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ABSTRACT

Methods of improving the level of pre-contract design
definition and the quality of information relating to
steelwork are described. This information is combined
with a comprehensive database of manufacturing pro-
cess information to provide a system for estimating the
work content of the main structural steelwork of ships
such as ro-ro vessels. Procedures are described which
facilitate consistent estimates to be made while min-
imizing data handling requirements and increasing the
flexibility of the method at the concept design stage.

Applications are described which demonstrate the use
of the system in investigations which examine the varia-
tion of factors which influence labour cost. The factors
examined include the effect of changing midslip block
breakdown and length of productive day.

Suggestions are made as to how the system can be used
to assess the importance of those factors which may
improve overall yard production efficiency and assist
in the planning function.

INTRODUCTION

Significant advances have been made in the application
of advanced technologies to SKIP design and Calkins
(1) provides an excellent overview of progress in this
area. This rate of progress has not been accompa-
nied by similar advances in the area of SKIP produc-
tion in a way which facilitates rigorous analyses of al-
ternative build proposals at the earliest stages in the
development of a design. In today’s highly competi-
tive market, shipbuilders have to be capable of offer-
ing optimum designs, usually implying low construc-
tion cost, or at least being able to justify a design at
above minimum cost in terms of some special design
feature. In addition, the builder has to be confident of
the costs estimated, so the methodology used to assess
these costs has to be based on sound principles. It is
recognised that the new technologies currently used to
support ship design activities can be used to improve
the builder’s ability to assess the effects of different pro-
duction scenarios on a design proposal. To be effective,
a system should provide the capability of assessing dif-
ferent vessel arrangements, variation in hull shape and

alternative structural arrangements and build strate-
gies.

Design tools which incorporate production considera-
tions are not generally available, yet there is a clear
need for methods which can provide improved levels
of reliability and support at the pre-contract stage for
those concerned with cost estimating and planning ship
production. Developments in ship production methods
combined with progress in the implementation of ad-
vanced information and resource control systems, e.g.
Milne (2) and Vaughan (3), allow the retrieval and cap-
ture of production information which is adaptable for
use in models which facilitate the estimation of work
content and cost.

While it is appreciated that steelwork may not be the
most important item wher. considering total ship con-
struction cost, it is the area most under the control
of the builder, where production monitoring systems
development are most advanced and where reliable in-
formation of work content can be most readily deter-
mined. Steelwork lies on the critical path for deliv-
ery, so early definition is essential. For these reasons,
we have chosen to develop a method of estimating the
work content and costs of steelwork for use at the ear-
liest stages in the development of a design.

SYSTEM 0VERVIEW

It is necessary to be able to estimate the manhours
taken to construct a vessel and parts of vessels at var-
ious stages of a contract, e.g.

(i) Pre-contract
(ii) Build strategy /orderbook planning

(iii) Departmental/tactical planning
(iv) Workstation loading/operations control.

These stages are often considered as distinct separate
activities, usually because the data available increases
both in quantity and quality as the contract is worked
through. For example very few systems available today
facilitate a breakdown of the structure and estimates
of joint length to be made at the pre-contract stage.
The advantages of making such information available
as early as possible are obvious:
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sketch of the design is a significant advance which al-
lows variations to be explored, so that a tender can be
prepared with a higher level of confidence. It is possi-
ble to use the cost estimating module in a stand-alone
mode. In this case the user would simply input in-
formation (which had been obtained from alternative
sources) under (i) to (iii). A particularly useful ap-
plication is to consider the midship section only. By
doing so a series of sensitivity studies can be carried
out in the minimum of time. This mode of application
will be demonstrated later in this paper. The ability
to estimate scantlings is a necessity if steelwork process
analysis data is to be used effectively in the estimating
process, since consistent measures of work content are
the key.

Determination of Scantlings and Steelmass

The adopted approach requires a reasonably complete
internal layout definition, showing decks, bulkheads,
hull form and other structural details such as pillars
or inner skin. From this information and the applied
cargo loadings, the spans of each member are found and
the scantlings determined. Most of the scantlings are
determined according to the Steel Ship Construction
Rules for General Cargo Ships defined by Lloyds Reg-
ister of Shipping. Whale the scantlings are generated
consistently, and give an indication of a likely value, it
must be emphasised that they are not necessarily final
approved values.

The system as developed at present will cater for most
types of cargo roll-on/roll-off vessels but not those parts
of the ShiP with cellular container holds. It will also
cater for ferries up to the uppermost continuous deck.
In principle it will cater for other multi-deck ships not
having large hatchways, where the layout and loading
of decks can be converted into the equivalent ‘ro-ro’
input.

Since the scantlings of such ship types as ro-ro ships
are significantly affected by the number, height and
loading on each deck, special attention is paid to their
structure. Vehicle loads are used to assess the basic
deck structure, but deep beams and web frames are es-
timated from an abbreviated finite element calculation.

Due to the variability of possible internal layouts and
range of user-defined hull sections, the extent of the
results output can vary. A typical ro-ro layout is drawn
in Fig.(3). Broadly speaking the following informat ion
is generated as output:

(a)

(b)

(c)

Approximate deck scantlings
approximate bottom scantlings
approximate side shell scantlings
steelmass rates, V. C. G., components and local di-
mensions of:-
(i) decks
ii) bottom
iii) side shell
graphical bar chart of hull section rates along the

(d)
(e)

(f)
(g)
(h)
(i)
(j)

length
mass rates and V.C.G. summary
main hull steelmass (structure) total and distribu-
tion
ship extremity mass estimates
transverse bulkhead masses
superstructures
graphical plot of cross-sections
alternative ship depths or clear deck heights on ro-
ros.

A typical example of part of the output is shown in
Fig.(4).

The availability of this data which gives number, spac-
ing, length and scantlings of the main steelwork com-
ponents, together with the graphics capability of mod-
ern engineering computer workstations, provides the
ship designer and production engineer with a powerful
product development aid. The place of the scantling
and steelmass module within the cost estimating pro-
cess is indicated in Fig.(5).

WORK CONTENT AND COST ESTIMATING

Some other industries are much more advanced than
shipbuilding in not only establishing work content asso-
ciated with different equipments and construction pro-
cesses, but in publishing data (8). In the absence of
published data for shipbuildmg, it is necessary for each
company to establish (e.g. by work study) a database
of unit times for principal activities of the construc-
tion process, which are compatible with the technical
description of the hull. In the case of hull structure,
it is therefore necessary to be able to break the main
portion of the hull into units from which work content
can be generated for each of the three principal work-
stations:

(1) Preparation (shotblasting, priming, marking, burn-
ing, rolling)
Number, areas and perimeter of plates and sec-
tions, flat or curved.

(2) Fabrication (construction of sub-assemblies and
panels, and welding into units or blocks).

For generic 2D and 3D units, and their panels, units
and connections; joint length of plates, sections and
associated thicknesses and number of parts.

(3) Erection (transporting, lifting, fairing, tacking and
welding at the berth).
Number, weight, 2D or 3D Hat or curved, perimeter
joint length, position and access, free-standingness.

Generic Units

The level of detail being considered results in large
numbers of structural items being generated by the
system. Clearly the problems of handling such large
amounts of data are considerable, particularly when
the necessity for rapid computer response times is para-
mount. Large numbers of alternative types and ar-
rangements of units can be defined when considering a
build strategy for a ship. At the concept stage these







problems can be overcome, without seriously reducing
the accuracy and flexibility of the system, by introduc-
ing the concept of ‘generic units’.

An examination of a range of ship types shows that
the structural arrangement of a ship is composed of
stiffened panels composed of flat or curved plates to
which are welded frames, beams, longitudinals, gird-
ers etc. These in turn are joined to make units or
blocks of which there are about two dozen basic or
‘generic’ types. Each generic unit is further sub-divided
according to whether each panel is flat or curved, lon-
gitudinally or transversely framed etc. For a specific
ship type it is usually possible to define a realistic
structural arrangement using a sub-set of these generic
units. Table (1) gives a list of those used to define Ro-
Ro ship structures. Fig.(6) illustrates the arrangement
and composition of typical generic units.

Table 1

MENU OF GENERIC UNITS (Ro-Ro Type)

(1) Flat or Curved Panel with associated stiffeners
(2) L-Unit Flat or Curved (e.g. deck plus side panel)
(3) L-Unit with Inner Hull.
(4) C-Unit Flat or Curved (e.g. deck plus two side

(5) C-Unit with Inner Hull
(6) F-Unit Flat or Curved (e.g. two decks plus side

(7) F-Unit with Inner Hull
(8) F-Unit with Lower Inner Hull
(9) Double Bottom Unit - Full breadth, 5 girders

(10) Double Bottom Unit - Full breadth, 3 girders
(11) Double Bottom Unit - Flat with 3 girders
(12) Double Bottom Unit - Flat with 1 girder
(13) Double Bottom Bilge Unit - 1 side girder
(14) Double Bottom Bilge Unit - 2 side girders

A generic unit can be considered as a ‘macro’ in com-
puting terms, so has a limited number of defining pa-
rameters and possible construction processes. Program
development has been facilitated by limiting the Po-
tentially infinite number of possible constructional ar-
rangements to generic building blocks which are typical
of practical shipbuilding.

Using his knowledge of the range and form of available
generic units, the designer/planner is able to divide the
hull into a number of blocks which represent a possi-
ble build strategy, Fig.(7). The dimensions of a unit
are compared against the maximum dimensions that
the facility can handle and against defined ‘preferred
dimensions’. For example the unit length is checked to
ensure that it is a multiple of the deep frame spacing
and that it is less than or equal to the maximum plate
length which has been defined as a yard standard or as
a preferred plate size. The availability of weight data
also allows the total weight of a unit to be compared
against the maximum lifting capacity. Once the user
has defined a unit envelope, the system interrogates
the structural database and assembles a list of items
which exist within the envelope boundaries. The list

of items is checked against the Iist of structural items
which are used in the definition of each generic unit. If
a match is not found, a message appears on the screen
and the user is invited to re-define the boundaries of
the unit under consideration. When a unit has been
successfully defined and matched, the output from the
scantling and mass estimation program is accessed to
pick out the geometry and scantlings associated with
each panel, e.g. plating thickness, stiffener type, spac-
ing and dimensions.

The procedure by which a match is made between the
user defined unit and the data bank of generic units is
as follows:

(i)

(ii)

(iii)

(iv)

An

The structural data base is interrogated to identify
the structural items which lie within the defined
boundaries.
The program creates a list of items for the Unit,
each item being represented by a number.
Using an indexed search technique, this list of num-
bers is checked against the stored sequences that
predefine each generic unit.
When a comparative list of items is found, the
structural routine is invoked and the work content
parameters are generated.

example of a typical record for a generic unit is
shown in Fig.(8). This is for a ‘L’ unit, e.g. deck and
side shell. It can be seen that the match has been made
on the list of items where







MANUJL BUTT WELD DOWNHAND UNHZSTRICTCD CONSTXITS (MBWDUC)
__________I___-____-___^________________~~~~~~~~~~~

ARR?.Y  POINTSR SIZZ
2 20

Std. Global Basic Global
Job Constant Job Constact (in minutes)

16.5 12.29

Std. Lifting & Basic Lifting C
Turning Constant Turning Cons:ant (in minutes)

12.12 9.18

Std. Section Basic Section
*Constant Constant (ir. minutes)

0.0 0.0

RXE: Std Min/mtz BXLSIC Min/mtz PWTE THIC:KNZSS  ('T' nun)
lowet < T <= upper

***********t********************t*****.************************==***~*
53.96 11.34 0.0 8.0
63.73 24.41 8.0 10.0
67.70 27.29 LO.0 11.0
76.62 33.79 11.0 13.0
77.64 34.51 13.0 14.0
86.39 40.89 14.3 16.0
96.69 48.35 16.0 18.0

107.03 55.08 18.0 19.0
119.42 64.93 19.0 20.0

*X**t*t*t**t*tt**t********,t******t**t***~***************~********
'K' PREPARATION ABOVE
'M' PREPARATION BELOW

*f*X*****l1*t****tlt~*********PPI****~~*~*~******~xx*~~~
74.17 53.08 20.0 22.
83.02 59.35 22.0 22
94.08

106.11
117.16

_ _E 3;__ya--

130.80
144.03

FIG (9). RECORD FROM WORK C&TENT DATA BASE FOR Oh% PROCESS

Such calculations are made using a ‘standard algorithm
which allows for the appropriate coefficients to be au-
tomatically selected according to the structural item,
processes and thickness. Thus standard minutes for
deck girder fabrication are calculated in the form of:

Global Job Constant Process 28 + Global Job Con-
stant Process 21
+ Section Constant for Process 28 x Number of
Sections [2 for web plus flange]
+ (Minutes per Metre Process 28 + Minutes per
Metre Process 21) x Piece Part AssembIy  Joint
Length [Flange welded to web].

A similar calculation is made for welding the fabricated
girder to the deck plating using Panel Fabrication Joint
Length. Each element is adjusted if necessary for ac-
tuaI  manning if different from standard manning IeveIs
and then converted to manhours. It can also be multi-
plied by a process efficiency factor if the actual process
in the shipyard differs from the standard assumed.

Comparable  algorithms are used at Preparation and
at Berth Erection workstations using the appropriate
processes and work content parameters.

ESTIMATING OVERALL STEELWORK MAN-
HOTJRS

The basis of the standard manhour estimate is the
structural definition generated by the scantling  and
steelmass program and the unit breakdown as input
by the user. At the*preliiary  design stage, it is not .
possible to specify every item of structure in complete
detail, for example, cut-outs in floors, so that it is nec-
essary to make allowances for such elements which are
inherent in any as-built structure. Thus standard man-
hours are converted to inherent manhours according to
type of generic unit and the relevant workstation.

The inherent manhours reflect the work content built-
in by the structural designer and the proposed build
strategy. In an ideal world, inherent manhours would
be the same as actual manhours, but there are many
reasons why actual hours will be signficantly  higher.
Elements such as rework percentage. effective use of
the working day or material control efficiency al1 add
to the manhours recorded for actual ships. Thus fac-
tors which are specific to a particular shipyard and
its management need to be added to obtain predicted
manhours as a realistic estimate of Actual manhours.



Standard Time

Standard times have been derived from work study
data, so represent the average time that a qualified
worker should take, using the specified method and
proper motivation. Normal relaxation and contingency
allowances are included to account for ‘legitimate’ ex-
tra time to add the basic process time. The user may
build into the database additional factors to allow for
process efficiencies different from the standard. For
example a particular process may use a more efficient
method than incorporated in the database (e.g. laser
cutting of thin plate), whale the actual manning level
of this process may require a different number of oper-
ators to that assumed.

Inherent Time

At each of the workstations, it is necessary to make
allowances for additional operations that are not ex-
plicitly included in the hull definition. At the prepara-
tion stage, for example, burning lengths calculated for
bare plates need to be increased for (undefined) cut-out
lengths. At fabrication, minor brackets and stiffeners
need to be allowed for on top of the main structural
elements. If any outfit structure such as seatings are
being added at this stage, the factor can be adjusted,
although it is probably better to keep such items sep-
arated from main structure in the estimate.

At berth erection, the basic process of say butt welding
of adjascent panels uses the standard database for type
of weld and thickness. Allowances need to be made
for the location of the unit on the berth and access
thereto, whether it is a 2D or 3D unit, as well as the
overall weight in terms of extra time to transport and
lift. Thus for berth erection, a typical form of Standard
to Inherent calculation for a particular generic unit is:

Inherent manhours = Standard manhours (1 + access
factor)

+ Berth erection joint length x 2D/3D factor
+ Unit weight x weight factor

The database containing default values may be ad-
justed by the user.

Inherent time reflects on a consistent basis differences
in work content arising from the way the structure has
been designed and the proposed breakdown of units.
Thus it can be used to compare the ‘efficiency’ of al-
ternative strategies.

Predicted Time

Predicted time has to incorporate all those efficiencies
which are not inherent in the technical specification,
but reflect the success (or otherwise) of a particular
shipyard’s management in controlling all the ways in
which jobs take extra time. Anyone who has worked
in a shipyard will recognise that the number of hours
booked to a job will be higher than the somewhat ide-
alised inherent hours due to:-

In

poor plant layout resulting in additional time to
transfer men and components between workstations
inadequate cranage resulting in extra time to lift
and move units
environmental conditions, e.g. bad weather in terms
of wind, rain or temperature delaying activities.
An open facility in a bad weather region will lose
more time than a covered facility, but less so in a
good weather region.
rework, due to poor accuracy control or distortion,
e.g. cutting and trimming units
poor time-keeping. Late starting and early finish-
ing is not unknown in shipyards
official and unofficial breaks for meals, refreshments
etc, reducing the effective working day
material control efficiency, reflecting the ability to
ensure that labour is not held up waiting for ma-
terials
labour control efficiency, to ensure that work, es-
pecially on the critical path, is not held up for lack
of labour, either of any type, or of a specific type,
e.g. due to trade demarcation
excess manning levels. A yard may allocate more
men to an activity than is strictly necessary, per-
haps as a result of trade union pressure, or ‘using’
surplus manpower.
shipyard loading. It is not always possible to match 
the workload to the available labour, particularly
as order books run out, when the tempo of work
may also slow down.

the program, these factors are incorporated in a
number of factors:-

Generic Unit or Workstation

(i) Plant layout factor
(ii) Environmental factor

(iii) Rework factor
(iv) Labour application factor
(v) Waiting factor

Global Shipyard Factors

(vi)
(vii)

(viii)

(i)
(ii)

(iii)

(iv)
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Effective working day factor
Manning level factor
Shipyard loading factor

Covers deviation from ideal flow-line layout
Varies between workstations; obviously shipyard
location specific
Rework includes a factor to allow for cutting and
edge correction particularly at berth erection. It
depends on the ability of the yard, together with its
accuracy control procedures, to produce structural
components within acceptable tolerances. There is
a separate allowance of manhours per square metre
to allow for distortion correction which is a function
of panel area and generic unit.
Labour application factor depends on the effective-
ness of management and supervision in ensuring
that the correct labour is available at the correct
time and working properly.



(v) Waiting factor allows for delays where labour is
waiting for materials, services, information or due
to equipment breakdown.

The remaining three factors can be expected to apply
across the entire shipyard at any given time. They
are essentially self-explanatory, and applied as global
factors to the total manhours.

The importance of the above eight factors should not
be underestimated, since they are cumulative. For ex-
ample, if one postulates the following values for each
factor (averaged across units):

(i) 1.05 (ii) 1.10 (iii) 1.30 (iv) 1.15 (v) 1.20 (vi) 1.25
(vii) 1.15 (viii) 1.00

this gives an overall factor of 2.98. Thus three times as
many hours have to be paid for as are technically re-
quired. Furthermore, elapsed build time is likely to be
longer (though not proportionately) and direct over-
heads will be incressed.

In practice, the elements are estimated on the basis of
techniques such as activity sampling and rework mea-
surement, plus professional judgement. In particular
areas, overall Inherent to Actual factors as low as 1.5
and as high as 6 have been found. It is also desirable to
check the overall factors from completed units in a spe-
cific shipyard so that individual factors can be tuned on
a heuristic basis to give consisent results. The factors
do of course highlight areas where the most manage-
rial attention should be paid. Broadly speaking, poor
performance shipyards will get a better return from
controlling the above factors than installing new equip-
ment, where the latter mainly affects Standard Time
rather than Actual Time.

APPLICATIONS AND DISCUSSION

To illustrate the use and capabilities of the system a
basis ship is selected. The vessel is a 7500 tonne dead-
weight, two-deck ro-ro ship, with an inner hull in the
lower hold. The principal dimensions are:

Length B.P. 136.0m

Breadth moulded 23.0m

Depth moulded to 16.4m

upper deck

Depth moulded to 9.Om

main deck

Design draught 6.9m

Block coefficient 0.622

Scantlings See Fig.4 for

estimated data

The main benefit of the new system is that it enables
the designer to investigate the effects of possible changes
in structural configuration, production facility capabil-
ities and workstation parameters. To illustrate this ca-
pability, examples are given in which the following are
examined: changes in the number of units used to con-
struct the midship region and the effects of variation
in length of productive day.

Effect of Change in Unit Configuration

One of the most important decisions to be made when
developing a design concept is to determine the unit or
block breakdown which is compatible with the avail-
able production facilities and is capable of being pro-
duced efficiently at minimum cost. One stage in the
investigation might be a comparison of alternative unit
breakdowns on a basis of minimum cost of labour plus
material, while satisfying the maximum lifting capac-
ity at each workstation. To illustrate this approach,
three alternative unit configurations were generated,
consisting of 3, 6 and 9 units respectively, which are
shown in Fig.(1O). The joint lengths, work content and
labour cost estimates, are generated. A typical output
for a ‘C’ unit at the fabrication workstations is shown
in Fig.(11) and a summary of the figures for all three
unit configurations at the fabrication and berth erec-
tion workstations is given in Fig.(12). This data can be
examined to identify areas of high work content, e.g.
beam/girder gusset plates.

The total costs of labour plus material for each config-
uration, presented by workstation, is given in Fig. (13).
The total cost for the 3, 6, and 9 unit configurations
are £150,685 £155,471 and £156,746, respectively in-
dicating that over the midship region the 3-unit config-
uration minimises cost. Then providing the shipyard’s
handling facilities are adequate, a 3-unit arrangement
is to be preferred and can save 4% of the cost of a
9-unit configuration. A similar study by Bong (5) for
bulk carriers using Korean data gave a similar result
showing that a reduction in the number of units from
8 to 4 reduced costs by 5%.

Effects of Changing the Length of productive D a y

One of the most obvious factors which influences pro-
ductivity levels is the length of the period during which
work is carried out. The benefits to be gained can
be readily assessed by means of a sensitivity study
in which the appropriate value is systematically var-
ied. The original data used in these examples is shown
in Table 3. To demonstrate the effect of varying the
length of productive day the original figure of 5 hours
was changed by + 1 hour. The effects are shown in
the tables in Fig.(13). It can be seen that a one-hour
increase in the productive day produces a saving of ap-
proximately £13,000, whereas a decrease of one-hour
adds about £20,000 or 25%.

These changes refer only to different build strategies.
An even more valuable application is to look at:
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TABLE (3) . BASIS DATA USED IN SENSITIVITY ANALYSIS

Total cost variants menu
----------------------- -----

1. Change labour rate (pounds/hour)

2. Change scrap (Percentage of Gross)

3. Change material cost (cost per tonne)

4. Change length of paid working day (hrs. )

5. Change length of productive day (hrs. )

6. Change general build efficiency (%)

7. Change yard loading (%)

8. Change Global Manning Level (%)

(i) alternative structural designs
(ii) alternative vessel arrangement

Under (i) the system can be used to examine for exam-
ple different stiffener spacings, or single versus double
hulls at upper decks. The latter arrangement would
enhance ro-ro survivability in the event of a collision.
Under (ii), alternative depths to each deck and dou-
ble bottom can be examined. For example, beam-to-
beam depth can be reduced by using shallower heavier
beams retaining the same clear deck height for vehicles.
The scantling and mass estimation program estimates
the changes in steelmass and centre of gravity, while
the cost estimating program compares the costs. The
designer and builder now have potentially much more
creative tools available.

FUTURE ENHANCEMENTS

The principles and methodology on which this work is
based can be extended not only to other ship types but
to other areas of ship production, in particular appli-
cations in the outfitting area. Some outfit manufactur-
ing process data does exist and systems are in place
which will facilitate further information to be collected
thus enabling the processes to be realistically modelled.
This in turn will allow more comprehensive analyses to
be carried out. For example the addition of outfit to
the system will allow a more representative model of
modern shipbuilding processes to be used when consid-
ering build strategy, resource utilization and modular
construction.

Extending the system to a wider range of ship types
including warships is being considered. This would ne-
cessitate a different database to be constructed to ac-
count for the different standards associated with the
building of naval vessels.

In the computing field the applications of transputers
could bring about significant benefits. A parallel pro-
cessing environment which permits multi-tasking has
obvious advantages at the concept stage where a num-
ber of alternative proposals could be examined simul-
taneously.

original value -

original value -

original value -

original value -

original value -

original value -

original value -

original value -

5.50

4.00

260.00

7.50

5.00

30.48

80.00

100.00

Some recent work by the authors [g) has demonstrated
the Artificial Intelligence can be used effectively at the
concept design stage. Some of the techniques described
in Ref.(9) could be used to enhance the cost estimat-
ing process, e.g. some form of automatic data feed-
back from the production departments for ships re-
cently built could be used, via an expert system, to
update the database and thus continually improve the
system performance and reliability.
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