve defining the surface edges of 
different hull locations and other curves that determine 
the shape of the surface. * In" Figure 10 the different 
shapes are shown and labeled. Clicking on each hull 
curve opens the shape options and clicking on the shape 
option displays a default 3-dimensional curve in the 
view window. The following sequence of curves and 
shapes must be followed and the shape clicked on to 
generate the hull (Fig. 10)... — — — -

1. AFT PLAN with three shapes: square, round
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a» '

-BB:y« -0.048*+2.624

16 lB:y= 1.425*43^66
LB ratio 
LD ratio

■ir-no”'

■ H * B»:y= io:mx+3'.lsr —

Cancel

Untitled-9

I»:y«2.22l*+0.832

BB:y» -0.048X+2 624

LB:ys 1.425* +3.866

LD ratio

I ■

3 5 B»:y« -0.192Z+3.156

Fig. 7 Changing the LED.

Table 2 Curve decomposition.

Curve Type Parameter
Comer:

— - - -

radius 
anglel 
angle! 
plane angle

Pointed End:
anglel 
angle! 
curve extent

S-Curve:
heightl
height!
lengthl
length! ,
radiusl
radius!

radius

Fig. 8 The Comer curve type (defined by a Fillet
function).

angle! ^

Fig. 9 The Pointed End curve type, defined by a Bezier
i curve. —! - - - ! I

and pointed end. 1 I
2. FORE PLAN with three shape types: blunt end

arid pointed end. ‘ - — - |
3. MIDSHIP SECTION with zero floor rise or non

zero floor rise. I
A. AFT PROFILE KEEL with straight lines or 2 

comers joined. , j
5. The STEM with comer, round or bulb. j
6. SIDE FLAT is dependent on the MIDSHIP SEC- 

TION' FORE PLAN and AFT PLAN.
7. DESIGN WATERLINE is dependent on STEM,

MIDSHIP SECTION, SIDE FLAT and AFT PROFILE 
KEEL. ' ' 1

8. BOTTOM FLAT is generated after the previous
shapes have been decided. 11

9. TRANSOM STERN is dependent on the AFT 
PLAN and AFT PROFILE KEEL.

10. SHEER SHAPE is dependent on TRANSOM
STERN, MIDSHIP SECTION STEM and FORE SEC
TION. »

11. FORE SECTION defines the shape of the section
at the forward perpendicular. ’

Hull item without shape choices are dependent on the
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Hull Views
X I Y I Z~l | Rent II Accent -4- AFT PLANMate: lx

SIDE
FLAT

DESIGN
YATERLDIE

BOTTOM FLAT

TRANSOM STERN

SHEER PROFILE

FORE SECTION AT 
LVL

Fig. 10 Shape palette and the resulting edge curves.

other items and can only be shown when the curves they 
depend on exist. Curve selection must therefore be 
conducted sequentially starting from the top going to 
the bottom. Each curve can be changed using the 
Changer Window by setting the curve parameters 
within a specified range. Changes are made until the 
user is satisfied (Figure 11).

Waterlines are defined by ranging parameters such as 
curve extents and angles. A Bezier curve is then gener
ated from each parameter set. The resulting set of 
watierjines is fairly smooth (Figure 12). Interactive 
modification of the boundary and edge curves results in 
different sets of waterlines. From these set of water- 
lines, a surface representation is possible using any 
geometric method. Other views can also be derived 
such as the body plan (Figure 13).

Beside hydrostatics, the system incorporated a built- 
in chart reference for estimating resistance. There are 
three options available to estimate the resistance of 
given hulls, Graphs of resistance tables' were scanned 
and included into the system for the estimate of resis

tance. Usually, resistance estimates are made by deter
mining the value of the Cp, displacement and the B/T 
ratios and using charts for solving the various 
coefficients of resistance. These charts were empirical

Fig. 12 Resulting waterlines in plan (top) and 
-- — perspective (bottom) views. _____

Fig. 11 Curves defining the boundaries. Fig. 13 Resulting body plan and sections.
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results of hulls and can be used for a particular range of 
parameter values.

These charts are used in this program to provide an, 
estimate of resistance. after the LBD ratios and 
coefficients are known. Instead of reading the value of 
the coefficient off the chart,-the user just has to click on 
the proper value of the independent parameter and the 
result is shown. This was accomplished byrscanning the 
graph, cleaning the figure and properly calibrating the 
chart. ~

The simplest method to estimate resistance is to look 
up the database and see what, js_ the ..relationship ! 
between length and installed horsepower. !a simple' 
procedure was developed-where it is. only necessary to 
click on the graph to generate the estimate of the 
installed PS. In Figure 14, it is only-necessary toclick 
on the curve at the length of craft and the PS estimate 
is shown in the box for the value of PSr This chart 
corresponds to the set of fishing crafts that were anal
yzed for database purposes.

The second set of charts were taken from the paper of 
Doust[FAO 1967], resulting from resistance tests of 130 
trawler models. The results were transformed for a 
trawler of standard length of 61 mj To solve for the 
resistance of a craft of any length, the coefficient of 
total resistance or Ctl is solved first by using the charts. 
The, formulation for resistance involved solving several 
components that can be determined by clicking on the 
respective,values of parameters on the charts such as B/ 
d and entrance angle at different speed lenth ratios. 
Determining the values of each component is-done by 
clicking on the corresponding parameter value of each 
chart. The value is displayed at the value box and when 
all thecomponents have been determined,theresistance 
is calculatedby adjusting, the .value, from the standard 
length-to the-actual length-of-the designed craft— The 
systenTautomatically calculates the estimated resist 
tance after all the charts have been consulted. (Figure 
15) .1

Click Atoftg Ps Curve at Proper l Value to 
CetPS; Value*! I Enter

Regression Plot

700 -

400 -
300 *

tO 12 14 16 18 20 22 24 26

Y*0 - 12.892 */+ 1.463 *X*2;R*2= . 187

Fig. 14 Reference Chart for powering calculations 
from database. , i , i ,

- Nevitt’s[FAO 1967] charts reflect the results of model 
:: tests of trawler-hull iorms having large volumes for 

their lengthsrrJParameter limits are shown below!.

Parameter From To
Cp
A/(0.01L)3
V/4L

0.55
200
0.7

0.70
500 (ft) >
1.5

The total resistance is determined by reading the Cr. 
of. residuary resistance off the chart shown in Figure 16 
and finding the Cf (frictional resistance coefficient) from 
Reynold’sjiumber. Figure 16 shows the chart for V//Z7

CMek ttt ti* 6/4 Cirve at PrepwCp U Cet
ValwefFI: Value- |[l83908a|

CHek wtheteb Curve at Proper Cp te Get

Fig. 15 Doust’s chart for getting the values of FI, F2 
and F3.

Click cn tfw Orve te Yfrify 
Value# efCpmdVLet**

Fig. 16 Nevitt’s Cr and Cf chart.
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=1.1 of the residuary resistance coefficient Cr. The 
procedure for using this chart is quite different from 
that of the preceding one. First, values of the Cp and 
///(0.01L)3 are verified by clicking on their intersections. 
The value of Cr is then entered by the user based on the 
curve at or near the point clicked. Values of the Cp and 
x//(0.01L)3 are shown to help in deciding whether the 
estimate is plausible. Total resistance is then deter
mined by the system.

After the resulting waterlines were determined to be 
necessarily close to the input lines, hydrostatic calcula
tions were conducted. Results were shown in an output 
table and ipcludes some of the more common initial 
parameters used. (Figure 17), During the design proc
ess, a related Advisory System provides the range 
parameters that constrain the design. The original hull 
had values of parameters within a particular ship class

ITEM NOME VALUE
LB ratio 5.70 o
LD ratio 9.00
BD ratio 2.10
Displacement 448.19
KB 1.05
KMT 1.32
LCB 6.51%
LCF 0.93%
CM 0.92
CP 0.68
CUL 0.72
C8 0.64
CUP 0.88
TpC 3. 18
HcTIcb 11.77
BMT 1.36
UaterPlane Areas 310.26

o

Fig. 17 Resulting hydrostatic calculations.

Wise Advice: LBD & Results 
Wiser Advice: Angles & Radii 
Wisest Advice: Station & Waterline Shapes

ITEM NAME VALUE
L/B: 4.40 to 5.80 oL/D: 8.00 to 12.50B/D: 2.00 to 2.60LCB: 0 to 6* L aft
CM : 0.81 to 0.94CP : 0.60 to 0.70CB : 0.65 to 0.95ULangle: 5 to 30 deg

Fig. 18 Range of values given by a related Advisory 
system.

the Class of “Long Liner” ship type. When the menu for 
advice is chosen, the system opens the Advice Window 
that shows the different ranges for the particular ship 
type. If explanation is desired on how these values are 
derived, the Rule and Object presentation in Nexpert 
can be shown by activating the Advisory System pro
gram. (Figure 18). Comparing the results of the 
hydrostatic calculations and the values in the advice 
window shows that the hull form is within the pre
scribed range of parameters as defined for the type of 
ship.

1 6. Conclusion

This paper touches on three basic design requirement in 
the definition of a hull form: the acquisition of hull 
data, hull variation of an existing hull and hull 
definition by selecting from simple shapes. Design is 
said to be an activity that varies between creation and 
selection. More knowledge is required for creation and 
less for selection. The developed system shows that 
selection in itself can be employed in design but the 
process must contain references and built-in knowledge 
such as constraints to produce credible objects. In 
terms of ease of use however, it is far more easier to just 
select than to create from scratch.

The tools developed provided varied functions for the 
initial definition of the hull. Sample design sessions 
showed practical applications of the Hull Variation and 
Design Tools. Test cases showed a close correspon
dence between the input hulls and the results of the 
program. The Tools could still be improved, particular
ly the Hull Design Tool which may be deficient in 
modelling the lower aft surface. Another improvement 
would be the integration of the two programs such that 
the process of hull variation and hull creation by selec
tion is contained within one environment.

Flexibility was inherent in the system since the KBS 
did not control the design process; it only offered 
advise that the user or might want to avail of. Well- 
experienced designers who use Hull Design Tool may or 
may not use the system for reference. Non-expert users 
are given a variety of recommendations on what param
eters to change and the limits of each design variable. 
Further work is continuing in this regard.
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Basic Studies on Computer Aided Concurrent Engineering 
for Hull Structure Design and Piping Design

by Kazuhiro Aoyama, Member Kazuya Sawada, Member

Summary

It is often said that Concurrent Engineering (CE) is one of the most important technics in various 
industries today. In this paper, authors indicate methodology of computer aided CE for hull structure 
design and piping design.

Authors have already reported the prototype system for CIM (Computer Integrated Manufacturing). 
This system is SODAS (System Of Design and Assembling for Shipbuilding). In SODAS, design system 
for hull structure and design system for piping are integrated. And these systems are integrated by the 
concept of Product Model. So authors develop the computer aided CE system based on SODAS in this 
study.

Keeping consistency of product information and management of supposed information are important 
in CE. Relation of product information is very important to keep consistency of product information. 
So authors define “Constraint Relation Information” and anthors make it possible to generate “Con
straint Network” from “Constraint Relation Information. By using them, keeping consistency of 
product information and management of supposed information are made possible.
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Fig. 1 Constraint Relation found from IDEFO
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C) Slim (EH)
k’^m ’̂rzmz^^tizfummm (Fig.6(c)).

d) #R©E@#@&#T##faBlZ±j&g:h.a#& 
M# (Fig. 6(d)).

e) ^E*L-CE@a@i»3 > h a-d/. / -
, u #&©#KA^f a ESK3=#g tiaW8M#(ing. 6
(e)).

f) ec*LTm@3a$&gm-faKKaagfiaai#
(Fig.6(f)).

s) k f©we <tiaot/m
m*tizmz±i&ztiz%mM& (Fig.6(g)).
6.3 ->X A A 1C fc' It 5 Sto* y 17-X©^ , 

y hV—y kLX Constraint Net Object 
gfi/cwa (Fig. s). z©}«.y i- y-y tcib-virity 
— K (Constraint Net Node Object) *?S^oatWISC5lfl5 L, 
WIrI 9 (Constraint Net Link Object) A?SJ$JlEj$®
i&lzftlSTZo

7. ^'>XxA<7)?IJffl01J

7.1 ^'>XxA(7)?IJffl0!|
Fig.7 c^i-ssth^j-c, As/xf A®fijfflGtanBeae

7.1.1 Elt©8Sn
f&mmm a t b © 2 A©Eth#,c i ?

X, Fig.7C5tfS5l6?, «T© (Step 1)~ (Step 4) 0®
■eEifgtiafcf a.
(Step 1) m&RM-#A*6R©#g@#K:j:?-CBe 

titrSEOEB (Room O) Ctt® V E© Plate l>Elf- 
L, SrtcDEBT'S a Room 1 fc Room 2 SEItt"a. 

(Step2) m#Eg+#B d:@B©Egf-&m*ZtzibC, A

Fig. 6 Constraint Relation considered in this System
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a) (Step 1) cai^-CAESii-a'SBgg^m^Ctt'toS
E##A-AS] TFExBStia.

b) -(step2)-cj= v^taet?tiaemmmm#cia[E@
K2^B-(R%e] *%Ea$fL.a; , ; '- j-'

c) ' (step 3) ,-c>'V>rAfig # h%±xo%mm\mmc
it [E@EB+# B • AS] ^EzEStia-,- ,' '
a r~c ivxp a

AS • (EASetiWExES ti, pm* -y b y-£ it Fig. 
8©<t5fcA^saLa„ $]*;#.y iv—yo.k') yycta 
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Fig. 8 Constraint Network for Fig. 7
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Fig. 9 Constraint Network for Reference (1)

Room21l
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Fig. 10 ' Constraint Network after Decision

7.l'.3' EWim©35#©7:6c''
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(Fig. 9)„ £7c, EfEK-^ B bSim#- 7 17-7 
aikta^t Room 2 »?k*© i 5 CErhS tlX § 7c »*
SS-CS a. k ©a 7 K#mEB+# A kESEBb# B »?

a 7r»©mWSA5fta„ 1
17.1.4 mam#©@s • $ms©#u
• Fig.7 CloViTiB-WEH-^BCioT Plate2 »?EH-5 
TiaECA^Siva $J#)M#m#A%AS-C&a 7c », 
Room-2 ©Eif-J: 9 #KE^^ Ka mam#ia*ms k #J 
susna, k-fflftiBOtt rmsj ©#a##$%mAay- 

ti, r*msj©#am#%g#Aa y - 
' Fli6 < SSSTta k kit t -3 AEBf#1=#
a0 1
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*#Sk»9, y-F*SEA-C^SStia(Fig. 10)o f© 
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7.1.5 ^H^05rf)£ :!

(Step 4) ©mm, fiSEEfbt A AtEtEH-^ B C a ^ 
■CfECEthS 7l7c Plate 2 =&gAliL7c kAa (Fig. 11). f 
©mm, Plate 2 ©E#f©ECAm$ 7tae#M#m#©E 
xB# [E#EBt#B-^AS] *6 [mEEIfi A-AS] 
c0#mA67ta. sens
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Fig. 13 Example of Structure (3)

Fig. 14 Constraint Network for Reference (2)
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A Study on Automatic Tuning of Ship’s PID Regulators

by Toshihiko Nakatani, Member Kohei Ohtsu, Member 
Tadatsugi Okazaki, Member, Naoki Moriyoshi

Summary

The classical PID control law is still used for many marine control systems. Gain tuning in the 
controller is, however, a formidable task for mariners. This paper provides a simple and a safe 
automatic P, I, D gains tuning method using relay control, for typical marine controllers with PID 
control law.

In this method; a limit cycle with small amplitude is occurred, at the beginning, through a proper 
actuator such as a rudder, a thruster and so on, and then the amplitude and the period of the limit cycle 
are observed. Since the two quantities obtained under such limit cycle equivalently corresponds to 
those by the ultimate method (Ziegler Nichols scheme), these are utilizable as the parameters for 
obtaining the optimal gains recommended by Ziegler Nichols.

The on-board computer control system using the above method are applied to typical three types of 
ship’s controller; (1) autopilot system, (2) yaw control system through bow thruster and (3) 
diesel engine governor system, and the results of the full scale experiments using a small training ship 
are discussed.
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2. IlfifI

k»&. -X'XBitJit

2.1 jsgmgm, ’ ; - . ,'/'? a'-; ._-. ■.
prosmia, iwm ^ immmm s $■

S=Kj^+-jrfidt+T^) (1)

t-rasM-css. ^z-c„KPi Tu Td a, ^E-n^n, j£#i ■• 
-rv y, sta-um Mimwkmstiz pidsjwa >? -

L-c, y-y?- '
-3;vx CDE^SgS3'»? Ui’l B'ffl v; $tiz0 E#SS
mu, >*mc*
s < l, xrySE®ojtE®gac*5S$:
E^Otit® (V 5 y t'-f-f Xvk®##) ’

a5m&'fj >'*Kc(m "
mm), mmmmmz Tcm^mm) t E#
sas-ea, #mumuc^a3$#f-r >a, Table i ©

' r ! - 1
2.2 u s y h-w-f^vi/kgama ;1 "t 11 ‘;

>; 5y MM X/l/a, ###7-1 - F/<y?$l@G&Kj3 ' 
v>T@i8l$ ^lS^Se©©! km% & oEibsa-eS) ,9, , 
Ef^vx Eim?s©iascw#;"c$> 32)='

VI $, Fig. 10 i y & b o y x t A1 ‘
KjS6iX©iH&m* " ■i" ’ ' ' - '1( ." ';'

xU)=X sin Q)t . , . (2) , .
*1)nx.5„ £©k§, *A@#y(f)a, ^©.±5*,7-y 
^@Srr%iHf3ck**-ra&. ■■ z .■ <>;, r

y(t)=l/2<zo+fii cos art+a2 cos 2o)t+—
+6i sin <uf+&> sin 2<uH— (3)

c r-r&x-y t,a, ■ ;;, , ,.
a,=-^rjF y(t) cos iait dcot (7=0,1,2, ---) (4 )

bj=~fa y{t) sin jcDt dat 0"=1,2,3,':••) . ( 5)

*?.tL5„ ma##a,' at$B$t6-c#iBKs tvcv^ 
Sk^V, ¥*W<zo=0 kf3k6>, ' ' >; J 

y(t)=ai cos cttf+61 sin cot ‘ (6)
k»y, #m^ra, -’:i ' • : :

y(f)=Fisin(<af+&) ' J (7)
rYi=M+M

. ^‘=lan"-fr

Table 1 Recommended PID parameters by the Ziegler 
-Nichols rule ' •' 1

N(X, co)=-£eJa' (8)

;( .. .; ■;

vi$, mmwM&Fig. 1 ©i y*y y-W©%e, 

AAicxsin @f ssn^na, tu* c aiti u@)tg©®sis»s

(9)l—Af (jz<.wt<2n)
•e$>5„ C©k#, £BA©7-y a, 13 <k tf 6, a

. r <z,=0 . ... ............. z (10)
6,=^- (11)

‘eiso-c, (6), (10), (11) i y tti* y(/) ©ffi«a

(12)

,k»5o X*a x(<)=Xsin cot X-hZ><OX-, I35EWa

■ 11 i i , . 1 , ,1 (13)

y(0="~"Sin at

k'OiZtb biiZo' C©#^-, M#% & lca##L»V^
" 2.3 v y-sjigtzis^'fy^ ,;, ‘"

, ,,Fig. iffliy t£mm y a,
WmXQM 5.y b»d 7;v, ,, t, ,
;‘ x(t)=Xsin <ui ■ ' (i-' (14)

Fig.l©;y-X6-ZT:5k1,

........... , (15)
^Da706>0 . ,
" l+Ai(X’)G(;"(y)=:0 ■:• " 1 ........1 > (16)
*jy 5 y bikd ^5"o (1G)
B-tira

1G{ja>)= — Af[37 (17)

XA *X bSH±C GW ©-X7 1- 
k, -1/1V® ©fi®f^7°n y h f kva', Fig. 2 © i; y K{4

rffl*?-180 a©kC 5T».§ 6 %, C©ar,y 5yht

, -1 '

Nonlinear Controller 1 Process
y(t)4o^.

ii- l-M 1

u 1' i :

GQu)
Z. ;-l (-

©JSPIIJ ttW-D(Kp) fH5W=3(Tl) ®»B9H(Td)
PID 0.6 Kc 0.5 Tc 0.125 Tc
PI 0.45 Kc 0.83 Tc
P > 0.5 Kc

Linear Control er Process
+

-*o—► Kc ——► G0co)ii-

l 1 Fig. 1 Feedback control system



's&mmmzM-rzoffi 233

'f XMiq?&L-CV>3 £ htft>fr2>o ttz, M#l#©%A
frhmhX &BWET3 3 k*?t'§ 32,'6,„
-5, E^SSS-Cli, Fig. 1 j: 5 &####& 6

c% LTsmtsiofitig^-iso m C * 5
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Fig. 2 Critical point for a pure relay on Nyquist 
Diagram

Fig, 3 The limit cycle by the relay control
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Fig, 4 The results of simulation with bias correction
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8S8M©#- V/nM ay b K,' #< ©g®)fMS!t©lS;

ABk UT ^Jffl $ iiT § ArSnEiES & k>iSfi3imi;/ X r 
AT&D"), iCCT6*f U K-##Kt34fT a-

b/i-f a y -b$EiIffl#5 C k Clfc.
4.1.1 V4 Vf-a—
y v—sj0jo j: %; pid ®j@se@;»©, mm

©^*9U&i ESi£ Fig. 5 tti^L, ##
H9©9IBfiS£ Table 3 CSto ■

m&&, 2mcfcfc-pry v—ssheisw^ar
.ssim-v ay

C k*5fo^-5„ C©y a y Mb

2" 1. 300. 600. * 000. ‘ 1200. ’ 1500.
Tlee(eee)

-5S-, 
2 ■

Actual Rudder ,

, . -

!%

- - Tlae(eec)

Fig. 5 Time histories in the experiment through relay 
autopilot

Table 3 Time table of the full scale experiment 
through relay" autopilot - - -- - '-

(sec)
65~ 249 'ja-Simifccfciyy-on-g

249— 396
396 IS$^tii80g(C6$St-%^ •

396— 491 iss^ti8ogTmsi-$ijm
491 E$^i570gu:£gsi%^

491~ 975 iss^mog-emsi-sm
975—1125

1125—1201 m^77{LL7og?m^em
1201

1201-1320
1320 ,.

J320-1500.. mttwogvftmm
1500—1800 - ^ES5h.1S$t©$- h-v\X n-y-h- 

c $ y m^^e7og?m#t$#

4 jni-frZm-nLX: PID£-?4 >&1& Table 4 E5r1*„ 
y i/-@#Kj:?'r#±$-6fky a y b-tM 

^L.fc4rv >&fefkPiD*ij»£iy, mm#
ism*.

4.1.2 # — h-’N°'f D.y- b ©IF® '
g9%Uk#- M-M ay b£TjmWf‘&. 

zwm?SakktSo *f, 5»*, 1201 #
GmELfcESS^tit; 70 fg*» 6 80 6 ©
f-f 4®©l#^fli, @my Sy

y ay
f -#R3iT/CH& r k^fc^-So- ^##©#-/<-^a 
- bfiti 1.6 S"C$ D, Sr80 
AL-CW3kkA%^3. :•

■c pid izmm&v r--91 c #a 5 ^
^Effl^-b/^Tay b am - bA'-ffly b
k##%) Ci &mm##$©f-f k 

mSfSEtetgSSffltocW®# 5 7i tb K fct, 
«##R&mm**k#3 C ki!#x6ii5is, 
#©f-^ cc-ramfzieim
5Sit & TE© <t 5 $W®M85CC k&CkK Lf£6,„

^ (22)

r :###8 <P : m-mirnm a: isim
WW9E/ ©B+#mm& Table 5 CST, 2 ocMffiH

yT7-$w». e,%%l/c-tm *
PIDB#a, $8S#-h^M n y b©^80%k$cTA
o, pid sjt@©a -s
b /N"-f n y b -es 5 a: k 4 „ ';- -.

4.2 X7X^(C«j:5^e$lJ^
#—b/i'f ay b%Cj3ViT, ') J:S-rM y
^au m%©mmm*c%o-sgg
%©^@@#lc^3%T&3 C k**k»o*:. '

kaidr, /'f7X7X^w^-yx7X^f©t4 F 
x y xf*#^g@ a^mm©#88#K, %©^^$a

Table 4 Recommended PID parameters for the 
autopilot

itmrrsiKpl 8I»B5H(TI) m^%H(Td)
1.631 14.583 3.646

Table 5* The results of perfoqnance

PID Jr— h7\°# n "j h 3.622 X 10 “2
$fp$- h/W □ "j h , 4.459 X 10~2
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3@a%K&V)-CK, %©##&@Bb»*&X9Xf#
6 : k i: 4 y t:

V, {EiSifeSfc- 4 fc-Mi #{£«©
%f5A©, a-^X7X^EJ:5»IIC!) y-#J#

b4:„
4.2.1 9< yf a--y/:B4#%&@#
ntnaoE®, $^ti:»k*oa6^e.,

l4/Js§v>;fr9S4bv>„ Z:T14, KA&14gK:@3SLA
y fe„ v t/-sjfflii5 4 ^ pid arngm*
©, ffitm /f)X7Xf cpp 4 vm

mw.*Fig.6i:^u ##E©^mm#&
Table 6 i:7n"4<,

4f, r-^JKSEteS^e. i38#$r-oFa, y y- 
tmutimww<-> e ■->*>» 4 ? k, 

£$b4: y 5 y h4M9;W>$§i§£bTv>5 : k*%*^5. 
£ © y $ y MM * ;M> 6## b4: PID #94 y$l & 
Table 7 CSt«

x9xy 799a^-yt:%4-5cpum^Ai±, s

Heading

Actual Bow-thruster CPP

Fig. 6 Time histories in the experiment through relay 
bow-thruster

Table 6 Time table of the full scale experiment 
through relay bow-thruster

fit Pal (sec)
0- 138 Ub-srotecfctfyd'yitS

138- 310
310

310- 458 iss^enog-cestiiijfg
458 iss^eosogicsssi^^

458— 600 E$^<aiios*us§p$ij®

Table 7 Recommended PID parameters for the 
bow-thruster

tkW-fy(Kp) a^BIPaKTi) m^#E(Td)
5.144 19.917 4.979

A&#Bb-c, Tyx (mtm, v-f y-x {tm.m #c 
18S-ey 5 y9-$JEb, ^S-UfflbfCo f©A©, K 

so a*'e nos&4ifuos^$ soscxry
y^cE-fbs-e-fcEm*^ 30-60 &mt, CPU 
14y Syf-SJEMCfiStobT^50 

2 0©S#m#&IteT4U4, &&©mmi4*C SOS
-cibiur*5c&e>-f, y sy^-SJEStvtus

110 S^©*Si+ffliUn *J 61 #, 80S^©&S# 
©Jt§£-»?34 g> k£ESP© 1$5»*$S< »?TW5. C4U4, 
Fig. 6 c^bfc 4 5 »^m-wm©#e, ^mi4m#*#± 
(:%y±;95lil6ia?*5t©, 6S#©B5A#i:#l46 
4l6CkC»y, ^S#4 y 6E<b4:6 © k 
ifx.^4L5o m^EieiRSbTkSmEST-f smff
bfi^s, x x x tmft'T? x is s© k § ©mimmsG
*50.5 S/», "7-f y-x 18 s© k @ 14% 1.0 S/»k&^P 
BtOSy^i <. C©Stm#tRT!4, &s#b^f 
k&SM\b4Tv>5o .

b 2114,110 S^©^S#f#14 0.5 
S, 80S^©&S##14 1 IkSStfeb6S'^ 
— b 14 S k A,k*f§£U-T v> £ V>„ :©IK014, #@%K:8 
145X9X91:45S#©#e,BEIh*# <, 
X 9 X 9#fP21&9 n K-rfxlf [°ISll4-4'(4Jf> < IRS 5 *» 5
■e$>50

m±, y y-sj@ctii45-9*-f pfa--y/fai5,
^--b'NMn-7 h$©5-*5"f, #@#1:^145X9X9 
1:45 7JfiSJS$P% i: & W$rc* 5 : k 4 y ffi
Eb4:„

4.3
mffl@j@i'yxTA©*E^jk bri4, :4i6©m*m# 

$j#^©#c, 5. »BA©±
#M%#laimmi4 700 rpm ?* y, 4f#mfTI: 4 y 
SOOrpmCMESii, &t:99 y9£giEir5 b kt:4 y 
9,d-<9Ws®S§4i.5„ $mi4ESUyf-ya^9mT 
*54:©, E$CP©E4JPE14, 7°n^9®%0#-£SH 
■4 5 4:14 T, ±®@EgCl4-5ET**5„ b4:i?7>T, j%# 
4f y 99 y 9 &mii:fi#g-e5 : k I: 4 y, ±®@EE 
&#l: 700 rpm l:$#45 : k**@Bk»5. 5## 14, 
|B|bi96&5yfimB9yx9At:44b, SB®S^t7P1:4

##^©mmi:4 5k, #$©E^0S&l:459*'fy 
mm*&^g&4i©±#cmm-45#e,
©WiffKil^llRtJSo fCT, ±@©## 
i:-g-;b-ti:T^ii» 1:9-4 y§^©54:©!:, 'J y-$# 
i:4 59'f y9-3.--y9#m&imm4-5:ki:b4:„

4.3.i #mmmc#t45 
«Mkbt, 4-fiaStpt:4 9 y 9§^75 4:«®,

04 y, 9o'<9#ai|geb-Ct)#t4f#-T$#%m&#
mf5Ckl:bA. :©4y»±#Ei:ko-CBkA.k-m
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Study of Thermal Threshold and Counter-Measures for Human Body 
in Oceanic Working Environment 

(1st Report) Heat Balance Model and Heat Storage Index

by Masaki Murayama, Member Nobuyoshi Fukuchi, Member 
Michiko Nakahashi

Summary

The marine structure using under hot environment should be designed with careful thought of 
defending the workers against heat stress. An adequate heat stress index of human body is necessary 
for classifying the severity of working environment and taking some counter-measures.

In order to grasp the relation between the thermal state of human body and the thermal environmen
tal factors such as operative temperature, metabolic heat and clothes, the experiment is carried out 
during the excise by ergo-meter in the constant temperature and humidity room and under the sunshine 
environment. Being based on the results of experiment, the heat balance model of human body is 
established with a view of calculating the quantity of heat storage as a heat stress index.

Further, the storage of body heat defined in this report is clarified to be useful for various thermal , 
conditions.
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zmmt LTEns-iw-ro
T&9, KP5A^ 8cm«±CD#S k§iLTVi5„.»d3, - 
mt^EzSti: 33°CW&X-ib 9 i UEs&i ZlSCm'&X'h
3 o - . | ' -

{gK^zStiSKHStt^W^iiTfc' 9, Jhzmtu&
^ i> id k -mif, 3%mw^-«.

^9K%*%#T$3k#K:, rFB&k*©^
BlffiRM©T]f £/j®is©giS LTSStiftllfiS 1

o, ascs®zssss$©s®czoTWmmmB©
ib@ k 6 5 £®zSSS$m#©#§£-4- 3 ST 6 £ 3 „ C©
^ k&G, &(75SlSiSti<fc W83iS§$J$T-5
;kC±5, 3A#©g'
ESA f;wc J:&A#©aa*R#&)E& 3A£©8# kf
3„

2.1 m$£)5& 1
mmzmMmtmmm<D2mM<DftM*WimuMm(ft 

M) m<Dfeffi&, Eig^fe ± WEfiiSS §"zf®rt3„ # 
8eam*#©2@Rkwt.

i) ikA: m#&g$-$kL 1 1M ^;/v%
5br# [20^5-] [10#]

#* (3:#) [5 ft] ->fflZBb [10#] 
k LT, -AT-^'fflAESiSx 6 3 IMT/KXti: 4if '
4 y/v&51ircVTfrd, ' ^ ''

@®ttx;izd-y-?%km l,' #mme©W%.A;ixf 
110 [W/m2], ,SZibS|tj 270 [W/m2]gSk Lfc,

ii) fMKlf'f ' . i i - - - .>
3c# [10#] —>^S5EE6 [30#] —►$# [30#] -»#3# [30#]
-—mzaa 2o°c —- -—rnmrn 25°c —-

-—mmm^3o°c—-, 
kv, 3i

129 [W/m2] $ A tidies [W/m2] kLft/
(1) %m#©#7C -.
«##M#±K^I£3»@T£3 C.k 5#SL, )WS 

T 5 ^ fc Lft. Table 2.1 EBf. W@
S3 At li, A^CAo-r jJfil b/r,)o ‘

A6= W?-<25Xtf?-725X0.007246 [m2] (2.1)
ZZT, W„ K#m [kg], Hi ttS-S [cm] T£S.

%m#©mgkt-r^vm^srcE-u ?##««©/<
yy E%©#%Xd( y,
ma#yf % y-y/, y,y, ^-r©4#
SkLfco IfcS-ffldKEk, 5
&m©W5m3$& Table 2.2 fcTTo . ' ' i

(2) 1 AfrOSSUSSE
- siEcK»5Si92a©si$®fiirtt, ¥^&mu(oma<o 
tztbte-f&mm®hntz smx (#m% ±m& mm

Table 2.1 Specification of the subject1
-subject ' =£C set. ; S' ■ . “Sf-.

body surface area 
(nV>

30 1 ’ male - 173 58-s " 1,71 '
B 19 male 178 62 1.79
C 21 m»V 172 76 1.91
D ! 22 male 178 66 184
E 31 male 180 2.01

Table 2.2 Subject wear and rate of cloth surface area

war
rate of doth surface area

f indude the lower half clothes)
the upper 1. Stopped to the waist ( without dotbes) 550%
half of the 2. running shutfeottoo) 66.8%

body 3.1ooRslec%cshirt (wool, cotton) 85^%

half of the
short pants and working trousers (cotton)

sir,’ jkism, Timm szvztumshtL-c, (±mm, 
mm wp, if, m ©sAtmnuA. A»s#m© 
agaK&ak u-cmma&a%T3B^±jmk#'*© 2 
/SC@S4zy9--$mfflUT3®fizSS<£ifflSL72„

&tt$, A^KA-pTiH-JJT32)o 
.,.■ A*=(9.8cl+32.8c2+19.6c3+17.2c4+20.6c5)/100

, , , M (2.2)
* CCT, cl: mm&Jifj§, c2 : ±ESTO?&> c3 : m 

c4 •: ASimSEiS, c5 : TE@Sl0iar-$5= 
&#, » 5S/27ia©SiJStt-L'Effli©&6S2SS k

' l, &mm &±msp, Mst w;.
2.2  '

S^mfflLrmiSSS-SScny h Dr-;i>l>*|g^§ff

(1) #%mw-js©#^©%» 
m^agestrck-^Kmt,

k vxm^fio/co Table 2.3K%»#3^Kj:3@@K
©e*^6, #m#emm©&m^g©mA a t/#g?©j© 
ftiSfi&jfc-fo &A, ftmmik LT Fig. 2.1 K#R# C ©

^©g#y + y©#^&i%#, #@##r©^gj&±#
lit$ kAk*E» fc0 L&Lzffi5@i®Kj3V>Ttt-S
-fSli9iS±.S»?S 9, SBTCS It 5i@S^-S©^#^

Table 2.3 Difference of temperature between start 
and end of exercise, and1 metabolic heat 
production i

long sleeve shirt running shirt 
fcoton)

long sleeve shirt stripped to the waist 
(without clothes)

light

(10mm) (10mm)

light

(10 mm) (10 min)

light

(10 nun)

heavy

(10 nun)

light

(10 min) (10 nun)
A

112 Wo* IWW loewte*
*0)0%
ITOW/m1 279 Wm1

B •009 *C irawi
K6WW

*014%
108 W/m1 276 Wo1

♦027%
276 WW

C *033%
263 W.m1
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average skin temperature 

rectal temperature 

ambient air temperature

humidity of the chest in clothes 

—e- humidity of the back in clothes

-50 |

■40 3

stripped to the waistlong sleeve shirt (wool) 
65 min

running vest (cotton) 
68 min

long sleeve shirt (cotton) 
65 min

time (min)

Fig. 2.1 Average skin temperature and rectal temperature in constant temperature

i

mi < frfcn, msWWmemgL-c& o, SEm
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b^rectal temperature 

i- average skin temperature 

— ambient air temperature

-40 9

humidity of the chest in clothes 

humidity of the back in clothes

I_f37min-168miii| 
light exerscise

72min-103min 
light exercise

12min-42min 
light exercise

time (min)

Fig. 2.2 Average skin temperature and rectal temperature in constant temperature and humidity room (subject D) 
-in the case of changing the ambient air temperature-

rectal temperature, 

average skin temperature 

ambient air temperature

35-- •70

MuMlMltMAuMI ■ 1
-50}

-40 9

humidity of the chest in clothes 

humidity of the back in clothes

23min-53min 
light exercise

_148min-178min 
Night exerscise-1

_86min-117min 
light exercise _

t—i—i—i—r

time (min)

Fig. 2.3 Average skin temperature and rectal temperature in constant temperature and humidity room (subject E) 
1 -in the case of changing the ambient air temperature-
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Table 2.4 Difference of temperature between start 
and end of exercise, and metabolic heat 
production -in the case of changing the 
ambient air temperature-

excrasc20"C 
(30 min)

rest25*C
(30 nun)

cxerasc25*C
(30 mm)

re$t30‘C
(30 mm)

extra sc30'C
(30 mm)

D
+0.45 'C
129 W/o* 

dry

+1.62 *C
60 WW 

dxy
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60 Wo1

dry

+03 "C
129 Wo*
Mating

E
+0.46‘C
165 wW 

dry

+139 *C
60 Wb1

____ *2____ ratine

+1.72 *C
60W-B2

____ 42____

-0.22'C

Mating
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Table 2.5 Difference of temperature between start 
and end of exercise, and metabolic heat 
production-in the case of sunshine environ- 
ment-
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light exerase

(10 mm)
havyexerose

(lOmml
light exerase 

(10 mm)
bavy exercise

(10 mm)

A
♦031C

IIOWb’
• fewnraanz

l»W

B
■ I7*C

C
4)1*0 ♦061C

262Wt^ ,BWrf 262Wte»

E
♦03X1 _

251 Wb1
> -171C - 4)1X2-

251Wq«

time (mm)

Fig. 2.4 Variation of skin temperature (subject A) 
-sunshine environment-
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^ouw&xmm 7. o§mm^xMt 
zsifsiBM&jn mm^r^Zo

7rt=[l-(l + C0S X)l2]pc(jdh+jsh)

[kW/m2] (3.10)
Z.Z.X, pc ttiSEfflRS^, JdH=Jd„-sin H ti:*¥BBiS
asta-e, (7^+7^)

3.3 ji»±E;fc(t5±5niEI$ k (Dim.

-acomm, ±m?mhk<toxt>mhtZo
OB^-fb(i^-C^SiL-CH56>„

/t=1.0—(1.0—*>)sin1,377 (3.11)
::t, % )±%EEmBEA#-f s#^©Ammm$-r&
So

-/SEEffl-eS STdEwEiW, SPSI', ?ofc», 
1975 i£6Rfri? 1978 %-lORt VA-JHSA* 6^/1/^+ 
R&T»e@fSf>*-BE%©lB±Ti@%LA 
^BSfiffl L, 3.1 fctSBSTO
®tSos*^i?Sios$-eoS±Kj3vir,5S±-csiss
titz£3zBM&:£ffi3z, h L-fe*>©
t, #a&sa, *,=0.5, *,=0.6 f l-c *,=0.7
kLT (3.7) ^—(3.8) Sjb’ftf (3.11) 
#LA±%B#a»7"oy hL&&0?63.

5 m@%ATH±AB#a« 1 ¥be 
4 k 9 Bm<D 2 @ tf- f »>*$> S C k-SifllSiS 
©SAB*) i0*-/EfoTV’5 CkA%^So Fig. 3.
i*»e>, jzfmmz«.«, o.6taA@ku-c^m 
■ra :km a k#&&A,a.

3.4 A^<7)Stta BSf$s©lc6
ADEEMSft5 am 7™, &, ffSSEAo ©*¥E 

ksw@33 J: tfifeBBB£hB7*. kMBit/.* E»>5> 
#%f S k%© j: 3 E»a,

170 cm k#S60 kgd'6 (2.1)^&#ffiLT##E&## 
fa k% 1.72m2 k»a.f L-C,A#%%±^a^AB^ 

0.45 mX^frS 0.15 m=0.0675m2 kUSft 
S-*¥B, ^9£SSEk-fftl£, A#©SS¥Bkl 0.96 
Ab, *¥Bkt 0.04 At k&So§ 6 E,A#©*¥®tB£P3 
k{K£f3k, B#A!A##EEE##ftT 6#E#1E# 
LTE#$H cos % -C#^. €>lx, % 62 %E»a S kfrb, 
itmwffiAt ©Ate'xEMSfts B0#a7.. 
^.ack^cga.

Jam=(0.%At/2X0.62)cOS H-Jda
+0MAfsmH-U+JSfAt [kW] ( *

(3.i2)^mmu a^emsii.ase#$BSiS7:d 
OBm&Jman titkSSEftl,,

Jmat—(0.3 cos 77+0.04 sin H)Jd„+Jsh 
[kW/m2] (3.13)

Fig. 3.2 e ammTE# nagmg»T©A%B#a
(3.i3) ttm^xiftnistzw.mmw.mtzKio 

A^OEMSSr^fo

M*r Apr M«y

Fig. 3.1 Global solar radiation on the oil tanker 
(Nisseki maru) in latitude 0°~10’ area at 
June 1975 to October 1978, and calculated 
global solar radiation used air transmission 
coefficient «>=0.7, *>=0.6, *>=0.5

(a) Subject A (21 September 1995)

global solar radiation —
inadiatico to human body —

Icogskeve start

I s I

(b) Subject E (29 September 1995)

Fig. 3.2 Irradiation to human body and the global 
solar radiation
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clothes

fnnge layer

(a) thermal partition

fringe layer

skin surface

clothes

(b) model of the 
heat conduction 
mechanism

Fig. 4.1 The heat conduction mechanism of the human 
body
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dt tiP" (4.8)
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3.

g(z, ]

" ' (4.9)
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Fig.4.2(b)C^dn
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fl-TtbO, «5(0)=0 C5616hh3o

(a) temperature distribution of the fringe 
layer

(b) temperature change and heat penetra
tion rate

Fig. 4.2 Temperature distribution and heat penetration 
rate of fringe layer
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TSSiL5fB¥®OSK#LVM»-e, EJRS^SStt*©
4 5C&5„ ' -

±-ms
, 1- ( - , i _ 1 ■ , ' ,

=jT [ <?r—a( ftto+*dft(f)— A)]</<? (4.12)

i C c, M. tt^EoStipgtS^ 9 @ESS:r$,©,
&*» r-s;p%#©gmag, f

<?r=A/(l— e)—Eres— Cres~ Esk ' (4.13)
; a=h-Fci (4.14)
(4.i2)^©&ma, <t>(t) &$
fePP0fS^MSct l/t v> 5 „

(4.12) S148§@C»5 k&©4 5 CSSii-Bo
jf 4?&(f)J^-^-^(f — f) + ffj </£~[#r — ff( &*o— ft)] t

| : :,, (4.12)'
C: 4U4S1 @© VolterraMSM-SPS-CS 9, #2@~

Ms(t)+~-Jo e-““-e>/lds(t)d£

=-ft— ft*0+ft (4.15)

:©%rPS©@ti*©J: 5E45,

Jdft =(^7 ftto+ft) 1+
2 g—w(l—msl2a)t

2a
Ms

-1

air temperature

till i i i i i i i i i i i i i i i—j—i—i—r2 2 8a 9983398 388882283829988
time (min)

Fig. 4.3 Relationship of the skin temperature and 
calculated skin temperature (subject D)

Fig. 4.4 Relationship of the skin temperature and 
calculated skin temperature (subject E)

Ea©^$s@rs 5 § & v> c t %#§
: - • (4.16) |

P?TSlSiSS14-ft*=JfcEi9,

ft* = ft*o - ^ ft*0 — ft qr \ 11 2 a e 1
a/ ,/ m, ;

— 2nf
; (4.i7)

4.3 n-s0ij - ; j-|
&j|gmg©@ws dm % &c, i

;©SEi 4 tfBPSgTC 13 14

LX, «EfflCpr=giin»i±E5 % © k Ltz'0)n)o
thscEL-rii, m a, m&ie (&iat

PP) ©###&##& *=0.84xl0.-W/s) k L'2', @5 
</=20'mm k-f 5 k, <a=0.002 l(l/s) k»5. —ES 
flm. 14, STSIJMt, PEC^SE-fbg&ifKJ: 9, E 
i&W©{@ASai*§ <, 9111(14 9PSLA:P[2.5X103 
~4.1X103(J/m2)]

(i) 3#@-©%m

### DiSiiTf E Table 2.4 13 4 tfStiffl
*@mi4 Fig. 2.2, Fig. 2.3 C5hT) EOUT, SPiSOfbSI

•stfiiMS wmz&m z t %#®vr
.j -... ,

a) j #fF©#mi4^#©%@m@g©mA^mi%C
Ik o

(IkfH?(I£itigtL-C Fig. 4.3 13 4 Fig, 4.4 Kit. C 
tizomz 9, a®w*gpja©g-fbi4 (4.i7) sc4 9 

a/cl, m#i4#pcm»aA 
—am.6 415 a?, £©EMsgEB &#t

wi *g%Eem#^©m-#cm^5mk)4, #±#14 #c#gL-c»©#cmBT5.
#P0.1m/sgf|-0.5m/s kb, @#cN4#:©##C4 5 (2) 0#B8TFC13145^#

k$E©PnS©E6§C45*m%a^©E# #K#A^4tfE (%#&#*Table 2.5U4tfff-p
s5t'°> Z^fitLX 2m/s khtZo ' S®14 Fig. 2.4, Fig. 2.5 C^T) COViT Fig. 3.2 © 4 5

c) ##Xf—^©P%#C43(45f^##p©g(bC-ft . %A*CPP$4t5 B#Ea©#-aCov)?##&fT3
Tic Fig: 4.5 13 41/ Fig. 4.6 CtrTo &K, P43©



249

Fig. 4.5 Relationship of the skin temperature and 
calculated skin temperature ( subject A ) 
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Fig. 4.6 Relationship of the skin temperature and 
calculated skin temperature (subject E) 
-sunshine environment-
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Fundamental Study on the New Method to Estimate Vibration Level on a Ship 
(Formulation of the Damping Matrix based on Dissipation Energy caused by Fluid Viscosity)

by Toshihiko Funaki, Member Shigehiro Hayashi, Member

Summary

It is known that the effect of fluid upon structural vibration is very large with the estimation of 
vibrational performance on floating structures, therefore fluid-structure coupled analysis method which 
combine the added mass matrix into FEM has been used. Thence pretty accurate eigenvalue of 
structural vibration can be estimated for many cases of ship structure. But the vibration level can not 
be estimated so well, because the damping of structure and fluid viscosity is not known. Therefore it 
is necessary for the estimation of vibration level to investigate the damping caused by fluid viscosity.

In this paper, a new theory of added damping matrix based on dissipation energy caused by fluid 
viscosity is described. The distribution of flow velocity in the vibrational boundary layer is determined 
by assuming laminar flow in spite of existence of turbulence, then shearing stress is decided using 
virtual kinematic viscosity coefficient. Dissipation energy caused by fluid viscosity is formulated as the 
function of the nodal amplitude of the BEM mesh model. The added damping matrix can be obtained 
by comparing that with dissipation energy of usual damping matrix of FEM.

The difference of dissipation energy between in deep water and in shallow water is clarified by using 
the added damping matrix. A new idea of reduced added damping matrix is defined, then combination 
analysis of the experimental modal analysis and BEM is executed using the reduced added mass & 
damping matrix. The validity of the added damping matrix is verified by comparing with some 
experiments in the deep water and the shallow water.

i. m w

mtKDWsmikzmfei-zji?, wmmmmm.

mmb3*LTv»5„ mumm
/-ft

BBt/'t/POmBB&aSapMBT&a. LA'L, ton

is, ise

SlitfMb©#LMLt, FMWffcGXS
o ;

F K a ? 5 c tfr
x ©mega zmtftm&c

mumt
v ii'ommz&mtfTkv,

L#©pmy

'J kLXi), K*5
5bWj£!fS?LT

fckLXb, F*#a-3-C:BfL#, ±<@9##

»xmi$&m&imT?zm£, zamioffitifta&x vt>8s 

a. *rjHtbmiExmwmty^com^iev



254 mm#

5 kAiTg-C
$]$>X, SWl\"<)V<oWM.teWE k * 5 © "CS 5 „

-% SSESiiRtfgL^OMES-T h >; XX-ffc-CStUf 
t-5^t> * < *5*5, mmz^^xiz 
5}cBfl©asfl-*?^v 1 * 6 tc,

KMSJtS-fflvirmffr-S L*^S*5*V1©*?^ 
T&5. SEoT, M8©##5±T©^#
ts, a@s#m©tf;Hb t x- Ywmttow. v a
kEl""eg5o
f c-c, ##» Kfc-vi-c, SKSJfi!v>fKS|i/^

C4W4, &mzxmm 
<p<D&&ffi(omwiT~? t #*mm##©#m*x k 
£ffl v> TS3Bv^t;iz£ j|$"X5SiSTS5„ BPS, ##E
K%@©@%%»tev\ e#9%Kmma:eemLT%
-X';w?xy-X (@w®, BW^X h ;i/, t- K^sit)
<&#aif&6©r, © & ©©t-X^/-?? x -x %
#6 c k*?T-§ 50 f#6iL*T-^ 
^#m©m#*5-^*fv5*»c, 
j=?-cf©^@temLA%,
%-tzboxh^o x^x,
r;Htt5Mi'*fi <, mi? c t ieb* - x^ ^ x
X-X £k*t#5 AC4jv:>t, #BKt#©-@% 
AEL4:5kk*5„ L^L, tulF Cd3V:>Tt4, BjdSk 
Wd%T%#C4 3*Bg#*Ct* 9E*?*v>;:k £(ES 
lx, mmsm? h v?x<Dfr*timm*fmTKmmLx 
v&. fct, ©esc4^xmmmizmw&
$>zm-&Ci4, f4lt#E^3ig#*5$D,
©R#4#8re#-CV:'*#'?%:o

KziittfcCK,
0%#^@T©m#©^*5^& 4tT V) 5. 4oT, m# 
©*m&#^3 C k *::#&?&#.kf, f©E^6%## 
5I©M$£9iSm5 5 k*5T'§ 5„ JIftC, MftMXCDffi, 
ft<Dffimzit)mtM£, TcXftiftmoMm 
5Ck*5?#5. BP*., buIS^SS^T^EV*5 k k * 
5o f CT, ##%TB%#C4 3*8B&*COViT3& 
5£k-C-T5o St#:©52i6C4 -7 T£ C 5Ms* k L T, 
i£z$C4 5^k%#C4 5^*5^^. *.4v5o -iSl&C 
(4,1 @mm##-et4mmc 4 zsm&±!&frx, ss&m
#T(4%#C4 5##*5±m^T&3 k#£<B.i7.TV>5„ 

P9@C*f L T5K#:©Es86$ SBC*X®2,’3) tt^* 
<, CZT(&%@C4 5^#C'OV)-C#^5CkC-45o 

3%#©%#C 4 5 zSS* 14, ^#@m©#ec 14E8S@P 
kSLM®-C^§4vT4JQ, SLsTuC45^%#©^*5±# 
v^k*5^6.iLTVi5<, aSi®jSC-DV^r i4*4f*M©

4^mm#c 4 o xmimmm^ma u
m#t4©!#%'i±#m&@m#cmu5^m*5mv^4rcv^
54,o Mi6F=I@Cj3V^r (4, gt#A#MC#^#gR4t-e& 5
*^, a*f©&©©ms&mL<*5*,

A (WB, ##%ma-k#j:) ©»&0A, ^nmi-©B3 
KBKRA-tamk LT*fS$-*, @A#C#Ef56©c 
nmvsm&mi&zm c 5 ckw^s. 

jis, m##%©d(T
i-3#^, SS#:S5@©Slg^|S]jliSSSlS^<f-k Lt-5i 
&&&C, ^©®Ft4SESlRj®S^if:$'f®jSVrvi50 L 
*>L, ffiMI©g¥Ikf{f«M©4ISMI?0 
*>©©il@kt4-gc-ti"f, #m±?^#*5#5 C k 
@k*50 fit, mSBktKty5/1k ©R9C 
%i&m*M%1r?,0 igSIBF'giiS^PSi-fa:x h-^X 
®^B^*.^$-rnt4', %i±C45@ma:^;t/f &#A 
%@©MRk LT^ti:50 S6C, 1 
&-7 h V XX#Ef4U4, ####{##-? h UXX&@< 
5k»5T'S50

Mmlcxii, $f, SffilSmSv h y x x < um
f©%, k8&k#T©%#©##

C4 5Ms86S©Ect)Vi-C5E^5o S 6C, #M^#C 
r^7K®©Sibv^.;v*j6$V, t©WE&ir3. fete, 
^S0^@C?V)-CHR@#H3C^»-Cjs6f, @mCA 

V)T 610^#*5&»V) 4 ) CBiS LA.

2. 3=1 BE

2.1 A^rnsim^
£^C-C*S$B±C x, y $&<£■, SSW±l6i§ C zS6&k

(Fig. 1) k-rso *, s»sbj'(. 
s cSTfcsias « k-rs,

T'S sicf <,
■tir-f CWJ0XI-^fito5 k-T-E,, 4oT, A%#W&d< 
jTyy+A#@k#*55k*5-c§5©t, agdff>y

zlx, ffimft&TmftommmtiL um,
##@%©a@df7">y+;v (p RT/E* P B#

t7«.(x, y,z\ t)=Uw(x, y,z)elt (1)
<&{x, y, z ; t)=<j>(x, y, z)elt (2)

A y

" bottom

Fig. 1 Coordinate system



255

P(x, y,z', t)——Ap<f>(x, y, z)eu (3)
3 3T-, Uvj b)VXh 9, EAcow
X&W&i'CLfc'OV?.-'1 ©3$&fflV>Tl>3o £fc, A=ia
x- (f=y^i, a) \tnmm), p

y s^tfSjL, es±©a $ tmatut 
2 ®e (Fig. a ss-ihSo

h ;i/ r ^ -/ a,6T»^3
rtEJ:^T,20©M^ h/!/&#&. b

e,, e2 k?Mm¥mt%%iX-&3„ &
h/k&f ©##C b

;l/% e3 k?Z„ e, k
#3sme%k&3. 3fiA# i & 9, t©
mem& 1,2,3 kist-r o @6K,=©msawma 11,3 ®& 
h 5f*^h #3. B9 ©mem
14 e3 k e, ©4@(K J: -3 XM&X^ 3. 3 ti»?S 2 ©SB
me^rt 9, t©mem& s, y, ,? k#-#-.
m*ji ;w u„ %, bme^-r

«j, mm#%me%T«, kgu-rme^e-?mi^x
[To], [T,]

Mi?=[To]hio=[Ti]ki (4)
6#3. ^ji^nofrfiScfl-S-ifcES©^/ b;l/T%#f 3.

Mzor" Mi/"

[To]= nffoT , [Ti]= Mi/

M£oT. .Mi/.

;;t, [r,] a e, t s (Fig. 2) *■->/$ 3-? b
9^%T63.

2.2 EA > '> -f;i/|Iii©S^b
field point k source point i^ti^tvP, Q k LX A P

*®mm±.Kkti\$, mwvn^imm^mlx

©#mR##ma&{#3.
(4ff~C{P)}<t>{P)-jfjW^ffidSiQ)

—SL^p.a,f£§«® <6)

3 3-e, s„ ttss^EEs, c(p) gcp,
e) m

k e i3i4#m©imim&mv^3»
£ P &###%#/ y i^BAClBEUT t6RVu„,£

m -eft#u (6 )a&is*a#©Ba?Bmik

Element

Fig. 2 Local coordinate system

■f 4U4*, .
[A]{0}=2[B]{u„] (7)

©v b V ^XB^&#3. 3 3T, BA#A©*6#m
^3kmL'*.? b;% {$} 14±BA©;MEEt >">
*L, [A], [B] ©J&frti^-C^StLSo 

Av=(4zr—C,)de

(8)

Bijd=— 2 /T nzdNhu.mG{i, Q)dS(Q) 

tctiL,
m(j): BA; eatfSBR©##

k{j, in) ’■ S?5lt ”i 13 jo S3BA ; ©BB##
«(Q): w ©A Q KA143&#
//Sh : t&mmmmoffim

G(i, Q): field point k LTBA i SrSffl
«id: &a©%%me^mem <7c^hi-s ab&k 
/</: BA; K^i43%*me*mem </ ©e# 
t/: %*me%mem z, y, z 
C,: BA i Kt3^3a#mA 
du : Kronecker ©f

{«5}Si<3tE*50
{0}=A[AfB]{u„}|
[AtB]=[A]-[B]J

fin%, {««,} $-^»3 3k*?-e§3„ t33
**, 3 3T(±%*k#^©maM@%j@< 3kW^.'Ct)
3 or, (3)si3(9

{fu,}=-A2[Afa,]{ua,}| ,
[Mj=p[S][AtB] J

33-c, {f„} i±±BA©m*m#m#@BA 
ti'*.? b;K [m„] i±mnn&^ boi'x, [5] agmmm
©^•IBf^ffl&?3 -7 b 9^ XT, f ©figfl-ti

S»=-2 ff n;dNw,rtN>u.midS(Q) (11)mU)JJASH
x-mzti30 fcfe*u tw «ba i fciitfzmsmwsmm
m d(d=x, y, z) ©S#'£-S't"o 1

####©&& t jK f V =y +■ k ©EW (10) Silk
[M„] %WEES$KE*2. 

t?3 kK j:-3< 3 kA$-CS3o
2.3 ^@ISi$©ES:-fb
aamem k^x>'>+k ©MK%#@l,

^¥Bk¥fr*iES^^ b^& SfflESS-TSo'BP%, #

^gfumGsmt? b^e ki^owom
b;i/& b;i/& % k&<.@

ibF=Hcfc’viT % ttSIE'CS§ S"C$>o T, Of k 
TfT»t©-C6»t^^3, d6 14 »si'f.|SS3t, laUti^ 

d, 13^54L3 3 k k»3 (Fig.3), 
vp 14il8&gcE±©d?T 6 63



256 i mm#

Element

Fig. 3 Velocity on an element
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Table 1 Comparison on energy between infinite depth 
and shallow water for 2 node vibration

unit infinite shallow
Theory® Jv — 0.846 — ,

Using M0
Jv — 0.818 —

% kgmm2 0.0538, 0.0683

Using C0

Eg total
kgmm,i

Vs 0.00583 6.00733
Eg surface

kgmm"1
Vs 0.00583 0.00698

Ec bottom
kgmnv1

Vs — 0.000350
where, fJ —1.137x 10"^ kg/(mnvs) 

V = 1.138 mmvs
p = 019991 x 10"6 kg /mm3 '
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surface in deep water

surface in shallow water

Fig. 7 Comparison of distributions on dynamic pres
sure between deep and shallow water
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Fig. 9 Comparison of distributions on flow velocity 
between deep and shallow water

Fig. 8 Comparison of distributions on dynamic pres
sure between surface and bottom

rntzk (Fig. ?), s *> ti

XlM-CCDmEfrmiffiitrttMtZ t
(Fig.s), mmgwt<

%K,
(Fig. 9), 6 fi

r < a#?*

(Fig, io), < ^js.,

surface in deep water

surface in shallow water

®------- - - . i
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Calculation 
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Calculation Experiment
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Curve fit
-200:

Curve fit
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Fig. 11 Comparison of responses at force point 
between synthesis (curve fit) and experiment 
in the deep water

Fig. 13 Comparison of responses at force point in the 
deep water between calculation (modification 
analysis) using [Ma] and experiment
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Fig. 12 Comparison of responses at' force point 
between synthesis (curve fit) and experiment 
in the shallow water

Calculation using [Mj and [C(

- Calculation using [MQ]

Calculation using [Mj and [CQ]

Calculation using [M01

•Fig. 14 Comparison of responses at force point in the 
deep water between calculation (modification 
analysis) using [M0] and using [M0] & [C0]

Table 2 Variation of modal damping ratio £ -

f [%]
1 St 2nd 3rd 4 th 5th

2 node 3. node 4 node 5 node -
deep 0.835 , 0.739 0.928 1.01 ' 0.480

shallow 2.84 _ 1.52 1.95 1.48 , 1.24
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Fig. 15 Comparison of responses at force point in the 
deep water between calculation (modification 
analysis) using [M>] & [CJ and experiment
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A Study on the Effect of Measurement Points upon Reduced Added Mass Matrix

by Toshihiko Funaki, Member Shigehiro Hayashi, Member

Summary

It is known that the effect of fluid upon structural vibration is very large with the estimation of 
vibrational performance on floating structures, therefore fluid-structure coupled analysis method which 
combine the added mass matrix into FEM has been used since many years ago. Thence pretty accurate 
eigenvalue of structural vibration can be estimated in many cases of ship structure, but the vibration 
level can not be estimated so. Then a new method of combination analysis using the experimental 
modal analysis and BEM was presented by authors0.' To use this new method, the effect of arrange
ment of the measurement points upon the solution of the modal-BEM combination analysis must be 
explained.

In this paper, the effect is explained by some concrete parametric calculations on an ellipsoid of 
revolution. As the result of analysis on the calculations, 21 points distribution at regular intervals is 
enough for the number of the observation points to apply the method to the vertical bending vibration 
mode even below i node. Then the effect of rotation vector is analyzed, it is explained that the 
accuracy of the solution without considering rotation vector can not be better on higher vibration 
mode, if many observation points are set. This is verified by comparing with some experiments in the 
deep water and the shallow water.
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i ^S M a-21 0.81897163 0.75343796 0.69317828
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Fig. 6 Comparison on /„ between theory31 and reduced 
matrix method" for 2, 3, 4 node vibration at 
infinite depth: (considering rotation vector)
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Fig. 10 Comparison of responses at force point 
between synthesis (curve fit) and experiment 
in the shallow water -

Table 7 Variation, of modal damping ratio £
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Fig. 11 Comparison of responses at force point in the 
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tion (modification analysis) using 21, points [/Wo] 
3 - and f in the shallow water .1
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Calculation 
using 61 points [MQ]-200:

Experiment

Calculation using 61 points [MQ]
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Experiment Calculation 

using 61 points [Mj

[Hz] 1st 2nd 3rd 4th 5th
Exp. 371 759 1180 1620 2040

Cal. 381 792 1226 1652 2049

Calculation using 61 points [M0] 

Experiment.

500 1000 1500 2000 Hz

Fig. 12 Comparison of responses at force point in the 
deep water between experiment and calcula
tion (modification analysis) using 61 points [Mo] 
and ? in the shallow water

Fig. 14 Comparison of responses at force point in the 
deep water between experiment and calcula
tion (modification analysis) using 61 points [Mo] 
and £ in the deep water

Experiment
using 21 points [Mj-200

Calculation using 21 points [Mj 

Experiment —J / I.

Fig. 13 Comparison of responses at force point in the 
deep water between experiment and calcula
tion (modification analysis) using 21 points [Mo] 
and t, in the deep water
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Flat Plate Approximation in the Three-dimensional Slamming

by Yasumi Toyama, Member

Summary

The slamming problems of the three-dimensional bodies are investigated analytically. The similar 
method of flat plate approximation developed by Wagner to solve the two-dimensional slamming is 
applied to the water entry problems of arbitrary axisymmetric bodies.

i The theoretical approach is extended to the more general case where the shape of the impact surface 
is elliptic. An analytical expression for the three-dimensional pressure distribution is derived. It is 
shown that the maximum impact pressure is approximately proportional to the square of the expand
ing velocity of the major diameter of the elliptic wet surface.
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2-14
The Resisting Mechanism during the Large Normal 

Deflection of Thin Shells subjected to 
Follower Forces

by Thomas George*, Member Hiroo Okada*, Member
Nobuyoshi Fukuchi**, Member * , .

Summary
The load1 resistance mechanism of thin shells, such as the submerged shell structures in underwater 

marine constructions, are in principle of a nonconservative nature since the associated loads are the 
hydrostatic pressure and drag forces of the follower type. 1 *■

The general governing equations of equilibrium for thin shells are available from the literature ini ■ 
various details. In this research we consider shells defined in a monoclinically convected coordinate 
system subjected to follower loads and undergoing large deformations. The feasibility and significance 
of the theoretical formulations have already been substantiated through various numerical simulation 
results.

In the simultaneous equations governing the equilibrium of shells, the presence of terms related to the 
shell curvature and other consequential terms such as the Christoffel symbols, clearly make them a 
substantially different class from the plate theory. This distinction, which may otherwise be denoted 
as the ‘Form Effect' in more common terminology, renders the shell theory a lot more complicated and 
one that needs in-depth analytical effort to unravel the full significance of all the possible implications.

The present paper elaborates on the mechanism of large deformation by studying the share of. 
different stiffness factors on the total load resistance equilibrium picture of shells from the very shallow 
to the deep curvature range going through the subsequently increasing loading stages. This study1' 
concentrates mainly on the equilibrium in the normal direction. The resisting mechanism due to the 
extensional and the bending stiffness parts are considered as the two main entities and their subdivi
sions and other separable factors are studied in unison to draw out an overall picture. The partial. 
cylindrical and spherical shells are considered and the results bring out the clear distinction between 
resistance mechanism of the two shells, especially in the deep curvature region.

These results in their total details are believed to be helpful in understanding the deformation, 
mechanism and formulate some design philosophy for shells and thereby serve as a guideline for 
appropriate formulations of the governing equations ini particular cases.

1. Introduction

The importance of codification in the field of practi
cal designs is accepted beyond doubt. Standards are 
necessary to implement an efficient and fast design 
procedure. Theoretical knowledge is brought to the 
practitioner through the analytical efforts and 
simplified interpretations adaptable to his needs. Struc
tural design is generally based on the codes and stan
dards, which makes it all the more important to update 
it with theoretical progress to meet the ever increasing 
demand for novel ventures.

In the field of marine structural systems, shell systems 
are projected to play an increasing role in the future

* College of Engineering, Osaka Prefecture 
University

** Faculty of Engineering, Kyushu University

Received 10th Jan. 1996
Read at the Spring meeting 15, 16th May 1996

demands for deep sea constructions. Considering the 
enormous structural strength and stability that can be 
achieved by effectively utilizing the ‘Form Effect’ due to 
curvature of the shells, the possibility of lighter and 
safer constructions in the ultra-high pressure envirdn- 
ment of ocean depth could become possible. The pres
ent level' of knowledge about shells go into various 
details in different heoretical arid practical 
investigations"3', as a result of which the theoretical 
and subsequently the practical standards envelop a 
sphere of criteria which are derived from not so clear 
visualizations of the characteristics of each particular 
type of shell.

This research in its earlier stages has formulated a 
very detailed3' general governing equation from the first 
principles, for the large deformations of shells subjected 
to follower loads. There the shells were defined in the 
monocliriically convected coordinate system and the 
deflected' states were expressed using the metric and 
curvature tensors of the deformed state written in terms 
of the original metric and curvature tensors and the
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deflection values. Numerical results were presented to 
substantiate the feasibility and significance of that 
formulation. ... _ ' . f

In another part of the research, the dynamic stability 
of shells under disturbed equilibrium conditions were . 
investigated in elaborate details** through an investiga
tion of the frequencies of natural vibrations and the 
dynamic responses to. small disturbances of shells at 
their subsequent equilibrium positions. . Further, using 
the method of disturbed small motions, several new 
aspects have been brought into light and many impor
tant conclusions have been derived516’ on the dynamic 
stability mechanism of shells.

In the present paper, the equilibrating, mechanism of 
the shell is studied using the governing equation for the 
normal direction as the basis, by analyzing the varia
tions in the relative contributions from the groups of 
extensional and bending1 stiffness terms to the total 
resistance mechanism of two different types of shells. 
Further more, detailed analyses of different terms in the 
extensional and bending parts containing the principal 
strains and their cross 1 components, the t inplane 
deflections, the Christoffel symbols and the curvature 
tensors of mixed variance were carried out. This inves
tigation helped to get some detailed knowledge of the 
resisting mechanism due to each of the above factors, 
both in the initial deflection and the large: deflection 
stages. 1 .

It is generally understood that the mechanism of the 
plate transforms into that of the shell by the inclusion 
of curvature and its consequences. However, a clear- 
cut statement of the facts in this field was generally not 
available in any easy to understand way. It is shown 
here that even the bending stiffness part that dominates 
the plate deflection mechanism is not fully sufficient in 
the large deflection stages. On the contrary, the exten
sional stiffness, part can solely dictate the entire 
deflection mechanism of very deep shells. The curva
ture ranges at which the bending and the extensional 
parts share the strength scenario in varying proportions 
is presented here. Also, the significance and effective 
curvature zone of inplane deflection terms, the 
Christoffel symbols and the curvature, tensors of mixed 
variance are illustrated. It shows that the shell as a 
whole is not possibly a candidate for classification or 
consideration as a single structural type, but differs in 
various details and each of the differing classes of shells 
has to be considered as a separate entity with particular 
characteristic governing equations.

From this analysis, it becomes possible to formulate 
the governing equation for the normal deflection of, 
shells pp a case by case basis depending on the curva
ture under consideration and thus save unnecessary 
efforts in numerical analysis with sufficient accuracy. 
However, it may be noted that this conclusion does not 
necessarily hold in the analysis of dynamic phenomena, 
where it requires to consider the nonlinearities due tq

some of the smaller effects also.
The results of the present research makes it possible 

f tp categorize the entire curvature range of shells into 
six different classes in general, from the plate to the 
very deep shell. As a result, the governing mechanism 
of internal resistance for each of these classes become 
-visible to the practitioner and might help him to formu
late some useful design codes in the future.
, Partial cylindrical and spherical shells with curva
tures ranging from very shallow to very deep were 
chosen as the representative cases of singly and doubly 
curved shells. The boundary conditions are assumed to 

, be simply supported with the inplane deflections arrest
ed along all the edges. The shell perimeter is considered 
to, produce a projected square base of unit area, and the 
loading is assumed to be the uniformly distributed 
hydrostatic pressure. The Galerkin method is used for 
the numerical solution of the equilibrium problem. The 
present results are derived for the entire shell as an 
integral unit and not just for some particular points on 
the shell in a random selection. Thus, these results may 
be taken for their overall effect, which may be consid
ered qualitatively true for any single point on the shell. 
Also, the post-critical stability range of equilibrium 
conditions are not considered here for it represents an 
entirely different class of mechanism altogether.

2.1 Theoretical Formulations
The derivation process of the general governing equa

tions from the fundamentals of tensor continuum 
mechanics is not detailed here. The treatment in this 
section starts from the final form of the governing 
equations and thereby proceed to the details necessary 
for the purpose of this paper. However, background 
materials are explained to the necessary levels and the 
terminology is restated wherever found necessary.

2.1 Coordinate Definition
The shell continuum is defined here in the general 

convected coordinates. The system of monoclinicatty 
connected coordinates defined over the middle surface of 
a general shell is shown in Fig. 1. The figure also shows 
the geometry and dimensions assumed for the partial 
cylindrical and spherical shells used for numerical cal
culations in this paper. , ( ,,

The shell thickness t is assumed to be uniform. By 
virtue of considering only thin shells, the Kirchhoff- 
Love hypotheses are assumed to be true during the 
entire finite deformation process.

2.2 Equilibrium Equations
The general governing equations for the finite defor

mations of thin shells are stated below. The range 
convention for all the Greek indices appearing here and 
elsewhere in this paper are to be taken as a, /5, y, •••= 
1,2.

(1)

■ - (2)
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The partial 
spherical shell

X
The partial 
cylindrical shell

Thickness of the shell: 1/a=0.01 
Poisson's ratio :V = 0.3

upper surface
middle surtace
lower surface

Fig, 1 The Definition of monoclinically convected 
coordinate axes and the geometry of two partic
ular shell types

All the quantities in these equations represent the 
state of the middle surface after deformation. The 
symbol 'll’ represents the 2-dimensional (surface) 
covariant differentiation of the preceding middle sur
face quantities with respect to the subscripts. The 
symbol (a) denotes that these differentiations are to be 
done over the quantities after deformation.

Nc>, M°“ and Ban are the membrane force tensor, the 
moment tensor and the curvature tensor of the middle 
surface after the deformation, respectively. The tan
gential and the normal component in the positive z 
direction of the applied load are denoted respectively by 
// and p3, and ma is the sum of the surface tractions and 
body forces contributed moment load. The loading is 
assumed to be the uniformly distributed follower type. 
It is necessary that the physical interpretations31 for the 
different tensor components are made, wherever neces
sary.

Now, the membrane force tensor, the moment tensor 
and the curvature tensor can be expressed in the follow
ing forms.

N-^Da^en+Ka^btS^SlSi-###
(3)

M°p=Ka°mKu+Ka'm(b$8Z- (4)
Bap'=bap+Kap (5)

In the above equations, D and K are respectively the 
Extensional and the Bending stiffness parameters. a°m 
is the Elasticity tensor of the middle surface before 
deformation. The initial curvature tensor is given by 
bati whereas bl represents the curvature tensor of mixed 
variance. Sap is the strain tensor and w is the change of 
curvature tensor of the middle surface. The above 
quantities are defined as given below, where E is the 
Young's Modulus of Elasticity, v is the Poisson’s ratio 
and t is the shell thickness.

5=Tl=Py- K='i2(X-i/) (6)

a«v,] + maea?, (7)

Sap—-^{AaP —Oap)

=^{Ua\e+Up\a + Ui\aUi\e)

=-^\Ua,p + Up,a — 2{bapU3+PapUi)

+ bibip{u3)2+ u3.aU3.e 

+ bi[(bpUp+ U3,p)ut+(rfpUa~ iu,p)ll3]

+ bp(uM3.a — Ul.alls)} ( 8 )

KaP^U^ap—U^rU^ap
+-|-(Mr|rM,|s— U7\sUS\r— a7SU%lll\s)baP 

= U3,ap~ babpM3 ~ Pip MW+( bpUs.a + bitl3.p) U3.i

b}bi(m)2]bap (9)

Here, aap and Aap are respectively the metric tensors of 
the middle surface before and after the deformation. u‘ 
or Wi(z=l, 2,3) represent the covariant and contravari- 
ant deflection components in the three coordinate direc
tions. The vertical bar T symbol denotes the three 
dimensional (spacial) covariant differentiation with 
respect to the subscript. As usual, Pip are the Christoffel 
symbols, Si are the Kronecker deltas and the comma 
notation is employed here to denote partial 
differentiations.

By substituting for the membrane force tensor, the 
moment tensor and the curvature tensor, the equilib
rium equations of the shell can be formulated from Eq.
(1) and Eq. (2). The expressions given here for these 
quantities were deduced after a strict order evaluation 
which retained only the most significant of the terms. 
The result of this substitution is not given here in terms 
of deflection components. However, a modified form in 
terms of the middle surface strain, the curvature tensor 
and the change of curvature tensor of the middle sur
face after deformation, is provided in the next section 
to facilitate further background for analysis.

Now, the deflection components u>fk=1,2,3) can be 
considered here in the form of an algebraic summation 
series, as follows:

uk='2jku*UJ,M81,62) (10)

Here, U* represent the deflection coefficient and 
0*(0', d2) may be considered as a double trigonometric 
function, where 0l and 82 are the angular coordinates of 
the middle surface in the principal directions!

2.3 The Mechanism of Normal Deformations
This paper considers the mechanism during the nor

mal deformations of the shell. Thus, Eq. (2) which is the 
governing equation in the normal direction is to be 
analyzed for bringing out its characteristics. For the 
sake of convenience, Eq. (2) is represented in the follow
ing form where the S term denotes the group of terms 
that club together with the Extensional stiffness parame
ter D and jB term denotes the group of terms that club 
together with the Bending stiffness parameter K.

e + j3=-p3 (11)
Furthermore, the terms € and J8 are subdivided into
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the following components, where the E terms and the B 
terms denote a division based on the characteristics of 
each group of terms. , , ,

S =E1+E2+E3+E41 ' . .
3=B1+B2+B3+B4j ,,, . 1 - ( ’

The significance and meaning of this arbitrary subdivi
sion is visible when each group of terms is studied from 
the following detailed representation of their structures. 
Here again, for the sake of convenience and easy visual
ization effect, the equation is given in terms of strain 
components, curvatures and the change of curvature.

El=D(au)2enB,,
E2=Z)m“c22[eiiB22+e22Bn]
E3=B(-^2"^)fi11<z22[(ei2+£2i)(Bi2+B2ij]

E4=B(<z22)£22B22 , ,' - . v;
Bl=A(all)2[<iiBu(6f—6')—<u,n—en,u6f], ' 
B2=—Kvallaa[ £11.12+<22,11+£11,22 bl+£22,1161]
B3=—K.(^rT-^an(P[2(icn,a+ <21,12),. .

(13)
. . i 1
~,i '1
,' .

■ 1 11,'

+ (<12.12 + £21,12)(6l + 62)]

Bl—/v ( f/22)2 [ <22 B22 (61 — 62) — <22.22 £22,2261]
- > ' 1 *' ' 1 ' i. 1 ' J ' 1 (14)

Ffrst of all, tKe terms El and Bl contain terms grouped 
together with the metric tensor in the first’ principal 
direction ’ 8' (the term ‘primary direction’ will be used 
in further discourse) and the terms E4 and B4 contain 
terms grouped together with the metric tensor in the 
second principal direction 82 ‘ (the term ‘secondary 
direction’ will be used in further discourse). The terms 
El and E4 represent the stretch in the respective pririci-, 
pal directions, whereas the terms Bl and B4 represent 
tiie bending in the respective principal directions.

Next, the terms E2, E3, B2 and B3 are groups of 
terms accompanying the product of metric tensors in 
the principal directions arid characterized’ by the'pres
ence of the Poisson effect. They are basically the cross 
components of stretching and bending in the principal 
directions. The differerice lies in the fact that the terms' 
E2 and B2 represent the effect due to strains and curva
tures or its changes in the principal directions, whereas
the terms E3 and B3 are associated with the twist 
components of the same. , ,, ,

The terms 6 and J8 will be denoted in further dis
course as the Extensional part and the Bending part, 
respectively. Also, their subdivisions will be denoted as 
the Component terms. The above, subdivision js to 
serve as the basis for,all the evaluations,made,of the 
resistance mechanism of shells during the, numerical 
analyses conducted in the remaining part of, this paper.

' 3. Numerical' Analysis1 of the Resistance 
Mechanism ’

,;Jn, shell theory, which may be broadly, divided into 
shallow shells and deep, shells based on the curvatures, 
several classification schemes are available. In the 
design of shells however, the classifications cannot be of

any value until they arp easily visualizable. In this 
paper, an attempLis made to classify the shells in terms 
of the common tenriinology that does not, need any 
expertise in the intricacies of the shell theory-to under
stand. ’ ‘

The shell type that should be analyzed, the boundary 
conditions to be selected and the type of loading that 
requires attention do exist in several permutations. 
Here, the partial cylindrical shells and the partial spher
ical shells are selected as the most prominant represen
tatives of the singly und doubly curved.shells, respec
tively;; The boundaries are considered sirriply support
ed, with all the inplane deflections arrested along the 
edges. The loading is considered to be the uniformly 
distributed hydrostatic pressure acting on the entire 
shell surface in the anti-radial direction. , - 1

The shell geometry is considered to be that which 
produces a projected square base of unit area. The 
principal chord lengths [<z=/i=/2, //<z=0.01] are unity 
by, virtue of the choice of projected unit square base. 
The shell thickness,. t is considered uniform and 
sufficiently small enough in comparison with,the radius 
R, to satisfy the fundamental assumptions. The numeri
cal value of S=1.96xlO“N/m2 for, the Young’s 
modulus and the Poisson’s ratio of 12=0.3 are used for 
numerical calculations. . , ; „

The differential geometry of a toroidal shell 
definition is used to express the basic values of the shell 
middle surface. The corresponding equations for, the 
metric and curvature tensors and the Christoffel sym- 
bols can easily be formulated from first principles3’. 
The ‘primary direction’ (see sec. 2.3) of partial cylindri
cal shells is chosen in its longitudinal direction.

For numerical analysis, the equilibrium equations 
[Eqs. (1), (2) ]under static considerations are solved 
using the Galerkin method. Here, 16 modal combina
tions [m, 72=4 in Eq.(10)]are used. Curvature ranges of 
shells were selected from the plate (Radius, R/a=ca) to 
the subtended angle of n radians at the center (Radius, 
R/a=0.5) for the deep shell. As a result, about 40 
different curvature values each for the partial cylindri
cal and spherical shells were used for this analysis.

In the numerical analysis of Eq. (11) to determine the 
resistance mechanism of shells, instead of considering 
only a single monitoring point, for example the center 
of the shell, the average value of several symmetric, 
mesh points is calculated. However, the allowable error, 
in satisfying Eq.(ll) is restricted well within 1.0% by 
adjusting the number of mesh points. , , ,

3.1 An Overview of Large Deformation and the 
, Initial Resistance^ Mechanism ,1 ,

The numerical calculation of large deformation of 
shells is performed using Eqs. (1) and (2) where the center 
of the shell is usually chosen ,as the monitoring point. In 
this paper, in addition1 to the center deflection, the 
average deflection also is calculated. The term average 
deflection denotes the average of analytically integral-
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(a-2) Radius (R/a) = 8.0 ~ 0.5

(a) Partial cylindrical shells (b) Partial spherical shells
Fig. 2 Load-deflection curves of different shells

ing the deflection values u3 over the whole shell surface 
using Eq,(10) and the calculated deflection coefficients. 
Normal deflections will be denoted hereafter using w 
where w= u3 and the nondimensional value w/t will be 
used in the graphs.

In Fig. 2 the load-deflection curves of several shells 
are illustrated. Partial cylindrical and spherical shells 
are given side by side and the top row of graphs show 
the cases from that of the plate to the ‘medium deep’ 
shells. The bottom row of graphs show the cases from 
that of the ‘medium deep’ to ‘very deep’ shells. The 
terminology ‘medium deep’ and ‘very deep’ will be sub
stantiated later in this paper. In each of these cases, the 
centre deflection graphs and the average deflection 
graphs are shown side by side for the sake of facilitat
ing direct comparison.

First of all, by scanning through the graphs from the 
plate to the very deep shell, one can notice the gradual 
changes in the deflection pattern. For the plate, the well 
known case of normal bending deflection is very charac
teristic but for deeper shells the pattern undergoes 
drastic changes in several stages.

By comparing the center deflection and average 
deflection in each case, the similarities in pattern are 
very striking except that the numerical values of aver
age deflections are smaller than the corresponding cen
ter deflections, which is a consequence of averaging 
over the whole shell. Also, the average deflections 
generally follow the forward deflection pattern even 
when the centre deflections are back folding (local 
reverse buckling). Thus, it may be concluded that by 
averaging we obtain a qualitatively representative 
picture for the whole shell. This is the reason why the

following results on the calculation of the resistance 
mechanism of shells using Eq. (11) have been averaged 
for the whole shell over an appropriate number of mesh 
points.

The share of extensional and bending stiffness parts 
of the equilibrium equation for deformations in the 
normal direction has been determined in an earlier 
study3’ using the corresponding principal diagonal 
coefficient of the stiffness matrix at the initial deflection 
stage. The qualitative idea that was proposed in,that 
study is verified in the present study in a quantitative 
way by considering the whole of the equilibrium equa
tion in an exact calculation. Fig. 3 shows that result 
where the influence parameter indicates the fraction of 
influence shared by. a part. - -

For shallow shells shown towards the. right of the 
figure, the bending part (3) dominates the resistance 
mechanism almost completely. However, for deep 
shells at the left extreme the extensional part (S) 
dominates the scenario. In between these two extremes, 
the shares of both 3 and 6 are present in different 
proportions.

Also, the curves for partial spherical shells are more 
shifted towards the shallow shell end than the partial 
cylindrical shell. This is very much according to the 
logical arguement that for doubly curved shells the 
effect of curvature appears at more shallow curvatures 
than singly curved shells for which the effect of bending 
in the primary direction lasts until deeper shells.

This total picture of initial effects due to the exten
sional and the bending parts can be analyzed in more 
logical details in Fig. 4 and Fig. 5 where the share of 
each component term is illustrated. Fig. 4 shows the
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Bending partExtensions! part

cylindrical shells spherical shells -

3 0.3

Radius (R/a)
Deep shells Shallow shells

Fig. 3 The share of extensional and bending stiffness 
parts in the initial resistance mechanism of 
different shells ’ ■ 1 ; . ,

1.0- ■—

- ' (0 0.6

CD .

3 0.3 —~sr~

E1 E3'~'-.l

Radius (R/a)
Shallow shells.Deep shells

Fig. 4 The share of different components of the exten
sional and the bending stiffness parts in the 
initial resistance mechanism of partial cylindri
cal shells of different radii

case of partial cylindrical shells for which the shallow 
shell end is dominated in varying proportions by the 
bending components B1 to B4. The effect of principal 
bending components B1 and B4 are almost equal at this' 
stage, as should be expected, and their sum having the 
largest influence.' On the contrary, at the deep shell side 
the principal extensional part in the secondary (radial) 
direction E4 dominates an almost complete influence.

Comparing Fig. 3 and Fig. 4 brings out the interesting 
fact that for deep cylindrical shells the extensional 
component in the radial direction is the sole contributor

10.0

; Radius (R/a)
Shallow shells

Fig. 5 The share of different components of the exten
sional and the bending stiffness parts in the 

•' initial resistance mechanism of partial spherical 
shells of different radii

to its resisting mechanism. This picture is different for 
deep spherical shells, as can be seen from Fig. 5 where 
the two principal extensional components El and E4 
sharing a dominating influence at the deep shell end, 
along with the secondary influence of E2 component. In 
the case of both shells, the effect of inplane twist compo
nent E3 can be seen to be marginal for the whole range 
of curvatures.

The above results on the initial influence of various 
components are almost representative of the deformed 
equilibriums also. However, the mechanism of defor
mation is accompanied by geometrical changes which 
initiate some considerable changes in the resistance 
mechanism of the shell. This is studied in the following 
sections.

3.2 Resistance Mechanism in the Deformed States
In studying the initial resistance mechanism, the fun

damentals of the same have been clearly demonstrated. 
Now, the deformed states of a shell could give a slightly 
different scenario of resistance mechanism. Fig. 6 and 
Fig. 7 show respectively the cases of partial cylindrical 
shells and partial spherical shells.

The influence zones are considered as the range of 
influence parameters greater than 0:01 (1.0% share of 
the total influence or more). The ‘Threshold of static 
instability’ is determined based on the combined estima
tion using the results of an earliar study4’ on the natural 
frequencies of vibration of the deflected shells and the 
ultimate loading values from the present study. The 
resistance mechanism is calculated for loading stages 
within this threshold load only, since the mechanism 
undergoes many changes beyond this point.

As for the method of reading these graphs, the bound-
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Fig. 6 Influence zones of different components of the 
extensional and the bending stiffness parts in 
the resistance mechanism of different partial 
cylindrical shells in the statically stable region
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Fig. 7 Influence zones of different components of the 
extensional and the bending stiffness parts in 
the resistance mechanism of different partial 
spherical shells in the statically stable region

aries of influence zones for each component plotted here 
represents the appearance of that component when 
moving upwards through the direction of increasing 
load for each radius. A curve due to a component that 
does not appear at any loading stage can be considered 
to have its influence zone for all loading levels at that 
radius. Thus, at any radius the portion of an ordinate 
below the point of an intersection with a curve is the ‘no 
influence zone’ of load levels for that component.

In both figures, shallow shells towards the right hand

comer are dominated by bending terms 3 only, until a 
higher loading stage where the influence of the exten
sional part 6 appears. This can be understood easily 
by considering that the deflected shell attains curva
tures which bring on the extensional effect. Now, for 
deep shells towards the left end the picture is consider
ably different for cylindrical and spherical shells.

For the partial cylindrical shells shown in Fig. 6 the 
influence zones due to extensional components El, E2 
and E3 appear only at very high loading stages at or 
near the static instability. The initial influence zone at 
the deep shell end is completely dominated by the 
principal stretch component E4 in the radial direction. 
However, for the partial spherical shells shown in Fig. 
7 the only extensional component that does not appear 
during the lower loading stages is the inplarie twist E3 
for the complete range of curvatures. As can be expect
ed, the principal stretch components El and E4 are 
symmetric for all curvatures.

The appearance of influence zones due to the bending 
components B1 to B4 in the case of both the shells can 
be seen starting after the ‘Extension only’zone and 
remains for the whole range of shallower shells towards 
the right of the figure. In the case of cylindrical shells 
in Fig. 6 the principal bending component B1 due to the 
primary direction appears first and the other compo
nents follow suit at shallower curvatures, as is expect
ed.

The influence zone that appears in between the 
extremes is shared by both the extensional and the 
bending parts. The overall width of this zone is slightly 
larger for cylindrical shells due to the early appearance 
of the effect of bending at the deep shell side and the 
late disappearance of the effect of extension in the 
radial direction at the shallow shell end.

In Fig. 6 and Fig. 7 the range of curvatures for both 
the shells can be broadly divided into three zones, as 
shown, A representative curvature value from each of 
these zones is selected for some detailed illustrations in 
Fig. 8 and Fig. 9 where the top row shows the aggregate 
influence and the bottom row shows the influence due to 
the component terms of the bending and the extensional 
parts. .

r The sample shell of radius f?/a=128.0 is selected from 
the‘Bending only’zone for both the shells. Figures, 
(a-1) and (b-1) can be found to be of the same type for 
both shells except for the effect of unsymmetry of 
principal directions in the case of the cylindrical shell. 
It should be noted that the domination of the bending 
components disappear at higher loading stages, which is 
a result not directly visible from Fig. 6 in both qualita
tive and quantitative terms. This shows the importance 
of extensional terms for shallow shells also when con
sidering large deformations.

Radius i?/a=16.0 is selected from the ‘Extension and 
Bending’ zone for both the shells as shown in Figures 
(a-2) and(b-2). In this case the patterns do not match
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Fig. 8 Variations in the share of influence of different components of the extensional and the bending 
stiffness parts in the resistance mechanism of some partial cylindrical shell

between the two shells. For cylindrical shells in Fig. 8 only’ zone follow the straight-forward pattern just as
the initial domination is by the bending "part for the evident from the name of the zone. The above conclu-
presenbe of its primary direction, which is the other way sions apply to both types of shells, in general,
in Fig. 9 for the spherical shells. However, at higher 3.3 The Share of Influence of Smaller Factors 
loading stages the dominant parts revered for the cylin- The influences due to .the extensional and the bending 
drical 'shell while the initially dominant part of the parts were studied in detail in the previous sections and
spherical shell regains the position after ah intermedi- the overall conclusions drawn thereby holds. However,
ate reversal of roles. The details of this picture given in' the component parts are composed of several smaller 
(b-2) for both shells "in terms of1 the' corresponding terms, that constitute each term of the equation. It
components show the extemely complicated influence' might be worthwhile to study some of those terms and
changes occuring around the static instability1 point* of determine their share in the total picture. This process
each shell. " 1 1 ' ' h,:‘ ..... 1 - *’ might further the,aim,of understanding the resistance
1lThe representative radius R/a=2.0 selected 'from the mechanism to finer details.

‘Extension1 only’ zone fof botli1 the shells shown in Fig-1 Here we selected the inplane deflection components 
ufies (a-3) and" (b-3) are much less complicated. In the M«(or u°) or their derivatives, the Christoffel symbols Pin
case of both the shells,1 the extensional part clearly" and the curvature of mixed variance bi to study the
dominates and-its components followith'e conclusions influences1 of terms containing them in the extensional
thus far. " 1 . ......... - and the bending parts. Here again, the influence zones

It may be concluded from the’ above illustrations that are considered as the range of influence parameters
for shells inthe ‘Bending only’ zone, the extensional part greater than 0.01 (1.6% share of the total influence or
dominates at higher loading stages. For shells in the more) '. ' ' ' " ' '
‘Extension and Bending’ zone, both the extensional and In Fig.TO the influence of terms containing the in- 
bending parts demonstrate a very complicated pattern1 plane deflectibh components is illustrated. The initial
of role playing.' And the deep shells in the ‘Extension influence only is shown in (a) for both the shells where
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(b-1) Radius (RZa) = 128.0 (b-2) Radius (RZa) = 16.0 (b-3) Radius (RZa) = 2.0

(b) Influence of component terms
I Fig. 9 Variations in the share of influence of different components of the extensional and bending the 
j stiffness parts in the resistance mechanism of some partial spherical shells

a maximum influence of up to 9.0% is found for shells 
in the medium and deep curvature zones. However, for 
shallow shells the influence is very small and for very 
deep shells the influence diminishes. It might be noted 
that for spherical shells the influence exists for a slight
ly wider range of curvatures than the cylindrical shells.

Although the initial influence is found to be very 
small for shallow curvatures, (b) shows the influence 
slowly picks up at higher loading levels, which has an 
earlier impact on partial spherical shells. The‘No 
influence zone’ indicates the curvature range from the 
plateto shallow shells that has. a less than 1.0% 
influence from the inplane deflection terms. These 
graphs show that the inplane deflection terms can not be 
neglected altogether, even for shallow shells, when 
considering large deformations. However, the same 
may be neglected in the bending part 5B since its 
significance lies only in the extensional part G for both 
types of shells.

The share of initial influence of the Christoffel sym
bols and their ‘No influence zone’ are shown in Fig. 11 
for the partial spherical shells, since the partial cylindri
cal shells are found to be little influenced at all curva
tures and loading stages: This curve shows that the ‘No 
influence zone’ extends from the curvature range of

plates to deep shells, for which the maximum influence 
may exceed 6.0% at very deep shells. Here again the 
significance lies only with the extensional part G and 
the initial influence shown here is found to be true and 
applicable for all higher loading stages as well.

Quite contrary to the initial influence exhibited by the 
inplane deflection terms and the Christoffel symbols, the 
curvature tensors of mixed variance (61) were found to 
have little initial influence for all curvature ranges. 
However, at higher loading stages of deep shells the 
influence appears for both types of shells. This is shown 
in Fig. 12 where the ‘No influencezone’ extends from the 
plate to deep shells, which again is significant only in 
the extensional part G. It was found that this influence 
becomes stronger near to the instabilities at large 
deformations,1 which makes them significant for deep 
shells.

The above illustrations show that the influences of all 
types of terms considered here are existing only in the 
extensional part. As a result, it may be concluded that 
the inplane deflection terms, the Christoffel symbols and 
the mixed variance of curvature terms may well be 
neglected in the bending part 33 for a static analyis. As 
mentioned earliar, this conclusion does not necessarily 
hold for a dynamic analysis, since some of the above
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zone of the Christoffel symbols in the resis
tance mechanism of partial spherical shells

Fig. 12 The lower threshold loads of influence zones of 
; the curvature tensors of mixed variance in the 

resistance mechanism of different shells

terms exhibit strong nonlinearities.
3. 4 A Categorization of Shell Curvatures
The mechanism of resistance during the deformation 

of shells was analyzed for two different shell types in 
the previous sections. The results obtained for the 
influences of several factors that constitute the total 
resistance mechanism have brought to light the interest
ing and complicated nature of realignments that occur 
between the bending and extensional stiffness terms 
during the deflection history of some shells. It js consid
ered worthwhile to think of a meaningful categoriza
tion of shells based on these results.

In Fig. 13 an illustration of the results of an attempt 
to categorize shells according to the differences in their 
deflection mechanisms is shown. It can be seen that 
there are some differences between the partial cylindri
cal and partial spherical shells. Generally, both the 
shell types have an‘extension only’ zone, a‘bending 
only’ zone and a ‘combined influence’ zone with respect 
to the initial influences of each term, as shown within 
the boxed area. The initial influence range of exten
sional terms extends more towards the shallow range 
for partial spherical shells than for partial cylindrical 
shells. On the contrary, the initial influence range of
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Fig. 13 A depiction of the initial influence regions of the extensional and the bending stiffness parts and an overall 
categorization of shell curvatures based on the different combinations of resistance mechanisms

bending terms extends more over to the deeper shells 
for partial cylindrical shells than for partial spherical 
shells. The mechanism of these differences are easily 
deducible from the results obtained so far.

Just above the boxed area is shown a subdivision of 
shell curvatures into six major types. The philosophy 
behind these subdivisions are drawn from all the previ
ous results with an aggregrate consideration of the 
resistance and deformation mechanism of each shell 
type.

First of all, the ‘very deep’ shell denotes that range of 
curvatures at which the influence of bending terms are 
absent until very large loading stages and, the influences 
due to terms like the Christoffel symbols and the curva
ture tensor of mixed variance are present in the exten
sional part. In this range of curvatures, the resistance 
mechanism is purely extensional for all practical pur
poses.

On the other hand, within the ‘very shallow/plate’ 
range the shell behaves more like the plate or departs 
very slightly from it. Here, the shell is of the pure 
bending type until the large deformation stage, where 
the extensional part gains significance and remains so 
thereafter.

The ‘deep’ and the ‘shallow’ shells belong to those 
curvature ranges were the behaviour of ‘very deep’ and 
‘very shallow’ shells begin to depart slightly from their 
initial behaviour, respectively. In the case of‘deep’ 
shells, the influence of bending terms begin to appear at 
all the higher loading levels, similarly, the‘shallow’ 
shells have some shared influence of the extensional 
part in the deformed states of equilibrium. In this range 
of curvatures, the shell shows a certain amount of 
complicated strength mechanism at higher loading 
levels.

Finally, the ‘medium deep’ and the ‘medium shallow’ 
-ranges of curvatures are by far the most intricate of all 
other ranges. Here, the shell shares the initial influence 
of both the extensional and the bending parts in varying 
proportions. For ‘medium deep’shells there exist a 
clear point of ‘static instability’, which exists only

vaguely for ‘medium shallow’ shells. Influence curves 
of the extensional component E3 for both types of shells 
and the influence curves of components El and E2 for 
partial cylindrical shells exhibit inflections within this 
range of curvatures. Also, the influence of, inplane 
deflection terms are very high within this range. 
Numerical calculations on shells within the medium 
deep curvature range can reflect the effects of this 
complicated strength mechanism.

The above categorization can serve as a guideline or 
a starting point for investigating the shell problem in its 
various details. As for a simple suggestion into the 
rearragements that can be made in the general govern
ing equation in the normal direction, given below is a 
selection of the most significant terms that should be 
considered when analyzing shallow shells. The termi
nology has already been explained before. The expres
sions for the membrane force and the bending moment 
may be considered as follows.

N°’=Da°m£n\
........................................UW

From all the conclusions made so far, some drastic 
reductions may be made in the expressions for the 
strain tensor, and the change of curvature tensor.

£«>=-7r{ — 2 baeUz + m.aUz.e}

KaP~Uz,a$
The above situation applies only to shallow shells or 

very shallow shells. For shells deeper than that subse
quent terms in the original expressions should also be 
included in the order of gradually increasing 
significance of each. Such a selective choice of terms in 
the governing equations can significantly reduce the 
computational load, increase the efficiency of analysis 
and still maintain the required level of accuracy.

4. Conclusions

In continuum mechanics, proponents of plate and 
shallow shell theory would seldom depart from the 
belief that the bending plays an important role in 
determining the load resistance mechanism, which is
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true in their realm when considering finite deforma
tions. The present research has shed more light into the 
other" extreme—of" deep shellsrwhere itris" found~that 
bending plays. very_little,-or_no part in. the. strength 
mechanism. "! , j

The intricacies of medium curvature range of shells 
have'also proved the often experienced dilemma by the 
practicing_engineer tq_be true. Within tins range, which 
has wide practical applications, the_problem has to be 
approached with extreme caution wh’en formulating the 
theoretical as well as the numerical methods. .

The mostiy7quantitative results presented here for the 
particular shell types could serve as a useful guideline 
for other types of shell problems tool 1 It has to be 
remembered that the present results are strictly within 
the statically stable region and the same could be not 
applicable to dynamic phenomena, .where the small> <> i i : |t 1 ifi 1 M 1 r, ' L' i • i i i i 1
nonlineanties at an initial stage might play havoc in the 
stability mechanism. ' ''
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Discrete Optimization of Ship Structures 
with Genetic Algorithms

by Hisashi Nobukawa*, Member Guoqiang Zhou*, Member

Summary
A discrete optimization method using genetic algorithms is developed for the optimization of ship 

structures. In this method, the constrained minimization problem is first transformed into an uncon-1 
strained one by a penalty term depending on the degree of constraint violation. Since the search 
procedure of the genetic algorithm is done based on the evaluation of fitness function, the unconstrained 
minimization problem is further converted into; a maximization of the fitness function. The discrete 
design variables are coded into a binary string of finite length. The search procedure from generation 
to generation is carried out by a simple genetic algorithm with the genetic operators of reproduction, 
crossover and mutation. A cargo ship with large hatch opening is taken as the numerical example for 
the illustration purpose. The influences of penalty coefficient, population size, crossover probability' 
and mutation probability on the optimum design are investigated. The comparison between the genetic 
algorithm and the multiplier method is also made. It demonstrates that the present method can handle 
the optimization of ship structures with discrete design variables well.

1. Introduction

In practical structural design, most design variables 
have the discrete nature, that is, they must be selected 
from a given finite set of values. For example, struc
tural elements must be chosen from those that are 
already commercially available to reduce the fabrica
tion cost. However, up to now the majority of optimiza
tion methods assume that the design variables are 
continuous. Their optimum results may not be feasible 
even though they are mathematically optimal. Discrete 
optimization procedures are more rational, as its every 
candidate design satisfying all design constraints is a 
practical feasible one. Therefore, the discrete nature of 
design variables is of great importance in solving practi
cal optimization problems.

A few methods, such as the adaptive numerical optim
ization procedure", have been suggested to deal with 
the discrete optimization problem, but most of them are 
still based on, mathematical programming. These 
methods require additional computational effort and do 
not guarantee true minimum value. Obviously, there is 
a need for a simple yet powerful method to deal with 
the discrete optimization problem.

Genetic algorithms were first proposed by John 
Holland4’. Since then, they have been, refined and 
developed to solve a wide range of problems3’. Genetic
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algorithms are search procedures based on the 
mechanics of natural genetics and natural selection. 
They combine Darwin’s principle of survival of the 
fittest with genetic operators abstracted from nature to 
form a robust search mechanism. Genetic algorithms 
are computationally simple, but powerful in their 
search for improvement. Furthermore, they are not 
limited by restrictive assumptions about search space, 
such as continuity or existence of derivatives. Many 
papers and dissertations have established the validity of 
the technique for function optimization.

In the present paper, we develop a discrete optimiza
tion method for the optimization of ship structures 
based on genetic algorithms. The discrete design vari
ables are coded into a binary string of finite length. A 
simple genetic algorithm with the genetic operators of 
reproduction, crossover and mutation is used for the 
search procedure. A cargo ship with large hatch open
ing is taken as the numerical example. The influences 
of penalty coefficient, population size, crossover proba
bility and mutation probability on the optimum design 
are investigated. The differences between the genetic 
algorithm and the multiplier method are distinguished.

Reference 7) presented a method for optimization of 
ship structural design by genetic algorithm. It showed 
that discrete design variables with the regular values 
between their maximum and minimum values can be 
dealt with in that method. In the present paper, we 
place a special emphasis on the discrete structural 
optimization and develop a method using genetic algor
ithms based on the schema theorem. The discrete 
design variables can be handled well regardless of their
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discrete values with or without the above-mentioned 
structure. Moreover, the multiplier method is compared 
with the genetic algorithm in this paper and the compar
ison results are concluded. ■

2. Genetic Algorithm Approach
2.1 Features of Genetic Algorithm Approach
The genetic algorithm differs from traditional optim

ization methods in many ways. Its main features are 
described as follows. ,, t ,

(1) Population processing
The genetic algorithm uses a population of points at 

a time in contrast to the single-point approach by 
traditional optimization methods. That means, at a 
given time, the genetic algorithm processes a number of 
designs.

In traditional optimization methods, a single point is 
used at a time in the search procedure. This point-to- 
point method is dangerous because it is easy to get 
trapped in a local optimum to multimodal (many- 
peaked) problems. By contrast, the genetic algorithm 
works from a population of points simultaneously, 
climbing many peaks in parallel, so that the probability 
of finding a false peak is reduced.

(2) Randomized operators
. .The genetic algorithm uses randomized operators , in 

place pf the usual deterministic ones. While random
ized, the genetic algorithm is no simple random walk. 
The random operators improve the search process in an 
adaptive manner.

From the engineering optimization points of view, the 
most important goal of optimization is improvement 
and attainment of the optimum is much less important. 
As the random operators with a structured information 
exchange permit the genetic algorithm to conduct a 
highly exploitative search for improvement, the behav
ior of the genetic algorithm accords with the goal of 
engineering optimization.

( 3) Separation of domain knowledge from search
The genetic algorithm utilizes only objective function 

(payoff) information. The derivative and other aux
iliary information are not used for guiding search.

In most practical optimization problems, both objec
tive functions and design constraints are the implicit 
functions to design variables. It is difficult to calculate 
their derivatives directly. As the generic algorithm does 
not require problem-specific knowledge to carry out a 
search, it is very suitable for the optimization of com
plex system with the above-mentioned implicit charac
ter/''., '

(4) " Working on coded design variables
The genetic algorithm works on coded design vari

ables, rather than the design variables themselves. In 
the generic algorithm, the design variables are coded 
into finite length strings. These strings represent 
artificial chromosomes. Every character in the string is 
an artificial gene. The genetic algorithm processes

successive populations of these artificial chromosomes 
in successive generations.

A chromosomal representation of design variables 
permits an application of the generic algorithm across a 
spectrum of disciplines. If the relationship between the 
discrete variables and the coding strings of finite length 
is established, the generic algorithm can deal with the 
discrete optimization problems as we will discuss later.

2.2 Fitness Function
The nonlinear programming with unequal constraints 

can be described as follows:
min f(X) s. t. gi(X)^0 z=1,2, —, m (1)

where X=(X\, X2, X„)T is a vector containing n 
, design variables, f{X) is the objective function to be 

minimized, g,(X) is the z'th constraint and, m is the 
number of constraints. ,

Since the generic algorithm does the search procedure 
based on the fitness function, the constrained minimiza
tion problem described as Eq. (1) needs to be transfor
med for the purpose of solving it by the genetic algorith
in. In this study, the constrained minimization problem 
is first transformed into an unconstrained one by a 
penalty term depending on the degree of constraint 
violation. The augmented objective function of uncon
strained minimization problem with the penalty term is 
expressed as

<HX) =/(X){l-cP 2{min [0, <?,(*)]}) (2)

where 0(X) is the augmented objective function of the 
unconstrained minimization and' cP is the influence 
coefficient of the penalty term called the penalty 
coefficient for short.

Then the augmented objective function 0{X) is 
converted into a corresponding fitness value. The estab
lishment of fitness function in the generic algorithm 
must follow two principles: (1) the fitness value of 
every individual should be positive, and (2) the best 
individual should have the maximum fitness value. To 
do this in a simple way, 0{X) is subtracted from a large 
constant to form the fitness function. In this study, the 
constant value is assigned to the maximum value of 
<P(X) from all the individuals in the population. The 
expression of fitness function becomes

FAX)=0mm{X)-<DAX) (3)
where FAX) is the fitness function of the jth individual 
and 0max(X) is the maximum value of the augmented 
function from all the individuals in the population.

2.3 Coding and Decoding of Discrete Design
1 Variables

An essential characteristic of a generic algorithm is 
the coding of the variables that describe the problem. 
The most common coding method is to transform the 
variables to a binary string of specific length. This 
string represents the chromosome of the problem and 
the bit value of the chromosome called the allele repre
sents the number of zeros and ones in the binary string.

Coding a discrete design variable is to establish its
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corresponding relationship to a binary string of specific 
length. For instance, with a four-bit binary string we 
can obtain decimal integer numbers between 0(0000) 
and 16(1111). It gives us some hints that a discrete 
design variable with sixteen discrete values can corre
spondingly be coded into a four-bit binary string to 
represent. In general, a binary string with the length / 
can correspondingly represent a discrete design variable 
with 2' discrete values. For a specific problem, that 
depends on more than one variable, a multivariable 
coding is constructed by simple concatenating the sub
string of each single variable into a complete string. 
Each variable may have its own length for the particu
lar application.

Decoding a discrete design variable is to transform its 
corresponding binary string into its discrete value. We 
assume that the z'th design variable Xt corresponds to a 
binary substring with the length U, and further suppose 
that the substring has a number which rth allele’s value 
is flr, <zre[0,1]. Decoding this binary number, we get a 
decimal integer u: •

z<=l+2 ar2r-‘ (4)
It means that the above substring value corresponds 

to the zzth discrete, value of the z'th design variable. 
Thus, the discrete design variable can be treated in the 
genetic algorithm only if it is coded into a correspond
ing binary substring. As the count in a binary string 
starts from zero and not from one, one is added in Eq. 
(4).

If a discrete design variable has the regular discrete 
values with a step between its maximum and minimum 
values, its discrete value can be further calculated by an 
expression directly. In this case, the discrete value is 
calculated if the maximum and minimum values of the 
z'th design variable are given

Xr=X„nm+ Xnp-f'm,n(zz-l) (5 a)

where X“ is the zzth discrete value of the z'th design 
variable, Xnm is its minimum value and A)max is its 
maximum one.

In addition, the discrete value is also computed if the 
minimum value and the step value of the z'th design 
variable are known

X?=XiMn+(u-l)st : (5 b)
where Si is the step value of the z'th design variable.

2.4 Mechanics of Genetic Search
In this study, a simple genetic algorithm3’ that yields 

goqd results in many practical problems is introduced to 
do the search procedure. It consists of three genetic 
operators: reproduction, crossover and mutation. The 
mechanics of the simple genetic algorithm are surpris
ingly simple, involving nothing more complex than 
random number generation and copying strings as well 
as swapping partial strings.

To use a genetic algorithm, we must first code the 
design variables into a finite length string. With a well

-defined objective function and coding, an initial popu
lation of strings is randomly generated. By decoding 
the individual strings of the initial population, the solu
tion for each specific instance is determined and the 
value of the fitness function that corresponds to this 
individual string is evaluated. This applies to all 
members of, the population. According to the fitness 
values of individual strings, the initial population is 
transmitted by the genetic operators of reproduction, 
crossover and mutation.

(1) Reproduction operator
Reproduction is a selection procedure whereby indi

vidual strings are selected based on their fitness values 
relative to that of the population. There are many ways 
of achieving effective reproduction. One simple scheme 
selects individual strings in the population according to 
the following probability

Pj= FAX)
2 FAX)

(6)

where pj is the selection probability of the ;th individual 
string for reproduction and nP is the size of population.

The reproduction operator emphasizes the survival of 
the fittest. Individuals with higher fitness values have a 
greater chance of being selected for mating and subse
quent genetic action. Consequently, highly fit individ
uals live and reproduce, and less fit individuals die. 
Obviously, this operator is an artificial version of natu
ral selection, a Darwinian survival of the fittest among 
string creatures. (

(2) Crossover operator
After reproduction, a crossover operation proceeds 

with a specified crossover probability in two steps. 
First, individual strings in the mating pool generated by 
the reproduction operator are mated at random. Sec
ond, each pair of individual strings undergoes crossing 
over as follows: supposed that l is the length of the 
string, an integer position z" along the string is decided 
uniformly at random between 1 and the string length 
less one, [1, l—1]. Two new strings are created by 
swapping all characters between position z'+l and l 
inclusively, as shown in Fig. 1(a). The resulting 
strings are placed in the new population continuously 
until the population is filled with new progenies.

(3) Mutation operator
Finally, the mutation operator is applied to the new

Selected position for crossover

KMI'KKMf KKK'-fKKR^'-f MM
Piucntl , Wover^ OdspriDgl

KM (MKM i—j MM KIM $-■ fMKMMM
Parent 2 Offspring 2

(a) Crossover operator

Selected gene Mutated gene
/ _ / 

|oriR-<TTTo|iK-<|i|o| Im^> |o|iK-Mo|ohK-<Mol
Offspring Offspring

(b) Mutation operator ,

Fig. 1 Genetic operators of crossover and mutation
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strings with a small mutation probability. A mutation 
is the occasional .random alteration of an allele’s value 
in a new string; In a binary coding, it means changing 
a 1 to a 0 and vice versa, as shown in Fig. 1( b): .

Following reproduction, crossover and mutation,i the 
hew generation Is ready to be tested. The above trans
mission process' undergoes repeatedly from generation 
to generation until the best generation is derived dr a 
given generation number is reached. 1 > ' , - -

The genetic algorithm gets its power from the genetic 
operators. If reproduction according fcto fitness com
bined with crossover gives genetic algorithms the bulk 
of processing power, mutation plays a decidedly secon
dary role in the operation of genetic algorithms. 
Mutation is needed because it is an; insurance policy 
against a premature loss.of important genetic material 
at a particular position. 1 . 1 ■ " '

2.(5 Schema Theorem 1 .
The power of genetic algorithms can be-explained by 

(the schema theorem3’. In genetic algorithms, a schema 
isLa similarity template describing a subset of’ strings 
with similarities at certain string positions. For 
instance, the schema 1**0 describes all four-bit binary 
strings that begin with one and end with zero (1000, 
1010,1100,1110)'. Here * is a metasymbol used to repre
sent eittier a 0 or a 1'; ' ' ' '

In order to state the schema theorem, let us introduce 
two terms to describe a schema: schema order and 
defining length.' The order of a schema H, denoted by 
o(H), is the number of fixed positions in H. The 
defining length of a schema H, denoted by d('H), is the 
distance between the outermost fixecl position in H. For 
ttie schema 'if=1**6, o(H)=2 and S(H)=3.' With these 
definitions, a particular schema H in a. population at 
generation f+l receives an expected number of copies 
under reproduction, crossover and mutation as given tiy 
the following equation , '

• m(H, t) —pcrj'^—

1 1 1 ‘ ■ - ' 1,1 1 ' ' ' J 1 ' 1 I '' (7)'
where m(H, t) is the number of schema' at generation t, 
l is the string length, jF(.H) is the average fitness of the 
strings representing schema H, F is the average fitness 
of the entire population, Pc is the crossover probability 
and pm is the mutation probability! ''

Eq.(7) is the fundamental theorem‘of genetic algor
ithms, called the schema theorem. It states that rela
tively short,-lower order schemata! witHTabove average 
fitness values receive exponentially increasing number 
of trials-in subsequent generations. The schemata with 
these properties are called building blocks. This con
cept of allocating exponentially increasing number of 
trials to.many building blocks in paralleljs the essence 1 
of genetic search. As the search progresses, lower 1 
schemata combine to yield higher order schemata, 
thereby leading to optimal or near-optimal solutions.

' 3. Optimization Moldel of Ship Structures

i In this study, a cargo ship.with a1 large hatch opening 
is taken as the numerical example for the illustration 
purpose.. Its optimization model is considered as fol
lows. i " ,- -I -..... . i ,, : i . ,

1-3.1 Objective Function '
: The hull construction cost of hold length between two 
transverse bulkheads for the cargo ship is taken as the 
objective' function, j The total cost consists of the 
material cost and. the welding cost. The material cost 
is further divided into the cost of plate steel and the cost 
.ofishaped steel.i. - , ' , ■

All structural members are assumed to be made of 
mild steel. The unit'price per ton.of plate steel is 90,000 
yens and that of shaped steel is 105,000 yens. The price 
of fillet welding per unit welding length in meter with 
unit welding leg length in centi-rrieter is 4,200 yens.
. j,'3. 2- Design Variables ,^
i, Nine dimensions of ship structural members in the 
midship segment, such as plate thickness, web depth, 
flange width and longitudinal space, are chosen as the 
design variables shown in Fig. 2.
'"3.3 Design1 Constraints 

! In this study, all design constraints are normalized tO 
treat them equally. They are described as follows "
’’ Cl) 1 Bending strength 1 " ...........................
"This constraint is considered for the following struc

tural members 1 - " 1 ■"
• transverse web frames
'•transverse frames" on;

" • longitudinals on bottoms ■ " ' ' ' 1
• plates Of bottoms and side hulls
• ship hull panels - 1

' •' longitudinal girders and stringers ' " ' 1"
The normalized form of the constraint is expressed as

g(X)=l—^>0 ' , ' (8)op
rwhere ffmax is the maximum bending stress in a struc
tural member and b> iS the allowable bending stress.

1. U. I i
Fig. 2 Design variables
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( 2) Shear strength 
It is considered for
• transverse web frames
• longitudinal girders and stringers
• ship hull panels

Similar to the constraint of bending strength, this 
constraint is written as

ff(X)=l_JfflLS0 (9)

where rmax is the maximum shear stress in a structural 
member and xp is the allowable shear stress.

(3) Buckling strength , ’
The buckling strength is needed to consider for
• longitudinals on bottoms
• plates of bottoms and side hulls

The buckling strength for these members can be 
expressed as

g(X)=(10)

where aCo is the assuming applied buckling stress and 
Ocr is the critical buckling stress of structural member. 
To evaluate elastoplatic buckling stress, Johnson’s for
mula is applied with buckling stress and yield stress.

(4) ; Allowable maximum horizontal deflection of 
hatch opening

In this study, these kinds of constraints are evaluated 
by two structural analysis processes which are for

• transverse strength
• longitudinal bending and torsional strength 

These constraints are described as:

sU)=(11)

where </max is the maximum horizontal deflection of 
hatch opening and da is the allowable horizontal 
deflection of hatch opening.

(5) Required midship sectional modulus 
This constraint is written as

9(X)=l—§^0 (12)

where Wmm is the required midship sectional modulus 
evaluated by NK rule5’ and Zmm is the minimum midship 
sectional modulus.

It needs to be noted that the upper and lower bounds 
for design variables are not taken as design constraints 
in the genetic algorithm. They are served as the upper 
and lower limiting values to treat in the binary substr
ing of each variable.

3.4 Structural Analyses
In the above-mentioned design constraints, many 

factors such as deflections, stresses and forces are 
evaluated by structural analyses. Two processes of 
structural analyses are carried out for the cargo ship.

(1) Structural analysis for transverse strength 
Three-dimensional structural analysis for transverse 

strength is implemented by transfer matrix method. 
The structure in the hold length with large hatch open
ing is simplified as the N segments divided by the 
transverse web frames, and one segment length corre-

a) For transverse urccgth: b) For longitudinal bending and tortiona! strength

Fig. 3 Load conditions

spends to one transverse web frame space. Both fore 
and aft ends of the hold bounded by the transverse 
bulkheads are.assumed to be fixed. The main longitudi
nal members are considered as the bottom girder, the 
side stringers and the deck girders.

(2) Structural analysis for longitudinal bending 
and torsional strength

For the longitudinal bending and torsional strength, 
the structural members are divided into the port hull 
panel, the starboard hull panel and the bottom hull 
panel. For each ship hull panel, bending moments, shear 
forces and axial forces in the panel plane are consid
ered. Moreover, the shear flows are taken into account 
in the joint part between two ship hull panels. Similar 
to the structural analysis of transverse strength, both 
fore and aft ends of the hold bounded by the transverse 
bulkheads are assumed to be fixed. However, the shear 
deflections of transverse bulkheads at the fore and aft 
ends are taken into consideration.

Both above-mentioned structural analyses were in 
detail described in Ref. 6).

(3) Load cases '
Two load cases shown in Fig. 3 are selected for 

calculation. One is the hogging condition for the trans
verse strength analysis. The other is the load condition 
on the oblique wave for the longitudinal bending and 
torsional strength. Both load cases are evaluated on the 
basis of NK rules5’.

4. Numerical Analyses and Discussions

1 A 1,750 dwt cargo ship with a large hatch opening as 
same as that of Ref. 6) is taken as the numerical 
analyses. Its principal dimensions are :

Length B. P.=70 m; Breadth (mid.) =12.5 m; 
Depth (mid.) =6.8 m; Draught=3.7m; 1 
Deadweight= 1750 tonf.

The allowable elastic stresses for the structural 
members are listed in Table 1. The other allowable 
stresses are considered as follows: the yield stress= 
2800 kgf/cm2 and the assuming applied buckling 
stress=2000 kgf/cm2. The allowable horizontal 
deflection of hatch opening is taken as 12.0 mm. The 
number of transverse web frame spaces within the hold 
length for the actual ship is sixteen.

For the numerical example, all design variables are 
assumed to have the regular discrete values with a step
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Table 1 Allowable elastic stresses for structural 
members

Structural Member Bending Stress 

(kgf/mm2)

Shear Stress 

-(kgf/mm2)

Transverse web frames 18.0 8.5

Longitudinal girders 10.0 5.5

Longitudinals 10.0 —

Transverse frames 10.0 —

Side hull & bottom plates 20.0 "I—'

Ship hull panels 18.0 ‘ 8.5

Table 2 Design variable values of cargo ship with 
large hatch opening

Design Variable Minimum
(cm)

Maximum
(cm)

Step
(cm)

Substring
Length

X|i thickness of bottom plates 1.00 1.75 0.05 ■ 4'
Xj: web depth of longitudinals on bottoms 10.00 17.50 0.50 4
Xj: web depth of transverse frames 10.00 17.50 0.50 4
X*: depth of upper side trans. web frames 45.00 6000 1.00 4

Xj: thickness of deck girder plate , 1.00 1.75 , 0.05 4
X$t thickness of side stringer plate 1.00 1.75 0.05 4

X;: long! space of longitudinals on bottoms 55.00 86.00 1.00 5 ’

X*: thickness of side hull plates ' 1.00 > 1.75 . 0.05 4
X»: flange width of upper ride trans. web frames 10.00 , 17.50 050 4

Muldvanable String Length 37

between their minimum and maximum values. Their, 
detail values including minimum, maximum, step and 
corresponding binary substring length are , listed in 
Table 2. By simple concatenating each single variable 
substring, a multivariable string of thirty-seven-bit 
length is constructed. It is worth noticing, that the 
present methods can also treat discrete design variables 
without the above-mentioned structure. In such a case, 
it is necessary to supply an additional list of discrete 
values that the design variables can take.

The maximum given number of generation for all 
numerical cases is assigned to be one hundred.

4.1 Effect of Penalty Coefficient
The effect of penalty coefficient cp on the optimum 

design is first investigated. All cases are executed under 
the following genetic operating parameters: crossover 
probability, pc=0.8, mutation probability, A*=0.0003, 
and population size, wP=50. For different problem, 
there may be a different penalty coefficient suitable for 
it, In this study, nine cases with Cp=0.001, ,0.005, 0.01,
0.05, 0.1, 0.5,1.0, 5.0 and 10.0 are computed. The results 
are plotted in Fig. 4. The best solution corresponds to 
the case that cP=0.05. In the, following numerical cases, 
the genetic operating parameters will keep as the same 
as those taken in the best solution case unless there is a 
specific statement to them.

The generation history for the above best solution

51000-r

§ 50000-

E 48000-

6 47000-

46000

log

1 Fig. 4 Cost optimum values varied with penalty 
coefficient Cp

53000'

53000-

2 51000- „

49000-

47000-

45000-

Generation number

Fig. 5 Generation history of cost value and fitness 
value i

case is shown in Fig. 5. As the average fitness value 
increases and improves from generation to generation, 
the total cost value (that is, the objective function 
value) is gradually converges to an optimum or near
optimum solution. With the multivariable string coding 
illustrated in Table 2, the number of possible design 
variable combinations is 2X169 (=1.4X10"). In the 
best solution case, the near optimum solution is 
obtained after about 50 generations that represent 2500 
function evaluations. Obviously, the genetic algorithm 
can search an optimum or near-optimum solution utiliz
ing only" a very small fraction of candidate solution 
space. It demonstrates the genetic algorithm is an 
effective and robust search method, 

s 4.2 Analyses of Genetic Operating Parameters
In this section, the influence of genetic operating 

parameters on the optimization solution is analyzed. 
Those genetic operating parameters include population 
size, crossover probability and mutation probability.

(1) Population size «p
The population size essentially determines the num

ber of solutions that are processed for each generation.
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The large the population size is, the better the chances 
of obtaining an optimum solution are. However, the 
computing time spends more with larger population 
size. Thus, there is a need to find an appropriate 
population size that can lead to a good result but the 
computing time is not too long.

Population sizes ranging from 10 to 90 are used to 
investigate the effect of generation size on the optimiza
tion solution. For each population size, three tests are 
performed in order to avoid the contingence. Then the 
average value of three optimum cost values for each 
population size is calculated. The relative percentage 
of optimum cost is further computing by an expression, 
(Cmax— C)/(Cmax— Cmm) X100%. Here, C is the average 
value of optimum cost for each population size, Cmax is 
the maximum value in all average values of optimum 
cost and Cmm is the minimum one.

Obviously, the solution with a higher percentage 
value is a better one. The percentage value against the 
population size is plotted in Fig. 6. It can be seen that 
better solutions are obtained with larger population size 
as expected. It is difficult to recommend a population 
size for all optimization problems, as the appropriate 
population size may vary depending on the peculiarities 
of problem. In the present study, it appears that the 
moderate population size is about 50 since little 
improvement is observed with larger population size 
over 50,

(2) Crossover probability pc
Five trials with pc=0.6, 0.7, 0.8, 0.9 and 1.0 are carried 

out. The generation history of total cost value with 
different crossover probability is plotted in Fig. 7. It has 
been found that the total cost value converges pre
maturely with smaller crossover probability, such as the

10 20 30 40 50 60 70 80 90
Population size

Fig. 6 Influence of population size
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80
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(b)

Fig. 7 Generation history of total cost value with 
different crossover probability pc

cases of pc=0.6 and 0.7. The final total cost values in 
three cases with crossover probability 0.8, 0.9 and 1.0 
are almost the same, but the latter two cases converge 
slowly. It means that smaller crossover probability 
may result in a premature solution but larger crossover 
probability may cause the solution to converge slowly. 
Therefore, the crossover should be done with a proper 
probability in the genetic algorithm. In the present 
study, it has been found that A:=0.8 is suitable for the 
optimization problem.

(3) Mutation probability pm
The numerical cases in which the mutation probabil

ity changes by 0.1, 0.03, 0.003, 0.0003 and 0.00003 are 
computed. The results are shown in Fig. 8. With larger 
mutation probabilities, such as the cases of An=0.1 and
0.03, the solution changes violently and unsteadily. It is 
difficult to get the convergent result. In general, a lower 
mutation probability gives better solution for the prob
lem. However, the premature may happen if the 
mutation probability is too small, such as the numerical 
case with An=0.00003. In this study, it is seen that the 
total cost value in the case of An=0.0003 converges to a 
good solution steadily. Thus, the mutation probability 
should be proper small in the genetic algorithm. As
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Fig- 8 Generation history of total cost value with 
different mutation,probability pm,, •,

mutation probability1 is, very, small, mutation is appro
priately considered as a secondary, mechanism in the 
genetic algorithm. > When used sparingly with reproduc-, 
tion and crossover, it is an insurance policy against a 
premature loss of important genetic material in the, 
genetic algorithm. _ . . . - Ai .u

4.3 Comparison with Multiplier Method .■
The same numerical example \yas investigated by, 

multiplier method in Ref: 6). This makes it possible to 
compare the present method with the , multiplier, 
method. The comparison of optimum results'between 
two methods is illustrated in Table 3. The following 
observations are made- through the comparison ofi the 
genetic, algorithm and the multiplier method: . , ■■

1 (T ) The genetic algorithm can treat the discrete 
optimization problem well only if we code the discrete 
variables into a corresponding binary string of finite 
length. Owing to the continuity assumption* the, opti
mum results by the multiplier method may be unfeasible 
because they may not match with the structural ele- 
ments available commercially. If the nearest feasible 
discrete values are assigned to the design variables; the, 
total cost value is likely to increase, as shown in Table
3. The present method based on the genetic algorithm

Table 3 1 Comparison of optimum results between 
1 genetic algorithm and multiplier method

Comprison Item Actual Ship, MuItiplierMcthod , Genetic Algorithm

X, 1 1.200 ' 1.185 1.200 1.400
Design X, 11500 14.644 14.700 17400

X) , , ,11500 11373 Sd m \ 11400 14000
" Variable X* 50.000 54.931 55.000 59.000

i ' , X, 1.400 ■ 0981 feasible 1.000 ' 1.000
X# , - UXX) 0.998 discrete! 1.000 1.050

(cm)
X, £5.625 65.632 [tiucZ 65.000 76 000
X, 1 1.200 14*4 1.100 1 1 1050

X, 15.000 11159 11500 1 13.000 1 ,

Cost 'Material 1 24391 ’ 23.483 24.188 ' 24.888

' Values Welding 24.783 23.046 24.686 21JI1 1 -
(10s yen) total ( 49.774 46529 48,875 , «■!”

Iteration Number of Structural Reanalysis t • 883 1 1500

is more rational in view tit the discrete nature of practi
cal optimization problems............

(2) The genetic algorithm does not require gradi
ent computations.1 Hence, problems where gradient 
computations are difficult can be solved by the genetic 
algorithm very well. Though the multiplier method can 
utilize some algorithms to minimize a function without 
calculating derivatives, the numerical calculation for 
the line search making use of some properties of conju
gate directions could not be avoided.

(3) The major computational tasks in the genetic
algorithm are the function evaluations and analyses. 
Although thef gradient computations are absent, the 
genetic algorithm is slower compared to the multiplier 
method. It is proved to be true in this study. From the 
results shown in Table 3, the iteration number of struc
tural reanalysis in the genetic algorithm is about 2500, 
while that in the multiplier method is less than 1000. 
Since the computing time is mainly spent in the struc- 
tural’reanalysis for the numerical example, the genetic 
algorithm is obviously slower than the multiplier 
method. ’ 1

(4) The global convergence of the multiplier 
method has been mathematically proved. An algorithm 
is said to be globally convergent if it converges to a 
solution from any starting point. It should not be 
confused with the problem of finding a global optimum. 
In the genetic algorithm, the schema theorem gives a 
mathematical basis for the gain or loss , of schema in 
successive generations. In other words, it proves that 
the overall fitness can be improved from generation to 
generation in the genetic algorithm. However, it cannot 
be mathematically shown that the algorithm converges 
to a definite optimum. Since many optimization- prob
lems solved by the genetic algorithm give better results 
compared to the results of traditional methods, the 
genetic algorithm-is acceptable for engineering design. 
From the results of Table 3,,the results of the genetic 
algorithm are better , than those of the multiplier 
method. The major reason is that the multiplier method 
is a point-to-point 'search method, i Along with the
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approximation of the numerical algorithm, it may get 
trapped in a local optimum. By contrast, the genetic 
algorithm works from a population of points simultane
ously, thus, the chance of finding an optimum or near
optimum solution is increased. From the comparison 
results in Table 3, the multiplier method finds a solution 
depending on the initial design but the genetic algorith- 
m may search a better solution at random from the 
whole space of candidate solutions.

(5) Unlike the multiplier method, the upper and 
lower bounds for variables are not taken as design 
constraints in the genetic algorithm. They are served as 
the upper and lower limiting values to treat in the 
binary substring of each variable.

5. Conclusion Remarks

Using the proposed method, the numerical example of 
a cargo ship with large hatch opening is investigated for 
the purpose of illustration. It demonstrates that the 
genetic algorithm is an effective and robust search 
method for structural optimization. If the discrete 
design variables are correspondingly coded into a binar- 
y string of finite length, the present method handles the 
discrete optimization problems efficiently. As most 
design variables in practical structural optimization 
problems are discrete in nature, this ability makes the 
genetic algorithm a good choice for structural optimiza
tion problems.

Though the genetic algorithm is slower compared to 
the multiplier method, it may search a better solution as 
a population processing method. On the other hand, the 
genetic algorithm does not require gradient computa
tions. This is another important reason why the genetic 
algorithm is broadly applied to engineering optimiza
tion.

For different optimization problems, there may be a

different set of parameters including the penalty 
coefficient, cP, the generation size, nP, the crossover 
probability, pc, and the mutation probability, pm, to be 
suitable for it. It is necessary to analyze the influence of 
those parameters on the optimum design if the present 
method is applied.

Through the numerical analyses, it shows the power 
of the genetic algorithm for the discrete optimization 
problems. There is further research scope to improve 
the search efficiency of the genetic algorithm by using 
other genetic techniques, such as advance genetic opera
tors and more efficient search strategies.
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Summary
The methods for a posteriori error estimation in element-wise analysis and improvement of finite 

element solution are developed recently by the authors for two-dimensional elasto-plastic problems. 
Based on the distributions of the error energy norm, the paper discusses the effects of mesh shape and 
size on the error energy norm and the relationship between total error energy norm and the distribution 
of error on each element. The minimum total error energy norm of the model is obtained and the stress 
solution of element-wise method is improved with the adaptive mesh techniques. Two adaptive mesh 
methods of r-version and h-version procedures are used for two elasto-plastic structural models 
respectively in this paper. Good results show that the minimum error principle and r-version and h- 

< version adaptive procedures can be used in elasto-plastic problems effectively and accurately. 2

1. Introduction

An a posteriori error estimation and improvement of 
stress solution of FEM with element by element solution 
technique in elasto-plastic problems are developed 
recently by the authors" ''. The error and its distribu
tion on the models were obtained and the good results 
of a posteriori error analysis on stress solution by 
adding the error to original stresses have proved that 
the method is available and efficient to get high accu
rate results with little calculating effort and time, espe
cially in the elasto-plastic problems in which many 
increamenetal steps and iterations are needed.

With the above method, the error and its distribution 
are estimated in the form of energy norm from the 
displacement error of each element by a finite element 
with a one order higher polynomial function than that 
used for original stress calculation. For example, a 4- 
node bilinear isoparametric element is used for original 
stress calculation while an 8-node second-order 
polynomial function isoparametric element is used for 
error analysis and stress modification. With the value 
of error of each element and error distribution of the 
model, a posteriori error estimation and adaptive mesh 
generation or techniques can be carried out to reduce

* Faculty of Engineering, Hiroshima University
** Graduate School, Hiroshima University

*** Faculty of Engineering, The University of 
Tokyo

Received 10th Jan. 1996
Read at the Spring meeting 15, 16th May 1996

the error of model and increase the accuracy of calcula
tion. (

In recent years, considerable successes have been 
achieved on error estimation and adaptive finite ele
ment methods in many mechanical fields. Ohtsubo, 
Kubota and Kitamura" " carried out the adaptive mesh 
generation on two-dimensional elastic problems with r 
-method and h-method by element wise analysis, 
BabuSka et a/." developed a method to check the 
robustness of some generally used a posteriori error 
estimators for finite element solutions of linear elliptic 
problems or Djordje, Yu and Owen" in elasto-plastic 
solids in the form of global error analysis, and Ohtsubo 
and Suzuki7’ and Wiberg and Li" in dynamic analysis. 
In this sense, an a posteriori error estimation method 
and adaptive finite element procedure are still a key 
feature of practical finite element analysis, and it is 
very important for the adaptive mesh generation to 
estimate the numerical error accurately and to develop 
our presented element-wise method to be more 
effective.

In this paper, the authors developed the adaptive 
mesh generation with r-method on two-dimensional 
elasto-plastic problems based on the method of element 
-wise a posteriori error estimation and one with h- 
method.

With the r-method, the different mesh models are 
considered and the minimum total error energy norm is 
obtained based on the principle that the total error 
energy norm ||e|| will be minimum if the error energy 
norm ||e||,- on each element in the calculating domain is 
uniform. In this case, the error and its distribution on 
each element are calculated by element-wise method
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and are considered as the criterion to decide the division 
of mesh. As we. can see later, the improved.stress 
solutions of finjte element after'adding’tf/>()s/eh'ori error" - 
analysis are again improved accurately further with the 
adaptivetrrieshInodel of. having ..minimum'total .’error-, 
energy norm of the structure. ?

In the last part, the h-version adaptive-mesh proce- - 
dure is performed to the elasto-plastic problem. The 
small error energy norm is obtained ydth a little of 
degree of freedoms" knd High convergent rate 'is gotten 
with comparing to the method of general division of 
mesh.

A posteriori error solution for elasto-plastic problems 
can be carried out.with,the solution of equation (4 ) to 
("6) j The following indexes of error energy norm are 
used to, estimate the amount of error. - ,

l|e|| = f■!AG-Ae*d£$<\n global domain) (7)

1 - -1 ' \\e\\i=J-JAcS-Aee 'dQi (in element-wise domain)

(8)

where Ac; and Aec.are vectors of incremental stress 
error and .strain error, respectively. In this paper, the 
total error energy norm ||e|| is calculated with the fol
lowing formulion:

2. Complementary of Adaptive Mesh Techniques

2.1 Error Estimation and Concept, of Adaptive 
Mesh Generation ,

With the method in reference [ 2], the elasto-plastic i 
forms for stress and strain will be-presented in in-1 
creamental-forms and the equilibrium eqtiatitiri and 
boundary condition in a closed stress field Q will be :

v^vy«)+^0in^\:: y ' ,(!): .
(DepV*du)n=dq on /> (2)
du=du on To (3)

The weak equations for element-wise a posteriori 
error, deduced form the residuals in the equilibrium

- 1 , i . < 1 1 i , i V , i - 11 . - i ( 1 , 1 i
equation are following:

V*r(S«pV*dei)+dr,=0 in A (4)J"
{Dcpy*dei)ni=—dpi on /> or . (5)

' ^r0 0nr° ■ , - , „ :if 6J,'„
, (* = 1,2,3, — ,Nelem\

where det is the vector of error in displacement, dn is
i : - - : 1 ’ . . ' I ' I I I -

a residual vector from the equilibrium equation, dp, is 
the traction jump on the element boundary,

(a) original mesh (b)r-method

(9)

1 ' here,-N is1 the number of elements. 1 ’ ",
! Generally, with the numerical solution of error and its'1 fi 1 ’ 1 ’ VI ’■ i i 11 .‘i >. 1 ’ , - . . i i ,< Idistribution, the adaptive mesh generation is neccessary 
and possible to be,used to make the .numerical error 
smaller and,let the solution, of finite,element method 

- more accurate than one before. - There are three well 
known adaptive mesh methods called r-method, h- 
method and p-method3’. The r-method is one that the 
coordinates of the nodes are changed and the number 
and order of elements and the number of nodes are not 
changed (Fig. 1(b)). The h-method is one that the 
elements at high error areas are divided smaller than 
the original ones. Thus; the equivalent mesh size of 
structure will be changed (Fig. 1(c)). The p-method 
is one that the elements at high error areas are replaced 
by the new elements with1 the high order interpolation 
function (Fig. 1(d)). In this paper, only the application 
of r-method and h-method are discussed. 1

-2.2 - Strategy of Adaptive Mesh -Procedures 5 
The purpose of using adaptive mesh generation is to 

make the total error energy norm of the structure be the 
smallest one, and as we know that it is difficult to do it 
because the error - ||e||z on each element is generally 
effected by the" mesh size, mesh shape and the order of 
shape function. But, for a certain field with the constant 
total area of the elements; the total error energy norm 
||e|| will be minimum if the error,||e|]; on each element 
keeps the condition of ' -1 ■ 1 1 1 :

1 |tj|e||?=constant'foh||e||i=constant ;............1 (10) -
In this paper, we change the mesh size and select the 

mesU model until the condition (10) is satisfied. - 
-For performing the h-method9,) we often meet the 

situation of 4 node element shown in Fig. 2(a). The

L.JL„

V
J5

L 2

Ia
r i i .-i'llf: 1
(c)h-method (d)p-method

Fig. 1 Adaptive mesh, generation

(a) 4 node element (b) 8 node element

- Fig. 2 Indepedent and virtual nodes for h-method
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node 1 and 2 are real nodes or independent nodes and 
node 3 is a virtual node or dependent node. The dis
placement node 3 should be:

M3=Mz?1+Mz<2 (11)
M=(l-Z/L) (12)
Ni=l/L (13)

where l is distance between node 3 and 1, and L is one 
between node 1 and 2 for 4 node element. When node 3 
is on the middle of node 1 and 2,M=Ar2=0.5.

Then, we can rewrite the element nodal displacement 
vector u as:

u = tu (14)
with introducting transfer matrix t. Where, u is the 
element nodal displacement vector without the previ
ously mentioned virtual nodal displacement.

The global stiffness matrix K with the consideration 
of virtual nodes can be combined from the new local 
stiffness matrix Ke of each element with Ke=ttKet, 
where Ke is matrix of the original element.

For the total nodes, the displacement can be described 
as:

U=TU (15)
where U is displacement vector of all nodes, U is one 
except the virtual nodes and T is total transfer matrix.

The new formula of FEM can be written as 
KU=P _ (16)

where K=T‘KT and P=T‘P.
For an 8 node element, see Fig. 2(b), the formula 

(11),(12) and (13) are changed as:
M4=Mmi+Mz72+Mm3 (17)
M=(l-//L)(l-2//L) (18)
M=4//L(l-//L) (19)
M=//L(2//L-l). (20)

So, the displacements at node 4 and node 5 are decid
ed by the ones of node 1, 2 and 3.

3. Numerical Examples

Two structural models are used to perform the re
version and h-version procedures for two dimensional 
elasto-plastic problems. The structures are loaded first. 
After being plasticity for about half part of model, the

a

a=200 [cm] , 
6=400 [cm] 
p=18 [kgf/cm2]

O>0=24 [kgf/cm2] 
£=21000 [kgf/cm2] 
Er=E! 3 v=0.3

(a) Structural model (b) Parameters of the material

Fig. 3 Thick cylinder subjected to internal pressure

structures are unloaded gradually. - -----
3.1 Thick cylinder subjected to internal pressure
A thick cylinder with inner radius of a and outer 

radius of b is subjected to internal pressure p as shown 
in Fig. 3. Due to the symmetry of the problem, a quarter 
of the structure is used in this computation. Isopar
ametric quadrilateral elements with 4 nodes are used 
for FEM and an isoparametric quadrilateral element 
with 8 nodes is used for element by element error 
estimation and stress modification whose results are 
signed as ‘est’7 An 8-node isoparametric element 
method is also used for wholastructure to have referred 
stress distribution. The results are shown with the sign 
of ‘ref and taken as the exact value to compare with 
the modified results.

The distributions of energy norm and stress with the 
mesh shown in Fig. 6 (method 5) can be seen in Fig. 4 
and Fig. 5. The total structural stress energy norm []z<|| 
is 15.05 while the whole_error energy norm]|eJ| is 1.43 
which gives as 9.5% of percent in the stress energy

0.2

1 2 3 4 5 6 7 8

Element

Fig. 4 Distributions of energy norms on a thick cylinder
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error modified O
four node----- -

eight node------

error modified .O 
four node —

error modified ^ 
four node —- 

, eight node —- j

Fig. 5 Stress distribution with original mesh on a thick 
i cylinder

norm. Since this is a symmetrical problem, the all 
results for energy norm and stresses in each row in 
radial direction-are same. A posteriori error energy 
norm and its ratio to stress energy norm are decreased 
from inner side to outside in radial direction. See the 
Fig.4 in (a) and (b) parts.
T The modified value of cio in inner side arid plasticity 
part are not so good. The reasons for this behavior are 
mesh size, mesh shapes and others discussed in refer
ence [ 2 ]. Later, we can see that the accuracy of results 
can be increased with the application of r-method.
' From the distributions of error norm and stress, we 
can see that the accuracy of estimated error and 
modified-stress are dependent on the mesh size and mesh 
shape. So, the adaptive mesh procedures are introduced 
and discussed to increase the accuracy of calculation. 
From the Fig. 4(a), we can see that the error norms of 
each element are far from the equation (10). In order 
to reduce the error norm of element on the inner edge 
and make the error norms on each element are uniform, 
four different mesh models shown in Fig. 6. are selected 
according to the distributions of their a posteriori error 
energy norm with the r-method. The high error area is 
on the inner edge of the model and error1 distribution 
along the radius direction is changed gradually. So, the 
inner edge element in radius direction is modified as 
small and the size of mesh is changed gradually. Their

Original mesh (method 5 )

Method 2Method

Method 4Method 3

Fig. 6 Adaptive meshes used in r-method

distributions of error norm of each element are shown 
in Fig. 7 from which the tendency of distributions of the 
error energy norm on each element are shown of having 
significant effect to the total error energy norm of the 
structure. The method-1 has high error norm in middle 
part, the method-2 has one on outside edge and the 
method-4 also has high one in inner edge, which has 
weak differencial tendency of error norm than original 
one shown in Fig.4(a). The model-3 shows the best 
distribution of near constant. Thus, the model-3 should 
have the minimum value of total error norm among 
these mesh models according to the principle given by 
equation (10), which is just proved by the Fig. 8. From 
this example, one can see that the total error norm is 
fatly dependen on the distribution of error norm.

The mesh model 3 can give not only the minimupi 
total error energy norm but also the rriore accurately 
modified results of stresses as or, Ot> and rrt than one 
before r-version adaptive mesh procedure by comparing 
Fig. 9 with Fig. 5, especially for do in inner edge and 
plastic part.

3.2 A square plate with a hole
A square plate shown in Fig. 10 is analysized with the 

h-version adaptive procedure. A original mesh with 48 
elements and a new mesh of 192 elements with evenly
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Method 1 Method 3

Fig. 7 Comparison of error distributions for four 
adaptive meshes to cylinder model

II e||

i Method model

Fig. 8 Total error energy norm of five mesh models in 
r-method

' f:
dividing the mesh 4 times are shown in Fig. 11(a) and 
(b) while the distributions of error energy norm with 
these two meshes are shdwn in Fig. 12. Since high error 
norm is concentrated on the comer and inner edge, the 
adaptive h-version procedure is strongly recommended 
to be used. According to the distribution of error on 
original mesh, the model obtained from the h-version 
adaptive mesh technique is shown in Fig. 11(c) with 15

error modified O 
four node —— 

eight node------

error modified O 
four node —— 

eight node------

error modified O 
four node —— 

eight node —

100 110 120 130 140 150 160 170 180 190 200

Fig. 9 Stress distribution of method-3 in r-method to 
cylinder model 1
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a = 1 [cm] 
b = 5 [cm] 
p = 30 [kgEfcm2]

Oy0 = 35 [kgffcm2]
£ = 21000 [kgf/cm2] 

£r=E/3 D“0J

Fig. 10 Structure model of a square plate with a hole

(b) Mesh 2 with 192 elements(a) Mesh 1 with48elements

(c) Mesh 3 of h-mcthod with 117 elements

Fig. 11 Mesh models in h-method for a square palate 
-------with a hole. --------- —------ .----------

virtual,nodes.' The error norm of new mesh is 0.0415 
which is only 53.9 percent of orginal error norm. The 
results are shown in Table 1 and Fig. 13. The degree of 
freedom of hrmethodjneshJs.just theJiO. 6, percent of 
the evenly divided mestv-3, but the error norm is small 
than that. The total error norm is reduced significantly 
with a little of total degree of freedom for computation 
and high convergent rate is gotten with the h-method.

4. Concluding Remarks -
The- adaptive -mesh techniques-are-discussed -and 

introduced successfully into tile method of element by 
element, a posteriori error estimation, for two-dimen- 
sional elasto-plastic finite element analysis.,., The high

(b) Evenly divided mesh with 192 elements

Fig. 12 Error distribution of two mesh models for a 
____ aquare plate with a hole____

t 1 1 ~
! i
accurate results are also obtained with application of 
the adaptive mesh techniques. ;
| The r-method is used in the first problem to reduce 
the total error norm. The minimum total error energy 
norm is obtained only when the error norm on' each 
element is kept to be uniform. The more accurate 
results of modified stresses are also gotten with the new 
r-method adaptive technique mesh which keeps to have 
uniform error norm on each element. ;
'—The -h-method -is-successfully-used -in -the second 
problem which has the high error concentrated area. 
The total error norm is reduced significantly with a 
little of total degree of freedom in the structure and 
high convergent rate is gotten with the h-method.

It has been shown that the adaptive mesh techniques 
give low total error norm and accurate stress solutions 
\yith a little of, degree of freedom of the structures, 
which means that the less effort of analysis,and calcula
tion are, just needed,, especially for the elasto-plastic 
problems. With the analysis of element-wise a Poster
iori error estimation,and the adpative mesh techniques, 
the, highly accurate results of finite element method in 
the real engineering ^elasto-plastic problems are possibl- 
ly expected to be obtained in our future research work.
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Table 1 Error norm of h-method for the model of a 
square plate with a hole

DOF e U 1 e II / II U

Mesh-48 126 0.07708 0.6958 0.1118

Mesh-192 442 0.04947 0.6961 0.0711

Mesh-117 268 0.04153 0.6909 0.0601

A A :48 elements

: V
\ - 

B: 19 
C: h

l elements 
method

\ '
\
\

\
Br

“B

2 2.2 2.4 2.6 2.8 3

log DOF

-0.9 

-0.95

-1

-1.05 

-1.1 

-1.15 

-1.2 

-1.25 

-1.3
2 2.2 2.4 2.6 2.8 3

• t
A: 48
B: 19

elements
1 elements

\ v S >• C: h- nethod
\ v

\
\

\
X

0ti

tc

log DOF

Fig. 13 Error convergent rate of h-method for a 
square plate with a hole
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Development of New Finite Element by Source Method 
(Second Report: Plate Bending Element)

by Isao Neki, Member Tsuyoshi Tada, Member

Summary .

In the previous paper, we had shown the methodology of FES, Finite Element by Source method, 
developed by the authors and its advantages by some examples for static elastic structural problem 
using 2 D plane stress FES and 3 D solid FES.

This paper describes a fundamental formulation and some examples about new finite element by 
source method for plate bending problems. As well as the FES for static elastic problems written in 
the previous paper, we can perform numerical analysis with further less mesh and we can obtain more 
accurate results than the traditional Finite Element Method. Especially, in plate bending problems, 
semi-theoritical method FES has advantages because the number of derivative is large with regard to 
its differential equation.
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Fig. 1 Distribution of nodes and sources
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Fig.2 Definition of Bending, Twisting Moments and 
Shearing Forces
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Fig. 3 Uniformly Loaded Rectangular Plate with Built 
-in Edges
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Fig. 3 Czrrf <k 9 %SC>SS a=1200 mm,$st@ (=10.0 
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&, TECFEM ©EffitfES©%*-C4)S6®S©Sv^ 
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Table 1 Deflection and Bending Moments in Uniform
ly Loaded Rectangular Plate with Built-in 
Edges '

bja n (®)*cO»cO (WrJrafjsfl W)wO.,at (Afr)xe0»=0 (^l)nO,tsO
FES 13.76 -,737.0 —737.0 330.2 330.2

2 FES/TIM 1.013 0.993 0.998 0593 0593
FEM/T1M 0937 0573 0573 1.174 1.174

FES 13.64 -7375 -7375 329.2 329.2
3 FES/TIM ’ 1.004 0599 0.999 0590 0590

FEM/T1M 1.006 0321 0.921 1.029 1.029
FES 23.77 -825.2 -1099.8 1 524.8 282.0

2 FES/TIM . 1.003 1505 1.008 0590 0565
FEM/TIM 0.932 0.740 0.956 1.195 1.136

FES 23.67 -8235 -1081.5 5295 2915
3 FES/TIM . 0.999 1.004 0592 0599 0.996

FEM/TIM 1.004 -0.863 0538 1521 1.046

scale 40.00000 ton
scale 1200.000 kgfmm

(a) Deflection (b) Bending Moments Mn

*5T-S50 &#, msim&mm-c
SA,^$g|-C^UTH 3 c

Table 1»^^3J:5 C FES ©MSkXjgfM) k tiS. 
< -&L-C8 0 M=2?6M#©mtri± 1 %@S-e$. 0, 
ggffl±+S-»®g-C$3 kt^3„

FEM.©m#614, C ©@g©^-@l^?(4-pe»#g 
k*%A^3. §E4/a=1.5tj=a/2,y=

o -e© Mr ©#g^m <, 3 ©mm&i%mmcf 3ci4
13 x 13 mm±iz? 5 (SoFES CET 3 WAR
14fc-f^8T$3^6 FEMX'it 24.5#©WAR$j>B 
k-r3 3 k K*3o £©£ ki'b b FES ©®4fC^3 3 k

Fig.5 C38RR&4 -C ,2=3 ©%e©m»&^fo g*R 
T&3 *51/4, % T,y©-##©#e k mg 14#* [ill 1ft - 
y y F^dlUTi-cfco 

2) '

scale 30.00000 mm

Fig. 5 Deflection in Uniformly Loaded Rectangular 
Plate (FES 4 Element Full Model)

Fig. 4 Uniform Loaded Rectanglar Plate with Built-in 
Edges 1 ’ i

Fig. 6 Hydrostatic Loaded Rectangular Plate with 
Built-in Edges
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±iaopmx’ffimz Fig. e c^-r -t 5 /><>=
0.01 kgf/mm2 =B2tt3 X #±T*
#&%#&# kL, Wtf/i'tSIrLfe.
Table 2 \Z7jit0 3 © Table ®±1C FES K J: 3#f#*S 

TKKXm4)0&B#k©jt&3<f. 
c ©ena? t aziir^Zo
3.1.2 ^@B^©#e
#^kR tvfc-SiSfffiRmaS

3. Table3Kf©j#fS#& 
%RtoM=2©^;T©y-X-e^»^m^#^flTV)3.

3.1.3 ES&*i-3£3df 3titz^BW-O^
3.1.1 x=-ai2 -cx&s*110=2%

B%$iLA$BR© 6/s=1.0 t b/a=2.0 ©#^©-#<g 
ffikisrafficovit FES -CemLtZoXm^-Cit b/a= 
1.5©J%-&<DfrQmz$ya$»snrn»v>©-c% c©y 
—%©* b/a=2.0 k LTt:>3„

Table 2 Deflection and Bending Moments in Hydros:
tatic Loaded Rectangular Plate with Built-in 
Edges -

b/a 1 * = 0,9 = 0 »= |,y = 0
Mr Mr Mr Mr M,

1 5
2

FES 6553 I6S5 1645 -484.6 -262.6 -372.6
FES/TIM 1509 0509 0.999 1.007 1.019 1507

3
FES 6520 164.9 1645 -480.6 -2565 -369.2

FES/TIM UXM 0596 0.996 0.999 0597 0598

1.5
2 FES 1159 265.4 1465 -663.0 -440.6 -4125

FES/TJM 1503 1502 0.999 0.997 1.037 1505

3 FES 11.84 2645 145.7 -6605 -4195 -4105
tES/TIM 0598 0599 0.992 0.995 0588 0599

Table 3 Deflection and Bending Moments of Simply 
Supported Rectangular Plate under Hydros
tatic Load

b/a n

H II = «5 II

w Mx My

Uniform
Load

1.0 2
FES 43.78 689.8 689.8

FES/TIM 0.998 0.999 0.999

1.5 2
FES 83.40 710.5 1169.3

FES/TIM 1.002 0.991 1.001

Hydrostatic
Load

1.0 2
FES 21.92 345.2. 344.8

FES/TIM 1.001 1.003 1.002

1.5 2
FES 41.67 584.4 358.6

FES/TIM 1.001 1.000 1.001

Table 4 Deflection and Bending Moments in Rectangu
lar Plates with One Edge Simply Supported 
and Three Edges Built-in

bfa n (U,)x=0»=0 (A/»)»s|jrsO (My)*=0.v=t

Uniform
Load

1.0 2
FES 16.93 -799.8 -867.1

FES/TIM 1X103 1.008 1.002

2.0 2
FES 48.41 -1658.0 -1129.7

FES/TIM 1X100 1.003 0.998

Hydrostatic
Load

1.0 4 2
FES 7.93 -502.1 -412.7

FES/TIM 0594 1.005 0.999

2.0 4 2
FES 21.80 -878.9 -528.6

FES/TIM 1X101 0.980 0.998

-##S©#AI± 1/4 U n=2 fc Wm
m©#ea x it, i/2/ef^t
a a©a#&M=4,6 moftmmt 6/2 & «=21 lt@
WLfco

Table4 KSitJ:'? Eibfet^ftigSt&oTH 
3„

3.2 / -
3.2.1 titz-mimik&vzdimw.

Fig. 7 C fR 7 <k 5 =£iS§ c=1000 mm, ® @ f=10.0 
mm, f 21000 kgf/mm2, tK7 V Vit 0.3 O—Wftfo 
i5rS/>=0.01 kgf/mm2 SS»3=a^@S§nfilEE^

JUfifTTMi Fig. 8(a) y 
kUTklESA^KS 1/2 ^r>Pk Fig.8(b)3E 
S*3^3^t;p© 2® 0 smtirLfco 

1/2 T f;i/TWuEE#B©a© 1/2 ©S3 ©S@& « ft 
SJ, f ©#©m% w^autA&aAk L, ^Tr^Tti 

m ^-smufkAk^mm & 2 Ltm±-c»
^SJL/kAKiSAS^Ufko ^SJiScli »r=6, «=3 k »z= 
12, n=5, © 2 7-X C-putSfifLfco ,

30R4)CC3A*,
9fifgAMl < »^©T, C CTK FEM ©BtfrESkifcE 
73. FEM ©%f;PC*#%g©%m5)©E93BBE;m 
m^X—m* m=60 ftPlLtzffi&M 2791, E3R&2700 © 
^r^T'IfJT-L*. FES (DffiffiffiM lift$M& m6, n=3 
<Dm-0rkftmmi2ig<D m=12, »=6 O^k li^k*^ 
t> FEM t f ;PTI±^Sim©^%
K^-fbLT^-gJfCA* w=60 er@A51K$L7k.

Fig. 8 E, »z=12, >2=6 0§p© FES © 1/2 tT/P, #z 
=12, »=6 ©#^-© FES ©At%;p, FEM ©ef>P©# 
ZbZmi-o

y

-*
■*
■«-

Fig. 7 Uniformly Loaded Equilateral Trianglar Plate 
with Built-in Edges
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(a) FES 1 element - tb)-;-;FES 3 elements; 
Jialf model . - full model ,

(c ) . FEM full model .
Fig. 8 Deflection in Uniformly Loaded- Equilateral 

j Triangular plate with Built-in Edges

Table 5 Deflection and Bending Moments in Uniform
ly Loaded Equilateral Triangular Plate with 
Built-in Edges 1'1 - : ’

V m n w~ " Mlx M\y Min
FES half
Model

12 6 1.55 109.0 109.0 -263.6
6 3 1.000 1.000 1.000 -1.000

FESrfull
Model

12 6 1.000 1.000 1.000, i 1.000
6 3 0.999 1.001 1.001 „ 0.999

FEM Model 60 -• 1.001 1.001 1,001 , 1,00.0

,Table5 EIE=£U£0,fi* 1 
iRjOffiO^-Xy.h, 20^.62 CWSSCEE^P!©
mf*-/ y h cour fesri/fem

-ToTable 5 ©±giC FES © 1/2 *t)V<D w=12, n=6 ©
e©TKe©f#%T;i/©emk fes © 

1/2 ?f^© »z=i2,m=6 ©#e©#mt©it^a;To 
J:.©m@-C% FES 14 FEM 1SJ£^T,
■Stsi(FES>«=6, n=3 ©#$,
fem © l/ioo ©ma&) c

.(Y I
13:2.2 —2&@5gS>i-2£3des n/c-Wa&S 
r---- tfSEFlSE | / " " "
[ituStk H UEH^®ErS2^5:jt§'ji.te©-2»iris

S -55o Fig. 9 K,
FES © 1/2 %f;y© w=12, w=6 ©#$,_ * ZjUFES © 

w=i2, «=6 ©#-&©lmif%- / yiiif,© 

SUSSto Table 6 K FES t FEM 
S1"„ FEM tHU < -2£ 60 #&]LfcE32

Table6,^,65 3: 5,K FES, 
m=6, n=3 Olnl: »n=12, m=6 ©%o'L ii

--- scale 400.000 it* «a " scale 400.000 k)™

,(b) FES 3,elements
full model

Fig. 9 Bending Moments in Uniformly Loaded Equilat
eral Triangular Plate with One Edge Simply 
Supported and Two Edges Built-in Edges '

Table 6 Deflection and Bending Moments in Uniform
ly ' Loaded Equilateral Triangular Plate with 

'1 One Edge Simply Supported and Two Edges 
Built-in ; i

m n w Mir Mly Min
FES half, j
Model’ i . -

12 6 2.18 141.8 120.6 -317.1
6 3. 1.000 1.000 1.000 1.000

FES full
Model —----

12 6 1.000 1.000 1.000 1.000
6 -3 1.000 0.995 0.998 1.000

;FEM Model 60 1.000 1.002 1.000 1.000

I . • : vr' : I I I
Fig. 10_ Half jOircularlPlate with i Clamped along the 

! ' " ' Circular Boundary and . Simply Supported 
-ill ;along S.traightEdge, t. I J . _ :_________!

i ;y: ' 11 11 >1 ■ y 1 ; i -:
%>2mp 6 & Yo_PEMY)gmu##©H2E]%©#e t 
mU<ro*?/jvS W#^U FES ©^*Lm#*'-?^m 
=60 t(Cot FES Ki5v^Ek&ofc, C©#@T6 FES

d fcW3. , ; l i ,, ,
'3:3

111 ■ ■- ' ■

Em CF3 % 3jh-gr6 S&Sft tz #@a=1000
mm,-®P Z=10 mm 2f000 kgf/mm2, dfT- V 'sVG
0.&©-##@P=fi. Ollkgf/mm2 $8U2>¥HE©#iJ@

5.'Fig. lOC^itirdEl/ #±TW#${4=E L/& 
1ES© 1/2 ^t;^11/4 R9tt£ M=6#% «=4
^jk urmfu^to . . “J /; 1 1 Ji J______
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scale 1000.000 i«f*a 
f—1
5

(a) Deflection (b) Bending Moments Mt
Fig. 11 Deflection and Bending Moments in Uniformly- 

Loaded Circular Plate with Clampled along 
Circular Boundary and Simply Supported 
along Straight Edge

Fig. 11 E FES mtK J; Zj§m<DM»i3 <k t/fg#E?&o 
tzfi[RlOillllf^—a y h Table7 Eli y $6±©li 
AE*5Uam*###tf*-y y Table ©±#
E FES E <t 5 IS*& Tm E4) k © tt £ ^ L fc„ 
Table 7^6^%
3.

4. ifg B

. wlW'-CZ %7c¥@mk 3 #55 y y y FP5Ity-X

$#&Ej:fwf. %#±E©a#

•es,
=ABK, ¥RK©^f^lEi 

oTSLTio ^EtSffiIfflg®"CliXE^gSO^OFiE

TW#E#a@ai,)*5*:M#6iT,&k^x.6fl6.
Xffl 2) 3) (CSM) tBt
im-y y hoy-xk y h

Table 7 Deflection and Bending Moments in Uniform
ly Loaded Half Circular Plate with Clamped 
along Circular Boundary and Simply Support
ed along Straight Edge

1 = 0, y = a/i 1 = 0, y = a/2 1 = 0, y = 3/4 o x = 0 y — a
UJ M, XD M, w K Af.

4
15.26 473.0 17.52 446.0 7.93 16.0 0.0 756.0
1.001 1.000 1.000 1.000 0.996 1.000 1.000 1.000

<Dfr*WM'rztzttx-$>t), %#E#f%#y%-yyh 
©y—x»?#^§nTv^nfc»E, #< ©#A&#%UT

%LfcgrL nWEEsil©*:»©SS-fbEJ: tikf, y-xk 
U-C#lfk^D©M#&lBSL'CH3A»,3tmt2,3)EJ± 
^Tb5NSE®Sti|6l±LTV^5o S5E, $^-fbEi 
-pt, #EE^5 © E&'^»#f k m o ©m#© 
SfiS*?#5.iL7k c: k StfELTi; < „

%mx\Z, Z ©Effitfo FES ESkirEO 2 #55?@©
FEs B#&m*-&b-eTms©@m8aa$#Bf u, ^©w
ffltt S-ESEf 5 ESTS. 5 o

# # 3t 6R

1) @*m, #mm:y-x&mwk#L^EE^©
M*. im? (1995).

2) EB-flEB, ffl^-sxns : S^ESife-
SSIkfEffl, P.132-134, (1982).

3) fmsEfr: m^mmugss).
4) S. P. Timoshenko, S. Woinowsky-Krieger: The

ory of plate and shells, 2nd edition, McGRAW- 
HILL (1959).

5) R. J. Allwood&G. M. Comes: A Polygonal 
Finite Element for Plate Bending Problems Using 
the Assumed Stress Approach, I. J. N. M. E. Vol, 
1 P.135-149, (1969).
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Cavitation Erosion Tests of High Tensile Stainless Steels 
for the Techno-Superliner (TSL-F) Hulls

by Motonori Matsuo, Member Hisashi Ito, Member
Akiyoshi Mizuta Hironori Sugimoto, Member
Yutaka Tomono Kota Shibasaki

Summary

Cavitation erosion tests of high tensile stainless steels for the Techno-Superliner (TSL-F) hulls 
were carried out. The TSL-F is a new generation, high-speed, hybrid hydrofoil lift/buoyancy type 
vessel. The hull structure consists of an upper hull, lower hull, hydrofoils and struts which connect the 
upper hull to the lower hull and hydrofoils. A 13 Cr-5 Ni martensite, a 24 Cr-13 Ni austenite which is 
produced by a new thermo-mechanical controlled rolling process (TMCP) and a 22 Cr-5 Ni dual
phase stainless steel were examined, whose tensile strength ranged from 1078 MPa to 710 MPa, by three 
methods; i. e., a vibratory method, a high speed fluid channel method and the test using a 1/6 scale sea 
going test ship.

It became clear that these materials have better anti-cavitation erosion properties compared to other 
conventionally used structural materials such as a mild/high-tensile steel and have the same properties 
as 15-5 PH (precipitation hardening) stainless steel which is well known as a high tensile stainless 
steel and that the vibratory method and the high speed fluid channel method gave the same characteris
tics qualitatively. Finally, a rough estimation of the total life cavitation erosion of an actual TSL-F 
was done by using these three test results.
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1 o®[hM~C£>-5 k^x. 6iL-5c ^-v k* Table 1 Chemical composition and mechanical prop- 
r —y a >-xn —i/3 y©%£©y *^XACoV)Tii, erties of the stainless steels examined
Vi < O*<0#x;*t)?£ S^
5l^t--5E^E*is©$SLfNfflC<k 

HST^-5 kX30xr*©-J: 5T ';
$>55,-7,=
$MTB, I®Wt ff-^a v • iD-5?a '; v:fl - 
>©*&©;(f-XT±-f h%, is-ti/x^ (7i7f H-t-xf 
±176^0-^3>©Am#%»pg#c«3:t,A6f, # . 4-1 tm m©

bf-S/3 jx . a:' tz&fc, yyX#X&3 SUS 304 (*-Xt

a-^a>m#E#gb, &B@&####© ±4 h^)Table 1 Kik#^k %$*»###
i c k#x.-c, TST-p ©%*#ma;^©mm©#m©% ■- sfet. KTMosut, me-ois^sx-ryi/x

feKv^nciifts^ttu kegE-rs,,
v>k3qj®r3fL-5 3S3g©iS3£gXr ^i/xlCo.Vit, X , CA6©m@H, SMEy^/%
1- t-T—y a y • xo-i73 ^XXiiX-fi^^LXtoU, &*%©&^©&S#

WtoW Meul Structure
Otemcal CompositionfwtM) Mecharxal Properties
C Cr N Tensile Strenoth Yield Strength

13Cr-SM(K) Martensite 002 12.98 12.83 1078 960
24CM3MT0 . Austeme - S.2S
22Cr.5^(U) tustenrtetFemte S.85 710

SUS304 Austente S0.08 8-10.5 *520

L-fco.^/c, HDS© 6^©,J. ©XX
-7ur-sie§mm?®**., 
b*r-y3 y • id-7i3 yMtSplit. HiS^M 
iST-li, k TSL-F K
Svik#x6iv-5©-e,
E©asBBm&^itmmm#H»&K j: 3Rpe*%%
m LT, %%© TSL-F T-©i£55$SxT'yyx||®* ^ tf
T —y 3 y - ja a —'y 3 y#CO V^T ©p@,6^»&
ij, %88t©WEc?v>t kt, '

%m\m\swc, z 173©sw-x©$isfa#
^.fco ■'•■ '' d 11 ' ' ' " ...... ' 1 1

i . ' 1 -f i 1 - T ill 1.1 »'! i "if, " ■

2.

2.1 #B$m : ,1 It . ,1 ■■
TSL-F ©Fig: 1 TSL-F 

#@H±k ITTfVSpi, FRP4tfflVx5,tL5„-^, * 
D7->vWb'ltfX 177 h»if©&*SP#ig(±,

?> tz 5. c b&^m^nztz
A, Ltzi^X,

tz$>, hmxty 
yx^©iiffl»5#i.stvrviSc ccrg^isaaxTry 
v-xiiB, -7iv7y« >%,

14K-Q 5.n-S. c L»?5gx.6fi5o
, 2.2

-^ayfflEourtt, f©##%©#f&##c4 D#E 
fbf 6 C k^e-nr^'D, btiXXlZ^ < OW&ifihZo 
Xtz, WMfi&iz-o^x < ©^S»?iSSS nrn
s«io,o l^l, ctitxcom’izmip ##nn©fB#iH

',4;? fr-yg y©%

ttf-
yy.a y,.,x,n—iX3 

C$)'5’o " '' 1 -■ •' ' 1 1
‘ kcX, frffifiXtt 3 WMfoMmzmfr-gi-b&ZX. b l: 
X 9 TSL-F ©S*gti^.©{Effl»55g-x 5>n^K5SSx f y 
yx#©##k, #gmT©#$Gm©#m»R»^. $f, 
s-©ms&k ux, MRM-©
xs»'?/j^s < x v, #####
©####©## k,- k ©Jt
Rtfr?A. k©^z6xtt, eiixim#

^om^mbmmwsa (haz> 
x$>5„ m-<Djjmbi,x, xvmmmfzi^wm&xib 
% k#%ftaaamf&fr-g%. c© 
^sxii, frfrztz®,.#mm©###
KteiiL»n©X,,.iE5SgXTyyx^©S#KESL

upper hull ; ,

STRUTS ;

WATER-JET!
[NLET#

J HYDROFOIL

LOWER-HULL

Fig. 1 General layout of Ae TSL-F vessel

xmkttmMbtzo xtz, btibomfcn&oimtt, & 
m®tt®*m^tzWkmmzx:9ftr>tZ',,iib\zm=.<Di5 
&k lt, ^tbMwmmmisxvmmffi&sm-te-cwffiz
froAM7;v$-9A: (A.1050P-H 112) #©^mM-%m 
w-C TSL-F(Dmm^WM^X%^rZ*tfr-y g y 
Kj: 3a:n-y3 y&a)gf 3 = k C©##k*8
7,ps-9A ©Essis i ss
k, TSL-F ^mx©ig^mx T y yxm©B^ f bf- 
y g y • Ji n - y* g y#©##%#m L,*„ LA$B7 
ivi-T'i©fb&$*»####% Table2 K
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r Table 2 Chemical composition and mechanical prop
erties of the pure aluminium examined

Material
Chemical Ccmoos-txm (wrtS) Mechartcal Prooertfet

a fe Cu «3 Zn TensZe Strength BcoMtion
(MPa) <*)

AI0SCP-W12 0.10 027 0.01 <OX» 95.) 50

net .

3.

3.1
Ktff-yaV- x.u-*J 3 5 H'&O

*?, 5 kur, mmmmm

&"» ©K#$gE©@B& Fig. 2 cat?. m*
®xf yyxSto*-yc®Ji®ili&-¥7U rntc-tt)
#3=f s * -v t'r - y 3 ymm©rn##%EAi&E ± 9, 
*-y^%E*lA] LTtiSE Ufc¥Etft©$?^M"SEC3c. n 
-sfay&B&a-etmm&fM t©-c&3. astm (g 
32) TK*-y^KR@Wf&&y±&Ki DBjSLT* 
@9f#f%$;h.Tv>5**, £©;£j£EJt'<T, 
SshRlS-Cli^M-OiEBi*^ < £
k, &yam&fr&sm

<E>0 25 mmX25 mm "t'JSS 2~5 mm k L, FRP
#©;%#-%###smm@ &E-#=ft= cvw) ctfc±tf 
tzo ISSiiilRgc^virti, rtv$-c©E@©xryyx^ 

6SKUT 20 BffMJ k L, S^M-©a 
& ssi® lxfsms^tco mmsm&xtb tza

© Magnetic Vibrator 
© Transmitter 

© Dial Gauge 

© Horn 

Q Test Piece 
© Testing Stand 
© Liquid Tank 
® Circulating Pump

Test Piece Size .... 25mmX 25mm x 5mm 
Frequency.... 19 kHz

Fig. 2 Vibratory cavitation erosion testing device

3.2 KSH&£
MMMmmzXZ TSL-FfflgSSxryyx^©# 

Fig. 3 c $ k»t#T. asm
©itas§ig-fSurffiia$■

Xti-y 3 yS6li-SELT3rL-C$.5o tfcBEttifcgt©*: 
», E-©mm#cj: <ss 400),

(HT 90), SUS 304 33 J: Xf 15-5 PH ® (ffimiik 
IBSgxfyyxS) mom^Wr^Xn^Vtzo £fc, 
CFRP «, S©77 y y*k* T'© Efflux, 6 il 3 ©T*, 
HSfcfi’i&Ejn&iteo Mr;>5-*7Ali, #%B©2o
©+T ff-73 y • iD-'>*3yM^S3;±t)tMt5
#m##mmgam&@ut#mmk L-c#mw^t©-r 
£3» TSL-F####©^-^
WLTfc'9, K, u#©mk»-3fk.##©m*f e%-y 
3 y • xn —i73 y^KoviTtt, #E#g©##k k 6 
K, mSBEAEZ5mr#iSgmEj:3#eSA©RiRt* 
@ C kA#&ifT^5. C©Ck^4E©K#
SST S> 5S S 3vC 33 5, Y SfctSeBEES CdoW-ttirKSP?3 
15-5 PHE<k9S3»t, mm^-Xf-3-^f HBT&3Z: 
k*»>, 3s©##*TB@tgfLtma&a;L-cw3»». 
$ tz, Fig. 3*0 Weld Joint k li, 
akHAZ©?3W$#LA6©T$9, Yg#&j:tfK@# 
-CliE^-eiiSmj: 9 ZLk**%

S 6E, ^i-ff-'Vay-xn—^
a>m±?ziimtLxit, sjjtocsBescH^fr^y
Ckt=r@ET&9, 3/f;Ph^6&y9X-7#

SCkEi 9 Yi^i<±05iW
#^it& C k**$818$iifc (Fig. 3 © Cobalt Base Alloy

UCfcld Joint*) H 
Octalt fin* Alloy |Q.tS

•Good Relative Erosion Ratio"

CT Be£ feUlM)
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Fig. 3 Results of cavitation erosion test (Vibratory 
cavitation erosion testing)
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*SBBrE©@#k»?T:B 9 ¥figli®SS «sA@%SP^&# 
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S, $A, />/m©E*&AnmT6CkA^WfigT&&. 
mmitu, ^OtSS©lo©g® (4cmil©g) SfJfflL
T, !=BE@tiEKmM-$E»$-Sf 5<t 5 KIR 9##
S^kLTuS. R#^©BR«, B#E**4cmX10 
cm 'TMSJP 5 mm ©¥®"C$> 5 0 Fig.
5 ESrjTJ: y K, R#M-±T%^©±m# K#%EEAiS 
^ Kb A 9 -315 mm ©ZH^%©^##%% 9 ftL, 
3$SJMEf§fch5J: 5 K LA.Fig. 6 ti, HA@©#^E#
±U^i>f7-^3>©tf%StX b n tfWMTZ
3. $A, RHH-©$BKti:,, * * b*T-^ a XOrnmz 
#uTFig.7K5t-r<t-5»^n-^gy»?±L50 C©a. 

n -s; a /©Mija k vr t$, mfcfrcomRmb *m>tz0 
mf£-VMfcZtiZ 50 / y bV-Sk L, R

4 Static Pressure

Flow Meter

Testing Chamber
Fluid-Tank-

Fig. 4 High-speed flow channel

Triangular Obstruction
Cavitation Erosion

Test Specimen

Fig. 5 Test section
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§ < A5 JtyK/y/fiES^ELT, ^©JE#©fc kT 
mm LA. Fig. 8 tt, wr>v $ RUM-rmiE L A =b v b*r- 
s/gy . a:o—S?gyR#©@# /3/®k
in—/3 ASfflgg® CCK, ftfr->a

(1 )Sr-SSLTVi5. JUT©REtt, Fig.8©@

Fig. 6 Cavitation after the triangular obstruction

Fig. 71 Example of cavitation erosion 
, (pure aluminium, 4 hours)
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Fig. 8 Relationship between cavitation erosion and 
cavitation number obtained by high-speed flow 
channel (pure aluminium, 4 hours)
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3-5

Wave Response Analyses of Floating Crane Structure

by Hisashi Nobukawa*, Member Masayoshi Higashimura** 
Mikio Takaki*, Member Mitsuru Kitamura*, Member
Guoqiang Zhou*, Member

Summary

To analyze the dynamic load of lifting load for floating crane moving in waves is one of the 
important factors for making the operation manual of the floating crane. In addition, it is necessary 
to consider the strength of floating crane structure since the inertia load caused by the motion of barge 
in waves is very large. In this study, the dynamic load of lifting load due to the motion of barge in 
waves is evaluated by means of elastic response analysis on the interaction between the crane structure 
and the barge hull body. The tank experiment of acrylic fiber model to one hundredth (1/100) for the 
floating crane with lifting capacity 3600 tons is made to verify the reasonability of the elastic response 
analysis. On the other hand, the numerical results of movement between the crane as a rigid structure 
and the one as an elastic structure are compared for the above-mentioned floating crane. It has been 
found that

(1) They have a good agreement if A/L, the wave length to the ship length, is 0.5, but the difference 
between them become large as A/L is over 1.0.

(2) When the crane is simplified as the elastic structure moving in headseas, the dynamic load of 
lifting load 'is about 5% of the lifting load in the case with A/L=1.5 and the wave height=2 m. 
However, the dynamic load is 13% of the lifting load under the same conditions if the crane is taken 
as the rigid structure.
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■ • calculation dealt with
an elastic crane structure

. . i ■- - . . ‘v-
• : calculation dealt with 

a rigid crane structure
o : experiment 8

2,0 •

pig. 8 Comparison of vertical displacements for, the 
model of barge hull body1 between experiments 
and numerical analyses 1

Fig.J • Experiment .data measured by acceleration 
meter and strain gauge (5r=0°, A/L=2) .

1 v

t = 0 J Hw-3cm

/

A/L = l

> / /
// \ /

/ . .

Fig: 9 Calculation’: of displacements for the model of 
crane structure •'< ■ *
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Fig. 11 Comparison of bending strain at the middle
1 ' point of jib beam between experiments and 

numerical analyses
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Fig. 12 Natural frequencies for the model of crane 
structure (1st mode, 2nd mode)
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Table 1 Sectional elements of crane structural 
members

Member
Sectional area (cm2) Moment of inertia (cm4)

Aw A t, h

Member supporting 
ajib

400 400 800 1394X103 8.833X10*

Jib

1

9,856 3360 1322X10 5.100XI05

2394X107

2, 4,995 X107

3 8347 XIO7

4 1305X107

Note: For wire ropes supporting a jib EA=162,000kgCrcral

/= 2.41Hz

Fig. 13. Natural frequencies for the actual crane 
structure (1st mode, 2nd mode)
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Fig. 14(a) Comparison of wave response for the 
model of barge hull body between the 
crane structure as a rigid model and the 
one as an elastic model (!P"=0°)
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° : with elastic crane structure 
• : with rigid crane structure
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Fig. 14(b) Comparison of wave response for the 
model of barge hull body between the 
crane structure as a rigid model and the 
one as an elastic model ( W=30°)
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Fig. 14(c) Comparison of wave response for the 
model of barge hull body between the 
crane structure as a rigid model and the 
one as an elastic model (?F=60°)
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Fig. 15 Dynamic load acting upon lifting ropes.
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A Consideration on the Dynamic Behavior and the Structural Design of Large Scale Floating Structure 
----- 2nd Report: Stability of Elastic Structure and Design of Elastic Response-----

by Hideyuki Suzuki, Member Koichiro Yoshida, Member

Summary

This paper presents two topics related to the design of large floating structure. One is a proposal of 
a new type of large floating structure in which the dynamic response characteristics of the edge 
structure is modified from the other remaining uniform part. According to the understanding 
on the general response of the uniform large floating structure clarified in the previous report, the 
response of the edge structure becomes significant. This response will not be acceptable when the 
structure is used for runway of an airport from the view point of noraml function and structural 
strength. The dynamic response of the whole structure is improved by this modification.

Another topics is stability of the large floating structure considering elastic deformation of the 
structure. When some buildings and other structures are built on the floating structure, local elastic 
deformation must be considered. By using analytical solutions of continuous plate on elastic founda
tion, the deflection and inclination of the large floating structure under concentarted force and moment 
are calculated.
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Continuous Plata on Elastic Foundation

Concentrated Force

Normalized Horizontal Distance x/L 

Fig. 8 Deflection of Pontoon under Concentrated Force
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Hfi(Xir) ~ IIF2{X2L) 
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IIF2^X2r)‘- Hpi^Xai)

HFniXns)
®Fv(.Xil)

@D\(,Xw) — 0D2{x2l)

@F\(Xir) ~ 0F2{.X2l)
(Pd2(.X2r) @Dj{Z3l) 
0F2(x2r) — 0Fl(x3[.)

Al
a2
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Appendix C S4-itS,
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©mmm t l-c^© ± 5

K*3fL3.

Continuous Plate on Elastic Foundation

Concentrated Force 
or Moment

Concentrated Force 
— or Moment

Mirror Image

Fig. 9 Calculation models for local stability of large 
floating structure
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X^sin^ (C16)

bm—" 2
a/m

y. (1 — t/)jgn+(l+v)ffmrn
(3—2v— l'z)0m+2(l— V2)fiiym—(T— v)2Jm

(C17)

LfciSot, y b*5Sati-3Tn5tiECK»5
«£4fct -it • i
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Structural Response Analysis of Very Large Floating Structures in 
Waves Using One-Dimensional Finite Element Model

by Masahiko Fujikubo, Member Tetsuya Yao, Member 
i Hironori Oida

- - Summary

The stiffness equation of a beam finite element using the dynamic shape function of Bemoulli-Euler 
beam on an elastic foundation is derived and applied to the dynamic structural response analysis of 
pontoon-type very large floating structures in waves. The influence of virtual mass distribution, 
bending stiffness and the decay of amplitude of progressive waves on structural responses is discussed. 
It has been found that;

(1) The reduction of virtual mass of the end part of structures is an effective way to avoid 
resonance in waves for pontoon-type very large floating structures.

(2) The increase of bending stiffness is also effective to reduce structural responses.
(3) The quasi-static response at the weather-side end of the structure is reduced by a decase of 

amplitude of progressive waves, while passing the stucture, whereas the resonance response is hardly 
affected by it.
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Fig. 2 , Finite element modeling,
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Table 1’Model for analysis1 - 1

me (xio*kg/m) te tin)
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Appendix A V HJ V^X [B] $S£.£F [A]

Bn Bn Bit Bu

[B]= Bti B22 Btt Bu 
Bti Btt Btt Bti 
Bn Biz Bit Bu

(A-l)

<z=l+z"
6=1—f
Bn=p{-ae-pa,+be-tb‘+2i)lr 
Bit=(,be~pal—ae~pb‘+2i)/r 
Bit=p(,2ie~pt—aeipl+be~lpt)lr 
Bu=(2ie~p‘+beip‘—ae~lp‘)/r 
Bn=p{—aepal+bepbl+2i)/r 
Ba=(—bepa‘+aepb,—2i)/r 
Btt=p(.2iep‘+be,p‘—ae~ <p‘)/r 
Bti=(.—2iepI+aelp‘—be~ip‘)/r 
Bti=p{be~pal—aepbt+2i)lr 
Btt=(—be~pal—aetbl+2)/r 
Btt=p(bepl—ae~pl+2ie~lp‘)/r 
Bti=(—bepl—ae~p‘+2e~ipl)/r 
Bn=p(.bepa‘—ae~pb,+2i)lr 
Bn=z{bepal+ae~pbl—2)lr 
Ba=p{—aept+be~p!+2ieipl)lr 
Bu={aepl+be~pl—2eipl)lr 
r—p{b\epalJr e-pal)-a2(epb,+e-pb,)+8i} 

"A„ Kit Kit Ku

[K]=EI
K21 Ktz Ktt Kzi 
Kti Ktt Ktt Kti

(A-2)

.An Kit Kit Ku
CCT,

Kn=Kzt
=pb{a(ep°l-e-pa‘)-b(epb,-e-pb,)}ls 

Kit=Kn=—Kti— —Kit
=^{(eM'+e-p‘0-(ew',+e-pl'')}/s

Ktz=Ku
=p{b{epal-e-pal)-a{epbl-e-pb,))ls 

Ku—Ku
= -2 P3{i(ept-e-p,)+(eip‘-e-ip‘)}/s 

Ktt—Ktz=—Ku= —An
= -2ip2{(ep‘+e-pl)-(eip‘+e-ip‘)}/s 

Kti=Kit
=2 P{i(ep,-e-pl)-{elp,-e-,p,))ls 

s=-i{{epa,+e-pa‘)+{epb,+e~pbl) -4}
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' (b-3)
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3$(B-1) 1) CftAf 3 k,
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3%— i ■? ES© 37l30
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Bayesian Reliability Analysis for Non-Periodic Inspection with-Estimation of
Uncertain Parameters

by Hiroshi Itagaki, Member, Masanobu Shinozuka
Hiroo Asada, Member, Seiichi Ito

Summary

The present study concentrates on the development of the Bayesian reliability analysis for estimating 
appropriate values of several uncertain parameters in probability distributions and generating appro
priate non-periodic structural inspection schedules using small sample data gathered during in-service 
inspections. A pressurized fuselage structure of trarisport-type aircraft with multiple fatigue-critical 
elements is accepted as a structural model in this analysis. This element is a multiple component of 
two-bay fail-safe structure, designed by the damage tolerance principle, which consists of three frames 
and a skin panel subjected to cyclic stress due to differential pressure. Fatigue cracks are initiated and 
propagated from a hole for a rivet to connect the skin panel to the center frame. Probabilistic factors 
considered in this model are fatigue crack initiation and propagation, failure rates before and after 
crack initiation, yield stress, fracture toughness, cyclic stress range and crack detection capability of 
detailed visual inspection. Uncertain parameters estimated from inspection data such as the number 
of detected cracks, crack sizes and whether or not failures were detected are a scale parameter in a 
probability density function of fatigue crack initiation and a parameter in a simplified fatigue crack 
propagation equation. Both parameters can not be a priori estimated because of the paucity-of 
pertinent data. Monte Carlo simulation techniques are utilized in order to generate a failure process 
in the structural element and to evaluate the validity of the proposed Bayesian reliability analysis.
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Table 1 Values of Parameters in Numerical Example

Item Values for 
true model

Bayesian analysis - -
‘ ; Range for

Model value estimation
■Service life (flights) 50,000.
•Minimum level of reliability ^design 0.8
•Total number of critical elements M 100, 200
•Parameters of TTCI in Eq.(l) - " -

2-parameter Weibull a 4 4
P (flights) 40,000
P* (flights) Unknown 17,000 to 66,000

•Rivet head radius %(in) 0.18 0.18
•Initial half crack length

for true model ao(in) 0.1 ,
•Initial half crack length , 1

for Bayesian analysis a0*(in) 6 , 0.22
•Minimum detectable crack length 0.04
•Effective width (In) Skin Ws 40

. Frame -WF1 .14 _______
WP2 2

•Maximum allowable" crack length
3max=W/2 (in) Skin 3$,max 20 20

Frame aFl,max 7
aF2.max 1

2024-T3 7075-76
■ : (Skin:S) ‘ z (FramerF)
i Yield stress Sy(ksi)

2-parameter Weibull °tsy 19 19
Psy(ksl) 49 70

•Fracture toughness Kc(ksiVin) . ___ ' ____
2-parameter Weibull aKc 12 . 12

pKc(ksWin) 140 65
•Fatigue crack propagation

inEqs.(2) fr (3) b 3.8 3.4
Normal Fz -9.5 -9.0

, o7 0.154 0.154 _
in Eq.(5) b '■ 4.0

z Unknown -4.1 to -2.7
•Cyclic shress range

in Eqs.(2) fr (3) As(ksi)
Normal His (ksl) 18

oAs (ksi) 0.9
•Parameters of POD in Eq.(7) e 1.4

d (in) 1.2, 1.4, 1.6, 1.8
•Parameters of failure rate in Eq.(ll) r -18

inEq.(13) tt| 5.5
Pt (flights) 37,000 '

Note; 1 ksl=6.895 MPa, 1 in=2.54 cm, 1 ksNin=1.099 MPa'Jm

cm [=20 inches] E*50 ESi^fiTi,m%'#315111©$
oawmge %=0.154 EQ< ©T,

2{%t
95POD OSytSEti £=1.4,&/J^IWfilS 
Sl$ mm[=0.04 inches] kfi$§, RJSSEtconT 
li POD &&&K, d--=(30.5,35.6,40.6,45.7)
mm[=(1.2,1.4,1.6,1.8) inches] fflfiS16’171 ICO
§ o

Figs. 5 &6 Kmto 0f©RH%gE^W-C*mL7:
Jg^S^OE-C* D, X Efl L7:#A ($ y

5 a I/-3/ g
K@@&) $A#Sm#H(15), (1
<D^oimmLtzm^^±rmm.-^mt?><D-c, mm 
mu i eh5„ f©%, msimmc^xmmmimr u

i?desim=0.8 KjoUt^O^lEt-fToTVi^o C©#H#g*
KUtiuf,
irefTtoivC* D, CttSS 

9 k#x.&7l3. toiiaSfeE^’lix., POD © 
W ©m#8<»&) tixlf, 

iljt-r57c©C&SlBlEtiitlroW ^SmiEliS< %SC 
k^/A&. C © j:?3C
kKiD, ZtiZZ®
mf 3^k*:?#s©-r,
<*Cki!T§30 ^Ut'-5'3>gS^®fclT, 
%mL7k&%#g©EK^»^6©©#)gmmKJtRL 
-mtE-r 5 fli)i®siti©E*5#s Ky>& <, ?mgg@E©m 

o k#iw
STl^c

c©^ % a. i/-y a 3 @^sm©u?m
Figs. 7& 8 C^-r0 C7LlcJ:7UfIM
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Fig. 5 Inspection Schedule and Structural Reliability 
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Modal value—» 
(P-M.ZM)

= (45.000, -3.8)

2) M=100 and d=1.4 inches

Modal value ——
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Modal value 
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4) M=I00 and d=1.8 inches

Modal value ' -» 
( P*M, ZM)

a (41,500, -3.8)

3) M=100 and d=1.6 inches

Fig. 7 Posterior Joint Probability Density Functions at Third Inspection 
(M=100 and Uncertain Parameters: yS* and z)
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3) M-200 and d=1.6 inches

Fig. 8 Posterior Joint Probability Density Functions at Third Inspection 
(M=200 and Uncertain Parameters: /S* and z)
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Ultimate Strength Analysis of Thin Plated Structures Using Eigen-functions 
(The 3rd Report) Application to Reliability Analysis

by Yukio Ueda, Member Koji Masaoka, Member 
Hiroo Okada, Member

Summary

Thin walled structures such as ships and offshore structures are composed of many stiffened plate 
panels. To analyze these structures efficiently, “Idealized Structural Unit Method (ISUM)” was 
proposed by one of the authors. In the previous reports, eigen - function for large deflection and 
sectional yield conditions at each integration points for plasticity were introduced to calculate a plate 
panel, which exhibits complex behavior especially among some ISUM elements. This method can 
efficiently and accurately analyze the behavior of rectangular plates with initial imperfection such as 
initial deflection and welding residual stress.

Recently researches on structural reliability of ships and offshore structures are actively performed 
such as reliability design of ship structure, quantifying randomness and uncertainties on response and 
strength of ship structure, and reliability design assessment of offshore structure. Reliability evaluation 
of structures is important.

In this study reliability analysis of the ultimate strength of ship structural models is performed using 
this developed element and method. Firstly it is shown that the developed element can be applied very 
efficiently to ultimate strength analysis in contrast with finite element method. Secondly reliability 
evaluation for ultimate strength of structural models is performed using the present method of ultimate 
strength analysis. Local failure modes of the models change as the load increases until ultimate 
strength state. Numerical analysis such as the present method is only possible to analyze the complex 
behavior. Since analysis of the reliability of ultimate strength needs analysis of ultimate strength 
repeatedly, finite element method isn’t an effective method to use for reliability analysis of thin walled 
structures. This method is very effective not only for the analysis of ultimate strength but also for 
problems of reliability evaluation.
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Fig. 2 Calculated models

Fig. 3 Model MST

Table 1 Material properties of the_steels _

1 ([mm] cry- [kgf/mm2] £ [kgf/mm2] V

1 3.05 29.3 21100 0.277
4.35 26.9 21200 0.281

A — — -- — O

B D
(b)

Fig. 4 Displacements of hull girder subjected to 
bending moment and shear
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Present Study
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Fig. 6 Relation between ‘curvatures and bending
moments of MST model

- MDT
Upper Bound -

____ H°gging Experiment-
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Experiment

Present Study
without residual stress 
with residual stress

Fig. 7 Relation between curvatures and bending 
moments of MDT model

Table 2 Stiffness and strength of each model

Model £/[ton-m] A/y [ton-m] My[ton-m] (Exp.)
MST-4 2.665 x 107 107.0 94.5
MST-3 1.860 X 107 81.7 57.5

60.0
MDT Sagging

Hogging
2.178 X 107 95.8 60.5

85.5
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Table 3 Ultimate strength when the structure is sub
jected to bending moment and shear force

My [ton-m] My[ton-mJ Fy[ton]Io
II

t, 107.0 99.2 0
F = M/2Z[ton] 99.05 95.6 66.4
F = M/Z, [ton] 79.45 78.4 108.9

\ c
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F = M/2L

F = M/L

Solution I 
Solution II

Fig. 8 Relationship between shear forces and bending 
moments at ultimate strength (L=720 [mm])

Fig. 9 Assumed probability distribution of yield stress 
Or (Weibull distribution)
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Fig. 11 Bilinear interpolation of ultimate strength Mu 
under yield stress Gy and initial deflection Wo
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Fig. 12 Ultimate strength subjected to pure bending 
moment against yield stress Gy

Fig. 13 Ultimate strength subjected to pure bending 
moment against initial deflection mft
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... Normal distribution
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A = 82.35 
ft = 16.34-
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Fig. 14 Probability density and probability distribu
tion function of ultimate strength of MST-4 
under bending moment -and shearing force 
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Table 4 Reliability of ultimate longitudinal strength 
| (AFOSM method, L=720 [mm])

aY
[kgf/mm2]

wl/t M*
[ton-m]

0 *1 a3 | 03

Case 1 18.3 0.259 72.1 4.67 -0.860 0.127 0.494
Case 2 18.4 0.264 72.2 4.63 -0.851 0.138, 0.508
Case 3 19.1 0.255 71.8 4.29 -0.841 0.127 0.525
Case 4 23.0 - 0.212- -67.8 - 2.23 -0.815 0.052 0.577
Case 1 : F = 0[ton] without ‘residual stress’
Case 2 : F = 0[ton] with residual stress 

, Case 3 :. F = M/2Zr[ton] with residual stress
Case 4 : F = Af/jC[ton) with residual stress
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Summary

In this study, an equivalent CTOD concept was proposed on the basis of the local approach. This 
concept was bom to consider the transferability of 3-point bend CTOD results to fracture performance, 
evaluation of structural components. The equivalent CTOD was defined as the CTOD at which the 3 
-point bend specimen and the structural component provide the compatible Weibull stress. The 
fracture performance of a wide plate with a surface notch predicted by the equivalent CTOD concept 
was consistent with the experimental result. On the other hand, the analysis based on the conventional 
CTOD concept gave very conservative estimation of the fracture performance of the wide plate.

A new procedure for fracture toughness requirement was presented based on the equivalent CTOD 
concept. It was pointed out that the equivalent bend CTOD Sip to meet the required deformability of 
the wide plate was much smaller than the required CTOD d£p for the wide plate. The equivalent CTOD 
concept was effective to quantify the strength mis-match effect between the base and weld metals on 
the required fracture toughness of the weld metals. The required weld metal CTOD S&p for the wide 
plate increased with decreasing the yield strength mis-match ratio OyIoy between the base and weld 
metals. By contrast, the required bend CTOD 8$p of the weld metal was not always affected very much 
by the mis-match condition in welds.
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^ 1 Notch

M£nd rtj vgeplate.^Z^.

'Crack tip stress fields,
(3D-FEM) /

Crack tip stress fields, 
(3D-FEM) /

! (ejcr: Critical overall 
• / strain predicted

8cr; Critical CTOD 
y measured in 
' 3P-bend test

CTOD, 8 Overall strain, £„ '

Weibull parameter: m

(Jw-e^ relationship 
for wide plate

<% - § relationship 
for 3-point bend specimen

Fig. 2 Procedure for fracture performance evaluation of, structural 
component based on the equivalent CTOD concept
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'• Table 1 Mechanical properties of base metal and 

weld metals used , — —
ay--

(MPa)
'°T 

- (MPa)
OyW/ CFyB VW3 YR

(%)
RA
(%)

El.
(%)

vEfJ)
(at -5°C) Position

Base metal (X80) ' 572 - 694 -- -- * 82 67 "24 277 '
Middle

of
thickness

Weld
metal

Overmatch 621 691 1.09 1.00 90 73 28 . 87
Match 581 ' 670 1.02 0.97 87 75 25 58

Undermatch 505 601 0.88 0.86 84 75 27 90
oy : 0.2% proof stress, dT: Ultimate tensile strength
OyB,OyW: <jy of base metal and weld metal, orB,»rw: aTof base metal and weld metal
YRtOy/oy, RA: Reduction in area, El.: Elongation in G.L=50, Dia.=12.5 (BM), G.L=30, Dia.=12.5 (WM)

Strain gage
Fatigue
pre-crack
front

, Machine 
, f notch 

, front2W=400 2o=100

Geometry of 
surface notch

(a) Wide plate

Root notch

W=t=25

g/W = 0.5

(b) 3-point bend specimen

Fig. 3 Configuration of specimens with a notch in weld 
metal used in experiment i ,

6 100 mm (Fig. 3 #M) ©Si
55®KU-f b-Tthaj Life.
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Fig. 4 Deformation behavior of wide plates with 
surface notch in weld metal ,

X80 steel welds
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Fig. 5 Three-point bend CTOD results for undermat
ched, matched and overmatched weld metals
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Table 2 Weibull parameters m and au for undermat
ched, matched and overmatched weld metals

Shape parameter 
m

Scale parameter 
o„ (MPa)

Undermatch 38.3 1591
Match 27.6 1683

Overmatch 33,1 1828

3P bend specimen Wide plate 
I I I Noli

ItH.

□
aw - 8 relation obtained

I I
crw - £„ relation obtained 
by 3D FE-analysis

Overall 
^strain, £„

Range of critical CTOD 
measured in SP-bend test

Range of critical overall 
strain predicted

Fig, l4 Procedure to predict critical overall strain 
i (eJ)cr of wide plate from 3-point bend CTOD 
' results based on the equivalent CTOD concept
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Fig. 15 Comparison of critical overall strains (£=,)<*■ of 
wide plate predicted by the equivalent CTOD 
concept and the conventional CTOD concept

Fig. 16 Procedure for determining required fracture 
toughness based on the equivalent CTOD con
cept
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Table 3 Assumed Crack size in welded joint used for 
FE-analysis

Plate
thickness t

Crack 
length 2a

Crack 
depth b

Equivalent 
crack size 2a

t = 25 41 = 100 6 19
t = 12 10t = 120 6 36

B=25/7

/I
a=i2.5j J

W=t=25

8=12.

W=t=12

Fig. 17 3-point bend specimens used for 3D 
FE-analysis
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Fig. 18 Influence of strength mis-matching between 
base and weld metals on required CTOD Sip 
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Fracture Mechanical Modeling of Brittle Crack Propagation and Arrest of Steel (3)

------Application to Duplex-Type Test-----

by Shuji Aihara, Member, Susumu Machida, Member,-
Hitoshi Yoshinari, Member Yutaka Tsuchida

Summary I
i

Dynamic crack-growth model, which is based on the crack-tip local fracture stress criterion and | 
takes account of the effect of unbroken side-ligaments near the plate surfaces and crack-bowing inside j 
the plate, is extended for simulating crack-growth and arrest behavior in the duplex-type test. 
Different local fracture stresses for starter and arrester plate are assumed. Depending on the applied 
stress and temperature of the arrester plate, a crack continues to propagate or arrests in the arrester 
plate. Discrepancy of arrest toughness which was ^observed between temperature gradient-type and 
duplex-type tests is reproduced by the present model and its reason is explained by the different 
thickness and length of the unbroken side-ligament between the two types of the tests.
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brittle fracture 
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Fig. 2 Schematic illustration of crack growth near the 
1 starter and arrester plate interface.

Fig. 1 Configuration of duplex-type specimen.
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##&*mTg3.

3. If S $S $

3.1 M-**mkT3^#©#mkM-##m= 
^3®-a$°t$, x©=m9i@RKEK^T

ism e ± ^ a k@mm
©R»&j:e$-ryx b##©#*

£ £ Ttt e©@g#mm© y $ a y- y a,y %
fr5o Table 9?Fg©iS@iTtttot
Skgmstm?e-Am#T#es:h,T#9, sm©
iSitt^Smm k#<, $*:, rmWdUZ-tJOi&m^ML

Table 1 Size of duplex-type specimen.

w 500 mm
Ws 230 mm
B 20 mm

TP$tfcfufi ttifito y'OV'Dfotl XMM LT
v>3. Sfflfcto, ^®©SS(ijtS?to^»V) 6 © kSx. 3 
r k»5TS3o

Fig. 3 E, i5SAlB5SliSi|-e{# 6 iifciSliS (steel E)
© a*, ©mg{K#ekaa@K»©K#"
3 3T, fS*S£A®fC A W3m(@©9*#Lfc tan
gent &^&m^T&3. @amKRK&nT agms©@ 
Sti-KTC triStSft*oiSESigSiiTF Ac* tt*$&» 
vi©t, gmiemmmLtBrn^-Eo^THgmm&
gEg&ALA (c= M^) #A© A &$to, 3ii£ A„©± 
iklft. £fc, 7VX b L&KB#-KowTB38Q©7 
yx b g#RS (S@4"b@T©eS CA) tmwT A 
t), £ti* Kca ©TiSk L^„ jag<fejlMPHT»-10°C 
tfjfi©r-7 BfSlftV'i5, Rm#©f-7 t##T3 
ktg^M^Og® • 7 yx b ©##^ 6#gS it3 Kca 
©«p#BJSa>Ki^Wi£^bTi:>3o Table 2C, ilfig

steel E (experiment)

• Temp. Gradient 
Duplex (Propagated) 

** Duplex (Arrested)
m 50.

3.3 3.4 3.5 3.6 3.7 3.8 3.9
1000/T, [1/K]

i
Fig. 3 Comparison of arrest toughness obtained from 

" ' temperature gradient-type and duplex-type 
tests (experiment)6’. 1

Table 2 Experimental and analytical results of duplex 
-type double tension test.

Temp, of Arrester om> cA(arrestXexp.) cA(airest) (cal.)
fdeg.Cl fMPal (kgfZmm) (mm) * imm) **

156.8 (16.0) propagate propagate
137.2 (14.0) propagate propagate

-10 (Tl) 117.6 (12.0) 266 propagate
107.8 (11.0) - propagate
98.0 (10.0) - 240 258
176.4 (18.0) - propagate
156.8 (16.0) - propagate#
147.0 (15.0) - propagate#

0 (T2) 137.2 (14.0) - 272 #
117.6 (12.0) - 248
107.8 (11.0) - 235
98.0 (10.0) - 228

215.6 (22.0) - propagate
10 (T3) 205.8 (21.0) - propagate

196.0 (20.0) - 285
176.4 (18.0) - 263

* ref. 6), ** steel Al/steel E, # steel Al/steel E & steel A2/stee! E
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wmxDmgi&i* • BS£mB©gtm§$ tm^x^-To 
Table 3 C, CCT,

steel A1 to it/ steel A 2 tiSb^KS:, steel E tiiMSitSS:
steel Alt steel E T&

s. cAm»3*, c^-r
ttfo]-@iS§{E$Lfc0 £fc, ^ ©#(&##'K^LTtt 
# 0, ffimfco&igzjMBmMmz ts v> t o~5°c#ia©7 
t/x Hssctoti'trt/x, h § fflitmsA^sKe t
BK-3W3 j:^IQSAVt t ©T*&. ZtiboM&m* 
3C tKi Dthff"C*$ 5 Kca tmm<DKca **ABKa 
SiST‘i$l?-gtT5 C t imm^fixu 52)o $ %, steel 
A2 B#&g©B%&#S%E4gT@^A#^07i/X h

5t£ib©t) ©‘CS5oFig.4 CiESUtt Of ©
rMT&'Svio - ■ 1 . ;

/ Fig. 5 tysgmr&d^o ±m ( td ii±iBHE6>
@#K©mgK-io"CT$%. a#

T2 t T3 ©SSS-Stt n ZZtl^tb llFC, 20°CA#
tociSzSt ixr, R@^©ma$ o°c t io°c t lt c©
mmic&w-cm@43amtmRmRR©#Hi&R:j:6jtK%

Fig.7Emmytf/vutissmmt&fr mm-c 
¥®Lfcm <Dfrfr&zii-o V^xy bPSC^fS-fS^
{bA#6fL/:o

Fig. 5: Assumed temperature distribution.
- " . I

Fig. 4 Assumed distribution of local fracture stress. Fig. 7 Calculated cohesive stress distribution.
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Duplex (steel A1/steel E): T1 
<Japp =156.8MPa 

solid line : calculation 
horizontal lines: experiment

CRACK-TIP LOCATION, =A [mm]

(a) Oapp=156.8 MPa,

1200 

1000 

800

600 

400 

200

0
100 200 300 400 500

CRACK-TIP LOCATION, cA [mm]

(b) =117.6 MPa,

1200 

1000 

800

600 

400 

200 

0
100 200 300 400 500

CRACK-TIP LOCATION, cA [mm]

(C) capp=98.0 MPa

Fig. 8 Comparison between experimental and calcu
lated history of crack velocity, duplex-type 
(steel A 1/steel E), Tl.

Fig.8-(a)~(c)E, IsJ-j£{tTlTo&Bt#Ei

§titzmwr-? zwmrnor<mmztq

100 mm$Ii5tfil

73 ffapp=156.8 MPa T*
seSiSS E IS k A, h*E-fb IS % < SSHM* &IT@7 3. 
(W=117.6 MPa TBSORgESSA## 30 mm ©f4 W.

^©mMSLTIHiEHSo (Tapp=98.0 
MPa TISBmg E3SA# § #! IS%m &K B T ©=258 
mmt7PA h73, (Tapp=117.6 MPa -CISsf-£Ek|8E-C 
15if • 7^x h ©#mE?-mA%3 6 ©©,
SlSSSiS® EggA^ 40 mm 56 < IT *? 9,

ttz, mm

w3*t, csusmm#© dr i&g£jlS®8£l£
©y 5 3.1/-S/B y-ct) Tfca ©m-##^m#j: 9
k»?TV)3&&k#a.6fi3. (%E@#) ©
EEb-’PS 6 E ismm V/c (Tf ©ff/E» if&mrSftLlfrra
kH^ISm^Kto-ScUTViS k»%C k4$rs 3.

Fig. 9 e, mE©zss»? o°c( T2) ©#e© s-mmmm 
es-yyxh©e% ©p, is

156.8MPa k137.2 MPa ©KK^So 7^ hSli©e 
gag IS 350-400 m/s T*9, SScto EOS XMETT 3 
©r-is&t^isM$s2) ©mm t !%#?&%. m# ©ppJ-xt 
-c IS ©p, ®{6T k k e r y X h s ss s < * d , 
(Tapp=98.0MPa -CIS@SISBR#E±< 3SA7 3 C k» 
<7VX h73<, »#, C©]gyiW<A/TIS#IS ©>200 
mmOMElSf.fi, £fiJ-MT© #§ T*ISfS*i£AiT;

OES3 £ k IST§»V>o 
$fc, Oapp & 156.8 MPa k 137.2 MPa ©m^TISS/m® 
©W&@f@*S: (steel A 2)

dotted line: steel A2/steel E 
solid line : steel A1/steel E

( )TTapp[MPa]
-S' 1000

■9 •steel A2/steel E

X156.S)
[137.2VptMl At/steal E 
6) and steal A2/steel E

CRACK-TIP LOCATION, cA [mm]

Fig. 9 Calculated history of crack velocity, 
duplex-type (steel A 1/steel E), T2.
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:lex (steel A1/steel E): T1 
aapp =117.6MPa 

solid line : calculation 
horizontal lines: experiment

-X

Duplex (steel A1/steel E): T1
CJgpp =98.0MPa

solid line : calculation
horizontal lines: experiment
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mu gmm; steeiAi
E *> » 5 ej$$S fctiS < *S*s, 

KREE%ALt%©em#KiE &ggAE®&!&§ Sgfkkt 
€$• 71/x

Table 2 E, 7^T©ffm§%£$ k»T5hh0 Fig. 10 
E, &. ©ESfloEti ttmM-WE® ©
^Si$%Ssnrvi%^0T, ccr H#Rg©fSA&*:
#&©A (Bto) ES^JEEy;E©ESttS*
69EbuS2’ OSSklHlU-CSS*?, MEfS#®=£«-&it

steel E (calculation)

#200.

• Temp. Gradient (I) 
Duplex: steel A1/steel E 

f° ■’ Duplex: steel A2/steel E
open: Propagated 
solid: Arrested

Fig. 10 Comparison of arrest toughness obtained from 
temperature gradient-type and duplex-type 
tests, calculation.

^Lfcc @1&#KR?W:7EX h Lfc6©EOV>-Cl;J:7E
X h S gifts : Cx), gJSUrtr 6®Eov>
-C ttjSliKE^Xmi SJEtSES^EvNE^ UftBf i®

ca ES&)I2S!1£I$© Kca mW) Eit
^TmRmKR®em- 7yx i ©%^6$$ 5 iu ($$
S) ®l$5»?Ev>k k»?fc*5o $*:, ^©miiSESk*
$£*LTVi50 C©ZpWt
®®, Fig. 3 E^c%#mmmk %-m75.

A.

4. # 1 m

4.1 ;MEI51£©7 EX hk?SEigEEI5i^ 
k©itS<-------  ------

±E®#M#&B&e,, Sg^ESKKk k i> CUl&msZ, 
#Eon-C6$t7;i/Ej: 9 g^OSiS • 7EX h##$ 
ySa.v-bT#3Ck*i%(,^k»^to S&E, 
fE* kigiftS tL5f6*i£*{f;E5®S±
®m@kl/T7l/X l'##(&.) &&{^k-#-3k, Fig. 
3 EStUfc J: 3 ESMiST&^ftoTLS 3a@l 
(fcfc'U #%E® 1:5 E, 7i/X b®$SiE<t 9 kO^zfflli 

$^T;v7tiE—toEEBST-g 60 sst-ii,
• 7 ex b#m,

lt± Kca ICM&&. csafi 5 „
Fig. 11 E, MRKma*!0°C(T2) ©fg^-EOETgia 

**R#gE35A-73##©@S!BR&#-7. §S»?7ex

176.4

156.8

137.2

117.6 

CTapp [MPa]

r“
/

! 1 !) > ) n
200 220 240 260 280 [mm]

r )- ! D).12 VI
J

200 220 r 240 260
unbroken side-ligament

280 [mm]

) ' \
‘ J

) Eu:
. unbroken region

200 1220 240 260 280 [mm]

) \
J

s
1

200 220 240 260 280 [mm]

propagated

propagated

Fig. 11 Calculated crack growth characteristics near 
the starter and arrester plate interface, duplex 
-type specimen (steel Al/steel E), T2.

arrested '

arrested
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h 147 yx h UA^©$EK V *V y HE'S
MDo^-e^bfc. eiS • r y x h (w ©st©
ffnpp=137.2MPa-Ctt, M/30 mm
e#L&%K7yX hl/C#D, 5{i®®r© V **X y b Sr 30 
mm#<9|8f?TW&. *fc, »!)WyK0« 
gptttoSEtgs@®©ig#gpcws^ry-s, <w*?34l 
4 0 fS^%ei: tt^EF'ggPr-tt § • g#
L7W3*:, 5g®ifi(S?TttBhAmS?®T'Ej$LT536 
7, v y h t%##T7 yx b 
t&U7W3. ia^»U-rv>*^*J, (7„Pp=98.0 MPa 714

:t*<ryxh
&AU7W3, I-jT, #&#N#©#^EI47 yx P & 
£D3#?SkLT, AWA< » 3 E%^) 7, (i )M> 
tmgp • amma 11) 3ck»<
7 y X h 7 3, (ii) EEFSggt4#l£Et;:2SA7 3 »>*, 3i@ 
ti-)5tiBb^EC@$o*:$77yx h73, (iiOSlElft 
0-%@##ktKR#EK:3SALT7yx P73, 45 
E%fb73. £ © 4 5 *7 yX h ©#@^b(4%3|E© /Go 
&^®k73Xy-f 7'/7yettiftH^T'SFig. 10 R 
^LfciSiSE^tOH-^SCfc’ViT, 7yx h L7-7d 
y /T 5?i^J±il4(iii)©=K®7*7yX h U
7W3©7, e#» 7yX h Og#k L7$& 3 /G, 
%L7U3©l4(iii)©%^7&3kwK.3, ScScL, 
©il/$SmK:43lS3¥!l$©4 5 K$±fflJ©W«k VT 
(i )4341f(ii)©3.&##E©7yx h k%074tlS, @ 
]JE£jEM k MfMmm&W Kca 14 IS IS-&7 3 4 k % o IS 
ft]>L743<, itEkl/t, Fig. 12 C, iSS^)ESmK$?
uT0°c#^r##!^7yx h u*#&©@@!#Rtat
to %Wt3&^E@a**@TL7w3 Sc &c*E®r 
'/tfxy h©JSS»?lg^L, U'Wjhi®!)«yH 
dfc®/$EOS^j:D@v>0

Fig. 13-(a)~(d)K, Fig. 11 K=3#B73&f|=K43lS3 
jE7$A7dMIS©gE-fb£517, 3=7, /G, !4jl>tS©fi§i&ftE 
-jji&xim (ff»ppv/(/To)), /g„ ism*4s©#KfSSiis±# 
R (/*[ %]/G,), /Go l4*E®r V Wyi'ClSIlPiM 
zSUScSiMAftydm /Gm, l4EIP7<L'gP(A) ©S&fiftE
a#*##?, $mry^/yhk@gim#BR©^@**
#ZSS4l7V>3, 3/t6©re*l£7:ff:^ttHU^2) k[s]-ffl

j: oemuA. /g» 11>
mn73./G. is#&E-K:#Em#sPTemmmA^mm 
WK11T73 3 k 3 A3, lift]
(liftis & kUS-CSSo 34LC#L7 /Go I48S*SW& 
EE0§A73 kmmE@T&%»3. 34LI4KREE3SA 
73k$g#y**yyb*w<&y, @gima©B#A# 
#k»3/k67$3, <;««,*%<, ##^e#nm73% 
-&EI4 /Go I2g/NS£51L7-E, lifting C3./Go@/J'A 
I45fy$®r y y bSS»$ESk & 3B#£ (#%SPI4mm
E - RKE%^@K#@) E-&73. 30#A7g#m 
gt@d'k»3, fel\££i®f 3 k^EE1/7X y,F#% 
gp ttij^as/p 6#/L7##e#k k & c%#mm&##7 
3. /Gm, &|5|#»^b&#7. (W *%^#eicl4#^ 
@#EK2@A#/Go, /Gm, k 6 C#m^7L, 7yxH; 
S3,

Fig. 14 c, Jtt£k uriss^ESmorEftis^E© 
gEib&ai7.7^7© A *#K*K%ib73©l4^^T& 

3 % W^H#K^IS 3 EIF^ffST© Fig. 13- (c) k 
i±#73 k, ?yx MS© Kin k /Go ©gA:/J\@ < ftot

3 ©*:#%?$ 3, 3iul4 Fig. 12 ttiSU/5: J: 5 C, S@ 
^jE»i#S7 3 ft:» C7 y X h RlWcEFr'/ A*X y > ©@ 
S kSd»?/>5 <, @#HO©%*Ai#Wk&'Ct3.

Fig. 11-14 K 43 IS 3 ZSS40EE k WmR#©j&R& 
4 5 IC, Fig. 10 C43lS5W^C43lS3 Kca © 

mi4, tEESt y 4T7 y P C 4 3 @#!Ka©%mA%#©R 
mft-©ISy ^# t/^/k37&3 k^#7#3, r© 
<45 &SH4iSS4gE©EK:iEB73 b ©TS 9, 
^Cd3lS3®tt©^®SEl4EE©®@7l±*vv EH7114
mmt-i x<D&£tiffims&m tmmom>fmwkK.&is
3 Kca ©B&R#a#8TB&98LTW3. Fig. 13-(c)k 
Fig. 14©jtK*73t%3^»45K, 7yxHH©/Go k 
/Go !4ji#tmT##?T43 9, $®EC:ll^0iMT7
yx y$m.*8t-mmwt?> c k i4r#7, *efv # 
7 y P ©&^R0Z©S&#a73 C k K4 -jxtntbxmm 
r@3.

#m#mE^3g(^EEg§A73#%&$ 3K#mc 
##73, Fig. 15-(a), (b)C, #4, S$EE©iSS*? 
-ICC k 0°C ®#A© /Gm, (Omt* Kd k#77317,

unbroken side-ligament unbroken region

320 [mm]

Fig. 12 Calculated crack growth characteristics, tem
perature gradient-type, arrest temperature: 
0°C, <W=105.8 MPa.
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Duplex (steel A1/steel E): T2 
CTapp =176.4MPa ,£175

z 75

-200 300
CRACK-TIP LOCATION, cA [mm] 
(a) Oapp=176.4 MPa,

Duplex (steel A1/steel E): T2 
aapp =137.2M Pa5175

.. Ksn >

“ 75

z 50

uj 25

200

CRACK-TIP LOCATION, cA [mm] 
(c ) oapp=l'il2 MPa,

Duplex (steel A1/steel E): T2 
°app =156.8MPa I

z 75

200 . 300 ! 400
CRACK-TIP LOCATION, cA [mm]

Duplex (steel Al/steel E): T2 
°app =117.6MPa I

z 75
:d(A) 1

100 200 300 400
CRACK-TIP LOCATION, cA [mm]

(b) =156.8 MPa, ' " (d) ^=117.6 MPa.

Fig. 13 Calculated, stress intensity factors, duplex-type (steel Al/steel E), T2.

•=•200
Temperature Gradient: steel E 
CTapp =105.8MPa5=175 :

z 75

CRACK-TIP LOCATION, [mm] ,

Fig. 14 Calculated stress intensity factors, temperature 
gradient-type, arrest temperature: 0°C, oapp= 
105.8 MPa.
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An Evaluation Method for Ductile Crack Propagation in Pre-strained Plates

by Yukio Ueda, Member, Hidekazu Murakawa, Member 
Masayuki Tanigawa, Member

Summary

In! crack propagation analyses of ship side outer platings subjected to collision load, effect of pre- 
strain on crack propagation "behavior should be clarified because not a few plastic deformation is 
usually generated on outer platings before crack initiation. And crack propagation simulation methods 
using a coarse mesh FEM model would be required in ship collision analysis owing to a huge numerical 
simulation model.

In this paper, pre-strain effect on crack propagation behavior was investigated with tensile tests of 
center notched plates whose pre-strains were 0.0, 0.15 and 0.3. In the experiment crack tip opening 
angles measured from grid line deformation drawn on the specimens were obtained for each pre-strain 
level and were verified to be a useful parameter for crack propagation simulation by performing FEM 
analyses of the experiment. Then a practical FEM simulation method for crack propagation, which 
includes the finite element size effect, was proposed.
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Fig. 1 ld#?B#T, @§ 4.5mm ffl SS 400' 
@0g#-e$6o (@200 mm ,X V !%i

«l®«, 6S 20mm, # 
2 mm, &^7-;k£ 1mm fc.Lfc„ 
EBISJI3©f®Sll-ItSfc«) Fig.2 K^7<t 5 K,
4 mm ;; , i

2.2 , , , , , .
300 tonf (0 7 A X 9 -a91B 9 U

©o-f ***±u % mT9IKD yj^s sin
IU SSES^ESffofc,
% 9 Wfc&SItgSS 50,mm ©Wlf-E <£ 7 TfHI L 
ic<> %#(£ Table 1 (ES715.E, ?U-/f A-,0.0mm/mm 
(SE-2), 0.15 mm/mm (SE-3) &<£1/0.30 mm/mm (SE 
-4) <DHR#KO*T%#L%o ##©/r»e/^S 
SinTU^^HR#: (SE-1) ©9|g%#WR

20

T
Detail of notch

Fig. 1 Crack propagation test specimen (SE)

tl, Photo. 1, Photo. 2, Photo. 3 C/jr^o 
-: SE-2 TH, < ESU 4>
*S15©pn^ti»$ 4mmgll7^ tz #A T* § gW#A
vti, t©%#Ak

Table 1 Test specimens

Specimen No. Prestrain Shape

SE-1 0.0 mm/mm Flat

SE-2 0.0 mmAnm Notch

SE-3 0.15 mm/mm Notch

SE^t OJOmm/mm Notch ' 1 '

Photo. 1 Crack propagation (SE-2: Pre-strain=0.0)

Fig. 2 Grid line drawn arround notch Photo. 3 Crack propagation (SE-4: Pre-strain=0.30)
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/J\*nC k&6#|4©^@BA©IR#3@< EmLTUftk

Displacement (mm)

Fig. 3 Load-displacement curve

Grid line

Crack — CTOA1""1*

Fig. 4 Definition of crack tip opening angle CTOA’
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BmftWnft (CTOA) ©Effifttfi®BBE-CS3ft 

$>, ZglftmfcZ-fe&MMiVfz&mzjSVZWaft$•# 
x.3„ Fig.4 E^f i 5 E, #^@7-4
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6fL&© ^fc»#^©iniEH-(b
***§<, @@!e#E®RLftftAk#iil&fir3. 
jmecfc'0-5 CTOA' ©?13*»@kf 
Fig.6 E£i:$ft„ Hi 9 ¥U-f 0.15mm/mmgg
©#^, CTOA’ffltSTtivJ'SM*, 0.30 mm/
mm®< Eft3k±#E®Tf

3. S E»> SaU—>3

y £ ^ y-y a y¥mtzm^ztsmmffi&m±, ■ ##e
##@KE*^-3 y 5 3. y-yS £rfifci»r

oes-^ft-ssis-t
(Generation phase ##) Ei

c U^U iSfPtfrEi DUSSfL/dltt, ?f
btar»i

0.3

2 °-2

0 50 100
Half crack length (mm)

Fig. 5 Relation between crack tip opening angle 
CTOA’and half crack length

% 0.12

o> 0.08

c 0.04

Pre-strain (mm/mm)

Fig. 6 Relation between CTOA’ and pre-strain
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A. Table 2 &K*tT 5 CTOA’ ®S+jfiJM k
fem

3.2 ^t$©#S!f5S->5 zlu—>a >m/f
(i)

_ <7- lOOMPa
o-lOOMPa | | | I I I I
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y| yi

--------X- -
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J * J
a/2 “ ‘Theory- a/2 1 *FEM*

Fig. 7 Crack analysis model

-g 0.04

l
J 0.02
I

0

Fig. 9 Definition of CTOA’ in crack analysis model

—a. ^ Crack -

-0— FEM (Y=4mm) 
Theory (Y=4mm)

" ^

CTOAV2(FEM) p

4mm
CTOA'/2(Theory)

Distance from center of plate

E" 0.04; >- FEM (Y=4mm)
— "theory (Y=4mm) •
— Theory (Y=0mm) -

8 0.02 a = 80mm 
o=100MPa

Crack

Distance from center of plate (mm)

Fig. 8 Comparison of displacement arround crack tip 
between theory and FEM > - :

CTOA'(FEM)/CTOA'(Theory) -

CTOA'(Theory)_0.005

Half crack length (mm)

Fig. 10 Comparison of CTOA’between FEM and the
ory in elastic analysis of center notch plate
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mxX'o'fvMt, DYTRAN ^EfflV^o
(2) miasm

SE-2 ©%B@©M& Fig. 12 Kit. Photo. 1 kJtKL 
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KV 5 a V— h ZtlXUS £ k*Jfc^-5o

Table 2 Crack tip opening angle obtained from exper
iment and adjusted for FEM model

Pre-gram , ctoa (rad.)

(mm/mm) Experiment FEM

0.0 0.114 0.089

0.15 0.087 0.068

030 0.031 0.024

Yield stress: ay

(True stress: MPa)

Strain hardening coefficient

a,„. - CeL.

n C

333.0 0.2 " 6923

Fig. 11 Finite element model of crack propagation 
specimen

%K, igiESSS k WSL^Xm.(Om%£ » 5 „ :;t, 
SiEgEESSSSSk L, ##©%^g© 

HR#SE-2, SE-3, SE-4 EoviT 
esssK is o- & mf*sm k ^R@ k © 
JtES, ffifflFIg. 13, Fig. 14, Fig. 15 KarTo UTSE 
-3 E&HT$a©^|=l*%ibLA%©3gR*Sm, SSitf 
SE-4 K#V)T##©8R**HaL&&©#%RBmH#t) 
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&B&< k k#S^E&©Mf$©6)Et±j: < -
ScLTn-E. C k*5i)*»So &A, SE-3, SE-4 CoWT&g

- Experiment
- FEM

Pre-strain = 0.0

Load point displacement (mm)

Fig. 13 Relation between crack length and load point 
displacement in SE-2

- Experiment
- FEM

Pre-strain = 0.1 Smm/mm -

Load point displacement (mm)

Fig. 14 Relation between crack length and load point 
displacement in SE-3

•g 100
- Experiment
- FEM

Pre-strain - 0.30mm/mm -

Load point displacement (mm)

Table 3 Properties for approximated stress-strain 
curve

Fig. 12 Crack propagation analysis result for specimen 
. SE-2

' A

Fig. 15 Relation between crack length and load point 
displacement in SE-4
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Fig. 17 Effect of mesh size on CTOA’

Table 4 Crack tip opening angle CTOA’ obtained 
from fine mesh model whose mesh size is 0.81

Unit: radian

Base length for Pre-strain. Pre-strain Pre-strain

CTOA* evaluation O.DrrmVmm O.lSmnVmm 030mm/mm

0-8t(af) 0.089 0.068 0.024

2.040,) • 0.084 0.068 0.024

- 5.0t(5f) . 0.081 0.068 0.024

10.0t(Bf) 0.076 0.065 0.024
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Multiple Fatigue Cracks Propagating in 
a Stiffened Panel

by Yoichi Sumi*, Member; Zeljko Bozic**, Member,
Hisashi Iyama*, Yasumi Kawamura*, Member

Summary
Crack growth of a single crack or a periodical array of cracks initiated at the stiffeners in a stiffened 

panel has been investigated. Using stiffened panel specimens, fatigue crack propagation tests have been 
carried out with cyclic stress of constant amplitude and frequency. A procedure for simulation of crack 
propagation for multiple cracks was introduced. The stress intensity factors have been calculated by 
a FEM program. From experimental a-N data of flat plate specimens, the fatigue crack propaga
tion rate was obtained, and the Paris’ constants have been determined. By means of the material 
constants and the stress intensity factors, the fatigue crack growth has been simulated for all test 
specimens. The experiment and numerical simulation have shown that in case of a stiffened panel with 
three cracks, the crack growth rate is higher compared with a stiffened panel having a single crack, 
because in case of three cracks the net sectional area is reduced, and also the adjacent cracks interact 
with each other. For an actual deck of a ship structure, the ratios of crack growth lives for multiple 
site damage and a single crack damage have been investigated. In case of multiple site damage it is 
found that the crack propagation rate is several times-higher than the single site damage.

1. Introduction

In order to investigate propagation of a single crack 
or a periodical array of fatigue cracks in stiffened 
panels, fatigue tests with constant stress range have 
been carried out. A crack growth simulation procedure 
for multiple cracks was also introduced and crack 
growth lives for test specimens have been calculated. 
For crack growth simulation the material constants and 
stress intensity factors should be known. Stress inten
sity factors were calculated by a FEM program 
(ANSYS”) using shell elements, and a crack tip was 
meshed by singular elements. In order to determine 
Paris’ constants, flat plate specimens with a single 
crack and with three cracks have been tested. For a flat 
plate with a center crack or a periodical array of 
cracks, the stress intensity factor can be calculated 
analytically.

It is important to determine the crack growth life for 
multiple site damage cracks for damage tolerance 
design2*. In a deck structure of a ship, cracks may 
ipifiate by stress concentration due to geometrical
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- discontinuity. For instance a fatigue crack may initiate 
at the snipped end of the face plate of a deck: longitudi
nal. The crack propagates through the stiffener and it 
penetrates further into the deck plate. When cracks 
initiate at several stiffeners, the multiple site damage in 
a deck structure of a ship is created3’. Fatigue crack 
propagation in a deck structure is investigated by the 
numerical simulation, where the difference of the crack 
propagation life due to single and multiple site damages 
is demonstrated.

2. Experiments on Fatigue Crack Growth in a 
Stiffened Panel

Fatigue tests have been carried out for four speci
mens: a plate with a single crack (P-1), a plate with 
three cracks (P-3), a stiffened panel with a single crack 
(SP-1), and a stiffened panel with three cracks (SP-3), 
(see Fig. 1). Initial crack length was, 2<z=8mm, for all 
specimens. Fatigue test'conditions are listed in Table 1 
in which the cross sectional area of the intact section, the 
net cross sectional area, the average stress range away 
from the notch, and the net stress range are denoted by, 
An, Anet, /Job, and /JffM, respectively. The force range, 
and the stress ratio are denoted by AF=Fmax—Fmin, and 
R “Fmin/Fniax, respectively. A specimen was fixed by 
very rigid tab plates at both ends, and it was loaded by 
loading pins through pin holes. In Fig. 1 the uniform 
part of the specimens are illustrated. The average 
stress range was zfo>=80 MPa for all specimens. The 
loading frequencies were 5 Hz for specimens P-1, P-3,
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Fig. 1 Fatigue test-specimens and loading conditions

Tahit i, Fatigue, test specimens and, loading 
1 ,r>_> conditions u

—o— SP-1 (exp.) 
—O— SP-3C(exp.) 
—o—'SP-3R(=xp.) 
—»— SP-3L(exp.)

5X10" 2X10’
1,-.i. , , ,, - i . I N (cycles)

Fig. 2 1 Experimental a-N curves of test specimens; 
where P-3.C, P-3 R.P-3L; SP-3 C, SP-3 R, and 
SP-3 L represent the averaged half crack 
lengths of center crack, right side crack and left 
side crack, respectively1.........................

■ 1 " u P-1 i . P-3 ■ SP-1 , ,, 1 SP-3

A0 [mm2) 9601 1 960 ' 1200' 1200

Vjtmm2] 928 864 1088 864

A [MPa] 80 80 80 80

a»nct[MP!i] 82.76 88.89 88.23 111.1

AF |N] 1 - 76800' 76800 ' 96000 96000 1

R 0.0253 0.0253 ’ ' 0.0204 ' ' ' 0.0204 '

and SP-1, and 3 Hz for specimen SP-3, respectively."
Comparing specimens P-1 and P-3, specimen P-3 has 

wider cut area; so that net stress range is slightly 
higher. ' Comparing specimens P-1 arid SP-1, the'net 
stress range of specimen SP-1 is higher. In addition, the 
damaged stiffener increases stress concentration around 
the crack tip.. Considering specimen P?3 and SP-1, even 
though the net stress range is similar, the damaged 
stiffener induces additional stress concentration in spec
imen SP-i; Considering specimen SP-3, the damaged 
stiffeners cause similar stress concentration as in speci
men SP-1, with the highest net stress range.

1 The crack lengths were measured by brack'gages arid 
by a CCD camera. The relations between1 the crack 
length, a, ’and the number of cycles, N, are given in Fig. 
2, where the crack lengths are to be considered1 as 
averaged half crack'lengths. 'By means of experimental 
a-N data,' the crack growth rate, Aa/AN was calculated 
for specimens1 P-1 arid P-3.' The crack growth rate, 
Aa/AN, versus stress intensity range, AK, is given in 
Fig. 3. ' .-

1 Using Paris’'equation, ...... - •■ '■ '
" (D

the material constants are Obtained as C=1.98 TO 13 
and ot—4.15; where the units for AK and Aa/AN are

' o P-3 ' '

,Fig. 3 Fatigue crack propagation rates for specimens
, P-1 and P-3,;

[MPaV m J and [m], 'respectively, arid the material of 
specimens is mild‘steel. h -

3. Simulation of Fatigue Crack Propagation and 
t rDiscussions, , ,, , !

The crack propagation simulation procedure for 
1 multiple fatigue cracks is based on numerical integra
tion of the Paris’equatiori taking account of the interac
tion of several cracks, ' ' , ' ,

da'
C(AK,r ’ (2)

where the Mode I stress intensity factors, Ki, are calcu
lated by a FEM program. In FEM1 modeling, shell 
elements are used, and the region surrounding crack tip 
is riieshed by singular elements. In order fo integrate 
equation (2), a linear interpolation of stress intensity 
factors, Ks, has been used between.two stress intensity 
values calculated by a general purpose FEM program,
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ANSYS'1. In the next section the procedure of crack 
growth simulation, with implementation on test speci
mens will be explained. The same procedure is applied 
to the analysis of an actual deck structure of a ship.

3.1 Simulation of Crack Propagation for Multiple 
Fatigue Cracks

For the specimens with three cracks the stress distri
bution and stress intensity factors are different at three 
crack tips. The FEM analysis has shown that the stress 
intensity factor for crack tip 1 was the highest, and the 
stress intensity factor at crack tip 2 was higher than 
that at the crack tip 3, so that different growth rates 
could be expected'at three crack tips. Because of this, 
an interactive procedure of using a FEM analysis, and 
an integration of Paris’ equation have to be implement
ed. A flowchart of an interactive crack growth simula
tion procedure is given in Fig. 4 for general case of N 
propagating crack tips.

Among N crack tips, one crack tip is taken as a 
reference crack tip. The crack tip 1 was chosen as the 
reference crack tip, because it has the highest stress 
intensity factors and practically determines crack 
growth life of the specimen. In the beginning, according 
to the flowchart in Fig. 4, initial crack lengths, ano, and 
final crack lengths, are assumed. The stress inten
sity factors, AKm(an), for initial crack lengths, an, are 
calculated by a FEM program. For the reference crack 
tip an increment, Aar, is assumed, and the increments 
for other crack tips, Aan, («=£r), are estimated as

- (3)
using Paris’ law. The stress intensity factors, AKm(a*), 
for the increased crack lengths, a*(=an+Aan), are 
calculated by a FEM program. The segmental crack 
growth life for the reference crack tip, ANr, is calcu
lated by numerical integration of Paris’ equation 

a\j _ far+Mr da Aarhs/3N'"~L C[AK,r(ar)la C[AK,rUrj)]m'
(4)

where, AKir(arj), is a linearly interpolated stress inten
sity factor between the two stress intensity factors, 
AK,n(an) and AKm(a*). It is given by

AKin(ani)=AKin{an)+[AKm(a*)—AK,„(a„)] - (JM, 
j=1, —, ns (5)

where ns denotes the total number of the integration 
intervals. The new segmental crack lengths, Aan are 
calculated for other crack tips, »=*=r, for the segmental 
crack growth life, ANr,

Aap= fJNr C[AKi„(a„)]ndN ~ 2 C[AK,n(a^)r^-.
JO J—l 71s

(60
If the difference Aan—Aapn, (%=#r), is small enough, we 
can proceed to the next step. Here, we assume the 
allowable limit as e=0.1 mm. Otherwise, the crack 
growth increment is changed to Aan=Aap, and the 
procedure is repeated until a satisfactory accuracy is 
achieved. After some crack tip reaches the final crack

an=an0: initial crack lengths 
an[: final crack lengths ,

(by FEM)
N: number of crack tips

A a,: increment

r: reference crack tip n =£ r

(by FEM)

ANr= 2
r: reference crack tip

a„ = o„+AoP

Fig. 4 Flowchart of crack propagation simulation for
multiple fatigue cracks

length; Unr, the procedure is terminated.
According to the procedure described above, the 

stress intensity factors and fatigue crack propagation 
lives have been calculated for all specimens. The 
results are given in Figs. 5 and 6, where the data corre
sponding to the center cracks are given for specimens 
with three cracks because they show the highest Ki and, 
therefore, practically determine crack propagation 
lives. In Fig. 7 and Fig. 8, simulated and experimental 
results are given for specimens P-3 and SP-3, respec
tively. '

3.2 Discussions
Here we mainly discuss the differences in the Mode I 

stress intensity factors, Ki, and the crack growth lives 
of specimens, due to different geometry of stiffened and
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SP-3C

a [mm]

Fig. 5 Simulated stress-intensity factors, K,, for four 
test specimens ------

P-3 R (exp.)
P-3 L (exp.)

1.3X10
N (cycles)

Fig. 7 Comparison of experimental and simulated a-N 
results for P-3 specimen, where P-3 S represents 
the averaged half crack length of a side crack

P-1 (sim.) 
P-3 (sim.) 
SP-1 (sim.) 
SP-3 (sim.)

2X10'
N (cycles)

, SP-3 C (exp.)
SP-3 R (exp.)
SP-3 L (exp.)
SP-3 C (sim.)

1X10S 2X105 3X10$ 4XI05
’ N (cycles)

Fig. 6 Simulated a--N results for test specimens

unstiffened specimens! Plate specimens P-1 and P-3 
have very close stress intensity factors during the initial: 
crack propagation, as can be seen in Fig. 5. The stress 
intensity factor curves, Ki, overlap within the range, 4 
mm<a<15mm, while the stress intensity factors, Ki, 
of specimen P-3 increases more in the range, <z>15 mm, 
due to the interaction of neighboring cracks. Since the 
crack growth life is mostly contributed by the initial 
part of crack propagation, where stress intensity fac
tors are smaller, and where the stress intensity factors, 
Ki, for P-1 and P-3 are close, the crack growth life for 
specimen P-3 is slightly shorter than that of specimen P 
-1.

Comparing specimens SP-1 and SP-3, the stress inten
sity factors of the initial crack are slightly higher for 
SP-3 due to greater cut area so that the net stress level 
is much higher as shown in Table 1. With increasing 
crack length, the stress intensity factors, Ki, of speci
men SP-3 increase more than that of specimen SP-1. 
Due to the higher stress intensity factors, Ki, over the

Fig. 8 Comparison of experimental and simulated a-N 
results for SP-3 specimen, where SP-3 S repre
sents the averaged half crack length of a side 
crack

whole crack propagating range, specimen SP-3 has 
significantly shorter crack growth life (see Fig. 6) .

For specimen SP-1 the stress intensity factor, Kt, 
initially increases. However, as the crack tip 
approaches to the intact stiffener, Ki begins to decrease, 
which shows the effect of crack arrest. Specimen SP-1 
has nearly 45% higher initial stress intensity factors, Kt, 
compared with P-1 (see Fig. 5), because of the higher 
net stress due to the damaged stiffener. Because of the 
significantly higher stress intensity factor, Ki, during 
initial crack propagation period, which mostly contrib
utes to the total crack growth life, specimen SP-1 has 
several times shorter crack growth life in comparison 
with specimen P-1.. Smaller stress intensity factor, Ki, 
is attained for crack lengths, a >60 mm, and this 
difference becomes significant as crack tip approaches 
very close to the intact stiffener.
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In stiffened panel specimens, stiffeners are welded to 
the plate, because of which welding residual stress may 
exist. Although residual stresses were not measured in 
the present work, it is well known that the general 
distribution of the residual stress is tensile along the 
welded stiffeners and compressive in between the 
stiffeners. For specimen SP-3 tensile residual stress 
may initially accelerate crack propagation. Similarly, 
crack propagation may be initially accelerated for 
specimen SP-1, but then the crack propagates into the 
compressive residual stress region, where it may slow 
down the propagation rate. As shown in Fig. 2, experi
mental a-N data of specimen SP-1 is very close to a 
straight line, which has initially steeper slope compared 
with the simulated results, and then remains practically 
the same value. This could be due to the welding 
residual stress. The evaluation of residual stresses in 
stiffened panels, and a proper crack growth equation 
with residual stress could improve the accuracy of the 
fatigue life evaluation of ship structures.

4. Fatigue Crack Propagation in a Deck 
Structure of an Actual Ship

In a deck structure of a ship, cracks may initiate by 
stress concentration due to geometrical discontinuity. 
Figure 9 is an example of a fatigue crack in a deck 
structure of a ship, where a fatigue crack is initiated at 
the snipped end of the face plate of a deck longitudinal. 
The crack propagates through the stiffener, and it pene
trates further into the deck plate. Cracks may, some
times, initiate at several stiffeners, creating multiple 
site damage (MSD) in a deck structure of a ship3'.

The crack propagation analysis has been performed 
for a single crack and a periodical array of collinear 
cracks in a deck structure of a ship by using the simula
tion procedure. Scantlings of the ship structure are 
shown in Fig. 9. The Mode I stress intensity factors, Ki, 
were calculated by the FEM program. The FEM mesh 
of the model of a single crack problem is illustrated in 
Fig. 10. In the finite element modeling, the length of the 
model extends two bays of transverse frames. The

E=5
"X"

UPPER DECK PLAN

1

WEB STIFFENER

TRANSVERSE

Fig. 9 Fatigue cracks propagating in a deck structure 
of an actual ship

width of the model for a periodical array of cracks is 
two half bays, where the symmetry boundary conditions 

ft are imposed on both sides. In modeling the single 
crack problem, several intact stiffeners should be in
cluded in order to take into account the influence of the 
load carring capacity of the surrounding structure. 
FEM analysis has shown that the width of two and half 
bays is enough for the half model to take into account 
the load carring capacity of the surrounding structure. 
The boundary conditions applied to the model are listed 
in Table 2.

The Mode I stress intensity factors, Ki, have been 
calculated for several crack lengths within the range, 40 
-350 mm, for a periodical array of cracks model; and 
within the range, 40-790 mm, for a single crack model, 
respectively. The calculated Mode I stress intensity 
factors, Ki, are given in Fig. 11, where the stress inten
sity factors, Ki, for an infinite plate with a single crack, 
and a periodical array of collinear cracks with the 
spacing, s=800 mm, are also illustrated for the compari
son purpose. Comparing the single crack problem with 
that of an array of cracks in a ship structure, one can 
see that the Mode I stress intensity factor, K/, for an 
array of cracks, is somewhat higher at the initial state 
(a=40 mm), which is due to the higher reduction of net 
sectional area. With increasing crack length, the Mode 
I stress intensity factor, Ki, significantly increases in

Fig. 10 FEM model of a part of a deck structure with 
a crack

Table 2 Boundary conditions for FEM model

SFTE\^

TRANSLATION ROTATION

X Y z RX RY RZ

AB X

BC

CD o

AD o

EF 0 o

GH 0 o

LEGEND: O: FREE

ri



Journal of The Society of'Naval Architects of Japan. Vol. 179412

' 6— single crack tn an infinite plate '• 
—D—■ array of cracks in a ship structure 
7-0—, array oi cracks in an infinite plate

I 1 ‘ ’ > 1 \ j ' * I ' ' ' 1 Mil'S ' 1 1 , , i tmI, 1 ■ ,;

Fig. 11 Stress intensity factors, Ki, of a deck structure1

case of an array1 of cracks, while in the case of a single 
crack the Ki increases moderately.’ Furthermore, as the 
crack tip approaches to the intact stiffener (o> 700 1 
mm), Kj decreases. ‘' l,: 1 " ’ u

It is interesting to compare the ratio of crack growth 
lives of a single crack, Ns, and an array of (tracks, NP.' 
Tlie crack growth lives Wp and TVs can tie calculated by 
equation (2) : Assuming the same material constants "C 
and m, and same applied load, the ratio NP/NS is deter
mined by

(“ da
np_Lwkfym
Ns ' fa da ’ u>

JaJjKFr ~
where, dKis) an 4Kip), represent the stress intensity 
factors for a single crack and for a periodical array of 
cracks, respectively. The crack propagation ratio thus 
obtained is shown in Fig. 12. Assuming that the initial 
crack length, flo, is 40 mm, the crack propagation life of 
the periodical array of cracks is only 27% of that of a 
single crack, where the final crack length is assumed as 
350 mm. Furthermore, an instantaneous deck fracture 
could occur for the multiple crack propagation, while 
the load carrying capacity of the deck structure could 
be expected Tor a single fatigue crack propagation.. 1

’m" 1
5. Conclusions

A simulation procedure for multiple fatigue cracks 
wasJntroduced, and multiple site damage fatigue, tests 
have been carried. out for stiffened and unstiffened | 
panels. ' Simulation, and experiment have .shown that

0.26
0.1 .

Fig'12 Ratio of crack propagation lives, MP/Ns, 'i6r 
1 . 1 * deck structure1 with an array of cracks arid

1,1 with a sirigle crack

stiffened panel specimen with an array of cracks has 
higher stress intensity factors arid correspondingly 
higher crack growth rate in comparison with a specimen 
having a single crack., This is.due to the higher stress 
concentration around crack tips and the reduction of 
net sectibrial area. In addition,1 it is* observed that, in 
case of stiffened panel with a single crack, the intact 
stiffener has a tendency to act' as a craick arrester. 
Using the crack growth simulation'procedure, the'crack 
growth life of the multiple site damage was compared 
with that'of a single crack damage for a deck structure 
of an actual ship: If was found that the crack propaga
tion rate is several times faster in the former case.
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Fatigue Life Estimation of Welded Joints of an Aluminium Alloy under Superimposed Random Load Waves 
(a follow-up report) ; Effects of High Frequency Components 1

by Ichihiko Takahashi, Member Hiroshi Maenaka, Member 
Atsushi Takada, Member

Summary

Fatigue behavior of boxing welded joints of JIS A 5083 P-0 Al-Mg alloy was examined. For a 
specimen, a 20 mm thick stiffener was attached to a 20 mm thick main plate by a MIG boxing welding. 
Previous to fatigue tests, residual stress measurement, a static loading test and an elastic finite element 
analysis (FEA) were carried out. The residual stress in the fatigue stress direction was 135 MPa at 
a distance of 5 mm from a boxing weld toe, and the FEA gave a fairly good estimation for the elastic 
strain distribution near the boxing weld toe.

Then fatigue tests were performed under both constant amplitude and random loads by 3-point 
bending. For a load wave in the random loading fatigue tests, a direct current component, a zero-mean 
narrow band random process, and a high frequency component were variously and selectively combined 
and superimposed.

As a result, a reference stress <%, which was determined as the stress at a distance of 5 mm from a 
boxing weld toe, was proved effective in reducing the amount of scattering in the fatigue test results. 
And it is also found that the crack initiation lives determined by the 5% drop method largely scattered 
because of the determination error brought by the 5% drop method itself, showing to be unsuitable for 
putting the fatigue test results in order as in a S-N diagram.

With regard to the effects of high frequency components, it was found that a simple handling of 
fatigue data using the RMS value of stress is not available while arrangement using a representative 
frequency is effective, and that neither the range count method nor the peak to peak count method are 
suitable to those superimposed wide band stress waves.
, Finally the life estimation procedure proposed in the former report”, which comprises a 2-dimen
sional rainflow method, the modified Goodman’s relation and the modified Miner rule, was shown to be 
valid also in this study.
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Table 1 Chemical compositions of A 5083 P-0

Composition Si Fe Cu Mn Mg Cr Zn Ti

, Weight % 0.13 0.20 0.03 0.71 4.56 0.11 0.01 0.02

AS balance

Table 2 Mechanical properties of A 5083 P-0

' Tensile Strength 0.2% Proof Stress Elongation 
(MPa) (MPa) (%)

316 174 25
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100

200

Fig. 1 Specimen design and loading condition; 
dimensions are in mm.
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416 Bass###### mm#

Fig. 6 Deformation and strain distribution obtained by 
j FEA; strain is in X direction and deformation
f is magnified by 30. ■

x ufaomimm LtSEssatiseiie
U T V> 5 ktlZo ™:! J

Fig. 7 K, itS24.5kN KO\>T,
FEA T# S69Eit
mcoviria. sjittH'kUr, S5 2W>;v©-fS-ifn
ipt? 24.5 kN (Fig. 4 ©sm#-)
SiotiiSosilttifSWit^M1, s6SttFEA©g*T 

so-, v) 5. a peas® kit
jtms<-s-yTv^5A?, (#mm-tfoo0E) $

• : Experiment 

— :FE Analysts 

••• : Nominal Strain- 0.2

.: o.o —■ j_ ■:: ■„ '■ .■—■—■—■—j
et ' P _____ s. _ . | ;10

|V < ■ Distance from the weld toe [mrjn]

Fig. 7 Elastic strain distribution near a weld toe
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i'6 5mm ©tiEEcS-y-^StottV*:**, % j: 5 k*C:© 
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mm MtifciiLEllZ‘?—S?M2mm ©3E4r—# 
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25J6^©7?
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A«t Ifm-itSx^f ©m#E K, 32 by h CPU©/-?-y

2.5 7>^AitS;6?f5 . . ' t : . ■ I
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£•> + <¥i®4zp ©MF^cx yy'AilE>, 43J:tf©<E
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aa->©2@@K±mi@^3. SEE^-ii, 
#EK^D-S&#{SAKm#DT%41 MPa —%k L7c„ 
¥^aomwm9>^As§mtLzit,
tl 2.27 Hz, 2-42 Hz, 2.58 Hz "CSEO^LVi 3 z>Offcft

6 ©&mu, %10
Hz © 1E&Z& k U7io^EC%5> tUcl£*%#©glj% Fig. 8
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418 mm#

manS® (6#0^B9ISa@j&) tm%T-7 <D¥i%lZ- 
#E ffmlffs ©¥i9E) &mv)TT#jSA#iEL&Sm?& 
3**, S^lf-^ B ■£;?$©* to 9 &Bk 4-3ti'
j5. ' ' -
] 4ff=Z/ff(B=-l)^l---—"j ( 1 )

{HU zfo BViSfE* ffm ©k§©:E;&5$E 06*1503), 
^ff«R=-„ B^£W2§ 9 &#T (ffm=0) T©&*@a OS* 
f$@) T$3. ! i

Z©##* 6 BZEGoodman #IE© FT3 gF)#0 K
mua $ms?B##" ©mm#t%#
$^T-s©w?att6E», ^$@@±©@*t u-cmw

, :
3.2 i
Table 4 K, 7

m& $ t fer^-To sanfr nar i~s b, js*z&i* k lt

t ©T$ 9,-*,
SURl~7J4,_Sm»rl-^^5-y^AiiE+^E6ic 
a-»mnA6©Tt6. DT¥i9J®
*©2:SE <rra=41 MPa k U NAR y V -XTBR{|m
7 y x a ;ig© {i® sitm £ Elb s * * „ sup y v—x 
|cb, nar 11 gi^u«i7 y/Aii§fflvi, c 
^cmm^io.oHzr®^©

E^ik§-*%:«, Table 4 41, %(2.42 Hz), 
ffa(lO.OHz) k£3©B, fflffL,
6 3 o©E»&©E0si©¥iSE, & J: TAf $ ItlO. 0 Hz ©

9, ##(&#!&*)
9#6^6©T&3.

ttz, K, (5 mm) k&SOB, ®®rL^fflJ©|51LiS®±5g 
5 mm © fitE £ tottS * S X - X I: i 5H1ISE 

kg® G&#JSA) ^©{5EC4?B5
^#is*m*#m©#-e& 9,

6et»-&5k, At (5mm) ©T^EBl.17, ##{8^B 
0.07 X-^7 4f„ #@$ aiti'f,, ZLOgS©
JfiXKJ: 5liEo# m%fMTr
C^fwT, ±$BlJ4: ff5 S-ffl^itB*, C©Be,o#©##
&%9K< Ck**T#5o

%K,JV)(2.42Hz), A= (2.42 Hz) k$>50B, Elifr£
4 *§ me±w#&. %#We©m 2

ISC2.42 Hz)©-*^ X;l/^E##U^6©T&a.#^® 
5§W©®»AEOV:>TB, 3.4@T#af 3o l%#K, N, 
(10.0Hz) b, mmWwzmj&gi 10,0Hz©mmo^M 
^•©•o-T ?}i'mzmnvtz & <d?&z0 

Fig. 11B, mmS* 05 © RMS E (¥^E£fo 9) kE 
@BWp M (2.42 Hz) ©H9S&iS-L X va 5 „ 6A B NAR y 
*9 -X%, SAB SUP y V -X^^LXMSo

» ztizv, sup y y -x 
©*^###r& 9, ig##&&©#aa#f (®©& 
*K#5T3) coil, m#©U'(»@B±§ <»3. 
fc*., NAR y y -x-t sup y y —x©±-5 k, mti&B 
<omt ,(±t B, is*

Table 4 Testing conditions and results of random 
fatigue tests 1 , > *

TP No.' Have Typo

WPa]

arms

OtPa]

(fa (2.42Hz)

BlPa]

■ <ra (10.0Hz)-

DlPa]

Kt(5nn)—L_Nf (2.42Hz) —

[cycle]

lie (2.42Hz)

[cycle]

Nf (10.0Hz)

[cycle]

NOT : DC + Narrow 40.571' 6.55 5.34 — 1.10 ! 6330049 878501 —

NOT DC + Narrow - 40.56 6.98 5.69 —
i.i6 6713659 1522331 —

HAR3 DC + Narrow 40.61 8.08 6.60 — 1.21 ' 1978292 ' 245508 —

NAR4 DC + Narrow 40.53 . 9.63 7.86 — 1.31 973858 147244 —

NAR5 DC + Narrow 40.54 12.72 10.39 1.24 536364 60787 —

SUP1 DC + Narrow + Sin 40.58 6.59 5.12 2.88 1:21 3183067 518079 13143500

SUP2 DC + Narrow + Sin 40.53 6.89 5.10 4.08 1.20 2770456 759349 11439750

SUP3 DC + Narrow + Sin 40.50 7.71 5,12 6.33 1.22 1360253 199676 5616750

SUP4 DC + Narrow + Sin 40.54 ; 8.44 5.06 . 8.06
' 1.20

1029801 340018 4252250

SUPS DC + Narrow + Sin 40.61 10.56 5.33 11.68 1.24 314710 68779 1299500

' SUP6 1 DC + Narrow + Sin 40.60 11.06 5.33 ' 12.56 1.23 294549 34450 1216250

^ SUP? DC + Narrow + Sin 40.53 12.21 5.32 , 14.54 1.13 229221 37780 946500



SB?mm 419

O .‘NarrowBand 

• : Superimposed

Cycles to Failure

Fig. 11 Relation between RMS value of reference 
stress, cfe, and cycles to failure”

RMS {21k Nt (2.42 Hz) ©id *—S©B#[S§gfStrE i 3#
-mim-wmis < «jjt®rE, mmr-
? t vtimr—fs t rms {iEip.xist/oti'id k
x%#eE«, m*(Di&mzttLxftmmwi&zmmzm 
V>, ^©IM 7 ;>%E i -p X#^#^p&#X C k A%gX 

f CX, CCXt%©idELXSB
/rep £B» SilkC Lfc„

® NAR -y V -X (E^ims#)
/rep=2.42 Hz# 2

©SUPy'J-X Ga^MS®)
/rep—Ac

(EL, Ac li, h;H9®
(M-ftoEkl, 2.42 Hz b 10.0 Hz © 

IS6, 0e(2.42Hz)X3 b 0.(lO.OHz)©mbX^LX$ 
©3)o
Z.tlZ>$'b, UiWMmiM(rep)<k-pX*ib6>tl5o 

fVr(rep)—Aep(Hz)
X [0#& X©#|S#^(sec)] (2)

»&,. ^ ©%^E a, Mtrep, t±@S© M k-gc
f-5„

S X, NAR y y -X8 i 1/ SUP y V -X©g^M#e
05©RMS(B (¥J9E$t>y) k M,r=p) Ei-pX^

muAemt, Fig. 12 csto Fig. 11 xu^e^lx
1SI3T 1 ^:©SE±C36AT'H5 (#% 

tfl«. HEli, W^y-XSto-tirT, fg/JxgfjtSEi 
D6©T&3. XtiX*), SSEtSLX
mm&grAr, &ai0K:)e*wf, E%#f-x aim*
t~9 Srl&fo RMS (gE i -p XSc-KlEE8X§ 5k k*%

Fig, 12 Eli, 6|S#EXn v 1 LTS5»?
(□tv), c©#e©m#@l±, E&"zSS7f©lE(ES£ 42 
XU\sX'&htitzb<DX%>Z>0*tz, &M\i <D%mm

□ : CoostAmp. (R*0)
V : CoostAmp. (6m*4tMPa).

O : Narrow Band 
• : Superimposed

1 « » »«1

Nf(rep)

Fig. 12 Relation between RMS value of reference 
stress, 0s, and cycles of representative 
frequency to failure, Nnrep)

k&#kli@S#BK@Lw#, ##©A^##ltE LX 
2fgjy±, ®J E{£ E L X V) 5 .

3.3
3#95X(i, [5;bS®®:;tM^A/.*»>b&kLX, 

Range S, Mean crossing peak to peak S (JJTF, Peak 
to peakS kB&), 1 Rjg (1-D) Rainbow S, 2 %/c (2- 
D) Rainbow S© 4 @ y ©^S6fflH/:„ =&*^ ^bS©
x^d-y xajj£v&m*, Fig. 13 ©ehE»-pX#X
k, MT©j:vE»6.
(a) RangeS :Py-a-5t”-7®©M©^H(^X 

5tSb./d$H) &, fc*vyy 0.51M 7^kLX 
**>y 1X5.0 E^JESSEEOid 
»Sgz£B©:i§ir, 1 %S©5iay E#d
*?y t-xg&t).

(b) Peak to peak S : f5ASB©T^#%#%3@E,
D TA©B/J\H-7#k?^#X y ±^© 

a*tf-?@k©m©*B*@(#mxw*:h.&*@m) 
*fE/jyy^0.5-y-'f 7;i^kLX*7v 1X5„ E 
%%&#E I©i? »@SSB©##-,
aSLXV55^S^%^k** 7 y 1X3 at).

(C) Rainbow S3>: SgflSmxpRSftfcSSBH (/Jx;v-X)
$, fS/jyy^ix^x>wfcLx*7yil, ®m
SEPXiSS iifcSSH (&@@A-) &, )E*yyy 0.5 
iM 7^kLX*7y lX5o l«05tayE# 

SBLXuSimaSlSiH, #E3t 
A,k*»y ISfLXna. S/LXSSn/c¥i5llSA 
@ 6 IS#EEt@LX^ Ulf, 2 %7C Rainbow Sk* 
3. ' . -1

2 -X5E Rainbow sx* xy id titz&fcti yyy*u,x 
©¥±&fE*fiSEfSLX, 3.1 SXAb-fcSiEGoodmanm 
EE J: y, fS/jit A=0 $ XSELfc.SlE Goodman 111] 
©mWM-kLXli, 5I5S5S5 0„ kKMS£d 0r©MA
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(a).range count-method-,

(b) peak to peak count method

, : -i y4,
(c) rainflow method

: r
i

Fig; 13 Illustrations of (a) range count method, .(b) 
peak to peak count method, and (c) rainflow 

■ - method - <v

*A, aT (Dim, &SC4

(7r=100/(l00 —^)1Ob=Fl:560u (3)
<!> imo'gfrm-c, xma) Efffi© 36%

"CfflviTVi3 A 5083 P-0 W5J5S5SS 300
MPa, 0.2%!tt 152 MPa, 25% T, imtfilfrffift
0#tl£fcf©ti@Ci5Vio - -i

- *ij, xit-r^rmmn-ij, & k.u sE
Miner m<DfcWmT-? k LX It, Fig.lOC^US i?=0

, <dt~? \t$>x'&hmc.'-kj&*
' - l : y

„ :^O5=1.96xl03-jVf°-273 (4)
. Fig. 14 14, RKM"SUP 1 CoViTltSiJS ii*
5cRainflowS#4UtPeak topeakS
L, ULtltz Acs (OM&frlfl£ Weibull 7°o y VLtzbO
x&Zo m&oF itgmmftmzm-fo sum ©JEM
#14, jt«m/j\@@(2.88MPa)

CDTS5 I (Table,4#E)o Peak 
to peak 8rct4, 6 »VvJ\jii®offiSEl4*

90.0

I 50.0

Counted Stress Range [MPa]

Fig. 14 Weibull plottings of reference stress ranges, 
~ Acs, counted by peak to peak count method
- ' and 1-D rainflow method for SUP1

■S^l- Six*Vi©T% 3© Weibull 7°n y 114m%#?, 
14.Rayleigh^*© 2 ICISVifD®),, f *kS, Peak 

to peak mXJ] ?>b-tZ_k, b k©K#**jK%%?6, * 
l4B#%K#E*f 3t>©cS<'*oTvi3„ 

C4UC#U, 1 Wt Rainflow & (Off) t-14/J'tgifM©ffiS 
h S4x3©T, 'NS#v,'s=J©tfSit 

Peak to peak SCit^3 k* S < * 0, /o y h#^14iS 
HSC155)-^T©±Efd"jfi % 6 MPa) rcl&tfovifc 15 

' C*-o T, Weibull 6145cS < 14"f iiTViS (EStt 
C&UVi) 3kA%^3.u. . <!'.■„

&C Fig. 15 14, %##* 3 #S©K#&#COV)-C, 1 
%5c Rainflow SC4 3# y h 0#© Weibull ~fuy h 
*im.Ltz b ©T&3.NAR i \rmLfm+mm^u<o 
m&, SUPl 14C4LC/J\## (2.88 MPa)
SUP 7 I4±m# (14.54 MPa),©H@z6S,
S-fr* 6 ©Tt3o NAR1 © Weibull :/n y h (Aff) 14,

i;jff5s<MPa (ojmxmm&jx&v, 3©## 14^2.2 x
&3; (Rayleigh ^© 2 CIfiVi)c SUP1 COVitt4±xB 

; L*mDT&3.:SUP7,(Off) H
I 3*©, b 14Jf> 20MPa t V'J'S viffcb
v/^^14/0^>hS4x*< *9, 7°ny h 14 30MPa ©ft" 

.SreS^CSfiLffiA^TVi^c
. . mT, C 4 3 SfiSnti^SSCO ViTxE-t 3 „

3:3:1 Range SkSIE Miner. SJ C 4-3 
l#^SC4 3Fig. 16 Cito CCT, 

Fig: 16 frb 20 4-C^ilC, mmi4#^#m^&, ##14 
?, **© 45° m%mc, £±»?

, taMJSS, Vi5 3 k C*3j **>',
, ^14-r-tT, #&&2.42Hz©#8# (%%%a@©m
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Study on Unified Fatigue Strength Assessment Method for Welded Structure
------Hot Spot Stress Evaluating Method for Various Combinations of

Plate Thickness and Weld Leg Length-----

by Kanta Nihei, Member Fumihide Inamura 
Shigeki Koe

Summary

There has been proposed several methods to evaluate hot spot stress (HSS), which is an effective 
parameter to assess fatigue strength of various fillet welded structures. One is 2-points extrapolating 
method in which HSS is evaluated by linear extrapolation of stress at two specified points distant from 
weld toe and the other is 1-point representative method in which HSS is defined as stress at a specified 
point distant from weld toe.

In these methods, specified point (s) to estimate HSS is defined as a function of plate thickness t. But, 
generally, the specified point (s) should be defined as a function of not only plate thickness t but also 
weld leg length 1. , _ _ -

First, in order to investigate a universal method to evaluate HSS for various combinations of t and 
l in fillet welded joints, stress analysis in the vicinity of weld toe has been carried out for 2-dimensional 
fillet welded joint models, by means of boundary element method (BEM). As a* result, the authors 
propose the following new equation to estimate HSS 0*$ for various fillet welded joints.

Chs-o(Xhss)
This means that HSS is defined as stress at x/,ss, the specified point distant from weld toe. And Xkss/t 
is the function of Ijt and is expressed as follows. - _

where a, b, c are constants.
Second, in order to verify the validity of the proposed HSS evaluating method, the fatigue tests of 

fillet welded joints in thick plate structures have been carried out and other fatigue test data has been 
refered. As a result, each S-N data based on HSS range evaluated from the new proposed method has 
gathered within a narrow band respectively, independent of structural stress concentration factors. 
And, it has been confirmed that the new proposed method to evaluate HSS is applicable for unified 
fatigue strength assessment of fillet welded structures. ,

IB

~ 0 : mtJ (MPa)
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Fig. 2 Comparison of hot spot stress definitions
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Leg length :16 mm Leg length :16 mm

Boxing fillet welded joint Simple fillet welded joint

Chemical compositions (wt%)

Thickness , 
(mm)

C | Si

. i
Mn P. | S

40 0.16 0.18 0.48 0.025 | 0.014

19 0.12 0.14 0.58 0.022 j 0.016

Mechanical properties

Thickness
(mm)

Yiekfng stress 
(MPa)

Ultimate strength 
(MPa)

Elongation
£%)

40 243 437 36 i

19 295 455 43 -

Welding process and condition

Welding process semi-automatic CO, fillet welding

Leg length 16mm

Wire of welding JISZ3312 YGW11 (#15)

Position of welding
Flat position

(Boxing part: Horizontal position)

Welding current 320A

Welding voltage 38V

Speed of welding 100~150mm/min

Number of pass 3

Fig. 6 Fatigue specimens
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