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FOREWORD

because they are reliable indicators of how work processes are performing. Inces-
sant analyses of accuracy measurements and other relevant variables are means us-
ed by the most competitive shipbuilders to constantly perfect organization of
work. This book, addresses modern industria principles as successfully applied to
shipbuilding by Ishikawajima-Harima Heavy Industries Co., Ltd. (IHI) of Japan.
Some traditional managers will become convinced that high productivity in Japan
is not due to superhuman workers or miraculous subsidies. Instead, as this book
demonstrates, high productivity comes from appropriately trained workers per-
forming highly organized work.

Accuracy Control (A/C) is not quality control nor is it similar. MC means reg-
ulation of accuracy as a means for continuously improving design details and
work methods so as to maximize productivity. Thus, A/C is properly in the realm
of operations managers.

Statistical analysis as applied in A/C is based upon the empirically derived
observation that there is no such thing as absolute accuracy. No matter how
precise people try to be during a specific work process, variations from specified
dimensions are always measurable and normal Thus, for shipbuilders accuracy
exists only in terms of normally achieved ranges. Learning how to work with
ranges of variations is crucia for production control and for achieving specified
end-product accuracy in a very competitive market.

A further surprise is that the statistical basis for A/C as a means for controlling
work was introduced to the Japanese by an American statistician, W. E. Deming,
more than thirty years ago. The importance of his contribution is manifested by
the annual TV presentation in Japan of the Derning Award for the most notable
contribution to productivity.

One commentator generalized that Deming’s theories suggest that traditional
managers don’'t know how to count. The substance of this book suggests further
that they also don't know what nor when to count. In shipbuilding, sufficient
understanding is dependent upon more college or equivaently educated middle
managers as heads of fabrication shops and assembly organizations.

A key feature of A/C as practiced in competitive shipyards is the selection of
bright people at critical pointsin their careersto serve afew years as A/C engi-
neers. Each selectee, having about eight years experience, is on the threshold of
redly being able to contribute to developing shipbuilding technology. A/C,
because it always deals with analytical methods and the entire shipbuilding pro-
cess, provides opportunities for real performance-s in a climate that excludes ap-
parent performers. Thus, A/C is excellent for developing and identifying the best
shipbuilding engineezs while they are simultaneously improving productivity. In
such shipyards, the terms “shipbuidiing engineer” and “ shipbuilding manager”
are synonymous.
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1.0 INTRODUCTION

1.1. General

Accuracy impacts on productivity. Thus, accuracy isa
prime and continuing concern among professional ship-
building engineers. They regard Accuracy Control (A/c.),
i.e., abilities to regulate accuracy, fust and foremost as a
management tool for continuously improving productivity.

Statigtics is the branch of mathematics dealing with collec-
tion, analysis, interpretation and presentation of masses of
numerical data. The methods of statistics are methods of ap-
plied mathematics. Shipbuilding engineers who manage A/C
programs must at least understand college-level elementary
datitics.

Other prerequisites pertain to the data needed. An A/C
data base is a major investment. At first it requires systematic
recording of thousands of measurements. Such efforts are
expensive. They will deter traditional managers having short-
term goals. These people are more likely to apply what they
believe to be A/C as sporadic and unsophisticated preventive
steps in response to one particular customer’s requirement for
a specific degree of accuracy.

Lack of long-term application negates the central impor-
tance of statistically-valid data which describes a shipyard's
normal accuracy performances. Such data is the basis for
continuing the collection of measurements by mathematically
determined sampling and for continued analysis and interpre-
tation.

Competitive shipbuilders regard their A/C data base as a
capital investment and means of production every bit as indis-
pensable as a crane or a building dock. The significant cost
for starting an A/C program makes sense only when it is
amortized over future projects just as any other large capital
investment. Costs for continuing the collection of dataas a
normal part of a production process, are nominal because of
the sampling techniques employed.

A/C cannot be effectively applied in the absence of a
product-oriented work-breakdown structure which features
interim products (i.e., fabricated parts and various subassem-
blies) classified by the problem areas their manufacture im-
poses. Thisis the singular means used by the world’s most
competitive shipbuilders to operate both real and virtual
work-flow lanes for a high variety of objects in mixed quan-
tities.

Because the different interim-products are classified by
common problem-areas, the same work situations are suffi-
ciently repeated within each area for statistical treatment.
Moreover, as sets of solutions, e.g., specific classes of worker
skills and facilities, are matched to problem areas, A/C data
is unaffected by variations that would otherwise occur.

Some product-oriented shipbuilders evaluate each propos-
ed interim-product or alot consisting of more than one, for
its efficiency as a work package. Productivity Value (PV) is
expressed by the formula

PV = f(T.N,Q

where;
T = time alowed for its accomplishment,
N = number of units of resources, and

Q = quality of work environment and accuracy Speci-
fied for the interim product.

The function (T,N,Q) is determined empirically and separ-
ately for each stage within each flow lane. Each necessarily
considers the irmnediately preceding and following work
stages.

Having PV vary directly with Q insofar asit appliesto
accuracy specifiedfor the interim product seems to be a para
dox. However, in this case Q relates to the efficiency of the
tolerances specified with subsequent assembly work in mind.
Are the tolerances too accurate? Are they accurate enough?
A/C provides the method for detemining the optimum toler-
ances required at each stage consistent with the needs of
customers, regulatory societies and productivity.

When customers vary their accuracy requirements, as for
different ships in different services, A/C provides quan-
titative means to change details and assembly sequences, and
to adjust tolerances to suit. This ability to better control pro-
duction through control of accuracy is a tremendous competi-
tive edge.

“Product Work Breakdown Structure - November 1980” by Y. Okayana and L.D. Chirillo for the National Shipbuilding Research Program.

|



A/C isarepeating cycle of plan, execute, evaluate and
replan; Figure 1-1. Vital points and dimensions for blocks,
sub-blocks and parts that are needed to assure accuracy of an
end product are identified. They are systematically monitored
at designated production stages. Similarity, many other
measurements are made and carefldly documented until
scientifically-valid samples of accuracy data have been col-
lected. The data are evaluated using statistical methods to
verify performance in terms of standard ranges of accuracy
normally encountered and tolerance limits beyond which
rework is required. By including such written requirements in
work instructions and by systematically monitoring, A/C
“tightens up” all activities along a production line, e.g.,
template production, marking, cutting, bending, fitting,
welding, and line heating so that the tolerance regquirements
for each are compatible with the others’. No longer are
crucial judgments about accuracy left to opinions and
gueSSes.

A specific example of “tightening up” for a particular
work process was further development of line heating to more
accurately form curved hull-parts as a means of minimizing
erection work. Man-hours required for bending were reduced
to amost one third those needed for conventional rolling
or pressing, fewer clips, dogs, wedges, etc. were required
by assembly workers, and rework for adjusting joint-gaps
during hull erection was greatly reduced.

Where most effectively applied, A/C engineers are as-
signed thoughout the operations department. Because their
methods are analytical and always address the entire ship-
building process their recommendations are inherently apoli-
tical. Thus, they have the best opportunities for developing
themselves as shipbuilding engineers. As A/C experience is
virtualy prerequisite for higher managerial jobs, candidates
are carefully selected from people having about eight years
shipbuilding experience and memberships are rotated. This
viable group, in addition to its day-today planning, executing
and evaluating, functions as a defacto staff, i.e., advisory
group, to the operations manager and his deputies.

A/C provides scientifically derived, written and redlistically
obtainable accuracy standards and goals. A/C is a function
that transcends departmental responsibtities. Whether it
should be adopted should not be left to department or shop
managers whose concerns are parochial.

A/C reports contain essential and reliable data that
measure critical aspects of production performance and in-
dicate where improvements are required. Quite apart from
controlling accuracy, A/C aso defines management options
regarding all aspects of an operations organization. Implem-
entation requires total management commitment. In each
shipyard, A/C should significantly preoccupy the most senior
operations manager.

1.2 Basic Satistical Principles

When flat-bar parts are fabricated during work circum-
stances that are controlled, e.g., unchanged in facilities and
worker skills, part lengths vary. Variations of specific magni-
tudes when plotted by the number of times they occur
approximate a normal dktribution; see Figure 1-2. Two
useful characteristics which describe the relative shape of a
normal distribution (N) are:

® its mean value, X, the arithmetical average of varia-
tionsin a sample, and

| its standard deviation, o, which classes the sizes of var-
iations from the mean value by their frequencies of oc-
curance, e.g., 68% within a specific variation size,
95% within alarger size and so on.

Both characteristics are obtainable from mathematical for-
mulas.

Sinilarly, spacings between longitudinals vary and another
normal distribution having its own mean value and standard
deviation applies; see Figure 1-3. Whether the variations in
both flat-bar lengths and longitudinal spacings impose pros-
pects for rework, depends upon their merger during a later
assembly process.

Statistics provides a theorem for addition of two normal
distributions which is used to obtain the normal distribution
for fitting cut flat-bars between longitudinals, see Figure 1-4.
Thus, a mean value and standard deviation can also be ex-
pressed for this latter assembly process. Further, the work
process which contributed most to the fina or merged varia-
tion is identified.



If there is need to reduce rework, accuracy goals are ex-
pressed in terms of the normal distribution required for the

-
final process. Then, by working backwards necessary goals

are similarly set for each of the work processes which would
insure desired accuracy for the final process. Replanning flow
lanes, improving work environments, retraining workers,
etc., proceed accordingly.

Additions of normal distributions apply both to work pro-
cesses necessary to insure needed accuracies of interim pro-
ducts, and to interim products themselves to insure required
accuracy of a final product, e.g., a ship’s hull. For the latter,
thé merged variation, Z, is expressed as:

Z=3ZPi+ZSi+2ZAi+ZE|

wheara
T Pi = merged variations from all part fabrication
processes
¥ Si= merged variations from all sub-block assembly
processes

= Ai = merged variations from all block assembly
processes

% Ei = merged variations from all erection processes

This equation is referred to as the variation merging equation
for the completed hull.

ONE-TIME
INVESTMENTS

e ACCUMULATE
o INITIAL DATA
\m BASE

o INITIAL
ANALYSIS

FIGURE I-i

2at

: The A/C cycle is compatible with the management
cycle of any industrial activity.
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N(Xl, 01)

FIGURE 1-2: When a process for cutting flat-bar lengths is
carefully managed so that it remains the same, variations from
specified lengths occur in a normal pattern. Ignoring this reality
causes impractical accuracy specifications and uncontrolled pro-
pagation of variations in succeeding work processes. Thus, com-
petitive shipbuilders are now basing accuracy standards on the

function N(%,, ¢1), i.e., the normal distribution of variations.

N(xz, 02)

FIGURE 1-3: When a process for spacing apart longitudinals is
carefully managed so that it remains unchanged, the variations in
specified distances between longitudinals also approximates a nor-
mal distribution.
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FIGURE 1-4: Competitive shipbuilders add normal distributions
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2.0 APPROACH

Ships are built by procuring or fabricating parts and then
joining them to create subassemblies. In turn, these are com-
bined through several manufacturing levels to produce in-
creasingly larger subassemblies and ultimately a complete
ship. Competitive shipbuilders apply production-line techni-
ques for the many different interim products required.

A production line is sequentialy arranged work processes;
it is a preplanned entity. Efficiency is dependent upon
uniform work flow and coordination with other production
lines. Optimum accuracy is crucia in order to avoid disrup-
tive rework. Even nominal rework can break down the eco-
nomic advantages of a production line. Thus, when thinking
about how a ship is to be assembled, planners must address
their shipyard's accuracy capabfities. A shipbuilder who has
to compete, must support MC planners with good systems
for collecting and evaluating accuracy data.

In the absence of such measures the following typica ques-
tions are disregarded:

s\What dimensions are vitally important to achieve re-
quired accuracy?

eHow is the required degree of accuracy going to be
achieved?

¢ n what work processes should vital dimensions be con-
trolled?

*\What are the tolerances that should be imposed at each
work process?

Without tolerances specified for each process there is no way
to control the accumulation of variations at a fina process.

Tolerances in shipbuilding can be classified in two groups:

| end-product tolerances - some are fixed as by classifica-
tion societies, and others which are invoked by owners
can be negotiated, and

| interim-product tolerances - these are applied by a ship-
yard to insure compliance with end-product tolerances
and simultaneously to maximize productivity (tolerances
for productivity reasons are often more demanding than
those imposed by classification societies and owners).

As aship owner's guide to what can be achieved at reason-
able costs for hull structure, Japanese shipbuilders, classifica-
tion societies and universities colkctively produced tables
which:

apply to many details, parts and subassemblies,

¢ are based upon actual data collected from participating
shipyards,

. provide standard ranges of actual dimensions achieved
which by deftition reflect 95% probabfity for normal
shipyard practice,

¢ provide tolerance limits which are criteria for rework,
and

® are periodically revised to incorporate the impact of con-
tinuing improvements in shipbuilding technology.*

Ship owners have to pay more if they specify closer tolerances
than those normally achieved as described in the foregoing.

“‘ J?panese Shipbuilding Qualita/ Standard (Hull Part?, -1979" by the Research committee on Steel Shipbuilding, the Soci etoy of Naval Architects
0

Japan, Per this document, 99.7% of the contribu
dressed in the Standard require rework.

ing shipyrtrds' dataiswithin tolerance limits, i.€., normally only 0.3% of the situations ad-
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FIGURE 2-1: Accuracy exists in terms of a normally achieved
range, i.e., a standard range. Learning how to work with ranges of
variations is of great importanace, particularly for hull construc-
tion where shrinkages due to gas cutting, welding and line heating
complicate sub-block assembly, block assembly and erection.
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from which data was collected. Tolerance limits encompass
their associated standard range as shown in Figure 2-1.

The use of ranges and limits as described in the foregoing is
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continuing analyses of data enable Japanese managers to
know where they are regarding accuracy being achieved and
where they stand regarding acceptance. They know what they
have to do next to improve their shipbuilding methods. Their
abilities to regulate accuracy are a powerful means for man-
aging shipbuilding operations.

Shipbuilders who wish to start an A/C program should
limit startup to just midships or parallel midbody because in-
terim products then:

® are generally simpler,

® are more numerous, and

* require fewer product-oriented work breakdown classifi-
cations.

[}

Thus, the opportunities for reapplying the same work pro-
cesses without change are greater. This is important because
data collected for each specific work process must conform
with a test for normality. Nonconformance with normal dis-
tribution indicates that a work process is insufficiently con-
trolled. Something or someone has an erratic effect, Until this
problem is solved, further statistical analysis is futile.

The most effective way to implement A/C is to focus on

difficnlties r‘nmmn‘n‘v encountered in jnn'nnn blocke ﬂnnng

hull erection. Erectlon-J oint gaps that are not within tolerance
limits must be reworked by gas cutting and/or back-strip
welding as shown in Figure 2-2. Competitive shipbuilders
have proven that applying A/C to all earlier work processes is
more productive than having to deal with merged variation in
relatively inaccessible and hazardous locations in a building

P PR, P
UUCK.

Traditional margins to be trimmed at an erection site are
regarded as commitments to rework so their use is mini-
mized. Mostly, statistical methods are used to anticipate nor-
mal dimensional variations and to provide compensation
such as specific allowances for excess. Most of the edges of
parts, sub-blocks and blocks are finish cut accordingly.

A/C starts with statistical analysis of variations generated
at each of the prerequisite work processes for hull erection,

i.e., work processes during block assembly, sub-block

assembly, part fabrication, lofting and design. First-time
examination of actual measurements recorded for any work
process, usually discloses that the variations:

® are greater than any manager imagined, and

e when plotied by frequency of occurrence vs. magnitude,
usually follow the normal (Gaussian) distribution if the

. s . o
warls nracace ic reanafitivaly annliad withant chanca
WOIK PIOUCESS 15 ITPCUAYGY appila WiuiOue CAanige.

GAS CUT
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FIGURE 2-2: A/C focuses on minimizing revork on erection-joint
gaps. The percentage of lineal measure of gas cutting and the
percentage of lineal measure of back-strip welding, relative to the

lineal measure of all erection gaps, are very effective productivity
indicators




Obtaining a mean value and standard deviation for each ~ *® Block Assembly
process, makes it possible to: ® plate joining and fitting

e express the standard deviation of variations at erection as - degr e of fitting gap .
a combination of the deviations of variations from - matching method by jig

preceding work processes, - level of platen
* qutomatic welding

e establish an order of priority for ‘tightening up’’ pre- } ing direction

ceding work in order to reduce the accumulation of var-

jations for the final work process. - condition of welding
- leveling
o establish accuracy standards, - method of securing angle
e revise written work and A/C procedures, and * marking
i - ink marking method
e direct improvements in structural design-details in order - tool and method for right angle
to minimize requirements for high degrees of accuracy. - thread length and diameter
® cutting
Generally work processes which require statistical analyses - tip nozzle and oxygen pressure
are: - matching of rails and torch
- machine error
*¢ Part Fabrication - distance of torch from plate
* marking e assembly and fitting
- marking method by template - fitting gap
- ink marking - matching method of base line
- right angle tool and method - leveling
- thread length and diameter * welding
® cutting - condition of welding
- tip nozzle and oxygen pressure - sequence of welding
- matching of rails and torch - binding method
- machine error - positioning apparatus
- height of torch above plate * fitting of reverse-side members and welding
® bending - positioning method
- shift of neutral axis - angle setting method
- deformation of template - sequence of welding and condition
- matching of templates
- matching roundness of ends e Erection
® positioning
ee Sub-block assembly - cribbing arrangement and leveling
e fitting - method of leveling
- gap at fitting - method of deciding inclination
- matching method by jig - slope of building berth
¢ welding - bending and twisting of block
- welding condition - rectangularity of hull body
- sequence of welding * welding
- fitting gap - condition of welding
- level of platen - sequence of welding
® fairing - joining gap and shape of edge preparation

- method of fairing (e.g., line heating)



As shown in Figure 2-3, any A/C activity can be classified
into one of three basic management functions that are inher-
ent in any industrial enterprise:

¢ planning,

® executing (field work), and

* evaluating (analyses and feedback).

Thus A/C responsibilities can readily and effectively be incor-
porated in any existing organization provided:

® one manager, has responsibilities for all, not just A/C,
planning, executing and evaluating operations,

e planning includes design and material definition, and

o1 s o e .
ot tiral dacion can,
e within organizations such as a hull-structu desien s

tion, production-planning group or sub-block assembly
section, people with pertinent engineering qualifications
are assigned specific and substantial A/C responsibilities.

Effective A/C is critically dependent on unified operations,
organized information and qualified incumbents. A special

A/C organization is not a prerequisite. But, people through-

S WADGRLLARNIVLL L0 AIUL & PANAL SV DUy VUL uuVupiaT

out a shipyard who are assigned A/C responsibilities must at
least function as a defacto A/C group. The person who main-
tains the principal A/C overview for an operations manager
is a key individual.
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executing and evaluating for other activities also, is prerequisite for effective A/C.




3.0 PLANNING

Figure 3-1 shows when A/C activities are applied during
earlier work stages in order to minimize rework at the erec-
tion stage. Basically, what is shown is the role of A/C plan-
ning to:

. pinpoint what vital points and dimensions are critical to
the dimensional and geometrical accuracy of blocks,

» designate critical check points and referencelinesin
blocks and in the sub-blocks and parts from which
blocks are assembled,

¢ specify locations for and amounts of excess allowances,

e decide where and how much marginisto be used and the
specific stages at which margins should be cut neat,

e determine work processes during which check measure-
ments will be made,

e fix the numbers of interim products that should be
measured based upon random sampling, and

* incorporate tolerance limits, excess allowances and mar-
gins in work instructions.

A/C planning is best performed together with other plan-
ning elements provided it recelves at least the same emphasis.
For effectiveness, specific A/C responsibilities should be
clearly defined and specifically assigned to individuals. As
previously shown in Figure 2-3, A/C planning can be divided
as other major planning aspects into:

e preliminary planning,
e detail planning (preparation of work instructions), and

o standardization.

3.1 Priliminary Planning

Preliminary planning addresses such matters as block divi-
sions, hull straking, and assembly procedures. Necessarily,
preliminary planners must consider among other things:

* how to create blocks that facilitate shipwright work,

¢ how to strake the hull shell in order to design hull plates

that can be accurately formed by available bending

facilities and techniques, and

¢ how to shape blocks that are spacious and open to facili-
tate zone outfitting.

In order to carry out such studies systematically, drawings
such as a general arrangement, midship section and lines and
proposed schemes for block divisions and shell straking, are
provided by designers to the planners who are assigned at the
hulkonstruction department level and to the parts-fabrica-
tion shop, sub-block assembly section, block assembly section
and erection section. As aroutine matter the same informa-
tion is equally available to the specific engineers among the
planners who have been assigned A/C responsibilities.. They
apply analytical techniques based upon statistically obtained
assessments of normal accuracy performances and propose
optimum design details, assembly and erection sequences, tol-
erances etc., accordingly. The final scheme is fed back to
designers who then develop key plans, such as a shell expan-
sion, ablock plan and ultimately work instructions all of
which contain A/C derived requirements.

3.2 Detail Planning

A/C considerations in detail planning are really process
analyses from an A/C viewpoint. Through such analyses pro-
blems which can be solved by regulating certain dimensions,
are revealed in advance. In other words, in order to obtain
required accuracy for afinal processit is necessary to first
identify the specific preceding processes that are mostly con-
tributing to a final or merged variation. Thus A/C analyses
identify on a quantitative basis, both the work processes and
design details which should be improved.



MINIMAL ERECTION WORK

BLOCK ALIGNMENT
INSTRUCTIONS
FOR SHIPWRIGHTS

BLOCKS WHICH MINIMIZE
REWORK BY GAS CUTTING &
BACK-STRIP WELDING
DURING ERECTION

3

INSTRUCTIONS TO

AS MUCH AS POSSIBLE

5—»| CHECK DIMENSIONS TOLERANGE LIMITS  }=—6
AIG PLANNING
- VITAL POINTS
- VITAL DIMENSIONS
- BASE LINES
- REFERENCE LINES
- STANDARDS FOR:
WORK PROCESSES
ACCURAGY E 5>
ETRAIGHTNESS s - WELDING INTERNAL a - WELDING INTERNAL
PLUMB @ MEMBERS = MEMBERS
[77] [72]
LEVEL S - PANEL FINISH 2 - PANEL FINISH
SQUARENESS S CUTTING CUTTING
- TOLERANGES 8 5
- s |
ETC. & - PANEL MARKING 3 - PANEL MARKING
= - PANEL ASSEMBLY = - PANEL ASSEMBLY
> |/
(&)
T ]

— e
N ~—
O ~t—i
B ]
O ~t—]
D ~4—]

w

o+

1—»] CHECK DIMENSIONS TOLERANCE LIMITS |je—2

SUBASSEMBLY BENDING CUTTING MARKING

FIGURE 3-1: In addition to defining how to count (statistically), A/C defines what to count and when (at what stage) to count.

10




Of course, such determinations are not made solely from
an A/C viewpoint. A/C techniques are analytical manage-
ment tools that contribute to process analyses. They are
means for a shipyard as an entity to capture and scientifically
derive benefits from its accuracy experiences. The aternative
is to have such experiences just vested in individuals who can
demonstrate some pertinent, parochial expertise, but who can
only guess about how their accuracy achievements impact on
other work processes. A/C methods in detail planning are sig-
nificant because they inherently address the entire hull con-
struction process for the purpose of reducing erection work.

Planning proceeds by first assessing the accuracy character-
istics for an end-product as specified by a regulatory society
and ship-owner. Thinking of reverse process flow, A/C plan-
ners identify vital points and dimensions that must be main-
tained during erection, block assembly and so on as further
described in Appendix A. In consideration of such vital
aspects A/C planners insure that via work instructions and
other means, loftsmen and people having A/C field respon-
sibilities, are provided with necessary information such as
check points and reference lines that must be included in
numerical control (N/C) data, templates and field check-
sheets.

Engineers who perform A/C planning for construction of
a ship, recognize that most accuracy variations in work pro-
cesses are normal and their impact on an end product can be
predicted through statistical methods. The statistical termino-
logy, notations and formulas included in the following
passages, are further explained in Appendix B.

Simultaneously with the designation of required work pro-
cedures for a specific interim product, tolerances and
amounts of excess are determined by taking into account the
merging of variation. Variations generated by each work pro-
cess follow a norma distribution, N(xi, oi), and accumulate as
another normal distribution, Z(Xo, Qo), at the last stage. In
order to reduce the merged variation, Z, it is necessary to
reduce the standrud deviation, oi, and control the mean value,
Xi, of each process considering their effects on current pro-
duction methods. The standard deviations for all earlier pro-
cesses, o, are related to the standard deviation for the final
process, Oo, by the theorem of addition of variance where
variance is simply the square of the standard deviation:

0’ = X o

oro =V X o

This jargon is the basis for employing variation merging
equations in the practical world. An example of how A/C
planners are aready using them to predict merged variation
in a bottom butt, to be joined during hull erection, is shown
in Figure 3-2. Additional examples are contained in Appendix
C. Included, are examples of how “A/C" process-analysis
leads to design improvement and how a change in sequence
can reduce the number of work processes required.

1

A/C planners also apply their abilities to predict merged
variation within every manufacturing level. For example, for
block assembly they use the normal distributions for each
work process, i.e., panel assembly, panel marking, panel
ftish-cutting and internal-member welding, to predict the
normal distribution for blocks currently being planned. The
same technique is employed for sub-block assembly and for
part fabrication.

As a consequence of their improved foresight, A/C plan-
ners advise designers of specific A/C matters that are to be in-
cluded in work instructions. Although written descriptions
are frequently necessary, symbols such as shown in Figure 3-3
are useful.

3.3 Standardization

3.3.1 Work Standards

Any work process performs with varying degrees of accur-
acy. When it is controlled so that it is aways applied the same
way, variations will be normally distributed and can be
analyzed based on the laws of statistics. Thus a crucial part of
A/C is to insure that accuracy variaions remain random and
are not the result of arbitrarily introduced bias. Standardiza-
tion of work processes and monitoring to insure compliance,
are fundamental concerns of A/C people. “A/C” authoriza
tion of a proposed change in any work process, insures scien-
tific analysis of its impact on the entire shipbuilding process.

This rigid control does not mean that changes are not
made. Instead, adjustments to work processes are more fre-
quent due to the continuous process analyses and feedback
which are inherent features of A/C.

Related standards should be written and adhered to for
such matters as.

¢ planned steel flow,
e worker organization,
* worker training, and
® supervision.
All, if changed without regard for “A/C” analyses and ap-

provals introduce biases which invalidate any approach to
Alc.
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Assembly Procedure:
1. Fit the flange on the web shifted by S, (fwd end of longitudinal).
2. Fit the flange on the web shifted by S. (aft end of penetrating piece).

3. After the plates are welded together to create the bottom panel, incorporate a 3mm excess
allowance and finish cut the panel’s forward edge.

4. Fit the longitudinals to the bottom panel shifted by A, where A, = the designed dimension
+ 2mm.

5. Fit the penetrating piece to the transverse bulkhead at the distance A..
Variation Merging Equations for the Joint Gaps During Hull Erection:

Z, = A — (A + E)

Z, =Z, + [(Si — d)-(S: + d,)]

Z; = [E: — (P; — A)] — [(P: + A)) — (A + E)]

Zs =Zs + [(S:' — 6 -S:' + &)

- A negative value for Z predicts overlaps, i.e., negative gap.

- The value for every A, E, etc. is dependent upon a similar lower-tier equation which accumu-
lates variations for marking, cutting, etc. as measured from a reference line.

FIGURE 3-2a: Variation merging equations are used to predict gap sizes which will occur during hull erection and probabilities for rework.
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ESTIMATED MERGED VARIATION (2)

Sample size Mean value

Dimension n
P, 126
P, 50

dy, 6, 156

d; d;
S, 140
S/ 140
S, 50
S,)’ 50
A, 36
A, 83
A, 70
E, 42
E, 44

* Estimated occurrence of gaps which are 5 or more mm wide; back-strip welding is required. The method
for calculating these estimates is described in Appendix E, Figure 8.

FIGURE 3-2b:

X
+04

+0.5

+2.9
+1.6
—_08

= v.o

-04

+1.9

+0.5
+2.0
+1.0
+1.0

ACTUAL MERGED VARIATIONS

Variance
a2 Remarks
0.91 Length of bottom longitudinal after web is
welded to flange.
0.79 Length of penetrating piece after web is
welded to flange.
0.51 Perpendicularity of bottom longitudinal and
penetrating piece ends.
0.61 Fitting position of bottom longitudinal flange.
1.61 Shift between web and flange at the after end
of bottom longitudinal.
0.81 Fitting position of flange of penetrating piece.
1.82 Shift between web and flange at the forward
end of penetrating piece.
1.38 Length of bottom panel after finish cut.
1.64 Fitting position of bottom Iongitudinal.
2.02 Fitting position of penetrating niece.
2.43 Accuracy of gap between bottom panels
measured between reference lines after welding.
4.60 Erected position of Transverse Bulkhead;
Distance from butt of bottom panel.
8.26 * T%
10.70 *17%
13.79 * 14%
18.22 17%

Actual Sample size Mean value Variance Actual occurence
Gap n X o2 of back-strip welding
Z, 85 +0.8 7.61 4%
Z, 82 +23 9.71 12%
Z, 78 +1.1 10.02 6%
Z, 72 +22 13.75 13%
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Stage Description Abbr. Remarks
Lofting Dimension Accuracy W Standard 0 = 0.5
Shows Allowable = 1 m/m
Ditto W Standard o = 0.7
Shows Allowable + 1.5 m/m
Marking Ditto W Standard o = 1.0
Shows Allowable = 2 m/m
Cutting
Material Angle @ Standard ¢ = 0.5/1000
Accuracy Shows Allowable = 1/1000
Material Shape = Standard o = 0.7
Accuracy “@ Shows Allowable + 1.5 m/m
Sub-block Fitting Accuracy Standard o = 0.7
Assembly for Providing Shows Allowable = 1.5 m/m
FC PL
Fitting Angle Standard ¢ = 1/1000
Accuracy Shows Allowable + 2/1000
T
Edge-Fitting EDCE Standard ¢ = 1.0
Accuracy \/ Shows Allowable + 2 m/m
7
Edge Straightness STRAI'T Standard 0 = 1.0
Accuracy Shows Allowable = 2 m/m
Block Eiitr{!ensli_gn Accuracy
ing Line
Assembly Accuracy Allowable = i~ = 2 to be
Other Accuracies NB described in stage plan,
Hull Erection Shipwright Accuracy accuracy plan and other plans as nota bene
Level Accuracy
Accuracy between
Vital Lines
Main structure
Fitting Accuracy
Inner structure
Fitting Accuracy
Other Accuracies
FIGURE 3-3: A/C symbols for work instructions.

In shipyards which are not competitive almost all of the
problems found in production are caused by the absence of:

e Standards for Excess

At the startup of A/C activity the following questions are
appropriate:

- Why are margins needed?

- Where are margins required?

- How much margin is necessary?

- During what work process will margins be finish-cut?

Usually, a margin scheme for main strakes, such as shell
plates, is created by production planners. Margins shown
are for ordering materials and/or fabricating parts.
However, the amounts of margin are not prescribed by
written standards that are backed up by records of
measurement data. In this respect margins differ from
excess allowances. Margins are used as a buffer to com-
pensate for accuracy variations in all hull construction
processes including design. Therefore, the true causes of
accuracy variations and ways to improve fabrication
methods are difficult to detect. Where A/C is not ap-
plied, the large amounts of margin used are based on
“rough check’ data which characterizes feedback from
production. This vicious cycle disallows opportunities for
improvements.
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A/C scrutiny shrinks margins until most of them become
just the excess allowances needed to compensate for
variations. Excess is characterized by finish cutting based
on a high probability that no rework will be required.
When this transition is achieved, in order to further
eliminate rework, A/C continues to impose the same
questions:

- Why is excess needed?

- Where is excess needed?

- How much excess is necessary?

- If needed, during what stage should rework take place?

This incessant questioning is motivation for continuous
improvements in work methods.

Standards for Shrinkage Allowance

The amount of shrinkage caused by welding will be dif-
ferent depending upon materials, methods and se-
quences. Thus, shrinkage allowances are meaningless
unless they are based upon recorded data for each set of
circumstances.



| Sandards for Basdlines and Match Marks

Even where the necessity and importance of baselines
and match marks are recognized, their locations and
lengths do not sufficiently reflect the production requiire-
ments that should be described in a standard.

Standards for Checking Procedures

A written checking procedure assures specified accuracy
at each work process. Because no written checking pro-
cedures exist, few measurements are recorded for
analysis.

. Standards for Fabrication and Assembly Schemes

The sequences for sub-block assembly and block assem-
bly are usually indicated by a numbering system, useful
for computer processing, which is hierarchica in order to
match ascending manufacturing levels. This system is
good enough to indicate a simple sequence such as part
fabrication, sub-block assembly, block assembly and
erection, but it does not address vital points and dimen-
sions needed to achieve specified accuracy during each
work process.

Sandards for A/C Information in Work Instructions

Usual hull-construction drawings show structural details
and sometimes include instructions for edge pre-
parations. Specific excess allowances are generally not
included. Little other guidance is provided by designers
to indicate fabrication methods and vital points and
dimensions needed to achieve a specified degree of
accuracy.

Working drawings are the only widely distributed doc-
uments provided to workers which can display total
instructions for how to construct a ship’s hull. When
design is recognized as an aspect of planning, working
drawings will develop more as work instructions which
facilitate employment of less-skilled workers, adherence
to work standards, A/C analyses and continuous
improvement in production methods.
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3.3.2 Accuracy Standards

In order to control the accumulation of variations or
merged variation at a final stage, accuracy standards are
established for preceding work processes. Data obtained dur-
ing construction of other ships is used to derive accuracy stan-
dards for a contemplated ship. However, these are reviewed
by analyzing data recorded as production commences and
progresses. Adjustments are made if assumed accuracy stan-
dards are manifestly unrealistic.

The concept of a standard range with atolerance limit, as
shown in Figure 2-1, is applied to every work process. The
more demanding standard range is used as the accuracy stan-
dard for each particular work process in order to insure con-
trol of the merged variation at erection. By definition, stan-
dard range is associated with high probability (X + 20 or 95%
for shipyards in Japan).

Of the few remaining variations, those outside the standard
range which do not require rework during the next work stage
nor spoil end-product accuracy, are acceptable and are
regarded as being within a tolerance limit. In other words, a
tolerance limit because it applies to fewer cases includes some
added alowance for acceptance. However, such limits must
be achievable with norma production capabilities and must
not impair structural integrity of the end product.

This approach recognizes basic redlities in any industrial
enterprise. While more demanding accuracy standards are
applied to normal operations, some alowance is made for the
effect on accuracy by on-the-job trainees, newly devel oped
machines, etc. The concept of a standard range with a toler-
ance limit encourages managers to react to trends away from
normally achieved accuracy before rework is required.

Typica standard ranges and tolerance limits that are
employed for standardization by Japanese shipbuilders are
tabulated in Appendix D. These standards, because they have
been revised five times in thirteen years, reflect constant
“A/C” scanning of work processes which foreed industry-
wide advances in shipbuilding technology. The constant
upgrading is a measure of competition between national ship-
building industries.

Some shipbuilders further developed the accuracy stan-
dards to address more design details and to further “tighten”
work processes as a means for competing with each other.
Pertinent samples are also included in Appendix D. The ex-
tent of this independent, fhrther development of accuracy
standards is a measure of competition between shipyards.
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4.0 EXECUTING

4.1 Self Check

A/C includes a self-check system which workers and their
immediate leaders execute. Self checks are crucial. Workers
have not completed a job until they have checked their work
to assure compliance with written accuracy instructions.
Thus, self checks are regarded as work just as much as any
other work task. Subsequently, work |eaders, one for approx-
imately every eight workers, check the same work and record
the pertinent final data accordingly. Very important check
points and lines, i.e., control items, are again checked and
recorded by the next higher level of supervision. If such data
is unreliable or not available there is no point in having A/C.

4.2 AIC Group

Where A/C is successfully applied, people having responsi-
bilities to execute A/C procedures are assigned in the hull
construction department. All are members of a yard-wide
A/C group, have 8 to 9 years of varied shipbuilding exper-
iences and were carefully selected on the basis of their aptitude
for and commitment to improving productivity. Their
responsibilities are:

® to check items which are so crucial that they should not
be just dependent on the self-check system.

e trouble shooting,
e A/C of subcontracted items,
o further development of the A/C system,

e analysis of information collected by the self-check sys-
tem, and

» convening a monthly A/C group meeting, chaired by the
senior operations manager and attended by the managers
and deputies of the mgjor divisions of the operations
department, for discussion of productivity matters.

As participation in A/C provides an excellent overview of
planning, executing and evaluating, A/C group experience is
prerequisite for higher managerial responsibtities. And,
because increased productivity is dependent on more
managers acquiring a complete overview of the entire ship-
building process, memberships in an A/C group are rotated.

4.3 When and and to Check

Usually, schedules are posted for starting and finishing
dates at each control station for part fabrication, sub-block
assembly and block assembly. Summary sheets for future
work loads are also posted. Self checks, subsegquent checks
and recordings are regarded as work processes that must
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adhere to these schedules. A blackboard in each division of
production shows the day-today status.

Normally, the master schedule for block erection, weekly
progress sheets and a schedule for erection checks based on
the master schedule are posted in an erection office. The day-
today status of block erection is maintained on a black-
board.

Accuracy checks are performed daily in accordance with
schedules that are revised weekly, if necessary. Basicaly, the
items checked for conformance with accuracy standards are:

¢ for template preparation - overall dimensions including
excess allowances and marks required for fabrication,
assembly and checking work,

e for part fabrication - overall dimensions of cut plates or
shapes, edge preparations, deformation, and the cur-
vature of bent parts,

o for sub-block and block assembly - the positioning of
parts or sub-blocks, their fit, gaps for welding, distortion
and overal dimensions, and

¢ for erection - fit up, gaps for welding and maintenance of
hull aignment.

4.4 Information for Check Sheets

In accordance with work instructions issued by designers
and based on information provided by A/C planners, mem-
bers of an A/C group in a hull-construction department pre-
pare check sheets. These designate check points and lines,
checking methods, responsible personnel for measuring, and
required frequency for measuring. Typical examples of check
sheets are incorporated in Appendix A.

Preparing check sheets for curved blocks is usualy difficult
because the dimensions included in normal working draw-
ings, while sufficient for assembly work, are not suitable for
checking purposes. The simplest example are the two
diagonals required for verifying the rectangularity of a panel.
The A/C group advises loftsmen to calculate numerous other
special dimensions that facilitate accuracy checks; examples
of these are also shown in Attachments 4, 5 and 6 of Appen-
dix A.

Actua measurements are mainly performed as specified by
the check sheets. However, check sheets cannot practically
provide for all dimensions for all hull parts and assemblies.
There has to be some dependence on supplementary routine
checking of other dimensions by workers. This helps insure
that the dimensions required by check sheets will satisfy
accuracy standards. Typically, check sheets address dimen-
sions and measuring methods as briefly illustrated in Figures
4-1 and 4-2.



FIGURE 4-1: Dimensions and check methods that are typically the subject of check-sheet instructions for upper-wing tank parts in parallel
midbody. See legend in Figure 4-2.
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D DIMENSION CHECK

FM ASSEMBLY FINISHED MARKING
G CHECK LINE FOR GAS CUTTING
F GUIDE LINE FOR FITTING STIFFENERS
ST CHECK LINE FOR DISTORTION
SH CHECK SHIFT DIMENSION
P PERPENDICULARY CHECK
TF CHECK FLATNESS BY TRANSIT
DC CHECK DIAGONAL LENGTH
TL CHECK ALIGNMENT AT THE END BUTT OR END FRAME

* SELF-CHECK BY WORKER
NOTE: END BUTTS CHECKED ARE ALL NEAT CUT BEFORE ERECTION

FIGURE 4-2: Dimensions and check methods that are typically the subject of check-sheet instructions for curved blocks (bilge).
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4.4.1 Part Fabrication

In order to achieve specified accuracy during assembly
work, each of many parts must be fabricated within specified
accuracy standards. As measuring every dimension of every
part is impractical, random sampling is employed to monitor
accuracy tendencies. However, special or large structural
parts, such as girder or transverse web assemblies are excep-
tions. Each should be measured meticulously per check sheet
instructions with particular attention to deformation. When
cutting machines, such as N/C, are employed, their mainte-
nance is a significant factor in the uniform working circum-
stances which are the bases for a valid random sampling.
Maintenance checks on cutting machines should be frequent
and regular.

The accuracy of bent parts is critical for achieving the ac-
curacies specified for assemblies. Inaccurately bent parts are
frequently forced to fit and are the sources of internal stresses
which cause deformation when welding. Thus, all curved
shell parts should be checked using sight-line templates and
other information provided by loftsmen in order to establish
for each plate as required:

* degrees of inclination for setting the templates,

¢ matches of the plate edges with seam marks on the
templates,

* clearances between the template edges and plate surfaces,
e transverse and longitudinal curvatures,

® twisting, and

o straightness of the sightline (see Figure 4-3).

Analogous techniques and checks apply to other parts such as
twisted longitudinals.

4.4.2 Sub-block Assembly

Typically, what is important for A/C of sub-blocks is the
fit of stiffeners, brackets and face plates such as on a web
plate, and how to prevent and/or deal with deformation and
shrinkage caused by welding. Therefore, measuring activity
during sub-block assembly should concentrate on:

¢ checking fitting dimensions,

* checking for deformation and shrinkage by using a
reference line on a web plate and/or a straight edge of
the web plate, and

e measuring other dimensions as indicated on a check
sheet.

4.4.3 Block Assembly
Achieving specified accuracy in an assembled block is most
important because the block assembly process offers the last

opportunity to deal with variations that otherwise have to be
considered during erection.
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SIGHT LINE
FACE

SIGHT
LINE MARK

FIGURE 4-3: As shown, each template is set at a specified station
and angle with its edge marks matching plate edges. Sight line
marks, relative to a taut string, determine the accuracy of
longitudinal curvature. Inclination of the sightline is an aspect of
human engineering required as an A/C measure. A checker main-
tains an efficient, relaxed stance. Such techniques when repeated

many times, significantly contribute to increased productivity.

Regardless of their shapes, blocks are categorized by the
panel upon which they are assembled, i.e., flat or curved.
Typically the former are assembled on flat platens and the Iat-
ter on pin jigs. Measurement methods for the two types are
necessarily different.

Flat-block check sheets should include the following
requirements:

* measurements of width, length and diagonals to be made
just after the base panel is assembled,

® twisting,

* Jocations of sub-blocks and internal parts fitted after the
base panel is completed, and

¢ special measurements as shown in Figure 44 to check
unique aspects of flat blocks which incorporate some
curved shell.



—a

FIGURE 4-4: A and H are typical vital dimensions which A/C
engineers require. Usually they are provided for in work instruc-
tions prepared by designers; loftsmen calculate their actual values.

Curved-block check sheets should include the following
requirements:

e measurements to check guides for precisely locating curv-
ed plates for a base panel on a pin jig,

o measurements of width, length, diagonals and chord
lengths to be made just after a base panel is assembled,

e use of marked steel-tapes prepared by loftsmen for
checking assembly finished-marking, i.e., the locations
of sub-blocks and internal parts on a curved panel,

e means to verify the fitting angle of internal structure,

¢ instructions on how to detect and correct deformation
caused by welding, and

o meticulously checking required dimensions between
panel edges and the edges of internal structure particu-
larly near erection joints.

Checking blocks as described in the foregoing is important
because many are neat cut along erection joints during the
final phase of block assembly.

4.4.4 Hull Erection

During the erection stage, the object is to at least achiéve
end-product accuracy standards specified by regulatory
societies and owners for hull depth, breadth, length and
straightness. A/C group members monitor vital points and
dimensions by measuring and recording periodically per
check sheet instructions during the entire period between keel
laying and launch; see Figure 4-5 and Appendix A.

N JE— MEASUREMENT DATE
A / '\ A
W xH Nov. 8
BOTTOM Nov. 17
Time 9:30 am
Temp. 16°C
s &
Fle— 8T ? —(S)
gt hA
v L Jy
» (-65) (~5) .
Dl (-115 _ (4aMos0) i
F10 F39 F45 F54 * F62 F69 F75 F81
\I 200 mm bslow
bottom line
(195) (197) (207) (203) (202) (205)
+5 +3 -7 -3 -2 -5
FIGURE 4-5: In order to achieve end-product accurancy, A/C engineers carefully monitor the alignment of assembled blocks throughout
the entire hull erection period. Usually, regulatory and/or owner representatives witness these activities.

21







5.0 EVALUATING

Systematized A/C analysis and feedback ensures that
experiences and lessons learned are acquired by the organiza-
tion and translated into improved productivity. As work pro-
gresses, all results from check sheets and reported accuracy
problems are analyzed by the WC group before they are sent
to concerned organizational divisions. The evaluations
include:

¢ analysis, and

» recommendations which, as shown in Figure 5-1, are per-
formed on either aregular or an urgent basis.

5.1 Regular analysis

If an analysis discloses an apparent area for improvement
an A/C engineer pursues one or more typical options as
follows:

. more detailed investigation of the data,
investigation of instruments used for measuring,

e verification of alignment of facilities such as platens for
flat-block assembly and cribbing for erection,

¢ review of work methods, and

o study of specified amounts for excess.

Workers perform self checks daily to insure compliance
with accuracy standards. These are again checked and re-
corded by their work leaders. Properly collected data, even if
all measurements are within accuracy standards, are used to
identify the characteristics and tendencies of variations. Such
knowledge leads to further improvement in production pro-
cesses. An example of data collection and analysis for deter-
mining excess allowances is included in Appendix E.
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Feedback of analyzed A/C data is vital because it encour-
ages planners to review matters such as.

. Whether schemes for amounts of excess, vital points and
dimensions, etc. were sdtisfactory,

e whether block divisions and shell straking were opti-
mum,

. whether work-process standards were suitable, and
. whether sufficient work instructions were provided.
5.1.1 Significance of Mean Value

Generaly, a mean value is significant only when associated
data is obtained by random sampling. Data gathered from a
small sample may not be a valid representation of the work
process being analyzed. For most work processes, the mean
value for variations is planned to be zero. If the actual mean
value differs from zero, it should be changed to match results
of the work processor the work process should be changed so
as to yield the planned mean value (zero). The following
examples apply:

. Example I: Consider a particular dimension for panels,
such as for a longitudinal bulkhead under a tank top,
which were cut with some allowance for shrinkage. After
welding during sub-assembly work, the mean value of
the dimension was determined to be negative, i.e., some
shortage exists compared to the planned zero value.

Analysis: Check kerf compensation if sufficient, the
alowance for shrinkage was too small.

Remedy: Add the absolute mean value to the previously
planned alowance for shrinkage.

Example 2: Near the end of flat-block assembly, check-
ing discloses that plates in tank-top panels are deformed
at their centers with a mean value of %z inch.

Analysis: Check the level of the platen on which the flat
blocks were assembled.

Remedy: If the platen is true, improve the assembly work
processes, e.g., apply pre-tensioning or change weld se-
quences.
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5.1.2 Significance of Standard Deviation

Standard deviation is significant for a number of reasons.
Variance as defined in statistics is the square of the standard
deviation; it provides the linkage between the accuracies of
earlier work processes and the accuracy of a final process.

The linkage is called the theorem of addition of variance:
V sot

where a: is the standard deviation of earlier processes and o, is
the standard deviation of a final process. Without this rela-
tionship, analytical A/C does not exist.

Uoz = 2 02 Or 0o

Further, during analysis A/C engineers are very watchful
fora change or shift in the standard deviation for each work

process. Such behavior could indicate that something about

how a work process is executed has changed. Many reasons
exist including a worker perfecting a better technique which
should be adopted by others and erratic operation of or deter-
iorating machinery.

e Example: The standard deviation for the length of
manually fabricated longitudinals suddenly increases, de-
creases or shifts.

Analysis: Examine how and by whom the longitudinals
were fabricated. Methods, particularly sequences, should
be thoroughly analyzed.

Remedy: There couid be many solutions dependent upon
results of the detailed analysis. At least one shipbuilder

reacted by finish cutting longitudinals before bending,

ANV wivAL UJ AAAIDIL WHLRILLE AWViipibvuivediaiag WANSA W Wwwadmeiad
i.e., end margins to permit grasping for bending at the
ends were eliminated. Following the mechanical bending
process line heating was introduced to bend the finish-cut
ends. Accuracy was improved and the wasteful margins
were eliminated.

Buildup

> S
B VA

LHIOTGIIIg
Gn — Back strip / Gw
s Ga() .| Ga

Ga - initial gap

Gn - gap after rework by gas cutting
Gw - gap after rework by back-strip welding

FIGURE 5-2: A/C is most effective when it focuses on minimizing

'the two kinds of rework commonly encountered when joining hull
blocks, i.e., gas cutting and back-strip welding.

Gn

GAS CUT

i

I STANDARD |
RANGE

Gn - lower tolerance limit

Gw - upper toleranc

e limit

FIGURE 5-3: The lower tolerance limit stems from having to
create an erection-joint gap or make it wider. The upper tolerance
limit arises from having to make a gap narrower.

5.1.3 Setting Accuracy Standards

Data analysis quantitatively sets accuracy standards. For
example, when erection joints are aligned the achieved
distribution of gap variations will, at the extremnities of the
distribution, show requirements for rework:

¢ cutting where a gap is too small or negative, or
e building on an edge where there is too much gap.

As shown in Figure 5-2, when G is less than 0, minimal
material is cutoff to achieve the gap Gy, because it is cheaper

$m mnbad h Af +lh
to retain as much of the original material as possible. When

G, is more than 0, a minimal amount is bullt-up to achieve
the gap Gy, because the buildup process is expensive. Thus,
Gy is always smaller than Gy,.

The condition for avoiding rework is:

e

Gn <
Un \Ua

<Gy

Therefore, by definition the lower tolerance limit is G, and
the upper tolerance limit is Gy,. A standard range to be used
as a goal for improving G, can be established accordingly; see
Figure 5-3.



5.1.4 Modifying Distributions

Consider traditional rework for adjusting erection gaps.
Cutting dominates because experienced people know that
generally, cutting costs are less per lineal foot than for back-
strip welding. The mean value of the pertinent distribution of
gap variations favors the lower tolerance limit accordingly.
Figure 5-4 shows this intentional bias and also shows the im-
pact of shifting the mean value toward the upper tolerance
limit.

Because of the nature of normal distributions, the nominal
increase in back-strip welding is overwhelmingly offset by the
substantial decrease in cutting required. Further, the pros-
pects for exceeding the lower tolerance limit are reduced.
Thus, analytically derived goals proposed by A/C engineers
will sometimes significantly differ from those adhered to by
traditionalists who operate without the benefit of carefully
collected and analyzed data.

In shipyards where A/C is practiced, operations managers
benefit from detailed reports of productivity during hull erec-
tion which relate total lengths of gas cutting and back-strip
welding to the total lengths of erection gaps. In an actual
report for erection of a 167,500 DWT bulk carrier, see Figure
5-5, rework was only required for 32.6% of total gap lengths.
That is, 67.4% which had been finish cut did not require
rework.

5.1.5 Sequence for Analysis

Ongoing review of accuracy standards by continuously
analyzing data is very important. The following procedure
for analysis of data obtained during flat-block assembly is
typical:

e prepare separate histograms of variations for each char-
acteristic, e.g., length, width, etc., as shown in Figure
5-6,

UPPER
TOLERANCE

LOWER
TOLERANCE
LIMIT LT

NO REWORK

GAS CUT BACK-STRIP WELD

DECREASED
CUTTING
INCREASED
BACK-STRIP
WELDING

g
&, Is the mean of an origlinal distribution.
X, Is the mean of a proposed distribution

Obtaining a different balance of cutting vs. back-strip
welding requires reduction in the specified amount of excess
by the same amount as for the shift in mean value.

FIGURE 5-4: A/C engineers study all aspects of a distribution
before proposing a change. In order to shift the mean value, a
change in what’s varying is required. In order to change the stan-
dard distribution, changing the work process is required.
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o calculate the mean value, X, and standard deviation, o,
for each characteristic,

¢ use each standard deviation to determine how the data
conforms to its pertinent standard range, e.g., competi-
tive shipbuilders define standard range as X + 20,

¢ when the data for a characteristic does not conform with
its standard range (X+20 means conformance with 95%
probability), A/C engineers:

- confirm that the standard range is appropriate, inves-
tigate and make necessary recommendations, e.g., ad-
just excess allowance, change methods, supplement
worker training, etc., or

- propose changes in the standard range which do not
impact on end-product tolerances.

Appendix E contains a good example of a sequence for
analysis.

5.2 Urgent Analysis

In real shipbuilding circumstances no one can eliminate
variations which require rework. Moreover, no one can
predict exactly when they will occur. Disruption is also caused
by the effects of such things as errors, accidents and weather
abnormalities, which differ from variations because their oc-
currences do not adhere to normal distributions. Despite their
erratic natures, they too require organized responses and
analyses in order to:

¢ identify short-term or temporary solutions which mini-
mize disruptions, and to subsequently.

® achieve permanent means to prevent reoccurrence.

The feedback path for these urgent considerations is included
in Figure 5-1.

One shipbuilder’s preplanned response to a serious inaccur-
acy immediately summons select members of the A/C group.
This trouble-shooting team of specialists for planning, exe-
cuting and evaluating, meet where the inaccuracy exists to:

¢ evaluate impact on work flow,

e recommend what, how, where and when rework is to
take place so as to minimize disruption, and

e collect evidence for identifying the cause.

Reportedly, the average time for such meetings is short; for
the most extreme problem two hours could be required.

After the temporary countermeasures for quickly restoring
work flow, investigations continue for the purpose of devis-
ing permanent solutions. Usually, work procedures are re-
vised to reflect more A/C philosophy.



5.3 Control

Controls which assure that achieved accuracy conforms
with an A/C plan for hull construction, is prerequisite for

competitive shipbuilding. They are classified as regular or
special.

Because of the many different parts and subassemblies that
are required, regular controls are applied to repetitive work
processes. Typical regular-control items in an ongoing A/C
program, including their measurement frequencies, sample
sizes and standard deviations, are listed in Figure 5-7. A con-
trol chart for such regular usage is shown in Figure 5-8. Such
charts are maintained by A/C engineers for production con-
trol purposes. Once people become used to them, they pro-
vide gnidance to everyone concerned, i.e., workers and their

supervisors. Thus, each such control chart is posted at its res-
pective work station. This is important. Descriptions of the
types of control charts used for A/C by shipbuilders and how
to prepare them, are in Appendix F.

Special controls are based upon the accuracy condition of a

ot . . -
hull upon completion. Necessary vital points are defined and

included in the A/C plan for a specific hull. When the hull is
completed, members of the A/C group accumulate and
analyze measurements that relate to predetermined vital
dimensions. They look for accuracy trends which should be
modified for further productivity improvements.

Statistically derived data which predicts variations in block
edges is not sufficient for depicting the actual status of each
block. Erection planners are concerned with how the exact
dimensions and configuration of every block compares with
ae&gn dimensions. A 1‘)(‘)31[10f1—uim€ﬁ510n ujaﬁam u.'/ U),
shown in Figure 5-9, satisfied this need. This information is

needed to develop variation tables, as shown in Figure 5-10,
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which are used to determine where gas cutting and/or back-
strip welding is required. Similar such information, as for the
end positions of girders and longitudinals, as shown in Figure
5-11, is also prepared for the same purpose.

Each P/D assumes that the rectangularity and overall

A 3 A ch £ +h 3 3
dimensions and shape of the panel on which the block is

assembled, are within specified tolerance limits. P/D’s would
be invalid if control items such as those listed in Fig. 5-6, did
not also conform.

Effective control of accuracy is dependent on proper
understanding of variation merging equations such as those

glven in Figure 3-2. Too much focus on a merged variation,

Z, is not worthwhile. It is more important to focus on each
factor on the richt side of each eanation. If these factors are

AQVLVL Vil LAV 1i5410 Sikv Wi Wil VuliliVil. AL WAV AGVLVAS L

sufficiently controlled, nominal checks will suffice to confirm
each merged variation. Some of these nominal checks, usual-
ly by sampling, are useful for balancing alternatives such as
gas cutting vs. back-strip welding as shown in Figures 5-2
through 5-4. More examples of control charts are contained
in Appendix F.

ANALYSIS REPORT FOR HULL ERECTION
Erection Gap Gas Cutting Back-Strip Weiding
Length (M) Length % Length % Rework (%)
Upper Deck 1,5482 452.3 274 65.6 42 316
Side Shell 797.8 203.8 255 53.2 6.6 32.1
Longitudinal BHD 652.2 324.0 496 34.0 52 54.8
Tank Top 4318 273 6.3 17.5 4.0 103
Bottom Shell 1,4537 344.8 237 1025 70 307
Total Hull 4,883.7 1,3252 271 2728 55 326
Gas cut ... When surplus was 3 or more mm
e e Gas cutting
. . ! Back-strip weld " When gap was 5 or more mm too wide
—————......... Backing strip welding
+5 4 i Length 281M
..,L,V\/- ......... designates surplus of 5Smm over 4m length
10 14 Breadth 48M
/. designates gap of 10mm over 4 m length Depth 28.9M
} 0 Dead Weight 167,500 Tons
/ . ...-.--- are position/dimension indicators: see Figure 5-9 Launching April 12,1977
FIGURE 5-5a: An analysis report for hull erection is prepared at the end of each project. Final data organized as shown is a “‘report card” of
the hull construction department’s productivity. The little gas cutting of 20mm or more on a few bow and stern blocks was for trimming
margins, i.e., predesignated rework.
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FIGURE 5-6: Each histogram of variations in flat blocks compares identical parameters. Regarding squareness and flatness only absolute
values are of concern. Appendix B contains more information about preparing histograms.
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Measurement Sample Standard

Stage Regular Control item Frequency Size Devlation
Template Tape Week 20 0.4
Production Paper Template 20 Days 8 0.5

Tin Template 20 Days 8 0.4

Wood Tempiate 20 Days 8 0.5
Part Cutting Plate by Flame
Fabrication Planer-Width Day 8 0.4

Cutting Plate by Flame

Planer-Straightness Day All -

Finish Marking Plate

Length Day All -

Finish Marking Plate

Main Marking Line Day All -

Finish Marking Plate

Right Angle Day All -

Bevel Angle for Auto Welder 10 Days 8 1.0

Curved Plate Marking Day 8 0.8

Cutting Accuracy of Curved Plate Day 8 0.8

Shape Marking Day 8 0.5

Cutting Accuracy of Shapes Day 8 0.8

N/C Cutting Machine

Plate Width Day 8 0.6

N/C Cutting Machine

Plate Length Day 8 0.5

Cutting Accuracy of Internals

e.g., Floor Girder in a Double Bottom Day 8 0.8

Cutting Accuracy Day 8 1.5
Sub-Block Accuracy of Fitting Stiffner Day 6 0.7
Assembly Straightening Deformation

by Line Heating Day 6 0.8

Accuracy of Fitting Face Plate Day 8 0.8

Accuracy of Fitting Angle Day = 1/200
Block Plate Length 2 Days 8 1.4
(=119 t-] T
Assembly Plate Width 2 Days 8 15

Right Angle (Difference between

Diagonals) 2 Days 8 1.2

Reference Line 2 Days 8 0.8

Position of Longitudinal Edge 2 Days 8 1.2

Position of Transverse End 2 Days 8 1.5

Accuracy of Through Piece 2 Days 6 15

Accuracy of Curved Shell Web 2 Days 6 5/1000

Curved Shell Plate-Length

(After Cutting) 3 Days 4 1.5

Curved Shell Plate-Width

{After Cutting) 3 Days 4 1.5

Curved Shell Plate-Reference line

{After Cutting) 3 Days 8 0.8
FIGURE 3-7: Regular Conirol Items.
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FIGURE 5-8: The X chart shows that on 19 April some measurements caused the mean value to drop below the lower control limit. The R
chart shows a sudden increase in range for the same day. The two facts considered together indicate that a few dimensions were short by large
amounts. X-R charts for A/C are the same as used for quality control theory. How they are prepared is described in Appendix F.
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FIGURE 5-9: Position-dimension diagrams are needed by A/C engineers to plan hull erection. Each diagram informs of how a block deviates from
design dimensions. One shipbuilder is working toward an in-house photogrammetric capability to obtain accurate position-dimension data for very
large blocks.
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FIGURE 5-11: Knowledge of accuracy achieved for the ends of girders and longitudinals in each block is needed to plan hull erection.
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6.0 SUGGESTIONS

6.1 Design

The hull-block construction method developed naturally
following the introduction of welding many years ago. Some
shipbuilders changed their organization of structural draw-
ings to suit. Appropriate drawing titles evolved such as: block
erection plan, block assembly plan, sub-block assembly plan
and part-cutting plan. These are more than traditional detail-
design drawings because they associate classifications of parts
and assemblies with specific manufacturing levels in produc-
tion. They are to some degree, work-instruction drawings.

Design and material deftition should be truly regarded as
aspects of planning and drawings should be further developed
as virtually complete work instructions including A/C work.
When A/C requirements, particularly vital points and dimen-
sions and excess allowances, are included:

¢ checking and recording are clearly delineated as work
just as much as marking, cutting, fitting, etc.

o excesses are adequately considered and are consistently
applied, and

. the potential for human error is reduced; loft, fabrication
and assembly workers no longer have to refer to
separately prepared A/C requirements or depend upon
recollections.

6.2 Mold Loft

Strictly speaking, loft processes should be subject to the
same A/C scrutiny as marking and cutting in a part fabrica-
tion shop. However, mold-loft process variations are too
small to significantly impact on merged variation during part
fabrication. But, loft errors (mistakes, omissions, etc.) are of
concern because they disrupt the A/C cycle.

Errors cannot be treated with classical A/C theory, i.e.,
they do not enter into variation merging equations. There-
fore, for A/C purposes written procedures should be devel-
oped in order to address:

e classifications of errors, and

. methods for checking, recording and analyzing (the sta-
tistical principles described in Appendix B could be
used).

Further, qualified people should be assigned as specialists to
do the checking. Loft defect lists and graphic representations
of frequency of occurrence, as shown in Figure 6-1, are con-
trol mechanisms used by A/C engineers.
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Each mold loft should be regarded as a nucleus for A/C
activities because it generates most of what is used both for
achieving and maintaining a specified degree of accuracy.
Loft processes for producing N/C data, templates and other
information formats should include essential A/C require-
ments such as:

e Jocations of vital points,
e calculated vital dimensions,

e calculated special dimensions which facilitate assembly
and checking work,

e reference lines and check points,

* adequate marks for lay out marking (while most are suf-
ficient for snapping a chalk line, there is difficulty |n
identifying which marks associate with each other).

& excess already incorporated (e.g., when workers do not
have to separately mark an excess alowance, A/C is
enhanced).

. more sufficient bridging instructions to minimize warp-
age and shrinkage during gas cutting.

6.3 Production Control

If just the terms part fabrication, sub-block assembly and
block assembly are coded in a marking system for interim
products, a relatively modem innovation to some, it is diffi-
cult to relate an explosion of vital points to an explosion of a
hull into interim products. Further classifications of such pro-
ducts should be included in a marking system so that each in-
terirn product has a unique identity, e.g., by zone. In other
words, a fully developed product-oriented work breakdown
structure is essential for effective A/C planning, executing
and evaluating.

Via product orientation, designers can respond more read-
ily to production control requirements for work instructions.
The latter are more than just detail drawings because they
define interim products and specific sequences for their
manufacture. With information so organized designers can
more readily respond to A/C requirements to include, for
example, tolerance limits and vital points in work instruc-
tions. Providing such information in work instructions,
because they are the most universally employed documents,
facilitates mutual understanding of A/C requirements and
more efficient execution by loft, fabrication and assembly
workers as well as by members of the A/C group.
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FIGURE 6-1: Defects or errors are not the same as variations. A/C engineers use mold-loft defect lists and graphic representations as aids for contro! of
mold-loft errors.




In addition product orientation permits sufficient classifi-
cation of the myriad of part and subassembly geometries in
order to relate them to specific work processes. This associa-
tion is critical for obtaining valid A/C data. Otherwise, work
circumstances are insufficiently controlled and virtually no
data sample will approximate a normal distribution. A/Casa
science would not be applicable.

6.4 Fabrication

N/C gas cutting is almost universally applied by shipbuild-
ers but there are still situations where semiautomatic cutters
are useful supplements to N/C installations. More variation is
probable in a semiautomatic process, therefore, A/C require-
ments should be different. However, there are common
considerations when accuracy performances need to be
enhanced:

e human engineering aspects apply, even for very
advanced N/C systems,

o shrinkage allowances should be specified differently for
different part classifications, e.g., parallel-edge part, in-
ternal part, etc.,

o kerf tolerances should be specified,

¢ maintenance and accuracy checks, more complicated for
an N/C machine, should be performed regularly and fre-
quently, worn torch-tips should be replaced and others
cleaned,

e a5 heat deformation problems have not been totally
solved, even where shipbuilding technology is most ad-
vanced, measurement data should be accumulated on the
effect of different cutting sequences, bridge restraints,
etc., and

¢ A/C engineers should be alert for cutting alternatives,
e.g., lasers which can be focused, could perform with
narrower kerfs, less heat input and thus less shrinkage
and distortion.

6.5 Sub-block Assembly

Methods to control deformation, such as pretensioning,
preheating and specified welding sequences, should be prac-
ticed. Regarding shrinkage, consider the panel for the sub-
block shown in Figure 6-2. When the large plate is gas cut,
shrinkage A,, occurs because no bridges were provided across
the cutouts. Additional shrinkage A, occurs when the large
plate is welded to the small plate. Without a shrinkage allow-
ance, the combined shrinkage A, + A. could necessitate
rework, i.e., making the cutouts deeper during block assem-
bly.
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Measured after gas
cutting

Measured after
plate welding

FIGURE 6-2: Work sequences impact on total shrinkage. If the
two plates in the lower figure were welded together before gas cut-
ting, the lower figure would reflect only shrinkage due to gas cut-
ting.

In order to overcome such shrinkage:
¢ the two plates should be welded before gas cutting,
¢ bridges should be used across cutouts,

* gll stiffeners and face plates should be fitted to the web
before welding commences, and

¢ welding should conform to a prescribed sequence.

Further, deformation such as caused by welding should be
diminished by pretensioning and/or removed by line heating.

Fitting processes for sub-block assembly are mainly per-
formed manually. Where A/C is ongoing, there is indispens-
able close association between supervision of sub-block
assembly work and the A/C engineer assigned to the sub-
block assembly section (perhaps in a small shipyard assigned
to the hull construction department). Because of preoccupa-
tion with variations in each work process and how they
merge, the A/C engineer readily detects situations where sim-
ple jigs enhance both accuracy and productivity. More such
jigs should be used.



6.6 Block Assembly

All of the preceding suggestions for sub-block assembly
should also be applied in block assembly. During this stage,
because it is just before erection, checking for accuracy is very
critical. The checks should include alignments of platen and
pin-jig foundations and means for positioning plates to form
the panels upon which blocks will be assembled. Regarding
curved blocks, pin-jig heights should be checked. After a
curved panel is assembled, marked, checked and finish cut,
the positions of its curved edges should be carefully checked.
Further, simple jigs should be used to fix end positions of
longitudinals and their angle of inclination.

6.7 Standardization

Standards infer conservatism. Quite the opposite is true
particularly for A/C matters. A standard is simply a descrip-
tion of an authorized and currently practiced condition which
is a baseline for comparing proposed improvements. Thus
standards are means for a shipyard, as an entity, to know
what it is doing and where it is going in shipbuilding technol-
ogy matters. Adequate standards, in numbers and content,
and sufficient specialists to modify, create and cancel stan-
dards are necessary for continuously improving productivity.
Many shipbuilding problems can be solved by developing
standards for:

® accuracy,
¢ excess and shrinkage allowances, and
* work flows and work processes.

6.8 Accuracy Standards

Because they are expressed as both standard ranges of
accuracy normally encountered and tolerance limits beyond
which rework is required, accuracy standards can describe a
shipyard’s potential for complying with tolerances specified
for end products.

Just as much as accuracy standards are baselines for evalu-
ating proposals to improve productivity, they are baselines
for improving accuracy in an end product. If accuracy stan-
dards and an ongoing A/C organization which supports them
are approved by a classification society, reapprovals for addi-
tional ship construction are usually unnecessary. See Appen-
dix D.

6.9 Excess and Shrinkage Allowance Standards

Excess is an essential concept for successful application of
A/C to hull construction processes. However, the amounts
should be based on analyses of actual data which reflect the
shipyard’s experience. Excess amounts statistically derived,
are based on the probability that for a high percentage no
rework will be required. Thus, applying excess is an attempt
to exactly compensate for normal variations caused by work
processes which lead to variations in joint-gaps to be welded
during erection. There must be understanding that a small
percentage will require rework by gas cutting and/or back-
strip welding.

Excess is generally thought of as a means for extending the
edge of a plate to compensate for shrinkage. However, its use
elsewhere should be specified such as for facilitating the fit of
stiffeners between longitudinals; see Figure 1-4.

6.9.1 Elements of Shrinkage Allowance

¢ Shrinkage allowance is required to maintain the specified
shape and dimensions at hull erection. The amount of
shrinkage allowance for gas cutting, welding and/or line
heating should be derived from data collected during
shipyard operations.

¢ Shrinkage allowance is required for fillet welding inter-
nal members to shell plates (A). Shrinkage occurs in the
direction normal to the welding line,

¢ Shrinkage allowance is required for removing welding-
induced distortion by line heating after assembly work
(B). This removes opposite-side indentations caused by
fillet welding internal members. After assembly, heat is
applied on the outboard side of the shell along lines
which are exactly opposite the fillet welds. Shrinkage oc-
curs in the direction normal to the heating lines.

e Shrinkage allowance is required for welding plates to
form the panel on which a block is assembled (E).

o Shrinkage allowance is required for fillet welding stif-
feners, e.g., flat bars and brackets to internal members
such as a web plate (a).

¢ Shrinkage allowance is required for line heating on sub-
assemblies, such as webs, to remove the indentations
caused by welding (b).

o Shrinkage allowance is required for welding plates of in-
ternal members such as webs (€).

e Shrinkage allowance is required to compensate for
welding and line heating other miscellaneous interim
products, i.e., parts, blocks of special shape, etc.

6.9.2 Ways to Distribute Excess

There are two practical ways to predict the excess needed to
offset shrinkage as described in the foregoing:

¢ Provide excess amounts only at edges of a block without
regard for apportioning excess between block internals.
Thus, the dimensions needed for layout are readily ob-
tained from design drawings. However, the final posi-
tions of the internals will be different from specified
design.

¢ Distribute excess proportionally taking into account
shrinkage rates expected to be caused by each work pro-
cess and the relative spacing of block internals from each
other and panel edges. This method requires recal-
culating the dimensions needed for layout, but the final
positions of internals will more accurately conform with
design.




6.9.3 Ways to Distribute Excess vs. Assembly Sequences * standard practices for

) o - working instructions
Sequences for assembling a block, consisting of a panel

: M 2 - lofting
stiffened by longitudinals and webs, can be classified as ‘egg- o : : ,
crate” or “weld longitudinak to panel first”. The work se- - fabrication (marking, gas cutting, bending,
quences are different as shown in Figure 6-3. Thus, the line heating)
shrinkages caused by welding are sequenced differently. This - sub-block assembly
is important because restraints are different, the heat input - block assembly
for different welds varies and regions which have been shrunk shiowriaht work
before do not shrink the same amount, even for the same heat - shipwright wor

input, during subsequent welding. Thus, the pertinent data - welding
that shipbuilders collect should be classified to match one or

more of the four assembly alternatives depicted in Figure 64 e A/C contents of standards

6.9.4 Standards for Work Processes and Information Flow - check POi nts
- dimensions to be checked
In order to establish effective standards, the role of each - checking methods

fabrication shop and assembly section must be carefully - tolerance limits
reviewed for its impact on production process flow. The in- ) B ,
puts and outputs of each should be clearly defined and con- - checking procedures for jigs and machinery
sistent with a single A/C system. In other words, everything - feedback and remedia measures

on the right side of the variation merging equation must be

compatible in order to obtain the best productivity for the en-
tire ﬁull construction process. P y e examples of standards for block assembly

There cannot be dependence on just parochial knowledge. for aflat block
Written work processes which regard each other are essential e
for achieving specified accuracies and uniform flows of work i platg arrangement (positioning, match mark)
and information. Standard processes also make it easier to - welding (misalignment, gap)

change jobs and are a great aid for training. When a process - panel marking (diagonal length, width,straightness)
standard is revised to incorporate an improvement, related

others should be reviewed and/or revised as necessary. - holes
The following guidance applies to standards which should for a curved block
be established: - supporting jig (normality, height)

- plate arrangement (jig position)
- datum line for joining
- block marking (four edges, diagonals)

- holes
“EGG-CRATE" WORK SEQUENCE “WELD LONGITUDINAL TO PANEL FIRST" WORK SEQUENCE
1. Panel Assembly (E) 1. Panel Assembly (E)
2. Panel Marking 2. Pandl Marking
3. Egg-crate Assembly (a,b,e) 3. Longitudina to Panel Welding (A)
4. Egg-crate to Pane Welding (A) 4, Other-internals Welding (A a,b,e)
5. Line Hesting (B) if necessary 5. Line Hesting (B) if necessary

FIGURE 6-3: When assembly sequences are different, the sequences of shrinkage and the amounts of shrinkage differ. Fitting problems will occur if dif-
ferent shrinkages are not anticipated. The parenthesized letters designate pertinent descriptions in Part 6.9.1.

41



Jfor fitting
- elimination of welding-bead rise where internals cross
panel joints
- gas cutting (notch, roughness, check line)
- end of web position
- end of frame position
- angle of internals relative to a panel
- collar-plate fitting
- misalignment and gap where internals join each other

grinding
- bead removal for rework
- bead removal to free temporary fitting

line heating
- block interface edges
- specified temperatures
- specified locations
- fairing

EST
STANDARD
DESCRIPTION
(LINE THICKNESSES 1mm) DEVIATION
'a——l
<1,000 mm o= 0.5mm
MARKING ash z
LINES a>1,000 mm 0 = 0.6 mm
N a | REFERENCE
N LINE 1,000 mm 0= 0.4mm
SINTYY <K< a>1,000 mm 0 =04 mm
a REFERENGE
= LINE
/ a<1,000 mm 0= 04mm

FIGURE 6-5: Tests of measurement methods by one firm in-
dicated that even folding rules do not cause significant variations.
However, each shipyard should perform similar tests.

EXCESS DISTRIBUTION ASSEMBLY SEQUENCE

Only At Egg-crate
Panel Edges

Weld Longitudinals
To Panel First

Proportionally Egg-crate
Throughout

Weld Longitudinals
To Panel First

FIGURE 6-4: There are two possible assembly sequences for each
of two methods for excess distribution.
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6.10 Measuring
Some variations are inevitable due to differences in:

¢ measuring methods,
e environments,
® work circumstances,

¢ reading judgments, etc.

One shipbuilding firm conducted tests of measurements
obtained with folding rules that are popular among shipbuild-
ers. Of all devices, folding rules were suspected of causing the
most measurement variation. The results, shown in Figure
6-5, indicate that even their use does not significantly contri-
bute to merged variation. However, each shipyard should
verify its own measuring capabilities.

6.11 Photographs of A/C Practices
Figures 6-6 through 6-15 illustrate A/C ideas already

employed by shipbuilders to control accuracy and simultan-
eously enhance productivity.



FIGURE 6-6: A. Layout tapes are prepared by loftsmen on a long table having a ruler fixed to its surface. A loftsman, reading a work in-
struction drawing, marks only locations and legends of interest. As shown in the background, identity of a specific appiication is on the
reverse side of each tape. The tapes are of special-tempered steel so that they easily coil and when released readily lay flat. A light coating
both prevents rusting and provides a good contrast for marks.

B. Tapes are for layout of overall dimensions, diagonals to confirm rectangularity, and positions of block internals after plates are welded
together to form a panel as shown.

C. Even where N/C capabilities exist, tapes are also used for the layout of certain parts, e.g., parts for non-parallel midbody of a custom-
designed ship.

D. Part fabrication and assembly workers simply transfer marks from tapes to plate and panel surfaces. They are not burdened with the
need to interpret blueprints nor are they encumbered with irrelevant dimensions which appear on rulers.
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FIGURE 6-7: A. Semi-automatic (shown) and manual line heating methods are applied as controlled work processes for forming curved
plates. Similar techniques are also used after rolling or bending to refine the curvature achieved, Line heating is not limited by furnace size,
as for forming by a biacksmith, nor limited by press and roller capacities. Thus, line heating is being applied to increasingly wider and longer
plates as a means for reducing the lineal footage of welding required and associated shrinkage which complicates A/C.

B. Loftsmen prepare for each part, a family of sight-line templates on a single Mylar sheet and thereafter, as one option, reproduce the
temnplates in wood. A sight-line mark, within the *“<’* mark near the top of the vertical member, coincides with a reference line for the fin~
ished part. Match marks near the template ends coincide with plate edges. A station number and an angle of inclination relative to the
finished-part surface are noted on each template.

C. Some part-fabrication shops directly employ a “Mylar’* for setting a family of adjustable sight-line templates.

D. The accuracy of transverse curvature is checked by measuring distances between curved template edges and a plate surface at specific

check points. Longitudinal curvature is checked by measuring the distance between each sight-line mark and a taut string rigged to represent
a reference line.
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FIGURE 6-8: A/C engineers establish requirements for reference lines 50 millimeters back from cutting lines. Samples of such measurements
are recorded in order to determine their standard deviations as the accuracy of reference lines contribute to merged variation.

A. A reference line is self-checked to verify that it is 50 millimeters from the marked cutting-line. The jig in the foreground was developed
specifically to enhance accuracy for marking reference lines on flat-bar ends.

B. Reference lines are also included in N/C marking instructions so they appear parallel to edges which will be cut and that contribute to
merged variation, Measurements of the distance between a cut line and its reference line are used to monitor accuracy of the machine.
C. After cutting, measurements between a cut edge and its reference fine are made and recorded (not shown). Since reference lines exist for
such purposes, they are used as shown for setting an adjustable mono-rail for semi-automatic cutting a long “slow’’ curve.
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FIGURE 6-9: During sub-block assembly, block assembly and hull erection, measurements of the distances betwesn reference line
from reference lines to parts, are obtained and recorded just before and after welding. Analyses of such data advises A/C engineer
accuracies and shrinkages actually being experienced,

A. Measuring between reference lines after welding plates to create a panel during block assembly.

B. An A/Cengineer demonstrates measuring between reference lines just before an erection-joint gap is to be welded. The scale being used
is sized and graduated just for this purpose and is attached by a key ring to a graduated, thin wedge used to measure gap widths.

C. Demonstrating how te measure gap width in a bottom longitudinal. The butt-joint paps for the two longitudinals which can be seen do
not require rework. The gap in the bottom shell is already prepared for rework by back-strip welding,
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FIGURE 6-10; Loftsmen calculate vital dimensions and provide for vital points, reference lines and check points as specified by A/C
engineers and incorporated in work instructions.
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part-fabrication shop supervisors measure and record deviations using a fant string as a reference.

B. For twisting a longitudinal that is already curved, loftsmen prepare a family of sight-line templates on a single Mylar sheet. This is used
by part-fabrication worker for adjusting special templates to be set at specific stations on the longitudinal. A white sight-line mark appears
on the adjustable bar of each template. Twisting is performed by line heating until all sight-line marks match a taut string. Subsequent
measuring to establish the accuracy being achieved for combined bending and twisting employs the same sight-line method.
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FIGURE 6-11: Prudent A/C engineers assigned within a hull construction department maintain pood rapport with supervisors and their
workers. When variation merging equations identify a particular work process which needs to be improved such rapport leads to effective in-
novations; e.g., numerous simple jigs which significantly reduce ranges of variation.

A_  Simple jigs support flat bars during the fitting process.

B. A jig which supports a flange during fitting to a web, is equipped with a screw for making fine adjustments,

C. Two relatively easy to make jigs align a small sub-block vertically and simultaneously fix the sub-block at the prescribed distance from
the panel edpe.

D. Jigs are used to fit longitudinals at prescribed angles during curved-block assembly. The jigs are designed so that they are suitable for
use on both forward or aft panel edges, and also on both port and starboard blocks.
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FIGURE 6-12: Among the variety of matters that A/C engineers address are:

A. Gas cutting techniques to achieve very sharply defined finished edges.

B. Line heating techniques for removing distortion from sub-blocks.

C. Line heating technigues for removing distortion from blocks.

D. Development of machines such as a self-propelled, caster-rigged gas cutter which follows one of a number of patterns to accurately cut

halac
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FIGURE 6-13: Members of the A/C group are involved in many activities.
A. A group member checks the X-R control chart which is posted at the work station where parallel edge parts are cut. Work schedules are

nnsted alongside.

Posted aiongsitde

B. A/C engineers make rules for how parts are to be designed, nested and/or bridged. As shown, double-bottom floor panels are nested
with top and botiom edges continguous and so that cutouts match. The parts are not cut apart by the N/C machine as concentrated heat in
the vicinity would cause unacceptable shrinkage of each cutout’s length. The intact surrounding material minimizes such shrinkage. The
panels, as shown, are separated later by semi-automatic cutting.

C. A/C engineers specify the check points for using a line marked for setting a longitudinal as a reference line in order to measure deforma-
finn nanead her ane cavt i

Ul CausCh Uy gad CUdiilig.

D. They also specify how to use buttock lines as reference lines to check a transverse web of an upper ;ving tank for deformation caused by
gas cutting.




FIGURE 6-14: Typically A/C engineers establish standard procedures for:

. Checking the face-plate position on a web.

Using a protractor and plumb bob for measuring the fitting angle of an internal member of a curved block.
Checking a bracket for fitting angle, match marks, ete,

Checking a finished edge for an erection buti-joint.
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FIGURE 6-15: Specific A/C procedures apply to: A. Checking a measurement between panel and bracket edges in a sub-block.
B. Checking a measurement between the edges of a panel and internal structure in a block.
C. Checking alignment of a tank-top panel relative to a bottom-shell panel in a block.

D, Monitoring bottoin alignment between keel [aying and launching. The distance measured is that from the bottom shell to a reference
line marked on the vertical angle-iron which is fixed to the dock floor.
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APPENDIX A
PLANNING VITAL POINTS FOR A BULK CARRIER

[. Identifying Vital Points

A. Basic

Vital points are necessary for achieving accuracy specified for an end product. Thus, identifying vital points starts
with the complete hull and proceeds, as any other planning activity, to address reverse production flow, i.e., erection,

block

assembly, sub-block assembly and part fabrication. Also, because they impose different problems, each mgjor

division of a ship body has its own vital-point explosion.

Vital points can be classified and sub-classified as.

1. At

Erection Stage

a. Hold Zone
b. Curved Zone
c. Stern Zone

2. At

Block Assembly Stage

a. Straight Block

b. Curved Block

c. Flat Panel Base

d. Curved Panel Base

3. At

B. Detall

Part Fabrication

Descriptions

1.. Erection Stage

a. Hold Zone

Usually accuracy of the hold zone impacts most on the overall form of the hull because it contains the most
blocks. For vital-point matters, the hold zone can be subdivided into:

- Tank Top Zone
- Top Side Tank Zone

The tank top zone is the base of the hold and incorporates vital points for controlling:
- Center line of the ship.
- Relativity between each double bottom block.
- Level of tank top.

See Attachment 1.

The top side tank zone fixes the actual width and actual depth of the hull and contains vital points for con-
trolling:

- Straightness of the base line.

- Width of the ship at main deck.

- Height of the ship at main deck.
- Level of main deck.

Details are shown in Attachment 2.

The vital points for setting each block on the ways is derived from the foregoing and noted for shipwright
guidance as shown in Attachment 3.
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b. Curved Zone

Vital points in the curved zone are dependent on the hold zone because the block erection sequence usually
starts in the curved zone.

In order to set a curved block, fixing suitable points is necessary. For example:

¥
B A
P
. C
ae—>3&  Mold Line

Point A: For setting the width.
Point B: For keeping straightness.
Point C: For setting the height, and checking the lower width.

Note 1: Loftsmen must prepare dimension L to locate A! on the shell:

Note 2: To locate point C, loftsmen must provide dimensions H and B.
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¢. Stern Zone

Accuracy of the stern zone influences a ship’s performance significantly. Accuracy of the shaft line involves:
e Accuracy of center of stern tube,

- Centering.

- Height.

e Relationship between center of stern tube and the shaft line projected to the main engine seat:

N —

Notice: Keeping this relationship precise is especially hard because of movement of the stern block during welding.
Thus, fixing vital points and maintaining their positions requires the greatest possible care.

Usually the relationship between shaft and rudder centers are fixed in one block during block assembly. However, it is
still difficult to align both of them with sufficient accuracy in a building berth. The sequence for welding the plate joints
located forward of the after peak-tank bulkhead is critical.

2. Block Assembly Stage
a. Straight Block
Straight blocks are located in the hold zone, there are several typical types defined by their locations. In
order to define their vital points two questions should be asked:

e Which will be the most important points for hull erection?
e Which will be the most necessary points for block assembly?

A sample of a typical check sheet is in Attachment 4.
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b. Curved Block

Flat-panel base, curved blocks are assembled on a platen in accordance with a sequence which is partly
dependent upon internal structure.

As shown the curved shell plates are set on block internals. Therefore, vital points are set to maintain vital

dimensions such as A and H. The shell plate edge alignment with internal structure is also vital. See Attach-
ment 5.

Curved-panel base, curved blocks are assembled on a pin jig. The procedure is to ﬁrst join already formed

nlatac ta oranta Tavrny ST DI S

plates to create a curved panel, layout the internal arrangement, and thereafier to fit and weld internals.

Typical vital points and dimensions and an applicable checking procedure are described in Attachment 6.

3. Part Fabrication Stage

As estabhshmg vital points in all of the many parts is impractical, parts which could cause consequential block

inaccuracies are first identified. These typically are parts for:

- bottom girders
Tamddmann wddn L1
«~ DUULLUILL SIUC 11UVILS
- hopper side tank floors

- hold frames

Vital point details and check sheets are provided in Attachment 7.



Appendix A, Attachment 1

VITAL POINTS FOR ACCURACY
AT ERECTION STAGE '

In order to check and maintain accuracy of the tank top zone during the erection stage, three methods are necessary:

Center Line Check of shift of each block in tank-top section.
Relativity Check of center double bottom, center side double bottom, and bilge blocks in every hold an
tank-top length.

L oval Chorlr of eag)
A N\

vei LHeCK O e&

block both on the

wr

o

h ank top and bottom.

Descriptions
1. Center Line Check

When: Twice, once before ﬁtting and once after welding.
Who: Worker and A/C engineer before fitting.
A/C engineer after welding.
Where: At the front of each block on tank top.
How: By transit (allowance max. 1/8”).

»

Relativity Check
When: Every block before fitting and once after welding an entire hold length.
Who:  Worker and A/C engineer before fitting and A/C engineer after welding.

 § 9.2 "PRPRoN +la £ o
Where: At the front edge of each block.

How: By transit (allowance max. 1/8” at each target).

Notice: If the relativity is larger than allowed and that amount is less than 1/4”’, defer correction until welding is com-
plete for a hold length.

3. Level Check

e re

When: Every block before fitting and after welding.
Who: Worker and A/C engineer before fitting and A/C engineer after welding.

Where: At points A, B, C and D at forward frame of each block on tank top.

After welding, the level of the points at the bottom must be checked: x

D

» D
\o { B ‘A B} c,/-
] J
1 F

r——

“
m
s¢n

1

. ‘rh'—-—

The data should be recorded and arranged in a simple style (picture, graph, chart, etc.). Further each record should

contain the date, time, and temperature when the check was made. Recommended methods for recording these checks
follow.
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Appendix A, Attachment 2

THE VITAL POINTS FOR ACCURACY AT ERECTION
STAGE FOR TOP SIDE TANK ZONE

In order to check and maintain accuracy of the top side tank zone, four methods are necessary:

Straightness of the base line
Width of the ship at main deck
Height of the ship at main deck
Level of main deck

Descriptions

1. Straightness of the Base Line

‘When:
‘Who:

‘Where:
Notice:
How:

Twice, once before welding and once after welding at each erection joint.
Worker and A/C engineer before welding.

A/C engineer after welding.

At the base line (see the figure at the end of this Attachment).

The base line must be marked on slabs before erection.

By transit.

2. Width of the Ship at Main Deck

‘When:
Who:

Where:
How:

Twice, before and after welding.

Worker and A/C engineer before welding.

A/C engineer after welding.

At the base line of the front part of block (see the figure at the end of this Attachment).
By measuring.

3. Height of the Ship at Main Deck

When:
Who:

Where:
How:

Twice, before and after welding.

Worker and A/C engineer before welding.

A/C engineer after welding.

At the point supported by the pillar (see the figure at the end of this Attachment).
By measuring.

4. Level of Main Deck

When:
Who:

Where:

Twice, before and after welding.

Worker and A/C engineer before welding.
A/C engineer after welding.

At least 6 points as follows:

H e EL3 1 H

\ N R B

1 1 1 ] :

! Vi l :

l‘ d. !f 3 L SE—
1
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Notice: Points a & b at forward end.

Points ¢ & d at aft end.

Points e & f at forward part of preceding block.
How: By transit.

Appendix A, Attachment 3

BASE LINES FOR SHIPWRIGHT AT ERECTION
(MARK )

Base line for checking height

meelneatfcmmdaﬁ-ndofcochbbdz G /‘
_BHD.ond stoolposition 7 AN
57 Center line

%x& A N\ / \ LN L

7%—‘—&% AU W
g J / 7

Edge line of hopper for checking width

77 7
N1

N\ \BHD sosition for checking hold length

Cenfcr line

Edge line of hopper

NN
//////

Center line

\ %
z\\ 3 ‘\\ NN
\\\ \ \\ \'\\\ \’\\]

mee line at fore and aft end of each block

ﬁﬂ’—{{‘%

BHD and stool position ﬁ
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Appendix A, Attachment 4

ACCURACY CHECK SHEET

Ship WNo.

Block No.

Shop

Condition

Before combined with bottom plate

Dim's lajjow.| Actual
in '3 -
Mark Item Drawings Tol. | Dimension Cheg. Notice
P tlorker Both side (P.S)
c S AC
Edge F Every Girder Both
D {Alignment A " ide (F.A.)
Girder d
g |Spacing S " Every Frame
ForE AFT
¥ " " Both side (F.A.)
Each girder show
G (Straightness " maximunm,
blc = 9 points a - 1
H [Level £le "

Notice ! After fitting:weldinz

A1




Appendix A, Attachment 5

ACCURACY CHECK SHEET

Ship No. Block No. Shop Condition
232 (233)-1/2 Lower Engine Flat Base
/SWONG BACK
F12
FI5
i :' F19
/RSB
Aol TF - )i\
" F ! \\\
4 R AR
Z —
8 8 i
- A ‘%
£
Dim's
Mark Item in Allow. -Actuél Chg. Notice
Tol. Dimension
Drawings
G Lower Eng. AC |a~i 9 points
Flat Level Worker| Keep horizontal plane
A AC
B Width Worker Plumb at every frame
" Vertical AC |Plumb at every frame
Height Worker] Check the vertical
Edge "
Cc Alignment Aft & Fore
" Each space at
F Space frame web
D Length "

Notice 1) Keep the level ‘and fix the flat panel.
2) Need support and strong back.
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ACCURACY CHECK SHEET

Ship No. Block No. Shop Condition

232(233)-2/2 Final Assembly

STRONG BACK\

LOWER ENG. FLAT

Dim's
Mark Item in  [Ailow.|  Actual Chg. Notice
Tol. | Dimension
Drawings
A Plumb
B Width Ac Keep horizontalplane
AC
D Shift Worken
H Height AC Plumb
Notice After fitting and after welding,
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1. A.C. Data Diagram

Appendix A, Attachment 6
Curved Panel Base Blocks

FIG. 2

F0 D4\ FS gy FB
!

y
dt P H 43
28'WL

ol

1. A.C. Data Diagram

assembly work.

1t is generally difficult to check deformation of the curved unit shape. However, from the point of view of accuracy con-
trol it is necessary to check deformation of the curved unit shape during assembly work.

Then, the deformation checking data of the curved block should be prepared by the mold loft before they begin the
Calculate the maximum curvature depths at the aft butt, for’d butt, upper erection seam, and the lower erection seam.
Join AD, BC, AB and CD as shown in Fig. 1.

Calculate the upper waterline section’s depth and the lower waterline section’s depth at the middle frame. And also
calculate the aft frame section’s depth and for’d frame section’s depth at middle waterline.

Using the results of the above calculation, draw the checking data diagram as shown in Fig. 2.

/i/
TN

D2




2. A.C. Checking Procedure

SECTION @-®
FIG6. 3 \;a Iy \,, P ot

l+d3

TR 7 1O
A S
B v A

- | |
W/ ® Emen P uct
A’\ ©/ = / \\Q/{\“ ‘X/‘\Ludl f\ﬁ\ﬁ‘

////////////////1’//////II/////////////////7

Using the checking data diagram, accuracy control activity is carried out as follows:
(1) After plate joining, check the curvature depth at the aft butt, fore butt, upper seam and lower seam.

)] Before welding of the internal structures, set the poles at four (4) points (A, B, C and D) and strain piano wires as

Asctnrran

b“U\Vll l“. l.llC dUUVC Fls D IV.lCd.bulC LllC Udlalile UCL\VCCII l.llc pldllU \NllC aud lhc \.hcuuus pUlllL Uu. l.hc ohcu p L
Mark down the level mark on each pole for deformation checking.

(3) After the welding of internal structures, again set the poles at the same points, and check the distances in the same
way as mentioned above,

Check the level mark on each pole for deformation of the block.
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HULL 751 (Zone-1) BASE LINE & CHECK LINE FOR VITAL POINTS

| MEMBER & TTEM

MEANING & PURPOSE

NOTES

Bottom
Floor l__,a
U o 177
D
s €
M M m A4 ¢
- o 4

Tight Floor & Wall

b S&C

A

L.

e

#The dimension is ma2rked by NC

kTo be marked by NC burning mach-
To be used for fitting stiffeners
at sub-assembly

fTwo methods to be useful

1) to be marked at the end of

2) to be marked atc the fixed

*To be marked a2t the end of stif-

*The dimension should be indicat-

D : Dimension to be checked

operator and measured after cut-
ting and sub-assembly.

F : Guide lines for fitting stif
feners.

ine .

stiffeners (Jig to be used)

points,

feners.

ed in case that only one stiffen
er 1s different from others.

Limited to the
case of the neat
cut before sub-
assembly.

A-16



ACCURACY CHECK SHEET

Ship No.

Unit No.

Shop

Condition

Cut, Sub.As| Sampling check

BOTTOM CENTER UNIT FLOOR

O

O

WRITER

——

. S,

PIECE NAME

HEIGHT

WIDTH

A7




ACCURACY CHECK SHEET

PIECE NAME

HEIGHT

WIDTH

Ship No. Unit No. Shop Condition
Cut. Sub.As|
BOTTOM CENTER UNIT FLOOR
o A 1
] !
A
¥ WRITER
UPPER SIDE LOWER SIDE

WIDTH
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APPENDIX B
TCAL CONCEPTS IN ACCURACY CONTROL
Performing basic statistical analyses requires understanding of three statistical concepts, mean, standard deviation and

the normal distribution curve. Consider the process of marking and cutting flat bars of identical nominal length. Each piece
has a measureable difference in length due to the inherent limitations of marking and cutting.

17
X —DIQ—- X —Dd—xs—bl |¢—xn—>|

If n of these flat bars are measured, the mean length is:

These two values, the mean and standard deviation, are for a random sample of size n. The random sample is taken from
the population of all flat bars produced by a specific process. The population can be considered as infinite in size, with the
random sample a finite subset. This sampling procedure can be repeated with a different batch of flat bars, measuring their
lengths and calculating a new mean and standard deviation. Generally, the means and standard deviations of the two ran-
dom sample will not be identical. In theory, an infinite number of random samples of size 2 could be taken and their means

and standard deviations calculated. The laws of statistics state that the mean of all those means will be identical to the mean
of the entire population of the flat bars, i.e., all flat bars ever made by a specific, unchanged work process.

Raw data must be grouped to facilitate handling and analysis Grouping data avoids the need for establishing precision
limits and has other advantages. Data grouping is done by measuring the length of each piece in the sample, arranging the
data into length classes, and determining the number of flat bars belonging to each class. The result is tabulated on a fre-

quency distribution table and is graphically represented by a frequency diagram or histogram.

The frequency distribution represents the number of occurrences of flat bars in each length class. Given a perfectly con-
trolled process, the frequency distribution will be a normal distribution. Where not perfectly controlied the frequency
distribution for a sample of measurements can be used to approximate the normal distribution for the process. The fol-

) T nlla hict
lowing table, histogram, and frequency distribution are examples associated with measuring the length of 100 flat bars:

B-1
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FREQUENCY DISTRIBUTION TABLE

Length Classes Midpoints Frequency (f)
(inches) (x) (number of pieces)
104.125 - 104.375 104.250 5
104.500 - 104.750 104.625 18
104.875 - 105.125 105.000 42
105.250 - 105.500 105.375 27
105.625 - 105.875 105.750 8
Sample size: 100
N\
40 - / \
35 / \
30 HISTOGRAM
> / x /
O 20 -
=z
z \
3 20 - / A IEN Y
o / \ DISTRIBUTION
£ s / N _—  CURVE
10 Y \
5 v \
|~ .
-~
- T T T T T
X 104.250 10.625 105.000 105.375 105.750

The area enveloped by the curve represents the total number in the sample. Generally, a distribution curve obtained from
actual data is not perfectly bell shaped as is the case for a normal distribution. As explained in Attachment 1, there is a way
to best fit a normal distribution and determine the pertinent risk factor.
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X=f1x1 +f1Xz.... + fo Xn
n
and for the example
X = (5 X 104.250) + (18 X 104.625) + (42 X 105.000) + (27 X 105.375) + (8 x 105.750)
100
X = 105.056 inches

The second fundamental parameter is standard deviation which is a measure of the dispersion or scatter of the observed
values around the mean value. If all observed lengths of flat bars tend to conccntrate near the mean, the standard deviation
is small, If the values tend to be distributed far from the mean, the standard deviation is large.

-~

/ \\4—-—— SMALL STANDARD
/ \ DEVIATION

<« LARGE STANDARD
DEVIATION

Standard deviation is defined as:

o=V B&-% + 5% .... + fa(a-D
n

for the example when
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Random variations from a well controlled process follow the normal distribution which is a symmetrical, bell-shaped

curve defined by its mean and standard deviation. The area beneath the curve always represents 100% of the sample being
considered apportioned as follows:

2

y

Probobility Function

Bl 77/ /7

x-30 X-20 X-10 x X+10 x+20 x+30

Value of x

The area between:
X-o0 and X+o (one standard deviation) = 68.27%
%-20 and %+20 (two standard deviations) = 94.45% (shaded)
X-30 and X+30 (three standard deviations) = 99.93%

These values can be obtained for any value of X from tables incorporated in statistics texts.

B e 1 n S o ] P ks W mi & ian)

APPENDIX B, ATTACHMENT 1

The distributin of controlled processes can be shown to be a normal distribution by applying the ¢‘goodness-of-fit”’ test as
a test for normality. This involves calculating the chi-square statistic:
, k ,
Xb= 3.(0i - f)/f

i=1

where k = number of ranges in measured frequency distribution
~ P e

— fanrerenzenss Af ah i nenh mowmon
Ul = JICqUCIiLy UJ UDCTVULIUTW it culit Turige

fi = expected frequency in each range for an exactly normal distribution

This ¥3 statistic is then compared to x? statistic for a pre-chosen level of significance (a) for k - 1 degrees of freedom. Data
in the following table confirm that the variations in shipbuilding work processes do follow the normal distribution. The

level of significance, @ = 0.05, is the risk factor. That is, there is only a 5% chance that the goodness-of-fit test will indicate
a normal distribution when one does not exist.
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SPECIFIC CHARACTER AND CHECK OF NORMALITY

RESUT OF MEASURE CTEST FOR NORMALITY
MAJOR |MINOR LEVEL OF
DROCESS | PRocess [PARTS | SPECIFIC CHARACTER | MEASURING STANDARD |\ o s‘my;:)mo 12 /zz (s 05) |SiGNFCaNGE
DEVIATION 10 xg r
RIGHT ANGLE OF FINAL | DEFRECTION PER ONE 2_ 2, oo en®
MARKING PLATE METER LENGTH 0 |091/1000] Xg=1.34<X"@.05)= 9.49| 80-50%
& | LENGTH OF FINAL + 1S OVER, - IS LESS 1 . )
S | KARKING PLATE REGARDNG DMENTION | 0.3 1.08 | Xg=5.73<X"(4.05)= 949| 20 -30%
3 IN DWG OR TAPEAS O
pur}
-
= | WOTH OF PLANER —onto— | o1 | 069 |@=768<X6051=1259] 20-30%
PLATE
0 ANGLE OF EDGE + IS OVER, - IS LESS 2_ 20 ot ano
£ PREPERATION GIVEN 65 DereE a5 O 115 | Xg=264<X°(605)=1259| 80-90%
E MARKING DIMENTION + IS OVER,~ ISLESS \ .
= GIVEN TAPE 0 0.55 | Xp=3.26<X"{2.05)= 593| 10-20%
g DIMENTION AS O
) SECTION STEEL MARKING 2. PN
a 3 DIMENTION ——DITTO—— | 0.3 0.74 | Xg=265<X°(3.05)= 7.81| 30~-50%
=] [=]
(o] =
& < CUTTING ACCURACY REFERENCE GIVEN 2 2
a . X2=4.85<X%(3.05)= 7.81| 10-20%
= o ALONG REFERENCE LIE. | (50) AS © 0.6 0.76 5=485<X°(3.05)= 7.8 o
3 s
— o
g [ CUTTING ACCURACY FOR _ 2_ 204 e = oo
£ £ EDGE PREPERATION —— DITTO—— | =0.1 0.96 | X3=240<X?(4.05)= 949] 50-70%
-4
t CUTTING ACCURACY FOR 2 2 o
-_J [+
2 T | LENGTH OF BULT UP | +1S OVER,~ IS LESS
.‘-{;_’ LONGITUDINAL GIVEN TAPE. DIMENTION | 0.1 0.94 |32=525<X%(4.05)= 949| 20-30%
a AS O
=
= | FITTING POSITION OF 2_ 25 nEY— _eno
n =
5] FITTING POSITION OF WFB | ACCORDING TO
= FRAME FACE PLATE DIMENTION SHOWN IN | © 1.40 | X3=352<X%4.05)= 9.43| 30-50 %
- DWG.
-t
= ACCORDING TO
b _— — -o0. 14 | X2=298<%?(4.05)= 9. - 70 %
B DITTO REFERENCE MARK 0.1 14 | X5=298<X°(4.05)= 949] 50-70%
1
g FITTING POSITION OF | ACCORDING TO . 2
BUILT UP LONGITUDINAL | DIMENTION SHOWN | — O.1 0.89 | X5=450<X°3.05)= 9.49| 30-50%
FACE PLATE IN DWG.
Continued
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RESULT OF MEASURE

TEST FOR NORMALITY

MAJOR |MINOR |pagrs | SPECIFIC CHARACTER | MEASURIN LEVEL OF
PROCESS | PROCESS EASLRNG STNOAD | swepace |STANOARD | x2 /32 (4 05) [SIGNIFICANCE
10 %35
BLOCK LENGTH DEVIATION AGAINST 2 2
A -0.1 . X =5/ = -
8 MARKIYG ACCURACY) | MOLD TAPE 0 1.25  {¥5=560<X°(4.05)= 949( 20~30 %
m BLOCK WIDTH — DITTO e 2_ 2 - °
e | o | e accurcy) 0.3 | 113 }x2=121<%{4.05) = 949] 80- 90 %
Q.
m € | RIGHT ANGLE DEGREE | DIFFERENCE BETWEEN
2 . AROUND BLOCK BOTH DIAGONAL 0.6 | 1.78 |x5=620<1(505)=11.07| 20~30%
3 g | 3 LENGTH
g 3 e
>~ g CUTTING ACCURACY GIVEN REFENCE LINE 2. 2, er oo
2 [50) A5 CORRECT 0 | 0.91 |z3=250<x?(s.05)= 949| 50-70%
[*Y]
2 LENGTHWISE FITTING | GIVEN DIMENSION 2 2
< =183< .05) = 949| 70— 80 %
g | g |rosmovcrems | as o 0.1 | 1.4 |13=183<1?(405)= 949| 70~ 80%
o 3 y
S | & | TransvERsAL FITTING 2. 20, ey o
1 E | posimon pasrs —oTo— | 0 1.42 | x2=556<x?(4.05) = 949| 20-30 %
4
m < | FITTING POSITION OF
-1
& | Z | PENETRATON PARTS -0.4 | 170 |x3=224<1?(505)=11.07| 80~ 90 %
q = a
BOTTOM BLOCK SEAM | GIVEN DIMENTION
(AT TACKING). BETWEENREF.UNES | 26 | 1.58 |x2=276<x?(305)= 7.81| 30~ 50 %
(100) AS NORMAL
BOTTOM BLOCK BUTT 2 2
——piTTo— | 3.0 | 1.86 |%2=118<x?(4.05) = 949 80~ 90 %
8| o | o [ Tackng) DiTTO 3.0 0 °
o = =
£ = £ ] L BHD BLOCK SEAM 2. 20 ey _
= & | & | mackno) ——oT0 —— | 2.1 | 1.93 |x2=348<1%(4.05)= 949| 30— 50 %
= =
5 & | $ |LeHpBLOCK BUTT 2 2
x = = —20 0
€1 & | 2| mome —— oo — | 2.8 | 2.22 |22=263<x?(4.05)= 949! 50-70 %
UPPER DECK BLOCK SEAM 2. 2
(AT TACKING) ——piTo— | 2.5 | 1.82 |x3=452<x%(4.05)= 949 30 —50 %
UPPER DECK BLOCK BUTT 2, 25.05) = — 80
(AT TACKING) — DITTO 2.7 | 2.04 |72=282<12(.05)=11.07| 70- 80%

Refer to a statistics text for y* distribution.
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APPENDIX C
EXAMPLES OF VARIATION MERGING EQUATIONS USED BY A/C PLANNERS
I. ERECTION JOINT OF TRANSVERSE WEB FOR A 70,000 DWT TANKER

Assembly Procedure

1. Fit the face plate to the web for the LL block shifted by S,.

7 it tha fara
& L

. &1t Wil 1acl pxatv to the web for

U Uiy vwu L

3. Fit the web to the panel for the LL block at A, from the panel edge, where A, = the design dimension + 2 mm.

4. Fit the web to the panel for the LU block at A, from the panel edge.

! - :
P
o~
=
¥ —~J

LU}

L g
- e BN _;—!‘ i lch &
PANEL—> _ I Ty
WEB/" FE( = @/ 5 | @
2 S5 4
,, A ||
/Y FINISHCUT WITH i
A

Variation Merging Equations
Z] = (Al + El) - Az
Zz = Z| bond (dl + dz) + (EX; + EXz)
Z; = Zz + (Sl - Sz)
Ex, and Ex, are inaccuracies due to curved deformation on inciination from verticai during erection which effects accur-

acy of the web gap Z, near the face-plate side. Since it is difficult to obtain measurements of certain dimensions at the

erection site, Ex, and Ex, were calculated from the measured value of Z,. Z; was calculated using Z,.

CA1




Sample size Mean value Variance

ESTIMATED MERGED VARIATION

62

Remarks

Dimension n X
01 48 + 4.8 1.17 Right angle degree of upper end of LL web [After
cutting with edge extended 3mm (S5mm — 2mm))
02 56 -0.3 1.00 Right angle degree of lower end of LL web
S1 48 + 0.7 1.56 Fitting position of face plate to web (LL)
S2 56 + 1.5 1.48 Fitting position of face plate to web (LU)
Al 54 + 1.8 2.32 Fitting position of web frame LL (L) to pacnel
A2 82 + 0.6 2.48 Fitting position of LU web frame 1o pecnel
E1 101 - 1.6 2.91 Accuracy of seam joint of LL x LU ({dimension between
reference lines after welding)
Ex14 — + 5.2 4.92
Ex2
Estimated Gap . ety . o
21 - -0.4 771 Estimated back ‘stnp welding 2‘.5“/0
3 - -05 17.84 do. 2%
ACTUAL MERGED VARIATIONS
] . Confiderce intervals* .
Actual Sample size  Mean vae Veriance of population variance Normality test Actul rotio
Gap  gp x o2 {confidence level S0%) (significance level 10%)  of back sirip
Z1 79 ~-0.7 8.39 6.63 - 11.25 2 =850< %’m’:}z 02 2.5%
22 79 +0.3 14.80 - 13 =11.15<x®  =1855 7%
(12,0.10)
Z3 61 -0.2 1530 11.80 — 21.60 x2=5.51 <7z(27 o 1202 65%

*Concepts are addressed in Appendix B and E.
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II. ERECTION BUTT OF DECK & BOTTOM LONGITUDINALS OF UPPER WING TANK FOR A 50,000 DWT
BULK CARRIER

Assembly Procedure

. Fit longitudinals on deck and tank-bottom panels maintaining A, and A, respectively at the aft ends.

fa—y

| 5 ORURL. SR, | « ned £iens ot 3
FTOVIAC 5 IILHI CACCSS allll 1111511 Lut

N

3. Provide some margin at the fwd end of the tank-bottom panel to be cut after the block is set during erection.

4. When joining the tank-bottom block with the deck block, align them by the distance As.

n A
| UPP. DK
UL 4
- - K rﬁ
':"V/r\@ 1
00}7. - :—w
0 R
AN I

B
_ A A3
Az
{
) UPP. DECK l
\
3\
A2 Py _@
A3
_ P2 @
A4
i —__-———__—'\_
N
TANK BOTTOM
As Asg
A1 q
SECTION A-A

Variation Merging Equations

Zl = (A] + E| + Az)'(Az + P])
Zz = (A| +E| +A3 —Ad)‘(AS +P2 _AZ)
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Sample size Mean value
n

Variance

Dimension X 02 Remarks
P1 70 -04 1.88 Length of longitudinal
P2 68 +3.8 2.25 Length of tonk bottom longitudinal
(to be cut 3mm. longer thaon design dimension)

Al 38 +1.3 1.84 Length of upper deck plate

A2 128 +0.1 2.23 Fitting position of deck longitudinal

A3 64 + 1.2 6.04 Longitudinal relative position of upper deck panel and tank

bottom panel
A4 128 +0.3 4.14 Fitting position of tank bottom longitudinal
E1 42 +0.4 3.24 Accurocy of butt connection of upper deck
Estimated Gap (dimension between reference lines after welding)
Z1 - +2.1 11.42 Estimated ration of back-strip welding 20%
22 - -2.3 25.78 do. 8 %
ACTUAL MERGED VARIATIONS
Confidence intervals
PP Camnlo cize Aonn unhia /arianea nf nantlatinn  varianca larmnity $sg Actil ratin
ACIual w‘"r'\o i VI YIS Y ILG v PU"U‘U'I\J'I YUIL JULILG iwa lllulll) 1~ Mg 11w
Gap n X o2 {confidence level S0%)  (significonce level 10%)  of back sirip
23 102 26 9.16 75-120  XZ=11.69<X? =14.66 14%
{9,0.10)
Z2 82 -1.7 2260 17.8 ~ 30.0 x2=696<x2 =10864 6%

g

hd {6,040}



III. ERECTION JOINT IN FACE PLATE OF TRANSVERSE WEB

/\s./wA
Vi .
. -
o
€I
[ee]
J'
[L]
=
S
Li
Ar A

Variation Merging Equation

Z=(S;+P| +A| +E|+A2+E2)"(Sl +Vl)

Stage Process X G o? |Remarks
Part P, (Stop position of Bottom
Fabrication Trans Fe. PL. to web edge) 0 0.9 | 0.81
Sub-block S, (End position of Fc.PL. +2 | 0.8 | 0.64 |Intentionally fit 2 mm longer because of the large
Assembly from L. BHD) variance of Z, 15.30.
S, {Gap of Fc. PL. of Bottom trans) 0 0.8 | 0.64
Block A, (Fitting position of B. long’l) 0 1.4 | 1.96 | Shrinkage by welding of BC x B seams
Assembly | A, (Marking position of L. BHD) +2 | 1.0 | 1.00] to be investigated.
Erection V, (Deviation of L. BHD) 0 2.0 | 4.00
E, (Distance between reference lines) —~2 | 1.5 | 2.256 |Distance between reference lines after welding
(2 mm shrinkage to be investigated).
E, (Installation against L. BHD mark line) 0 20 ] 4.00
Merged z -2 | 3.9 [15.30 |Cutting 69% back-strip welding 3.7%
Variation
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IV. DECREASING THE NUMBER OF PROCESSES BY DESIGN IMPROVEMENT

TANK TOP i
! (
[0 4
1
o A2
=
= \ @ .
I
BOTTOM LONGL ‘ 1‘ i <
P2 _“ P1 Y ihLE
- n =1k

Variation Merging Equation

Zi =@ +A —A +E)-P. +P,)=A, +E —-P, - P,

TANK TOP b
- 7|
g
T A2
= @l

BOTTOM LONGL 71 WP S

B B balye

A1 ’

Variation Merging Equation
Zz = (A| + A3 + El)‘(A3 + P3) = Al + E] "P3

Z, is more advantageous than equation Z, because there are fewer opportunities to generate variations. However, there
would be no advantage if the variations of P,, P, and P; were small compared to A,, A, and E,. This type of analysis is
used to quantitatively determine the best design details for given production capabilities.



DECREASING THE NUMBER OF PROCESSES BY CHANGING THE ASSEMBLY SEQUENCE

e number of processes required for the erection butt-joint in bottom longitudinal shown below is one less than for that
rated in Figure 3-2 of the basic text. Added processes sometimes increase merged variation at the final process.
ever, an added process which does not contribute significantly to merged variation can be advantageous. In Figure 3-2,

111 1 A B AATIEE

dded process wouid permit the transverse bulkhead to be set more accurately.

|
. s
/;@

e\ AN [

%ﬂ?
\
T. BHD

7 . . — ' ‘
St = o c) . Si /
5N N
q
D
Pi P2 P
A2 X X—_.l.
A1 A

Variation Merging Equations

Zz = (Sl - d)'(Sz + d) +Ez
Zy =(A: + E, + A)-E:. + P, + P, + Ay)
Zi =S — d-@S: + d) + Z;
;
stage Process X o o {Remarks
Part P, (Length of bottom long’l) -1 1.0 | 1.00 [Negative X means on the average
“abrication the longitudinals, P,, are short.
P, (Length of penetration piece) 0 1.0 | 1.00 .
d (Accuracy of squareness) 0 0.5 | 0.25 |As shown by deviation of the upper
most point of bottom long’l edge.
Sub-block S, (Gap of Flange PL. of P.) 0 08 | 064
Assembly S, { do. ) 0 08 | 064
S, (Gap of Flange PL. of Pen Pc.) 0 08 | 0.64 )
S, ( do. ) 0 0.8 | 0.64 '
3lock A, {Length of bottom PL) +3 | 1.2 | 1.44|Shrinkage of main butt to be investigated.
Assembly A, (Edge joint of Pen Pc.) +3 | 12 | 144
Zrection E, (Distance between reference lines after welding) -2 1.5 | 2.25 |2 mm shrinkage after welding to be investigated.
E, (Butted gap) +1 1.5 | 2.25
Verged Z, +1 2.0 | 4.00 |Positive X means a joint gap exists.
variation Zs +1 3.3 110.89
Z, +1 | 35 |12.25
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APPENDIX D-1
Page D-2 of this Appendix contains a sample from the “ Japanese Shipbuilding Quality Standard (Hull Part) -1979";
published by the Research Committee on Steel Shipbuilding, The Society of Naval Architects of Japan, 15-16 Toranomon,
[-Chome, Minato-ku, Tokyo, Japan. Standard ranges and tolerance limits are identified for each item.
Pages D-3 through D-6 show how such accuracy standards were further developed by a shipbuilding firm.

Pages D-7 through D-10 are additional examples of independent accuracy standards development. These also specify
“Frequency of Measurement.”



Curved plate Block Sub-assembly

Distortion of each
panel

Deviation of interior
members from skin
plating

Division Sub -assemly UNIT : mm
.1 Sub- Standard | Tolerance
Section section Item range limits Remarks
Measured as follows:
Twist
>
:é of 10 20
& Sub-assembly The point A, B and C are
0w . .
¢ established in the same plane,
] then measured the deviation of
0 the point D from that plane.
"22 May re-assemble partially
@ when the deviation exceed the
o limits.
=
ny
Deviation of upper/ .
lower panel from &£ or 5 10 i
B.L
2 :
s N
@
c .
o Deviation of upper/ ACCURACY OF THIS DIMENSION
E 5 10
a lower panel from F R.L
Y-
)
2 Breadth of each panel
@
5
9 Length of each panel
<

The same as for the flat plate Sub-assembly

The same as for the flat plate

Twist of Sub-assembly 15 25 Sub-assembly
Deviation of upper /
lower panel from& 7 15
or B.L. Re-assemble partially when
the deviation exceed the
Deviation of upper / limits.
lower panel from 7 15
FR.L.
£ £
a3
$(§ Distance between
é-g upper / lower 5 + 10
= "'g 2 gudgeon (a)
S5 s
/Mm s &
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Gap between butt weld edge

Item

Allowable linit
mm

Renarks

1. Butt weld plates

LN [

—

2. Butt weld of sections

"
Y L

£

—~a

L4, Electro gas welding

C_ \ /[ [
—dal

als
In case
1) 5<aflb

| Wherr PL.thick2 107
4 5<a 10
[ When PL. thiex< [0)

2) 252 a > 16

[ then PL .thick= 10)
a6 =a >10
Vhen PL.thick<<i0)

3) a>25
¥hen PL.Thick> 10 )
& a>16

then PL,thick </0 )

ass

174 ad ko
In case
1) 40<a S Lo+t

2) a>%0 + ¢t

10£a £30

Incase

1) 30<a<30+t

When 'a’ exceeds the allowable limit,
the adges shall be treated as follows.

1) The edza shall be built up by
welding with a backing
strip, and then
back welding shall
be done after <2 //// 2
removing the backing | Ie—
strip and after back
chipping.

2-a) When the renewal of a longitudinall
member is necessary, the scope of
tHe:renewal shall be dicided case
by case, with the agresement of
the buyer and the classification
society.

For the other members, the plate
of at least 300mm width shall be
renewed.

2-b) If 2-a is not applicables, the

edge shall be built

up by welding, and I3
then the butt shall 5 j'ﬁf/ 4
be welded.

3) The members shall be partially
renewed in the sz0e way as specified
in above paragraph 2-a.

When a exceeds the allowable limit,
the gap shall be treated in the same
way as the butt weld platas.

When a exceeds 4Cmm, the gap shall be
treated as follows,

1) The edge shall be buili up by weld-
ing.

2) The plate shall be partially
renewed.

1) The edge shall be built up
by welding

2) a>30 + t 2) The plate sh all be partially renewsp

-
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Defornmation

_x
'

1

Divisi . .
ivision Item Allowable l;.'mﬁm
Shell plate Parallel part side shell 6
Parallel part bottom shell 6
Tore and aft part ?
Double bottom tank top 6
plate
Bulkhead Longitudinal bulk-head 7(t K13
8(t>13
Transverse bulkhead 8
(Swash bulkhead)
Strength deck Parallel part (between 0.6 L B) 6
Fore and aft part : 8
Covered part 9
Second deck Bare part 8
Covered part i 9
I
Tore-castle deck Barg part : 6
i
Poop deck Covered part : °
Super-structures deck Bare part 6
Covered part 9
House wall OCutside wall 6
Inside wall ; 6
Covered part : 9
- s
Yieb of girder and trans : 2
A Floor & girder in double ”

votton tank

D4



Distorsion & Straightness (Curvature)

Itenm Allowable limit Remarks
mm
1. Distorsion of beanms, 1) 547 1) When £ £ 1000
frames or stiifeners 22 o o
(per 1 span) 2) §4(5 + {531 |2) ¥hen 1000 < £ < 3500
NEL12 3) ‘hen £ 2 3500
2. Distorsion of girder |1)§£5 , 1ZI.) %hen £ < 1000
and long. 2
(per 1 spam) 2155 (3 + 1—0&3}2) shen 1000 < £ < 3500
33<10 3) %hen £ 2 3500
3. Straightness in the =25
plan of flanges and web -
(per 1Cm lengthl)
A &
b, Tr. 3KT & stiff. witha -
web §=£% 1000 & \\i
(vhen free edge) (max. 12) \ "%
a
5. ZE:'.“ar ; 1) § =6 1) Vher £ £5.000 l/dl_)i(h_
between deck 2) § = e,{mé 2) ¥hen £ >5.0C0 M‘ l!l IL
A “J
(max. 12) i’ ~L

D5




Divrision

Item

Remarks

HolLE

({) Circle Type

Inrortant mecber

a) vwhen, t4$13
min ¢ = 20Cwm

b) when, t>13
¢ =15 x t( stand=
pax = 45Cmn

Other member
a) when, %t <16
min ? = 200mny
b) when, t >16

rd)

¢ = 12 x t (standard)

vod

2) Oval Type

- do.‘

" (3)

Square Type

for temporary hole
( min "R* = 150mm )
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template and end of
plate

ALLCWABLE FREQUENCY
SHOP ITEMS TOLERANCE OF MEASUR- REMARKS
ING
Marking & Gas Cut-
ting
*Check line for gas e:= + 1.5/64" | 8 pc/day
(Section ) cutting of angles (af (piecg/aay)
ter marking)
(¥b)
*Check line for gas e =+ 1/32" |5 pcfday
cutting of angles (af
ter cutting)
#Length of angles (af | e = + 1.5/64" | 5 pc/day
ter cutting)
(Internal Member) | *Normality after gas | 2/1500 5 pc/day rz.
cutting (Right Angle) ﬁ“’,fo
*Check line for gas e =+ 1/32" Do
cutting
*Length after gas e = + 3/64" Do
cutting
*Width after gas e = + 3/64" Do
cutting
Flame planer *Length & Width after | ¢ = + 1.5/64" |5 pc/day
cutting
e
(Flat shell plate | *Straightness e =+ 1/%4" 2 pq/%eek ' l
flat plate)
*Bevel Angle e =+ 2.0 deg.|5 pc/day
| *Normality e =+ 2/1500 |2 pc/week
(Right Angle)
Bending *Length of frames aft- Girth length
(Section) er bending e = + 1.5/32" {5 pc/day %}
*Straightness of imver e = + 3/32" 5 pc/day S Sr Lina
ted straight line of
frames after bending —————
(Plate) *Round gunwale plate & e = &+ 1/8" All e
Bilge plate 1
*Setting degree of te-| e = + 1/ "/2" All
mplate 2
*Discrepancy between te = + 1/4"

{8
L

A\
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*Flatness of a unit

e = + 1/4"/1.

20%

ALLCOWABLE FREQUENCY
SHOP ITEM TOLERANCE OF MEASUR- REMARKS
ING
Bending *Height of sight see- {e = + 1.5/16" 5 pc/day N
ing line
*Discrepancy of sight |e = &+ 1/4" 5 pc/day -
seeing line between " thread
templates and thread positdid
Sub-Assembly *Positioning of stiff-le = + 1/32" |8 pe/day e
eners (FB. BKT) on a
web plate
*Positioning of face |e = + 1/32" 8 pc/day
plate to a web plate j
(keep shift dimension) )
*Flatness of sub afterie = 1/8" 8 pc/day e
sub-assembly (s 31' 14")
-e = + 1/4"
(L 31' 14™)
e
*Fitting angle of sti-;e = + 3 deg. %_
ffeners to a web plate
e .
*Deformation of sub- (¢ =X 1/4m 8 pe/day l ? ] ’ l
unit
Assembly *Shift dimension betwere = + 1.5/32" |5 pc/day
Fitting en skin plates and fr- | —
ames/girders sit';i
*Shift dimension betw-.e = + 1.5/32" |5 pc/day
een skin plates and try l I
ans, web/floors
Filkn
*Fitting angle betweenie = + 5/1500 |5 pc/day w |
trans, web and skin pls oo |1
ates _L’/
*Fitting angle between|e = + 1/8" 5 pc/day =
frames and skin plates{at the top) e
. le
*Level e =+ 1/4" A1l _—i:
*Perpendicularity che-le = 4+ 1/16" = I
ck by a plummet [at the end poidt) A1l i'SLL-; i




AILOWABLE  FREQUENCY
SHOP ITEM TOLERANCE OF MEASUR- REMARKS
ING
Assembly
Marking kLength of plates le = + 1/8" A1l
(curved)
f7idth of plates e = = 1.5/16" W1l
(plane)
kDiagonal lenght of AL =+ 1/4"  All L .
blates {curved) L X
(squareness check) oL = + 1/3"
(plane) als= 4,-4,
#Marking lines by hand e = = 1/8" 4 units/
(curved) 2 days
*Straightness of platd e =1/16'/L 20%
edge
*Width of corrugate e = 1.5/16" All
Height of corrugate e = 1/16" All
Normality of corrugateg e = 1.5/16“ All
Assembly
2Check Iine for gas e =+ 1/32" 5 pc/day
cutting
Gas Cutting
*Depth of bevel e =% 1/32" 5 pc/day
*Bevel Angle e =+ 2.0 deg.}{5 pc/day
*Straightness of platei e = + 1.5/32" 20%
edge
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|FREQUENCY ~

¢ tmmee s 0eerimm boe

SHOP ITE TOLERANCE OF MEASURE-~ REMARKS
ING
ERECTION *Positioning: {Length| e= + L/é" starting
wise) unit only
Bottom Shell Measure on the check

points on berth

*Positioning: (Height) e = + L/ﬁ" All Unints } By gauge
Measure at the most
forward frame ( 2

points)
*Level: (Between left | e = + 1/4" 411 units (Pay attention
side and right side) to twist

Measure on the points
at forward edge

*Positioning: (Betwe-|e = + 1/8" W11 uvnits |Plumddown to
en left side and righd the base line
side) Measure at the on berth

forward butt

*Connecting part be- je = + 1L/8" A1l units
tween units: Check th=
bevels at seams and

0

butts
*Discrepancy of ship’sfe = + 1/8" All units | Measuring by
center transit

N B Y S W SrmnmI e 09
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APPENDIX E
Analysis of Shrinkage in Double-bottom Floor Caused by Gas Cutting and by Welding and Line Heating

Abilitiesto predict shrinkage caused by high temperatures and provide compensatory shrinkage allowances are crucial
for minimizing rework during erection. The problems are acerbated by the many different relatively complicated parts and
subassembly shapes that characterize shipbuilding. A double-bottom (DB) floor sub-block is a good example.

As shown in Figure 1, more than one DB floor panel is usually cut from a single plate. Shrinkage is different for the panel
edges which are different. The tortuous cutting paths for al” 1" edges cause higher heat inputs. Thus, for each of them
shrinkage is greater than for any of the “2” and “3” edges which are straight.

Generally, except for more applied resear ch, shipbuilders have done as much as can be done by modifying part shapes,
changing cutting-path sequences, and minimizing heat input. As shrinkage persists, it is counteracted by competitive ship-
builderswith statistical methods for determining excess allowances.

Figure 2 shows how A/C engineers have organized for and required the collection of statistical data following gas cutting
before a part isreleased from a part-fabrication shop to a sub-block assembly section. The data are organized as separate
histograms for each edge and provision is made to incorporate calculated mean values and standard deviations accordingly.
An example of how they were calculated is shown in Figure 3.

Data isagain collected and analyzed in the same manner following line heating to remove distortion caused by welding
during sub-block assembly. The heat introduced by these two processes causes additional shrinkage, see Figures 4 and 5.
Also, the measurements to obtain these data serve as a check before a sub-block is released for block assembly.

However, the data recorded during sub-block assembly isan indicator of total shrinkage due to gas cutting plus welding

and line heating. Thus, it is necessary to calculate the mean values and standard deviations of just that shrinkage caused by
welding and line heating during sub-assembly as shown in Figure 6.

With reference to Figure 6, Oac and OAw  are about the same. Also, OAw for both the tank top and bottom shell are only dif-
ferent from each other by less than 0.333 mm. The same can be said for the bulkhead and center edges.

Considering the valuesfor XAL and OaL, allowances for excess are proposed as shown on the left side of Figure 7. Theright
side shows associated probabilities for rework. These percentages indicate that nearly 70% of the edges of all such sub-
block assemblies will make good connections.

E-



Tolerance limits establish whether rework is necessary and indicate what kind of rework is required:

LOWER UPPER
TOLERANCE TOLERANCE
LIMIT LIMIT
BACK-
STRIP GAS
I\VELDING NO REWORK CUTTING J
Yooz, T Z: 7, h

However, for part dimensions which are just beyond the upper tolerance limit, i.e., too large, rework by gas cutting

should be deferred because during sub-block assembly:

® adjacent parts if near their lower tolerance limits could compensate, and/or

¢ predicted shrinkage during welding and line heating could compensate.

Thus providing a fourth range for ‘‘possibly no rework” is productive:

BACK- POSSIBLY
STRIP NO GAS
lWELDINCJE NO REWORK REWORK |CUTTING
| S |
I | ] 1
Z, Z, Zy Z.



With A/C data accumulated during normal operations, statistics provides a way to predict the effect of a specific excess
allowance. The prediction is expressed as the percentages of parts which will during sub-block assembly require:

o rework by back-strip welding,

® no rework,

e possibly no rework, and

¢ rework by gas cutting.

Typical actions which result from such predictions include:

e investigating how part shapes and gas-cutting sequences effect shrinking, and/or
* applying a proposed excess allowance as shown in Figure 9.

;@ :@ >® o )
o 0] )] )]
UpP {UP) {UP) Up
(OT) (oT) (OT) (OT)
o | ® ol N o

N\ Starting_point

FIGURE I:
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DISTRIBUTION DIAGRAM

SHRINKAGE DUE TO GAS CUTTING

Xl

VARIATION MEAN
STANDARD DEVIATION

symsoL] _ o
PIECE X NOTE
-1.200]| 1.414
o
a
w
5 |xg
P-4 gx
i -
x g%
s
~ <]
° 15 E L
5 £ |
7-6f-sk-a|-3|-2]-1] ol 1]+ 2ezheabishelvlrel ofpcdmpnmpl  prequENCY
i< | o SHRINKAGE . o
<
—8 (UP) z
) = 8
g - Z
&/ = S
w 2 ©
[-% g) [+
—= 3
v S
e &
—= i
— 12, 3
] B XXX
Ts ~ [EIXIX
JXIXIX]o = .
S 5 SlEIl
[ o
R e
F Y
: 1
© r3
™~ R p
© ' i ' l i I @ m
) =\ ] @ ! /- [ a
; (DN) ,§___ %
? -
o S 0
x 3 N
? l.n :p. x|
=t Jododziod 39V3NIEHS N " e S
C3 vz tnon]sdad 2dodsdpdedz 414 ol 1d2dedv s o dsdsts ] erli
ANINDIYS I -
I 2 2| a
g 3
&
s
g
310N x 3731d
FIGURE 2:
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EXAMPLE OF CALCULATIONS

FOR FIGURE 2
(up)
x; Fi xfi | x3F s Zxfi _ =30
- 4 ] -4 16 7 25
-3 4 -12 36 a1 N
-2 5 ~10 20 0% - & x{fi-X
-1 8 - 8 8 2
0 4 0 0 25
+ 1 2 + 2 2 _ _
T2 | 1 | +2 | 4 0=y2z =144
TOTAL | 25 |x=-30| 86
FIGURE 3:
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DISTRIBUTION DIAGRAM
SHRINKAGE DUE TO CUTTING,

WELDING & LINE HEATING
X = VARIATION MEAN
o = VARIATION MEAN
= SYMBOL| _
PlECE X o NOTE
-1.414 | 2.093
o
g
e 5
b4
g S -
° |8 E 5 L
" HATBCRPI IS8T 654312 110 | pr2lr3palspeft7fraltojuohuaising]  FREQUENCY
e 113 ~ SHRINKAGE o
d 3 T3NS
§ __"§ Z »
E W :é’_ = I3
2 @ &
— ———r— T
a ) © 11
-7
O )
3 &
53 ES
2 1 &
ge oY) Al
I e Es T
}’ > o= o G
RN 5| | teL) o=
o Mol
= &
5 I
3 S
wXo al
~ N °
@ e~ o mand -—
Gl BN l E ‘ a l E | sc /2
[=] =i
z (ON) 1 §
: 5 &
3] TOVINIEHS E SR el
0 hilenion] dods ded 24la dsdpde dz o 14 0 [1-4zde Ji-de{a 42 do{e-Didi-ida i ~
AININT3M —
LT & 3] | 2 2| a
n e a
x :
S -<
=
S
m
69b2C | 62¢°1~
210N 5 x 35314
70QHAS
FIGURE 4:
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EXAMPLE OF CALCULATIONS

FOR FIGURE 4
{UP)
Xi fi X|f| Xzi f;
-6 1 - 6 36
-5 0 0 0
-4 3 [ -12 | 48 _ -4
= —i—-=-1414
-3 5 |-15 | 45 x = —g- =14
- 2 5 - ]O 20 2. ]85 _ _ _
1 s |- s 5 02%= —33- —1.999 =6.379 ~1.999 =4.380
0 2 0 0
1 3 3 3 0= +4.380 =2.093
+ 2 0 0 0
+3 1 3 9
+ 4 1 4 16
TOTAL | 29 | -41 | 185
FIGURE 5:
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ANEANI
IVIEAIN
PART FABRICATION &
PART FABRICATION SUB-BLOCK ASSEMBLY SUB-BLOCK ASSEMBLY
~ XaL - o o
XaG (DUE TO GAS CUTTING, Xaw = XaL — XaG
(DUE TO GAS PLUS WELDING, (DUE TO WELDING
CUTTING) AND LINE HEATING) & LINE HEATING ONLY)
T. TOP (UR) — 1.200 — 1.414 — 0.214
B. SHELL (DN) — 0.880 — 1.379 — 0.499
L. BHD (OT) — 2400 — 2.827 — 0.427
CENTER (CL) 0 — 0.533 — 0.533
UNIT: mm
STANDARD DEVIATION

OaG OalL Oaw = 0Oal? — 0aG?
T. TOP (UP) 1.414 2.093 1.543
B. SHELL. (DN) 2.141 2.463 1.230
L. BHD (OT) 1.600 1.985 1175
CENTER (CL) 0.707 1.564 1.395

UNIT: mm

FIGURE 6:

ac Gas cutting process.

AW
45

aL  Cutting plus welding and line heating processes.
Is obtained from the thereom of variance:

gaw

Oal> =

Welding and line heatina nrocesses
vwelding ang line nheailing

MY YUTUOOUS.

0s6" 4+ Oaw?




PROBABILITIES

Z Z Z Z
Proposed Rework By No Rework Rework Possible Rework By
Excess |Back-strip Welding In Next Process | Gas Cutting
(UP) +1 10.9% 64.0% 19.8% 5.3%
(DN) +1 14.4% 57.1% 19.8% 8.7%
(OT) +2 13.8% 68.0% 15.4% 2.8%
(CL) +0 5.9% 77.7% 15.4% 1.0%
FIGURE 7:
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EXAMPLE CALCULATION FOR ““UP”’ SIDE
X =-1.414 0 = 2.093
_ X=X
t=-3
Ximm t
N -6
-5
-4 -1.236 Back strip welding 21 t<-1.236 Fn= 0.11 1%
-3 -0.757 t=-1236 0.75
- 64 %
N[ =2 ~0.280 No rework 22 (12 osre - o °
-1 0.198 . 0.64
0 0.676 . t= 0.676 0.95 20
” 3 1753 Possibly norework 3 (f = 1.631 - 075 o
NI 2 1.631 . 0.20
T3 Gas cutting 724 t>1.631 0.05 5%
N
+4
Z1 i Z2 r Z3 i 24
-3 -2 -1 0 +1 +2 +3
Observed %
variation X: - - - _ MA
from design i -4 3 2 1414 ’l Q +1 +2
t ~-1.236 -Q757 ~-0.280 0.198 0676 1.153 1.631
**Variation from design with 1mm excess allowance.
In this example, variation from the design dimension beyond —4mm requires back-strip welding and variation beyond
+2mm always requires gas-cutting. The ‘‘possibly no rework’’ range applies to variations between 0 and +2mm for which
the upper limit was established based upon the shipyard’s experience. The values of Fn used to obtain the percentages of
work for each region, are calculated using a normal distribution with the means and standard deviations obtained as shown
in Figures 1 through 6 for the region limits given above.
FIGURE 8:
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APPENDIX F
CONTROL CHARTS

Accuracy control (A/c) ishased on the variation of products manufactured in the same manner. Even for controll-
ed processes, i.e., where work circumstances do not change, some chance or random variation is normal. As variation
is expected, A/C is also concerned with detecting when a process is deviating from its controlled condition. In other
words, A/C/ engineersmust be alert for variationswhich are not dueto chance asthey areindicatorsthat something
or someone is changing how work is being performed.

AIC engineers employ two Kinds of charts for control purposes. One is for measurements such as the lengths of flat
bars and the other addresses frequencies or counted data, e.g., the number in a sample of 100 that require rework.
Both charts employ central lines indicating the average performance expected of a process and upper and lower
control-limit lines. The limits are chosen so that values between them represent only normal, random variation.
Values beyond the upper and lower control limitsindicatethat awork processisout of control. By plotting values of
samples taken periodically, A/C engineers can also detect a drift toward loss of control.

Control of a work process is facilitated by maintaining Plots of mean value(X) and range (R) or standard deviation
(a). Asthe population mean and standard deviation are generally unknown, they are estimated by frost obtaining a
number of samples (k), each of the same size(n). The mean (X) of the sample mean (xi) is calculated as.

>l

1 k
- % =¥
i=1

and then assumed to be the estimated population mean.

In order to estimate the standard deviation of the population it is necessary to calculate the standard deviation for
each sample. Because it is easier to obtain, range (R) isa preferred indicator. The range of variation of each sample
(R) is used to calculate the mean range:

R = Ri

1
k i1

M=

The cental linefor themean or X chart is X, sinceit isan unbiased estimate of the population mean (X). The mean
range, R, is not an unbiased estimate of the population standard deviation. But, if a normal distribution of the
population is assumed, R can be used to get an unbiased estimate of the upper control limit (UCL) and the lower con-
trol limit (LCL).

A common approach employsthe “three sigma limits’, i.e,

%! + 3o

vn o

Then, A.R is substituted as an unbiased estimate of 30/\/ 1 and the Constant A, for a given sample size is obtained
from a Table of Control Chart Constants (see ASTM Manual on Quality Control of Materials, American Society for
Testing and Materials, Philadelphia, Pa., 1951). Thus for the mean or X chart:

central lir_l_e =X
UCL = X +A:R
ICL = X —AR

A similar approach is used for the range or R chart for which

cental line = R
UCL = D4E
LCL = D;R

where D, and D; are contants obtained from the same Table of Control Chart Constants.
Examples of control charts follow:
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ACCURACY CONTROL GRAPH FOR SUMMARY OF GAS CUTTING
BY FABRICATION SHOP, HULL CONSTRUCTION WORK SHOP

UALITY ' MEA h I
Brosenry | cutTinG accurcy | MEETHEED |enos oF parts | ENAY | ENGIREER IN FREQ. | 6/DAY
MEASURED - NERSIRING GRAPH smﬁ-'%r— SAMPLING
PULACE EVERYWHERE N | WORKER MAKER ACCURACY CONT. METHOD | RANDOM
MEASUTING ALLOWANCE | BY ACCURACY ACCURACY BY JUOGEMENT
|INSTRUM!T_| PRESCRIBED LiMIT Haloarn INSTRUCTORS |-CONTROLLER JUDGEMENT| sANDARD
MEASURING FIRST ACCURACY ENGINEER IN BY ACCURACY
UNIT Q5mm CHECKER | CONTROULER CHARGE CORRECTION| sTANDARD
Group_:n-:sxx-s--..lb.v'.lb...‘Zwov,..és....3bx.r,1...,4b.r:
I - UL=LES
1.0
05 a._oou
Iyt N\ A
x - ‘
) 3 \/ A VAR V ¥
05
3
1.0 - ____leL=izg
5] e UCL=48
3 /—LCL' A JA) YA
R g' AN A /\/—\v Ao Ay /-/-\
'_ \/ &-4
c L) L B LS L] LY L] L ¥ 1 L] L] ¥ ¥ L] L] ¥ 1 L] L} L] L] 1} L3 L] 1] L] L] ¥ L3 i 1 L3 L} L] 1 L] L) K] L ] L

i8/9 0t 123718 l9“0222324252629303l9'§ S5678HIRBK i6l7l92021222324262728836,2 34 56

x, CONTROL LIMIT | COZFFICIENCY
X = {n=6) Rz=a-b (e---Lorgesf error in same day UCL=%+A2R [n] A2 Da
E b= Smallest error in some doy) Ilct=% 2 w880} 3.
}: 5 LcL=x-A2R 13| 1.023]. 258
%= A2l (mzaq) _I;‘__. (m=44) UCL =D4R 4[072z5]~2,28
. R[CL=R S1e577] 2,
UCL-~-Upper control limit, CL—- Center line,  LCL--- Lower control limit riv - £]0480] 2.00
ACCURACY CONTROL GRAPH FOR GAS CUTTING OF INTERNAL
STRUCTURE BY FABRICATION SHOP, HULL CONSTRUCTION WORK SHOP
=T FINA
_333}5% R Cge2 (war) | POSITIONS. | ENDS OF PARTS | Gliecker FOREMAN sampLING | TREQ:_| 6/DAY
NEASURING 5K MEAZYRING | workER GRAPH MAKER | RLEURACY CONT. METHOD | RANDOM
MEASUR ACCURACY
ST T | TAPE MEASURE | ARIEWANCE | 4 3o INSTRACTORS |.CONTROLLER
YETURING]  os5mm IR ER | ASS. FOREMAN ENCINEER IN
Gmup 11"5!!!liiolill|lsllll1'11lllI‘ll&l'l‘l’ l‘llll4‘°"ll
n=6
1.0
3 UCL=0647,
057
+) 3 ,—QﬁL
5 (3: . /\ /\V N_A /\ A M/
i N N VTV VT
sy LCL=0.749
103
s UcL=2.56

Rz-: =\ /\ /_"2'/\

AN

NASA

I N \/VV

(Valingh

cl""lllllllllilll]'lllllllll‘lrlTlr]]'lIllll

F’S LRI Rrd N1 3882022232526830319/2 5 67 911 12134161719 20212223 262728530 345 6 TH 12

n

X
;:-E-,',——(n.-.s) R:u-b(u--Lm-ges*errorinsmday )
b~ Smallest error in same day

! = R;
;=15,1n—-(m=44) F-L(m =44)
UCL~= Upper control limit,

.

CL = Center line, LCL == Lower control limit

F2

CONTROL LIMIT | COEFFICIENCY
ucL=x+A2R |n] A2 ] D4
CL=x 21880 32
LcL=X-A2rR | 3] 1. 258
UCL=D4R__ |4 |0.729| ® 28
CL= R 5 19577] 2.1

6 | 0480| 2.00




TRANSVERSE WEB (FLAT BLOCK)

TRANSVERSE WEB (CURVED BLOCK)

FLAT ULONGITUDINAL WEB

BENDED LONGITUDINAL WEB

ACCURACY CONROL GRAPH FOR
ENDS SETTING OF TRANSVERSE WEBS

verage of *76
(%) e L««ﬁbsiwlm S22 L 4917 4««‘1!:};2 90%
A ==
837 B4 Percentage within
+24 19 Torget Target—--41
o . )
I MaichLine Side "\
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277 | JAN, | FEB. | MAR.| APR. | MAY | JUN. | JUL. | AUG. | SEP. | OCT. | NOv. | DEC.
ACCURACY CONTROL GRAPH FOR
ENDS SETTING OF LONGITUDINAL WEB
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ACCURACY CONTROL GRAPH FOR MATCH LINE SETTING
OF FACE PLATE AND WIDTH OF PANEL PLATE

boas [ CEY {L .| Dy | | o I8
o e =

0.1 \ ........ Target—1

0.1

FACE PLATE
]
[=]

Bended part

50%
FC plate \
~02 Z % A
Sompies 47 53 52 39 40 €0
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R 10 web  {(Maichline)

657 Target—--33

Width

PANEL PLATE
3
®

Samples 94 94 76 27 48

77 | JAN. | FEB. | MAR. | APR, | MAY | JUN. | JUL | AUG. | SEP. | OCT. | NOV. | DEC.
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