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This woirk examines the feasibility of appliying expert system principles
to ship structural design for production.

A brief study of existing design for production approaches is conducted
and two major shortcomings are identified. These relate to the ’black-
box' nature of current analytical approaches and their inability to

account for subjective aspects o

Expert system principles and their application to problems in marine and
welding techinologies are studied. The study has indicated that it is
feasible, in principle, to apply such technigues to ship design for

The thesis then outlines two pieces of software which nhave been
developed. 'SWES’, which 1is written in Fortran, is a pilot scheme to
test the application with respect to simple plate panels. Algorithms are
verified thirough simple checking. "Grillage’, which is further
developed from ’'SWES’, 1is based around a commercially available shelil

Finally, based on these algorithms and their applications, certain areas
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CHAPTER 1. INTRODUCTION

Ship design is a complex process in whichh a Yarge number o

pairameters are involved . As a result, a number o

example, the requirements reltated to a cargo ship design can inciude
criteria such as cargo hold capacity, cargo handling, maximum length,
size of crew, cruising speed and the minimum range of operation. Besides

breadth ratio, bulkhead arrangement etc must also be considered
Fuirther aspects needed to be taken into account are the stability,

on the scantling sizes and arrangement. The scantling sizes are normaily
calculated according to classification society ruies. However, tne
scantling arrangement can vary and depends on subjective decisions of

weight and hence the material cost.

always mean less production cost. Ti fore, in order to minimise the

production cost, the designer should alisc take into account the

procedure by which the structure can be easily produced. Th

mirnimisation of production cost is particularly important in the present



otal building cost of a ship can be split into a number of

components. It is evident that the steel cost, which inciudes material
cost 1s a dominant component of the total cost. As shown in Figure 1.1,
the steel cost of a container ship represents about 38% of the total

cost ~ material cost of about 13% and steel labour cost for constructing
the structure of about 26% . This labour cost is more than half of the
total labour cost. Figure 1.2. shows the steel labour cost as a

Broadly speaking, steel cost can be minimised by reducing the
the structure (material cost) and/or reducing the production
£

time (labour cost). Both can be acheived by following the concept of

'Design for Production’. In this concept, production criteria such as

for ’Design for Production’,

provided that data is available in an adeguately usable manner. However,
criteria of a subjective nature such as T feel......... " or

i\

"I think ......" are dependent on personal opinions and are more



sense. The present trend in analytical approaches is to bring

The application of expert system principles in ship design for
piroduction will be discussed in Chapter 5. The ultimate aim here is to
introduce designer’s opinions in the production cost analysis of a ship
structure. Such structure is constructed from a number of production
units each of which can be a grillage or combinations of a number of

o analyse the
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production cost of a grillage panel by employing a ’proper’ weiding
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process for every joint within the griilage.



CHAPTER 2. DESIGN FOR PRODUCTION

The concept of design for production which was introduced to the
shipbuilding industry in 1872 (2.1), is a wmethod involving the
interaction between design parameters and production c¢riteria for
producing an easy-to-fabricate design. Factors invoived in the
interaction between design and production are categorised as below.

A. Design parameters controliling the decision making in the design
process. These include thne weight of the structure which is an
important factor in determining the material cost and optimising the
deadweignt, the cost of production and reliability of the product.

B. sufficient information on midship structure configuration, fTrame

C.Information on yard facilities to enable them to be optimally
utilised, and production procedure to minimise tne work content
invoived.

Thus, the overall objective of design for production can be defined as:
" Design to reduce production cost to a minimum compatible with the
regquirements of the ship to fulfil its operational functions with
acceptablie reliability and efficiency” (2.2).



2.2 REVIEW OF PREVIOUS APPROACHES

2.2.1 ANALYTICAL APPROACHES

raction between design and production.

Moe,J. and Lund,S. (2.3) minimise the total cost of a tanker, by
optimising midship structure design with an emphasis on the
iongitudinal’s spacing and ship length. An example of the relationship
between the optimum jongitudinal frame spacing, producticn cost and ship

A more recent study of a similar natut
Keil,H. (1.1) in a practical shipyard environment. The study examined
aiternative designs for container ships as shown in Figure 2.2. In this
analysis, production time and cost are estimated from historical data
recorded in a shipyard. Based on such analysis, it has been shown that

Another approach for improving structural design from a production

hieved by Kuo,C. e 1. (2.4) using the production unit

ct
ar

viewpoint was aclh

method. This method is applied at the detail design stage where a number



g depending on individual design characteristics { in a manner
ial cost components), another approach treats
ixed vis—a-vis all designs. Based on this, wWinkile,

I1.E. and Baird, D. (2.7) developed a system to study the interaction

tength of Jjoint and the weight of steel. e length of joint itself can
be estimated from the existing ship data using statisticai methods., The
length of joint has been analysed by Brown,D. (2.8) as a function of
steel weight for several different types of ships. The results of this
analysis show that the minimum production cost can be achieved by
minimising the welding length , the structure weight and the number of

2.2.2 PRODUCTION BASED APPROACHES

In order to minimise production cost, a structure has to be designed

hiat it can be produced efficiently. This can be aci

ct
w

in such a way
by simplifying manufacturing procedures and maximising the automation

process. Following this approach, a large construction such as a ship



combination of a number of grillages. A grillage is a stiffened stee
structure wnich consists of plate and a number of transverse and/or

tongitudinal stiffeners. Appendix A discusses the shipbui

ating to simplifying manu

automation nave been introduced. They can be described briefly as

2 - Ao

A snhip structure can be divided into ti

iree zones, i.e. the hull

e machinery space zohe. The dimensions
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of the production units for each of these zones depen

of the work station (shop) in which these units will be co

gesigned and produced (2.10 and 2.11).

Fabrication of these standard production units can be accelerated
by using mechanisation along the production line. A number of machines

have been designed and installed for this purpose. In the prefabrication

1ine, activities such as loading parts, pre-positioning of plates and

a



and installed (2.13). This machine, &s shown in Figure 2.6.{a), consists
of a stationary part and a roller conveyer, which are operated by a
numerical control. The roller conveyer carries the plate panel and the
stationary part assembles and welds the stiffeners on to the plate
panel. The welding is carried out by a set of submerged arc welding

slotted into transverse stifferers as shown in Figure 2.6.(b). By using
this procedure, it is possible to handle about 78% of the total welding

n by automatic processes.
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Since a number of weiding processes may be capable of welding a
particular type of joint, both the welding cost and the welding time of
these welding processes could be important in the minimisation of the
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up to 30% by applying

single side welding processes, though the structure/production unit has
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2.2.3 ORGANISATIONAL APPROACHES

In order to produce a

4,

]

eing applied has also to be considered. This consideration requires
designers with adequate experience and sufficient information of ti
facilities and production procedure before a design appraisal or

production based design is started. Therefore, good communication

betweerr vairious departments in the shipyard is an important asset.

The provision of information to and from various departments

through a c¢omputer data base is shown in Figure 2.7. Each



‘

usei/department responds to enter new information and updates existii

vich it is concerned. Through this procedure, the system

introduced (2.24). This is built based on a set of modules as shown in
rigure 2.9. Each module consists of an information set supplied by a

information and responsibility of a department is

classified and described with regard to the vard organisation. To
support these a modern shipyard organisation was introduced by

e product work breakdown

into groups of products by similarities or common pirocesses based on t

ing zone as shown in Figure 2.10.
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2.3 SHORTCOMINGS IN EXISTING APPROACHES

From the three approaches discussed in the previous section, the

one of immediate concern to this project is the analytical approach.



This is because such an approach can be readily applied by a structura

designer as an integral part of the structural syrnthesis/analysis

Tne Tirst concerns the "black box" nature of computer atgorithms.

Because the analysis proce ations are hidden within the

[y

routine, many practising designers in shipyards are sceptical of the

orthcoming when new designs are being envisaged. This state of affairs

The second shortcoming concerns the range of factors considered in
the appraisal. Up to now only readily quantifiable and explicit
production criteria have been incorporated in the design for production

iteria which, at present, are
accounted for only by the designer’s and production engineer’s

o explicit place for such criteria in the



CHAPTER 3. THE PROPOSED APPROACH

3.1 KEY AIMS
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~ to incorporate subjective criteria and uncertainty

appraisal process,

- to study suitable welding processes for a particular joint

in order to achieve these aims, with

e above, it is necessary to consider the application of expet

3.2 THE IMPLEMENTATION PROCEDURE
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on a number of manageab
production units. These production units can be a grillage panel or are
constructed by combining a number grillage panels, called ’Semi block’
or 'Block’. Therefore, the net production cost can be calculated based

on the grillage cost.



Thus, the wWork

grillage panels

the analysis of
as a basic production unit. This analysis includes
welding process selection for each joint in a grillage and production
cost based on the selected welding process. The tasks involved in this
work are as follows
- Discuss the criteria involved in welding process selection, as
shown in Appendix B.
- Select the salient objective and subjective aspects of grillage
panels cost analysis.
- Build a Knowledge base (rules and data base) to analyse
production cost of a grillage panel
Compare and analyse the result against existing approaches.

14



CHAPTER 4. THE IMPLEMENTATION OF EXPERT SYSTEMS

IN ENGINEERING

4.1 THE STRUCTURE OF EXPERT SYSTEMS

4,1.1  GENERAL

An Expert System is a computer program tnat simulates the reascning
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crmance
an expert, a computer needs a l1ogical model of the problem, some
means of using this model to produce a set o
some inference procedures to uti

Lo hi e e e g e — -~ e
will emerge as a resuit.

The model is often called a knowledge base and the set of inference
procedures is called an inference engine or an interpreter. An
interface 1s also needed in order to allow the users to interact with
the expert system. The interface has two main functions. First, it gives

advice and explanation to the user and secondi:
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4.1.2 DECISION MAKING

ypes of decision making approach usually used in
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rt systems are: forward chaining, backward chai

For example,
rutei: if A then B
O 3 - L [ TPV S S Hi DUy -
fuiec. 11 B ana o wneh c
rule3: if E then F
) g ] ) . - - g vy - s - S DR i = e TN ~ P
A and 'C’ are the input requirements which are given by the user.
F JOR, b . - P [P 2 PRI Iy - - b L R
Therefore A’ and ’C’ are right. Since 'A’ is right then '8’ is right.
In the second stage, 'B’ and ’C’ are right then 'E’ is right. Finally
e - 3 k] S . PR PR b ) TR, - i N
because 'E' is right then ’F’ becomes the result.
Backward chaining method is used when the input requirements
produce various alternative deductions (hypotheses) in this decision
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proven hypotheses. The following example demonstrates th

procedure of a backward chaining method:
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rutet: B is right if A is right

rule3: D is iight if € is right

ruled4: G is right if B and D are right

and ’C’ are entered as the given reguirements by the

user. The 'A’ condition corresponds to two hypothesis, ruiet and rule2.

hypotheses, ruletl, irule2, ruled. The decision can then be made through

the process as folilows

Ruletl is proved because 'A’ is right, then ’B’ is rignt.
Rule? 1is not proved because 'F’ is not right.

Rule3 is proved because 'C’ is right, then D’ is rignt.

the above approaches alone. Therefore, combining both of them 1is o
necessary especially when the backward chain rules are supported by

numerical calculations which are usually wiritten as a forward chaining

ruie. For example

ruled @ € is right if € = 5.5 {(backward rule)
rules : C = A+ 2.5
if A=z 1 then C z 3.5

4.5 > (forward rule)
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3 then C = 5.5
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e hypotheses in ruleb, i.e. "C is right”, can only be

following the decision trees until the oniy feasible alternative is
reached. Yet, in some cases, a number of alternative solutions may be
piresented. So, a 'best’ solution is chosen from them as the fTinal
decision. The "best" solution is the one with the highest degree of
i 2 b e f i e S e L m e e Y
CONT 1gence (or Ccontiaeince 1actof ).
4.%.3 CONFIDENCE FACTORS AND FUZZY LOGIC
A. CONFIDENCE FACIOR
. [N L oy e e e - - P T S A U C - SRR NN L. -

The confidence factor (CF) of a condition is a numbei in the
interval [0,1] obtained by subtracting the degree of disbelief (D0D) from
the degree of belief (DB). However, in some cases, the condition itself

ic degree of uncertainty (L), the evidence that the

condition is true. In this case, the confidence factor can be cobtained
from the relation;
CF = [C x DB} + [{1-C)xDD] T € D

rees of belief and disbelie

rtain condition. A value of [+1] indicates an

Cr
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absolutely believable fact while value of [0] indicates an absolutely

disbelievable fact (4.3). Both DB and DD might be determined by using



B. FUZZY LOGIC

logic 1is necessary for analysing conditions or facts which

— o Y TR -
is are those o©

‘maybe’, 'most’, ‘perhaps’, etc, which are neither absolutely right nor
wrong. In this case, a fact is analysed based on its relationship with
the absolute condition (right or wirong) which is called the ’reference
point’ or ’constraint’. The value of relationship of a condition with
respect to a reference point is called the ’'degree of membership’. This
is calculated according to a membership function which represents the
-elationship between the fact {(as a member) and the reference point. The
membership function can be determined either by statistical formulae or

by mathematical models depending on the conditions and tf

For exampie:
If a man with a height of 7 feet is " Tall " ( absolute) and a man with
a height of 5 feet is " Short " ( absolute), then a man with a heigh

utely "Tall" and nor absolutely

has a height that lies between both criteria. Thus, he is "Tall” with a
degree of membership of 50% or 0.5, or he is "Short” with a degree of

a

membership of 50% or 0.5. A similar appio: n be applied to evaluate
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hhc

o
O

-t
w0



other conditions such as a height of 6.5 feet or 5.5 feet. If the
degrees of membership for all conditions are stored in a set, catled a
fuzzy set, then the results can be displayed in & tabular form as in
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- g o e e e ) -k o = v . pm e e e e e e A - —~~ R A N . N B
expeit system, 1t may De necessary to construct a fuzzy set

more related fuzzy sets. There are two important algebraic operation

F e & 2 - - ~ 2 - - b - b] - - P o g . - P K
the condition of a mam 78 ’Tall’ AND ’Short’ then the man is of “Medium
~ S H - - ~ -~ - - — e e e LR o d i - - < m e e e @ e i
height’. In fuzzy set algebra operations this implies the intersection
b e o "-r,.'}'!“ R B L el PUP i s LA 1“(\”1\-_-;."\ Tl -~ S R . Y
petween tait ana Snort { Talil Short J. 1ne resuits are SMnoOwh an

The second operation mode is 'OR'. In the above example, if the
17 OR ’Short’ it would imply that

the man is ’not Medium height’. In this case, the 'not Medium height’ is

own

[44]
[44]

a union of ’Tall’ and ’Short’ ('Tall’\J’Short’). The resuits ar

The above examples demonstrate the means of constructing a fuzzy

set based on two fuzzy sets and the same concept can be extended to

20



such an approach can be applied to analyse the degrees of belief/dis

- - - ! - -~ - - ~ - - P - -~ PR -~ ORI - - PR
belief (DBs/DDs) of a set of alternative iresults for a given
- P S o - PR PR P - PR - - - - -y - $ o JORpT—. - N - g
aspect/criteria. Once tne DBs and DDs of the aiternative results upon

B

etational probabilities

events E and H with associated probabilities of occurence P(E) and P(H)
respectively as shown in the Figure 4.2.a. The sample space shown as
hatched indicates both events E and H occuring at the same time. It is

tear from the figure that probability of event H occuring provided

event E has occured is given by the expression :

P(HE) = P{H and E) e, (4025
P(E)

P(H and E) and P(E) can be obtained from the reiations:

P(H and E) = P(H) x P(EIH) P € <D



and

P(E) = P(H) x P(EJH) + P(not H) x P(E'not H) ....... {(4.4)

¥

Thus, the joint probability, P(HIE) can be written as

P(HE) = PEH) x POHY (4.5)
P(EIH) x P{H) + P(Enot H) x P(not H)
Similarly, the joint probability (P{H|notE), is given by
P{H|notE) = P(E notH) x P(H) . . {(4.8)
PE notH) X P{H) + P(EIH) x P{not H)
where P(H) is the probability of occurrence of event H
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uncertainty/evidence of the condition (C), as shown in expression (4.1).

ice, 1f the degree of belief, degree of disbelief and degree of

Since the CF of the first condition will be combined with the second

condition, which has degree of belief of DB(2), degree of disbelief of
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confidence factor, CF(1), the joint degree of belief, (DB(2,1)), degree
of disbelief, (DD(2:1)) and the degree of uncertainty of the second

degree of belief of the first and the second conditions, (DB{2,1)), 1is
DB(Z2{1) = DB{Z2) x CF{1) s e enea. (4.8)
[ DB(2) x CF{1)] + [ ©oD(2) x {(1-CF(1))]

DD(2)1) = BD(2) X CF{1
[ DD(2) x CF({1)] + |
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and the joint confidence factor is given by

CF(2'1) = [C2 x DB(2}1)] + [(1 - €2) x DD(2,1)] cee.. . (4.10)

The above theory can be extended to calculate the joint confidence

factor for more than two conditions. Further details of appiication of

this theory will be discussed in Chapter 5 and Appendix D.



4.2 [EXPERT SYSTEM LANGUAGES

al language group (4.6).

'LISP’ is the acronym for LISt Processing. It was invented by
McCarthy in 1860 for non-numerical computation (4.6). It is widely used
and is considered as a major advancement of expert systems in the United

0OPS83, according to the relevant purposes. in general, ti

advantages of LISP can be summarised as follows (4.6):

-~ Very powerful to manipu
- Data and program are treated in ti

represented as lists; thus it is very easy to make chal

oy
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alterations.

- The functions in such programs can recuisive

Fe unused lists are erased automatically by ti
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- Unfinished rules will be erased by the system.

- No standard procedure among the family.



numerical data. According to Adeli. H. {(4.6) the advantages of PROLOG
over most of the other languadges are
- It has its own inference engine,

- Limited in numerica

symbolic manipulation are involved. For developing an engineering expert
system both PROLOG and LISP may not be the most suitable languages, and

o Timitation in using variables type (character, string, integer,
real number, and array).

- Pascal supports recursion, because a subroutine may call itseif.

- It has the variablie-type pointer which makes it possible to define

a logical tree.



w
C
o
w
o
=
ot
=
fay
[¢s]
~
Cr
—h
—
le]
w
—_
P
—d
<
(T
—h
O
Q
ct
fost
-
[¢3]
[713

C al

b T : "
- Suitab
¢’ Yanguage has been used in

shell which, in turn, has

4.3 AN OVERVIEW OF EXPERT SYSTEMS IN ENGINEERING DESIGN

Expert systems have been widely used in the field of engineering,
typically in Civil, Petroleum, Geology, Marine engineering and welding
engineering. The work in this report, however, will concentrate on the
appiications of the expert systems in marine technology and welding
engineering.

4.3.1 APPLICATIONS IN MARINE TECHNOLOGY

Within the marine field, there is wide scope for application of

expert system principles. Table 4.4 shows some of the problems that can



of expert systems nave been developed in the field of marine engineering
to analyse dynamic modelling (4.9), ship maintenance {(such as hull
maintenance and main engine fault diagnosis) (4.10) and logistic support
{(4.11). However, a few studies have been conducted to support marine
design related to the present work

The "Designer system” is an expert system supporting ship design
at the basic design stage where initial ship parameters i.e. the length,
bireadth, draft, depth, weight, approximate power, deadweight and centre
of gravity, are analysed. A data base, which contains the initial

etc.) and reliability. It also depends on the relaticonship between the
parameters involved. An example of the relationship of parameters
invoived i a ship design process is shown in Figure 4.3. The secon
development of the "Desigrer system” is the so-called "SERF system”
This system is developed based on a buiiding blocks apptroach where the
knowledge base analyses the possibility of alternative building blocks,

design. The user then has the ability to

assembling & number of the possible building b



Similarly, some expert systems have been developed to anaiyse
offshore structure design. An expert system has been developed which
could offer some intelligent assistance to the designer of semi-

jacket structures. In this system, the number of legs, ti
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and where spatial considerations are fundamental to tne design process
{4.18). Significant benefits are to be gained by utilising such
principles to support, for example, a container ship design which

requires to satisfy a broad range of operational and technical
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The above applications demonstrate that expert syst

are appropriate to analyse the design variables/criteria. However, the

present work integrates such design criteria with production criteria
including the analysis of welding process applications which are the
biggest part of the shipbuilding work.

4.3.2 APPLICATIONS IN WELDING ENGINEERING

To weld a joint, a number of activities have to be carried out

.

a joint. Every welding process has a specific application and must

Tulfitl a number of criteria to produce tf

and applied in order to calculate the welding costs (4.20). This system
considered the thickness, type and position of joint to select the right
welding process. Based on these and actual arc time {(burning time), the
welding costs are calculated

Another expert system in this area covers such aspects as: weld

—t

=

preparation, type of material and we
find a suitable process of welding, in particular, between two different

materials (4.21).
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The University of Southampton has been conducting research in order

to choose a process for welding nuciear reactors, The system is
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ied on a set of specific criteria (in knowledge base) to

f every possible alternative welding process.

The best suggestion, of course, is the welding process which ha &
highest confidence factor {(4.22). "Expert-ease” is a general purpose
expert system shell, which has been examined in order to select the

selection, an expert system has been built in order to analyse the
problems relating to welding defects. This system was designed in the
context of metal inert gas welding (MIG) only. The system output deals

In a similar context, anotl ted Naval Expert
Welding Control System (NEWCS), has been developed with a view to
1 the welding in shipbuilding. This controls the welding during
execution; parameters include the frequency, amplitude, heat (current)

and travel speed ,etc. (4.25).

4.4. REQUIREMENTS FOR SHIP STRUCTURES DESIGN

/2]

As discussed in the above sections , the expert system principle is



capable of analysing problems in which the subjective criteria are

involved it addition to the objective ones. Both aspects will be taken

asking the user’s opinions. Such system has been applied to solve a

number of probiems including the engineering field.
In the engineering field, as mentioned in Section 4.3, systems have
been applied successfully in both design and production areas. Hence, it

in which a number of criteria need to be combined together.

The present approach, as mentioned in Chapter 3, is directed to
analyse the snip stru re design into wnich ship design and production
criteria will be taken 1into account. A number of decisions nave to be
made during the design process. Some of them should be decided by the

subjective and objective criteria in this present approacih is shown in
Figure 4.4, Thus, the application of the expert system is appropiiate to
assist the designer to make decisions. A number of requirements should
be fulfilled in order to combine the criteria and opinions into
decisions in design process. They can be listed as follows

-~ Maintain dialogue between the user and computer by asking the

T

opinion of the user on important aspects which have to b

decided.
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Apply the present approach to predict the production cost
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CHAPTER 5. THE APPLICATION OF EXPERT SYSTEMS TO GRILLAGE STRUCTURE

5.1 GENERAL

According to the requirements mentioned in Section 4.4, the

present approach will be applied to analyse the production cost of a
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part of ship structure.
of production units. The most basic units in a ship structure, as
explained in Appendix A are grillage paneis. There
f a ship structure can be predicted by analysing the production
i1lage. It can be obtained as a sum of the labour cost and
lated based on the stee]
weight and the stee
of cost comporents. The biggest component of this labour cost is weiding
cost, including the <costs of fairing and tacking and welding the
joints. The calculation of this cost is dependent on the welding process

used to weld the joints. Since there are a number of possible

Hence, the present approach initially aims to build an expert
system to select a proper welding process for every joint within a

grillage from a set of alternative processes and to calculate its

[oF]

welding cost. An expert system, called ’'Ship welding Expert System
(SWES), has been constructed as a trial to select a reasonable process
to weld a single joint. The main aim of this trial is to discover

whether an expert system is applicable to analyse the combined
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Cr

subjective and objective criteria in order to support the decisi
making. This system was developed to be suitable to run on personal
computers and has written in Basic language. Due to the limited memory

available in this language, Fortran languadge was then used for the

development of the SWES system; this will be discussed in more detail in
Section 5.2
Further development of this led to the 'Grillage System’; Fortran

language was not used in this because it cannot easily handle complex

logic. Additional difficulties with screen handling, character input
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5.2 SINGLE JOINT ANALYSIS

5.2.1 BACKGROUND

As mentioned above, the SWES system was developed and applied to

.
1

(‘[v

obtain a set of suggested welding processes for a specific joint. Thes
are selected from a number of welding processes commonly used in the
shipbuilding industry. The can be categorised into four groups: Manual
Metal Arc (MMA), Metal Inert Gas (MIG), Submerged Arc (SAW), and Fusarc
processes. They are further classified on the basis of the diameters of
the electrode. The classification and the details of these processes

will be discussed in Appendix B.



the thickness of weld and the choice of welding position, i.e. downnand,
horizontal, vertical and overhead. Thus, based ofi these welding
positions and the five ranges of thickness of weld, the processes are
grouped and arranged to form a decision tree, as shown in Figure 5.1.

The decision tree is based on a score system. Each branch of the tree

that branch. For example, the score for a butt weld of a plate with
thickness between 5 and 10 mm carried out in a downhand position 1is
1+2+10 or 13. Similarly, the score for a Tee fillet between piates of
thickrness 5 and 10 wmim carried out, again, in a downhand position is
40+2+10 or 52.

Ornce the thickness and the position of a particuiar joint are known,
a set of alternative welding processes can be obtained from the decision

P

on the capabilities of the process and the user opinion on specific

- b -
'

Because the program is written in Fortran, the numerical answers
representing the user’s opinions upon the above aspects are reguired.
The CFs are calculated following the BRayes theory (formulae 4.7, 4.8,

4.9) based on both these answers and their capabilities data. These

welding processes are arranged in sequence to form a set of reasonable



suggested processes according to the values o

his set provides tf
welding processes according to the objectives of the joint and the given
opinicons. Furthermore, the decision of which process to use to we

joint s arrived at by the user subjectively. e wWe

the selected welding process. The weld metal volume is found from the
Tength of the joint and its edge design/preparation. The edge design of
a joint is determined according to welding reguiations, thickness of the
joint and the selected type of welding process. Details of this edge
design can be seen in Appendix B.Z.

Production time can be obtained by adding this welding time to the

proper arrvangement including alignment with the right gap). This fairing
and tacking time is dependent on the type and thnickness of the Jjoint,
and is taken from work study data (5.1).

After production time is obtained, the production cost can be
calculated by multiplying the production time by thne labour rate. The
labour rate may vaiy among yards; hence, it is designed as an input
data.



5.2.2 PROGRAM STRUCTURE

wiitten in Fortran. The knowledge base of this program is built

as
forward chaining rules and divided into three parts (stages) as shown in
the flow chart in Figure 5.2.a :

~-First stage: choosing the alternative welding processes.

-Second stage: processing the suggested weiding process.

~Third stage: calculating the production times and costs.
(a). First Stage

The main task at this stage is to decide the availablie and
appropriate welding processes applicabie for a particular joint, based
on its objective aspects including the geomelry and position. These

base 'Wi’. These possible processes are arianged and displayed as the
‘alternative welding processes’ set.

The alternative welding processes which are based on the objective

criteria defining the Jjoint



welding cost. For each of these four aspects, the program will reguire a
numerical answer which ranges from (=5) for absolutely wrong to (+5) for
absolutely right. This represents the degree of belief of the user on
the criteria. The second inference engine (inter?) then calculates
confidence factors for each alternative welding process based on the
vaiues of the ’subjective’ criteria in accordance with ’'Bayes’ theory.

suggested welding processes

From this suggested processes set, the user decides the selected

metal is calculated according to the geometry of the joint, the welding
edge prepairation and the approximate welding reinforcement which will be

In addition to the welding time, it is also necessary to take into
account the time required for preparing the job. The preparation time is

constant for every job and therefore is usually known as the ’Job

-

constant’. This ’Job constant’ does not include the time for setting up



the welding process. The total preparation time is therefore egual to
P, U - P 3 - [, P bl g J. R PE - - o - — [ SN
the suim of the “Job constant’ and the time foi setting up a welding
O [ T . PR 2 - . PN s o i PR R Ly P N - b o
process, known as the ’Welding constant’. In this work, both of these

Before the welding process is executed, the work pieces should be

set in the proper arrangement. In of

for fairing and tacking. The time taken for fairing and tacking is aiso
calcutated based on  the above work study data base. The time s a
function of type, length and thickness of the joint. As in the case of

5.2.3 RUKNNING THE PROGRAM

From the main menu displayed at the beginning o

file, the user can check the filename Trom the 1ist which is produced by
r

choosing menu option [3]. Otherwise, the user can work upon existing

data by choosing menu option [2]. A list of data appears and the user
Y



the suggested process. This can be done by choosing menu option [4]. A
set of gquestions appears in this stage. The user nas to answer these
questions numerically in the range of [-5] up to [+5]. This 1is then
processed to become the confidence factor by "inter2”.

Based on these CFs a }ist of suggested processes is arranged and
he process which contains the highest CF shouid

& best suggestion. However, the user has a chance to choose the

to this process, the menu option [5] calculates fairing, tacking and

welding time. Additionally, there is also a facility to display the
reasons, conditions and technical details of the processes. Finally, the
results have to be stored in a Tile under specific file name. Then, a
hard copy can be obtained by following the instruction in the menu

5.2.4 APPLICATION

a single butt joint which

fend
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This program has been appli

1ts have been checked manually to
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shown in Figure 5.2.c.

—
wr

e that the program 1is working properly. The details including the

oy
D

sxample of application and manual checking of this program are
illustrated in Appendix C. The principal purpose of the examples is to

check that the weld times obtained are correct. When compared with time
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obtained using work study data (5.1), the SWES calculated times for MMA
application show a difference of 0.72%.
This example of application of the program indicated that expert

system principles can be applied to analyse welding in a marine context

1is needs to be reascnably usei-
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friendly’ with a judicious choice of screen inform
handling. Use ©

;

buiit=in.

There was tnerefore a need to consider other options which, while
enabiing the use of expert system principles, would overcome the above
drawbacks. Tnere is also a need to develop a method to investigate
multipie joints such as those found in ship’s grillage panels.

5.3 GRILLAGE STRUCTURE ANALYSIS

41



5.3.1 USE OF COMMERCIAL SHELL

nentioned in Section 4.1.1, an expert system consists of three
parts; the knowledge base, an inferel
inference engine together with the interfacé is merely a piece of

software that links the user to the knhowledge base. This piece of
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the following capabilities including
- AS the work deals with numerical computation in addition to logical
manipulation, the shell should be written in a ‘convenient’

language to handie both aspects. As mentioned in Section 4.2, °C’ is
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- Decisions are made on the basis o

- A ship structure consists of a number of plates and stiffeners and
there could be several permutations to this arrangement. The shell has

to be able to handle a large volume of data and may be interfaced

with an external data base.

- The shell has to have an ability to process a set of meta rules i.e.

where the rules can be used more than once.
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- Because the memory space in the machine being used (a PC) is limited,

1ink two or more sub-programs.

this work. In addition to the above criteria, principai

~ Rules can be altered easily, because these are written in simple
Ernglish

- Although the rules are normally built as backward chaining rules,
there is also a facility to combine these with forward chaining

11 has the ability to handle a large volume of data through

i1ities. There are two built in inter

Dbase3, where a maximum 60 KByte data can be handled. Thus, it can

- The rules are very easy to make, because most general commands, such

display (input and output), test statements, sorting, etc, have

ar
w

£ wq o

been installed as built in menu {(menu driven).

- 8creen and graphic handling are very simple which is necessary to

express the useir’s opinion in better way.

!

However, running the program, especially for numerical calculations,



5.3.2 CRITERIA INVOLVED

The aim of this program, called

ection process is
basically similar to SWES. However, the structure of the knowledge base

is different because different language is used. The criteria

Qr

involved and their inter-relationship are shown in Figure 5.3.
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assified into three groups and

from which the options should be selected from & set of
given menu, are

- Type of welding: i.e. Butt joint and Tee (fillet) joint.

- Position of welding: i.e. Downhand, Horizontal, Vertical and
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- Location of execution: i.e. Indoors and Outdoors
{(b). The aspects which reguire numerical answers:
- Reject rate: Even though every welding machine is well designed,
human ervor which may occuir during welding execution can not be

avoided. Reject rates therefore are dependent on the skiil of
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time compared to making a new weld. The figure varies among the
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- The importance of production cost which is related to differences
in deposition rate, reject rate and rewelding factor among the

welding processes.

Based on the above aspects and the dimensions and position of the
joints, the suggested welding process sets are produced. These sets are
built based on the scheme as shown in Figure 5.5. However, the logic

being used is different. The score system is no longer used in this
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program but this set can be found by examining the objective of thne
particular joint against the related rules. After this set of
ound, the confidence factors are then

culated by foliowing

nas been validated and used in the previous program. Since a griilage
structure consists of a number of groups of joints, the selected welding
process has to be found for each such group. Hence, the total production

can be ca

('[v

ime and production cost of the grillag
£
1

the program and the interaction o

discussed in the next sub-section.

5.3.3 THE PROGRAM STRUCTURE

The program is designed to run on a persconal computer such as IBM

AT. The knowledge base contains 294 rules which are wiritten in simple
English; hence, the rules are readable and easily changed. The majority

of rules are built following backward chaining

are constructed as a combination both of backward and forward chaining.

Figure 5.5.a shows an example of the backward chaining type of rules.
What is implied that rule number 1 is true or proved if rule numbers 70,
127, 64, 30, 112 are also true or proved. To prove of these individual

rules 1in turn, there needs to be a further consideration along the
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decision tree structure. For example, to prove rule number 30, it is
necessary to prove rule numbers 71 and 145. Ther may be a furtner
requirement to prove these as well.

tip of the root of the decision tree. A rule which is a combination

Figure 5.5.b. Here rule number 26 1is of the backward chaining type.

if the ’type’ is not of the ’“butt’ variety then rule

number 134 1is valid. {(The basic principles here are as outiined in

1imited, the rules can also be designed by following the meta ruie
principle in which a rule can be used more than once. For tne same

reason , all the support data are stored in a separate data base. In

¥
]
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data, are stored in Lotus

nanaged by the program by using the built-in interface facility during

running time. However, at the moment, the data can oniy
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To run the program, the details of the griliage including ti

izes, as shown in Figures 5.6 and 5.7,
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dimensions
should be entered. In addition to these and in order to have dialogue
between the user and the computer, a set of questions (see Section

5.3.2) need to be answered. The input to these is done on a linear
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d welding processes witn
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ar joint is displayed, as shown in

Figure 5.13. The user can decide the process which will be used to weld

opinions on the subjective aspects until he is satisfied with the
result. The progiam will then continue to calculate the production time
and production cost based on this selected process. The selected process
of others Jjoints are decided 1in the same way. Therefore, the total

The detail of this system including the aspects invoived in this
welding selection process, tne detail stru re of program and decision
making logic, and the program validation 1is discussed in Appendix D.

5.4 EVALUATION OF THE PROGRAM

As mentioned in the previous section, one part of ti

cost is the welding cost which is dependent on the welding process used.
program, is selected subjectively from a

t of alternative process of welding which are suggested by the
program for a specific joint. As discussed in Section 5.3, both
objective and subjective aspects are involved in this selection process.

Section 5.4.1. below evaluates the choice of welding process. An example



of the application of this program to analyse the grillage structures is

5.4.1 WELDING PROCESS SELECTION

In this study, the Jjoint of the gii

be analysed as an examp

three subjective aspects. The value of these CFs vary according to the

the process are above average, the CFs values will increase when the
importance of the subjective aspect is increased. On ti

will decrease if the DBs are beiow average.

The detailed resu

d into two
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e location of execution. Figures E.1 to E.27 of
this appendix show the result of the CFs as a set of indoor processes.
Figures £.1 to E.9 show the curves of CFs related to the importance of
the welding speed aspect, Figures E.10 to E.18 related to the importance
of the welding efficiency aspect and Figures E.19 to E.27 related to the
importance of the production cost aspect. The results of a set of

outdoor processes are shown in Figures E.28 to E.54 of this Appendix in
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ar to the indoor processes.

The curves of CFs related to the importance of the welding speed

CF curves of the MMA process deciine sharply, when the importance o
the welding speed aspect is increased. Its deposition r:
compared to the others (below the average rate); hence the degree of
belief upon this aspect is also very low (and degree of disbelief is
high). Similar to the MMA process, the CF curves of the fusarc process

to the

T

also decline. However, it is not as sharp as the MMA process du

fact that degree of belief of this process is higher than the MMA one.

Although less than both these processes, the CF curves of the MIG dip
and the MIG pulse processes decline too. However,the CF curves of the
MIG spray and the SAW processes incline upwards graduaiiy

iding processes related to the importance
he weiding efficiency (Figures E.10 to E.18 and Figures E.38 to E.46
in the same Appendix), incline upwards when the importance of welding
efficiency is increased. It is in accordance with the assumption taken
to calculate their degrees of belief/disbelief of this aspect in which
the DB is taken equal to zero if the efficiency is zero percent and DB
equal to one when the efficiency is 100%. in line with this assumption,
all the DBs are above average (as shown in Table D.2 of Appendix D).

Hence, the CF curves have a gradual upward siope

With respect to the importance of the production cost aspect

(Figures E.19 to E.27 and Figures E.47 to E.54), the CF curves of the
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hen this aspect is deemed

o 4
T
x

MMA, the MIG pulse and the Fusarc declii

more important. However, the CF curves of the MIG spray, the MIG dip and

are above average. However, this is dependent on the reject

processes vary depending on their DBs/DDs and the importance of the
three subjective aspects. Also, the resuits of the above example
rate that the program can give U

alternatives in accordence with given opinions to assist him to choose a

process can be applied to obtain the appropriate welding process for

every joint within the grillage, in order to analyse the production cost
of a part of a large structure, i.e. & griliage

5.4.2 APPLICATIONS TO GRILLAGE ANALYSIS

As mentioned in Chapter 3, a grillage panel is a basic part of a

Targe structure such as ship or barge. A number of alternative

o

structural arrangements may be made. Therefore, in this case study, the
"Grillage’ program is applied to analyse five structurally eguivalent
ship grillage panels. A1l of these grillage panels have a length of 10.7
m and a width of 9.5 m, but, they have different stiffener sizes and are

also arranged differently , as shown in the Figure 5.14.
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Besides the above data, user opinions on the criteria mentioned in

rom the menu as shown in
.15 and expressing the new opinions upon the subjective aspects

(Figure 5.8 to 5.12). However, in this example these opinions are taken

where: - kK = labour rate
material rate

- Manhours is the total time to produce the grillage
including Tairing and tacking, and weiding time.

- Weight is the total weight of the grillage.

In this study, the factors are calculated for the alternative
welding process for each joint within the grillage. The calculations are
based on the assumption that only one type of the automatic welding
process (in addition to a manual one) will be emplioyed to weld a
structure or grillage. As shown in Tables 5.2.a, b, ¢, d, the CERWs vary

depending on the welding process being used.
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e next step is to examine the impact of changes 1in subjective

aspects as shown in Figures 5.16, 5.17, 5.18.a, b and ¢. Tne resuit

jow deposition rate mma process is the ’best’ suggested process and

e Jowest CERW and hence the
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contains minimum work which is represen

opinions on the aspects as shown in Figures 5.16 and 5.17 are unchanged

and only three of the aspects shown in Figures 5.18.a, b, ¢, are changed

itts when ti

employed. Although grillage no.3 contains more work/joints, it becomes

the lowest CERW structure due to its minimum weight. Thus, & 1ight
weight structure may become the cheapest structure if the nignh
deposition rate welding process is employed.

In reality, the welding processes whnich will be used in such
structural analysis are decided by tne user. There are another two

hosen to weld the
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structures, i.e. MIG pulse and MIG dip process. The MIG puise proces
ected process if the opinions upon the above three

aspects are decided as  shown in Figures 5.18.1, j, k. The results

Table 5.2.c. However, when these three aspects are decided as
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.

wn in Figures 5.18.m, n, o, the MIG dip process will become the

sh
"best’ selected process and the result is depicted in

Table 5.2.d. The detailed results of these five grillage structures
which are analysed by the ’'Grillage’ program according to this set o

alternative welding processes, are shown in Appendix F.

These grillage structures have previously been analysed by Winkle,
I1.E and Baird, O (2.7) and the corresponding results can be seen in
Table 5.3. These CERW factors are calculated based on the production
time which is obtained according to ti
from the work study data (5.1).
The same grillages have also been studied by Emmerson, A. (5.3).

— - - -~
e, are ait

Production times which include preparation and overhead ti SO
e results of his
study are given in Table 5.4.a. In order to compare them with the
present results, which do not include these preparation and overhead

times, it is necessary to subtract them from the production time, as

shown in Table 5.4.b.

The CERW factors of these five grillage which are calcuiated based

5.2.a, 5.3, 5.4.b, have been compared. As

W

on the use mma process, Table
shown in Figure 5.19, the values of CERW which are produced by the
'Grillage’ program, are different compared to the results obtained by
either 'Winkle’ and/or ’Emmerson’. The above tables shown that the
weight calculation results of these three method are relatively close.

Hence, the difference should be in the way to calculate production time.
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At first glance this seems inexplicable because both References 2.7

and 5.3 used the same source work study data as outlined in Reference

Consider the first aspect. An examination of Figure 5.14 revea1b that
some of the profiles can be obtained as rolled sections directly from
stee] mills while others couid be fabricated within the yvard (see rFigure

5.21). If it assumed that all sections are obtainab
from steel wmills, then the production time required to
ariilages, as calculated manually using data from Reference 5.1, are
given in the first column of the Table 5.5 (under 'WS8D’). The
time, as expected, is achieved by design number 5 with simpie
Jongitudinal framing. The CERW factor is lowest in case design number
principally because of 1its low weight. The highest CERW is

number 2.

If the consideration was changed such that any section with different
web and flange thickrnesses would need fabrication within the yard, then

the corresponding production time figures are given 1in the third columr

P s
O

in Table 5.5 {under WSD%). Again, design number 5 is the guickest



ias the lowest CERW. The ranking of the

gesigns, coincidentaliy is the same in the both cases (WSD and WSD%).
However, there could be a change in this depending on the interpretation
of what 1is a rolled stiffener and which stiffener needs to be

or the differences is the assumption of
e, if the shipyard buys in
plates of 6m x 2m from steel wmills then it would reguire 10 sub-paneis
abricate a 10.7m X 8.5m panel -~ see Figure 5.20.a. Similariy, if the
d be a regquirement
paneis as shown in Figure 5.20.b. Such a difference in sub-panels or

e in case of profiles as well.

b oy 5=

This difference in the number of piece-parts does have implications

- Weld plates - butt and seams.
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- Weld (any) intercostal members to plate panel.

( %) Tranport activities are not covered in Reference 2.7 and t

®

present work, but are inciuded in Reference 5.3.)

The time taken to undertake each activity, other than transporting

e product of the ’standard’ time and the number of workers

manner in which the work study data is applied to calculate production

time. This, in turn is dependent upon three sub-aspects:

o

ication of job constant: This is a component of work study
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ious activities which accounts for preparation for
ar activity and includes time for receiving instructions

o a given work

package. The definition of what constitutes a ’work package’ s
dependent on the interpretation in different yards. For example, one
interpretation is to consider the whole grillage assembly as one work
package. In this case, only one (-the largest for any activity-) Jjob
constant is applied. However, other yards could interpret each set of
activities to be individual work packages, in which case the job
constant gets taken into account each time

- Incorporation of transport activities: As mentioned earilier, this has

e total work package and included transport time as well.

- Number of workers: There is no explicit mention of this figure for
different activities in either of References 2.7 or 5.3. In the present
work, 1t has been assumed that a sing carry out the
welding while the Tairing and tacking activities will reguire two
people. There could be variations here. For example, Reference 5.
indicates that fairing and tacking of 1light sections could be carried
out by one person, though heavier sections would require two people.
Hence, if Emmerson (5.3) or wWinkie and Baird (2.7) have strictly adhered
to the work study data, then this could be another potential cause for

differences.

The above explanation gives an insight into the complexities (and

(&)1
03]



differences) in calculating the production time. The differences in the
answers, as indicated in Figure 5.19, are primarily due to the
differences in the application and interpretation of the basic data
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CHAPTER 6. GENERAL DISCUSSION

6.1 DISCUSSION

The examples of application in the previcus chapter demonstrate the
manner in which expert system principles can be applied in context of
design for production. The work involved in this development and
application has highlighted some areas for further examination. These
can broadly be spiit into two categories namely expert systems related

topics and design for production related areas.

6.1.1 ASPECTS OF EXPERT SYSTEMS

These are three fold. The first concerns the logic pattern adopted in
the present work. This combines forward and backward chaining
procedures. Certain aspects are deterministic or objective in nature and
in such cases it 1is appropriate to approach the problem using forward
chaining rule. However, there are occasions when more than one outcome
is possible and in this case the reguirement relates to proving various

sets of hypotheses leading to alternative solutions. Both, the objective

175}

and subjective criteria based rules are dependent to a very large extent
on the knowiedge base. These, in turn, are dependent upon the particular
design procedures, production facilities and fabrication methods
employed in a particular shipyard. If there is a change in design
procedure (eg: a 'new’ stress constraint), or a new machine is bought or
production procedures are streamlined, then there may be a change in the

logic procedure. Hence this is one area which will need constant and
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continous updating.

Related to this aspect is the fact that there is a need to re-examine
the knowledge and data bases themselves. In the present context, all
data of an objective nature has been gathered from published sources.
This may have to be reassessed depending on the context of application.
For example, practices in U.K. differ from those in Indonesia. Hence,
data which is valid here may not be relevant there. New sources may need
to be used. Apart from measurable or objective data items, there is a
big question-mark concerning subjective opinions as well. The program is
currently design on the basis of fuzzy logic which is dependent on the
user opinions input each time the program is run. This process is time
consuming. If one set of ’global’ or universaily acceptable opinions
were to become available, then the process would become better. However,
arriving atlthis "global’ data base set is difficult. Even experts
disagree among themselves, probably because of differing experience
backgrounds. This is undoubtedly one of the key areas that will require

further study.

A third related aspect concerns the ’black box’ nature of programs
and the requirement to maintain dialogue between the user and the
program. In the present case, there is ample scope for the user to
influence or change a decision with respect to the type of welding
procedure (for exampie). This permits the user to be in ‘control’. The
extent of the user’s influence is dependent on how many choices the user
has to make which, in turn, dictates the amount of time at the terminal.
More control generally implies more time at the terminal. The result, in

this instance would still be the same, i.e. choice of a welding process
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o time required for a particular activity. So, an examination of the
criticality of any additional user contact on the result is required.
There is a fine balancing line between opening the ’black box’ more and

more and refining the result.

6.1.2 ASPECTS OF DESIGN FOR PRODUCTION

The applications in Chapter 5 have demonstrated how design and
production parameters can be made to interact. The interaction, in this
case, has been made for both objective and subjective criteria. The
structural units, forming the vehicles of interaction, have been
stiffened grillage paneis. These are adeguate for demonstration purpose,
i.e. as a pilot study. However, as has been outlined in Chapter 2 and
Appendix A, ship production relies more on semi-blocks and blocks as the
basic entities for erection on a building berth. The interactions
between design and production and among different production parameters
themselves are more compiex than in the case of panel structures.
Account has got to be taken of the PWBS scheme operated in a shipyard.
There is therefore a need to examine this aspect thoroughly before a

practical proposition is made to a shipyard.

Linked to this proposition is the need to ensure information
requirements are compatible with those available in practice. For
example, all data items required for ’Grillage’ are currentiy stored in
spreadsheet files. In case of grillage paneils, the number of items is

retatively limited. For complete structural blocks there will be a

considerable increase. Additionalily, in a shipyard context many of data
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items will already be a part of the existing information system.

Consequently, a more practically oriented system will require a study of
information technology and an optimisation of data storage and transfer
Lastly, as discussed in Chapter 5, there is some ambiguity about the

manner in which production data is interpreted. There is ti
to study work content estimation procedures and their validity in a

P .

rapidly advancing technology.

6.2 FURTHER WORK

DU T PRy

ireas for further work:

~ Investigation of the dependence of program logic on availability of
data and updating of design and production proceduies;

- Study of the methods of data acguisition along with the validity of
these in specific contexts

- Examination of the ’optimum’ amount of dialogue between a program
and the user;

- Extension of the grillage study to include structural semi-LIOCKS

and blocks;
- Incorporation of ’real-life’ information system based constraints

existing in shipyards.

- Study of work content estimation procedures and validation of



CHAPTER 7. CONCLUDING REMARKS

The work in this thesis is concerned with the application of expert
system principles in ship structural design for production. To support
this work an extensive study of current design for production approaches
has been carried out. Based on this study, some major shortcomings in
the existing approaches have been identified. These have formed the

basis for developing a new approach to the problem.

This new approach involves the use of expert system principles. A
study of the theoretical aspects of this subject has been conducted.
Practical applications of this technigue in ship design and welding
engineering have been examined. These studies indicate that the expert

system principle is a suitable tool for design for production analysis.

The method has been applied to explicitely analyse some criteria of
a subjective nature which are related to the interaction between design
and production aspects of grillage panels. The program is developed to
analyse both aspects to suggest appropriate welding processes for every
joint within the grillage panel. The results of this analysis have been
checked manually. Furthermcre, by choosing one of the suggested welding
process for each joint, the total production cost of the grillage panel

can be predicted.
The numerical computation part of the program has also been tested
successfully by comparing the computed results with manual calculations

based on work study data for simple plate panels. The computational
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or & set of various grillage panels obtained by other authors
nave also been compared with those calculated by the previous studies.

This comparison shows that the results are dependent on the way in

U
o
o

The application of the higher deposition rate welding proces
nore welding joints within a grillage reduces the ’cost
Compaired to the application of the manual metal arc process, this
reduction, which is 1in the range of 10% to 32%, depends on the length

and the size of welding joints

Overall, this work nhas demonstrated that expert system principles can

be appiied to ship structural design for production. The present woik
nhas Jooked at simpie grillage panels. Before practical application in a
yaird, this simpie approach does need to be extended to cover complex

units such as blocks or semi-blocks. However, importantly, it has been
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How important the production speed is

Not

Very
Relevant

Important
N 1

Figure 5.10 The Importance of the Production Speed
Opinion Expression

How important the welding efficiency is

puFpp=s

Very
evant Important
] ]

- 2 Z
© C

Figure 5.11 The Importance of the wWelding Efficiency
Opinion Expression

Not very
Relevant

1
i

How important the production cost is

Important

1

Figure 5.12 The Importance of the Production Cost

Opinion Expression
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The suggested processes

Subisctive conditions | Weld proces
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Suggested welding protess for
7 |
Long’l Web stiff. Joint i3 {mma: |

Resume of chosen welding processes @
Butt joint mined
Trans. Web stiffener to plate -
Trans. Main stiffener to plate mmes
Long™l Web stiffener to plate mmaZ
Long™1l Main stiffensr to plate mmas
Stiffener cormnection -

Figure 5.13 Example of the Suggested Welding Process







Grillage no : i

Length 16.70 m

Width 5.50 m

Plate thickness 11.00 iy

Transverse stiffeners

Main stiffener Web stiffener

web height 150 fm web height 0 Fivi

web thickness 11 mm web thickness 0 fam

flange widtn i flange width i

flange thickness : 0 mm flange thickness : 0 M

no’s of stiffener: 14 no’s of stiffener: 0

Longitudinals Stiffeners

Main stiffener web stiffener

web height 370 mm web height 1200

web thickness 12 mim web thickness 12 mm

flange width I flange widtn mm

flange thickness : 360 i flange thickness : 400 mm

no’s of stiffener: 4 no’s of stiffener: 1
Plate size Length 6.00 m

width 2.00 m

Figure 5.

i15.a The Scantling Detail of Design no: 1




Griilage no @ 2
TIPSR T - by el s
LCH‘:JL“ . U, fu fil
(IS IRt . Ao
width : 3.50 i
Plate thickness : 21.00 i
T e - o PR T ofF ol
firansverse stirtrenhers
Main stiffener web stiffener
webh height : 200 iy web height : o i
web thickness : 8 i web thickness : 0 i
flange width : fii flarnge width : il
LT e e dede o m s ~ - = ST T DU S AU ~ o
fiange thickness G i flange thickness : 0 fivim
B R S TR D - S I
no’s of stiffener: 6 no’s of stiffener: 0
g g 2 o L I P ol o
tongitudinals Stiffeners
JE . - < ¥ s - - [
Main stiffene: Web stiffenei
web height : 700 fifi web height : 300 i
g a.}---!-“.,_ . A - b P PR P E e oy
welD ThiCcKhness . [R¥) HHL wep Lh TCKIIES S . tU [
i I, o § o N [ -y -~ - . [,
flange width : 250 it flange width : 400 T
b NS, a m m b e e . anva U P Sy iy e . (SO
flange thickress 30 i flange thickness 30 Tiiil
P - - - PR [ B - - 2 -y i
no’'s of stiffener: 4 no’s of stifferer: }
Plate size : Length : 6.00 m
width : 2.06 m

Figure 5.15.b The Scantling Detail of Design no: 2

e}
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Gritlage no @ 3
Letigtn : 16.70 i
wWidth : $.50 im
Piate thickness : 8.00 i
Transverse stiffeners
Main stiffener web stiffener
web height : 600 i web neight : 0 i
web thickness : 6 i welh thickness : 0 fmim
flange width : 150 fitiis flange width : 0 i
ol R [P ~ o e £ . P S T SR VR . ~ O,
Fiahndge tiniokhess 6] i rrange trniickihess U i
P B - P T Y o ~ P U S S ~
o S O1F Stitreiner: 0 HOU o OF Suittyelier . U
Longitudinals Stiffeners
Ad m e PR RPN ol o ot e PR B I ¥ o
Maiit sStirtrenet WepD Stirreinet
web neight : 114 mm web height : 60 Fiifin
web thickness . 3 i web thickness : ) i
flange width : 0 mm flange width : 200 mm
¥ ol B P . ~ S P o R T PR . o P
I tainge thickiness U mm T iahige Ltnickliess o it
o PR g - - - P oy g e s
no’s of stiffener: 36 no’s of stiffener:
Plate size Lengtn : 6.00 m
Width : 2.00 m
Figure 5.15.c¢ The Scantliing Detail of Design no: 3



Grillage no @ 4
Lendgh : 10.70 fil
width : §.50 ii
Plate thickness : 11.00 0l
Transverse stiffeners
Main stiffener wWeb stiffener
web height : 600 i web neight : o i
web thickhness : i0 i web thickness : 0 i
flange width : 250 i flange width : 0 i
flange thickness : 20 mm flange thickness : 0 i
no’s of stiffenei: 14 no’s of stiffener: 0
Longitudinals Stiffeners
Main stiffener web stiffener
web height ; 250 i web height : 0 iim
web thickness : 3 i welh thickness : G il
fiange width : 150 i flange width : 0 i
fiange thickness : i5 i fiange thickness : 0 i
no's of stiffener: 1 no’s of stiffener: 0

Plate siz : Length : 6.00 fit

width : 2.00 i

Figure 5.15.d The Scantiing Detail
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Grillage no : 5

Lehgth : 10,70 i

Width : 5.50 M

[ N P Sy B O B - P 'a¥a Foppry

rialte LT oKness N LUy THH]

Transverse stiffeners

Main stiffener wWeb stiffener

web height : 0 i web height : 0 i

welb thickness : 0 i web thickness : 0 i

flange widtn : 0 Ty flange width : G i

fiange thickrness : ¢ i flarge thickness : G mim

no’s of stiffener: 0 no’s of stiffener: G

Ltongitudinals Stiffeners

Main stiffener Web stiffener

web neight : 550 il web height : 1200 i

wel thickness : 10 i web thickress : 12 i

flange width : 250 i flange widtn : 400 i)

flange thickness : 10 i flange thickiess 30 fifii

no’s of stiffener: 10 no’s of stiffener: 1
Plate size Lengtn : i

width : m

Figure 5.15.e The Scantiing Detail of Design no: 5
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Figure 5.16 The Chosen Location
Welding process Reject rate

AL & "N Ia¥-14
MMA LU .U
MIG Spray 10.0%
MIG Dip 10.0%
MiG Pulse 16.0%
SAW 15.0%
rFusarc 20.0%
Rewelding factor 5.0

Figuire 5.17 The Reject Rate and the Rewelding Factor
(Author’s opinions)
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& production speed ?
NGOT Very
Relevant Important
i & :
Figure 5.18.a The Importance of the Production Speed
{(Author’s opinion)

Figure 5.18.b The Impo 1
{Author’s opinion)
How importance the production

Figure 5.18.c

The Importance of the Production Cost

{Author’s opinion)
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How importance the production speed 7
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NOT Y
Relevant Important
1) 1 H
! B i i
Figure 5.18.e The Importance of tne Production Speed
(Author’ opinion)

Not Very
Relevant Important
i : [ )
Figure 5.18.f The Importance of the Welding Efficiency
(Author’s opinion)
How importance the production cost ?
Not Very
™ - P i TR W
Relevant Important
\ | B !
Figure 5.18.g The Importance of the Production Cost
A F N P - L .
{(Author’s opinion)
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How importance the welding efficiency ?
Not Very
Relevant Important
| | ] )
Figure 5.18.J The Importance of the wWelding Efficie

(Author’s opinion)

How importance the production cost 2
Rl de PO
NOT Vei iy
Relevant Important
: g :
Figure 5.18.k The Importar-e of the Production Cost

(Author’s opinion)
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Figure 5.18.m Tnre Importance of the Production Speed
FaF SV i P R - L Y
LAULNOEN ™S OPINIcH )
How importance tne welding efficiency ?
Not Very
Relevant Important
]
: : g ,
Figure 5.18.n The Importance of the Weiding Efficiency
{Author’s opinion)
How importance thne production cost 7
Not Very
Relevant Important
| 1 || :
Figure 5.18.0 The Importance of the Production Cost
(Author’s opinion)
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Figure 5.20.b Plate Arrangement Based on ¢ x 3 m
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Figure 5.21
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The Degree of Membership:

Table 4.2




Tall” "Short” "not Medium height”
770" 1.0 70" 6.0 70" 1.0
6’8" 0.8 68" 0.2 68" .8
6’4 0.6 6’4" 0.4 674" 0.6
6’0" 0.5 O 6’0" G.5 670" 0.5
5’8" 0.4 5’8" 0.6 5’8" 0.6
574" 0.2 574" 0.8 574" 0.8
5’0" 0.0 570" 0.1 574" 1.0
Table 4.3 The Degree of Membership: 'Tali’® OR ’Short’
Adaptive systems Knowledge acquisition Quality control
Artificial intelligence Knowledge based systems Reasoning/decision making
Automatic programming Knowledge representation Making reconnaissance
Automatic repair Logistics Resource management
Autonomous vehicles Machine learning Robotics
CAD Maintenance Sensors
Command and control Management Shipbuilding
Communications Man machine systems Signal processing
Computer based instruction Manufacturing technology Simulation
Computer hardware Materials handling Speech recognition
Computer programs Natural language processing Strategy analysis
Conferences Navigation Tactical problem solving
Countermine vehicle Night vision Target analysis
Data fusion Operations research Terrain analysis
Database management Painting Threat evaluation
Decision aids Pattern recognition Training
Electronic warfare Performance measurement Vision systems
Energy conservation Planning Weapon systems
Expert systems Power sources Welding
Image processing Problem solving
Information fusion Programming tools
Instrumentation
Table 4.4 Some Areas Appropriate to Artificial Inteiligence
source: ref. 4.8)
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Process type diameter notation

of rod
Submerged Arc Welding| 6.3 SAW13 e
(single wire)
Fusarc 2.5 Fusarci
Mig Spray 1.2 Mig-sprayt
Mig dip 1.6 Mig-dip2
Mig pulse 1.6 Mig-pulse2
Manual Metal Arc 3.0 mmas3
Manual Metal Arc 4.0 mina4

ive welding Process Suitable
2 mm Thickness

Grillage Weight Production CERW Rank Production
time COSt
(tonnes) {hours) (in pounds)
1 19,727 211.64 29.338 3 S 864.1
2 23.954 121.77 258.43 4 8 715.2
3 13.127 174.06 21.18 i 6 782.4
4 20.488 163.13 32.2% 5 10 313.5
5 18.670 103.05 22.57 Z 6 787.8

Table 5.2.a The Results Based on tne Manual Metal Arc Process



Griliage weight Production CERW Rank Production
time cost
(tonnes) (hours) (in pounds)
1 18.727 119.15 25.08 3 7 370.3
2 23.854 53.67 26.37 4 6 956.3
3 13.387 33. 40 17.78 1 4 771.6
4 20.488 §2.05 27.74 5 7 651.1
5 19.670 43.87 19. 91 2 5 245.6
Table 5.2.b The Results Based on the SAW Process
Griilage wWeight Production CERW Rank Production
time cost
(tonnes) {(hours) (in pounds)
1 16.727 2006.48 28.75 3 3 808.3
2 23.654 -~ - %)
3 13.387 162.60 20.638 1 5 §45.5
4 20.488 215.72 33.31 4 g 838.8
5 16.670 $8.19 22.35 2 6 201.6

Table 5.2.

P

noce:

¥) The pr

C The Results Based on the MIG Pulse Pi

ocess does not fit to the structure

ULieso



Grillage| Weight Production CERW Rank Productio
time cost
{tonnes) {hours) {in pound
i 18.727 153.48 26.63 3 7 827.8
2 23.954 ~ - - %)
3 13.387 134,59 15. 41 1 5 402.0
4 20. 488 144.27 30.0% 4 8 455.1
5 19.670 71.78 21.17 2 5 706.4
Table 5.2.d The Results Based on the MIG Dip Process
note: %) The process does not fit to the structure
Grillage Weight Production CERW Rank
time
{tonnes {hours)
1 19.61 211.60 30.1¢ 1
2 24,41 165.2 32.67 4
3 12.98 526.2 39.28 5
4 20.43 271,14 31.48 3
5 16.62 243.4 31.78 2
Tabie 5.3 The Result of the ’Winkle & Baird’ Program

Based on

"mma’® Welding Process (2.8).

i



Grillage weiaht Production Rank
time
{(tonnes) {(hours)
1 20.45 558.32 .20 4
2 24.71 385.47 36 3
3 12.27 725.71% 28 1
4 22.10 618.06 59 5
5 16.84 473,36 88 2
Table 5.4.a The Resuilt of ’Emmerson’ Program (6.1)
Based on ‘mma’ Weldi Process
Grillage Weight Production Raik
time
(tonnes) {(hours)
1 20.45 207.71 .81 3
2 24.71 146,70 .51 4
3 12.27 236.18 .08 1
4 22.10 224.85 .59 5
5 15.84 170.835 .06 2

Table 5.4.b The Modified Results

Program

O
—h
ct

P Emmerson’




Design WSD WSD %)
number Prod. CERW Prod CERW
time time
1 223.2 30.88 242.4 31.84
2 148.7 31.38 163.6 32.13
3 232.8 24.72 238.9 25.07
4 120.1 26.48 159.6 28.47
5 108.2 25.13 143.2 26.82
Table 5.5 The Result of Work Study Data Method (5.1)
note: *): used fabricated profile
Design Griliage Emmerson Winkile WSD/WSD*
riunmber
plate 10 g 10
i section 19 16 18 19
total 2% 28 - 29
plate 10 9 - 10
2 section 11 11 11 11
total 21 20 - 21
plate 10 15 - 10
3 section 37 37 37 37
total 47 52 - 47
plate i0 18 - 1
4 section 15 16 15 15
total 25 34 - 25
plate 10 15 - 10
5 section 11 11 11 11
total 21 26 - 21
Table 5.6 Pieceparts Number of the Grillages

note: -
x):

no support data
use fabricated profile



Appendix A : SHIPBUILDING STRATEGY

In order to simpiify the production process, a large structure, such
as ship or barge, has to be constructed based on a number of production
units. Such units can be panel griliages or a combination of a number of
grillage structures. The way to construct the structure from such
production units is called the build strategy. This can be broadly
classified into three categories i.e.: panel, semi-block and block

strategies.

The panel strategy, as the name implies, involves panel grillage
structures as basic production units, as shown in Figure A.1.a. These
grillage panels can be constructed in several ways. Figure A.1.b shows
the traditional building process of constructing. The steps 1involved

are:

t

lay down the shell piate and weld the butt joints,
- fit the transverse webs, transverse mains, longitudinal webs and

longitudinal main frames to become a matrix structure,

weld the matrix onto the shell to construct a griliage,

I

assemble the grillage to construct the ship or barge

In this build strategy, apart from the butt joints which can be welded
by employing automatic welding, the greater part of welding has to be
done manually. This is because the length of the joints are relatively
short. As mentioned in the main text, one way to reduce the production
cost is by employing an optimum building procedure where an automatic or

semi automatic welding process can be employed to the maximum extent.
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Such a procedure, as shown in Figure A.1.c, demonstrates that more
joints can be welded automatically compared to trhne traditional one.
There are at least two welding procedures that can be followed. The

first is as follows :

- Jayout the shell plate and machine weld seams (one side or both
sides),

- layout the transverse web and main stiffeners, also machine weld

~ lay down and weld the longitudinal web and main stiffeners to

construct the grillage. Because the length of partial joints is

The second procedure introduced is the 'hi panel’ method where the steps

are:

- layout the shell plate and machine weld seams (one side or both
sides),

- slot the longitudinals into the transverse ones,

C

~ weld all the joints by using an automatic welding machine.

This procedure is applicable when the the total joint length of
transverse stiffeners is more than the longitudinal ones. However, the
Jongitudinals will be welded using the automatic process when its Jength

of joint is longer than the length of the transverse.
Such a strategy is usually employed when the yard facilities such
as cranes and shop floor size, are very limited. So, to assemble these

units, on the berth, a number of joints which have to be welded in
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vertical and over-head positions, can not be avoided (as shown in Figure
A.2). Welding at these positions needs more time compared with the down-
hand position. In practice, welding in overhead position takes thrice as
long and in vertical position twice as long as the time taken in a down-
hand position. Due to these factors and when all of the assembling
process activities are done in the berth, a relatively tong building

time is necessary.

In order to reduce the number of vertical and overnhead welding
joints, some grillage panels are combined and welded together to form a
semi-block unit in the sub-assembly shop; these are later assemblied on
the berth, as shown in Figure A.3. By following this strategy, less
welding time is needed because it involives more downhand we1q1n9
compared to the previous strategy. Also, it will reduce the activities

on the berth, leading to a reduction in berth time.

In a yard with large crane capacities and adequate shop space, a
number of semi block units can be assembled to become a biock unit
before the assembling process in the berth, see Figure A.4. Such a
strategy will reduce the overhead weiding and the contents of work in
the berth area, because most joints would have been welded in the
prefabrication and sub-assembly shops. Hence, The production cost should
be relatively less compared to both previous strategies, due to less
vertical and over-head welding and less berth time. However, in order to
support such a building process, large crane capacities and space are

necessary.

The above indicates that a large structure can be built from a
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Welding process Reject rate

{in percent)
MMAS 20%
MMAG 20%
MIG Sprayi 10%
MIG Dip? 10%
MIG Puise? 10%
SAW12 15%
Fusaict 20%

Rewelding factor 5.00

Welding Weld time Degree of Degree of
process factor beiief dis-belief
MMAS 1.196 0.1%4 0.806
MMAG 0.800 0.257 0.743
MIG Sprayi 0.372 0.622 0.378
MIG Dip2 0.450 0.515 0.485
MIG Pulse? 0.7%4 0.292 0.708
SAWi2 0.232 1.000 0.0006
Fusarci 1.029 0.225 06.775

: DB/DD

ot

Table D.7. Production Cost Aspec

(c) The Subjective Aspects

Besides the degrees of belief/disbelief, confidence factors are
aiso dependent on the subjective aspects which should be provided by

the user. In this example, the subjective aspects are taken as follows:
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- The welding speed is an important aspect

Not Very
relevant Important

| ; ;

- The welding efficiency is not important aspect

Not Very
relevant Important
i

i ' t
t 1 i

- The production cost is important aspect

Not very
relevant Important
1

¢ E i
! 1 [

When the degree of belief/disbelief and the subjective aspects are
krnown, the confidence factor can be calculated by using the formulae
D.1. As an example of this calculation, the MIG sprayi’s confidence

factor will be shown below :

CF(MIG sprayl) = CFX{(4,(3}(2:1)))

= [subjx(1) x DB(211)} + [(1 - subjx(1)) x DD(2;1)

z
@
=
[¢i]
[
4
>
7~
o
——eb
g
1

0.76

subjix(1)

The joint degree of belief DB(2,1) is calculated based on the formulae

D.2.a,
DB(2}1) = DB(2) x CFR(1)
[ DB(2) x CFX(1) 1 + [ DD(2) x (1 - CFX(1) 1
CFX(1) = DB(1) = 0.50 {(Indoor process)
DB(2) = 0.53
DD(2) = 0.47

Y
()]

(6]



Thus,

DB(211) 0.53 x 0.50

[ 0.53 x 0.50 ] + [ 0.47 x (1 - 0.50)]

3]

= (.53
And the joint degree of dis-belief is calculated based on the formulae
D.2.b,

ob(211) = DD(2) x CFx(1)
[DD(2) x CFX(1)] + [DB(2) x (1 = CFX(1)]

= 0.47 x 0.50
[ 0.47 x 0.50 1 + [ 0.53 x {1 - 0.5)]

= 0.47

Thus, the joint confidence factor is,

CFX(211) (0.76 x 0.53) + ({1 - 0.76) x 0.47)

i

= 0.5156

The second joint CFX(3,(2;1)) can be calculated based on the second

joint degree of belief/disbelief, which are calculated as follows :

it

DB(3,(2,1)) DB(3) x CFX(2,1)

[DB(3) x CFX(2}1)] + [DD(3) x (1 = CFX(2)1)]

1
o

DB(3) .83

DD(3) 0.0673

i

it

0.93 x 0.5156
[0.93 x 0.5156] + [0.07 x (1 - 0.5156)]

DB(3,(2:1))

0.9339

it

i

DD(3) x CEX(2,1)
[DD(3) x CFX(2,1)] + [DB(3) x (1 - CFX(2,1)]

DD(3,(2,1))
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BD(31(2,1)) 0.07 X 0.5156

[0.07 x 0.5156] + [0.93 x (1 - 0.5156)]

W

= 0.0741

Thus, the second joint CF is,

CFX(3;(2;1)) [0.24 x 0.9339] + [(1 - 0.24) x 0.0741]

i

= 0.28045

fe

The final CF combines the third subjective aspect with the second

joint CF and is calculated as follows:

DB(4,(3,(211))) = DB(4) x CFX{3!(2'1))
[DB(4) x CFX(3)(2)1)] + [DD(4) x (1 = CFX(3!(2'1))]

DB(4) 0.622

W

DD(4) = 0.378

DB(4,(3;(2:1))) = 0.622 x 0.28045
[0.622 x 0.28045] + [0.378 x (1 - 0.28045)]

= 0.3907

DD(4;(3){(2:1))) = 0.378 x 0.2804
80451 + [0.622 x (1 - 0.28045)]

0.1915

1§

[0.48 x 6.3507] + [(1 - 0.48) x 0.1915]

it

CF(MIG sprayi)

= 0.287116

The confidence factors (CF) of other welding processes can be calculated
in the same way. The above manual calculaticns agree with those given
by the program. This verifies that the CFs calculation in the program is

working in the right order.
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a

The production cost

s in the case of SWES

calcul

a

tions are carried out in the same manner

and these have been validated already.
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Appendix E. THE RESULTS OF WELDING PROCESS SELECTION

As mentioned in Chapter 5, the CFs are dependent on the subjective
aspects and the abilities of a welding process. Due to varying abilities
of the welding processes, as shown in Appendix B, the value of tneir CFs
differ upon a set of the subjective aspects. These values of CFs will

f the CFs, a simple example has been examined by

a butt joint with a thickness of 14 mm, a jength of 3.5 m and i the
downhand position, as shown in Figure 6.1. Depending on the thickness

and position of the joint, there are seven types of possib
Y

processes of four groups:

rranged sequentia

Q

hese processes are further analysed and

wihich depend on the yard experience and the user

As mentioned in Appendix D, the reject rates and ti

are taken randomly by the author without considering a specific yard



showin i Table E.1 below:

[]

>

T
(T

-

i

fed]

)

[s)
2y
[
i

welding process Reject rate
mmasd 20 %
immad 20 %
sawis 20 %
mig-spirayi 10 %
mig-dip2 10 %
mig-pulse? 15 %
Fusarct 20 %
Rewelding factor is .......... 5.0

Three other aspects, besides the reject rate and the re~weliding

Tactor are taken into account. As previously mentior

they are the welding speed, the welding efficiency and the production

cost aspects. The confidence factors of the alternative welding
processes are calculated by combining sub-confidence factors of these
aspects. These sub-confidence factors, called CFX, are caljculiated
accoraing to tne importance of the related aspect and their
capabilities which are represented by their degrees of belief/disbelief
Generally, CFX will increase when the degrees of belief in the process
and the importance of the aspect are lairger than their average values

the minimum and the maximum degrees of belief/disbelief. Thus,
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and the formulations
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welding speeds are either unimportant (@25%) or important (75%).

From Figure E.2 it is evident that MMA is a ’better’ process than Mig

Spray {(i.e. with a |

important. It can be argued that welding speed being not important could
be ’equated’ to a preference for a process which is inherently slow. The
MMA process certainiy 'wins’ on this count (-see Table D.1). Similarly,

preference for a fast process with less rework. Again, the MMA process

'wins’ over the Mig Spray process -see Table D.6. Welding efficiency at
a 50% level of importance {(i.e. indifference) would not affect the

result either way.

Spray process. The argument here is that importance in weld speed being
nigh couid be ’eguated’ to a process which is inherently faster, i.e.
Mig Spray. Again, weld efficiency is only a marginal consideration @
50%. The constraining criterion is cost being deemed unimportant. So,
this would influence the choice of a Mig Spray in a negative senses. This
is the cause for the gradient in the line {(corresponding to Mig Spray)
peing only mairginally upwards. The implication is that this low
importance of cost marginally balances out the higher importance of the

Resuits for the outdoor location, with the same set of subjective



subjective criteria considered. However, Mig Spray process, because o

its very mnature , 1is affected. There will be a slignt Jiowering o

o

he important conclusion with respect to the above discussion is that

the results can be justified in a qualitative aspec

itative aspect as well (and in

addition to a purely gquantitaive one).
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Figure E.54

Qutdoors Welding Processes, Speed 75% and
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As mentioned in Chapter 5, the program has been applied on the five
structurally eguivalent grillage panels which are shown in Figure 5.14.
A set of detaiied results of these Tive grillages can be seen in Figures

s
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