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Abstract The Ship Structure Committee (SSC) project titled “The
Role of Human Error in Design, Construction, and Reli-

This paper summarizes results from two SSC projects thagpility of Marine Structures,” addressed four key ques-
have addressed human and organization factors associtions:

ated with design, construction, and maintenance of ship

structures (SSC 365, SSC 378). Results from these studi# What is Human and Organization Error (HOE)?
indicate that such consideration is particularly important ) .

as the requirements for improved quality in ship structures Can HOE be defined and classified?
are changed. The use of complex and sophisticated com3 can HOE be quantified and analyzed?

puter based analytical processes, application of advanced

load and resistance factor based design methods, in#4 Should HOE be reflected in design codes and
creased pressures to minimize initial and maintenance  criteria?

costs while increasing the reliability of the ship structures,
the use of innovative structure, material, and construction
systems, and an industry that is undergoing rapid organ-
izational and financial changes all combine to make this
a high priority concern for the profession. This paper

summarizes how human and organization factors in de—2 What is HOE ?

sign, construction, and maintenance of ship structuresany activity that involves people is subject to flaws and

might be formulated and addressed. Key aspects of thigefects, These flaws and defects (malfunctions) are gen-
formulation and approach includes a focus on the life-Cy- grq)ly identified as errors.

cle quality characteristics of the ship structure system, the

team performance and organization aspects of developingdOE that occur during the life-cycle of a ship structure

and maintaining adequate quality, providing effective can be related first to the individuals that design, construct,

guality assurance and control measures in developmenbperate and maintain these structures. These agsieen

of design guidelines, and developing life-cycle ship struc-operators

ture quality information databases and communication

systems. A critical challenge in implementing the ap-

proach is to improve the overall efficiency of the system

so that initial costs are not increased and long-term costs

are decreased. Ways in which this challenge might be

addressed are suggested. b) the procedures (formal, informal, software) that they
use to perform their activities,

This paper summarizes the answers that were developed
to each of these questions. The approach will be illustrated
with application to the fatigue durability design and con-
struction of an example fleet of oil tankers.

The actions and inactions of these operators are influenced
to a very significant degree by five components (Fig. 1):

the organizations that they work for and with,

1. Introduction _ _
) ) ) ] . ¢) the structures and equipment (hardware) that are in-
Present experience in the design, construction, operation” ived in these activities. and

and maintenance of ship structures clearly indicates that
the primary threats to the quality of ship structures ared) the environments (external, internal, social) in which
associated with human and organization errors (HOE).  the operator activities are performed.
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There are error producing potentials in each of the com-
ponents and at their interfaces.

Table 1 Classification of Operator
Malfunctions

Communications - ineffective transmission of

Human error can be characterized as a departure from ) .
information

acceptable or desirable practice on the part of an individ-
ual that can result in unacceptable or undesirable results.
Human error refers to a basic event involving a lack of
action or an inappropriate action taken by individuals that
can lead to unanticipated and undesirable quality.

Slips - accidental lapses

Violations - intentional infringements or
transgressions

Ignorance - unaware, unlearned

Analysis of the history of failures of ship structures pro-
vides many examples in which organizational malfunc-
tions have been primarily responsible for failures.
Organization error is defined as a departure from accept
able or desirable practice on the part of a group of indi-
viduals that results in unacceptable or undesirable resultg

3. Can HOE be Defined and Classified ?
Yes, human errors can be defined and classified in
variety of ways (e.g. action class, mode, mechanism
effect). The classification and definition needs to be ap
propriate for a particular descriptive or analytical purpose.
There is no single “best” system to classify HOE.

Planning & Preparation - lack of sufficient program,
procedures, readiness

Selection & Training - not suited, educated, or
practiced for the activities

Limitations & Impairment - excessively fatigued,
stressed, and having diminished senses

Mistakes - cognitive malfunctions of perception,
interpretation, decision, discrimination, diagnosis,
and action

q

Table 2 Classification of Mistakes

Perception - unaware, not knowing

3.1 Operator Malfunctions

In one scheme, human error®perator malfunctionsan

be organized into two categories: 1) those that develof
from states, and 2) those that develop from actions [1]
States are those influences that induce individuals, teams
and organizations to make errors. Incentives, environ
ment, and information are some of the primary factors tha
influence state determined errors. Lapses or slips, mis
takes, and unsafe acts are the primary factors that influend
actions determined errors.

Interpretation - improper evaluation and assessment
of meaning

Decision - incorrect choice between alternatives

'Discrimination
features

- hot perceiving the distinguishing

Diagnosis -incorrect attribution of causes and or
effects

a)

Action - improper or incorrect carrying out activities

A slip or error of omission is a human error in which what

is performed was not intended. A mistake is a human error, o .

where the intention was erroneous and was purposefully’:‘"2 Organization Malfunctions

executed. Unsafe acts are unreasonable or unlawful aclhe goals promulgated by an organization may induce
tions (violations). States can lead to human error in ac-OPerators to conduct their work in a manner that manage-

tions, and actions can lead to undesirable states. ment would not approve if they were aware of their
reliability implications. Excessive risk-taking problems

Mistakes can develop where the action was intended, butire very common in marine systems. Frequently, the or-
the intention was wrong. Circumventions (violations, in- ganization develops high rewards for maintaining and
tentional short-cuts) are developed where a person decidéscreasing production; meanwhile the organization hopes
to break some rule for what seems to be a good (or benigrfpr safety tewarding “A” while hoping for “B”). The
reason to simplify or avoid a task. Mistakes are perhapgormal and informal rewards and incentives provided by
the most significant because the perpetrator has limitecan organization have a major influence on the performance
clues that there is a problem. Often, it takes an outsider t@f operators and on the reliability of offshore ships. A
the situation to identify mistakes. classification system for organization malfunctions is

given in Table 3.
Based on studies of information from databases on marine

systems in which their acceptable quality has been com©One of the most pervasive problems that has resulted in
promised, the primary factors that lead to operator mal-failures of ship structures regards organizational commu-
functions are summarized in Table 1 [2]. The sources ofications. In many cases, due to incentives provided by the
mistakes or cognitive malfunctions are further detailed in organization, there are tendencies to filter information,

Table2. making the bad seem better than it was. Information is
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power. Frequently, within the organization and amongstand the orientation toward the quality of performance

the interfacing organizations information is manipulated contrasted with the quantity of production. The culture of

to achieve and maintain power. In development of pro-an organization is a product of its history and environment.
grams to improve management of HOE, careful consid-It is for these reasons that the culture of an organization is
eration should be given to information integrity so difficult to change.

(collection, communications, and learning), particularly

as they affect the balancing of several objectives such a3-3 System Malfunctions
costs and reliability. Human errors can be initiated by or exacerbated by poorly

engineered systems and procedures that invite errors (Fig.
1). Such systems are difficult to construct, operate, and
maintain. Such systems are “error inducing.” Table 4

summarizes a classification system for hardware (equip-

Communications - ineffective transmission of ment, structure) related malfunctions.
information

Table 3 Classification of Organization
Malfunctions

New technologies compounds the problems of latent sys-

Culture - inappropriate goals, incentives, values, and . . .
pprop g tem flaws [5,6]. Complex design, close coupling (failure

trust >
of one component leads to failure of other components)
Violations - intentional infringements or and severe performance demands on systems increase the
transgressions difficulty in controlling the impact of human errors even
Ignorance - unaware, unlearned in well operated systems.

Planning & Preparation - lack of sufficient program,

procedures, readiness Table 4 Classification of Hardware

Malfunctions

Structure & Organization - ineffective
connectedness, interdependence, lateral and
vertical integration

Serviceability - inability to satisfy purposes for
intended conditions

Safety - excessive threat of harm to life and the

Monitoring & Controlling - inappropriate awareness _ °
environment, demands exceed capacities

of critical developments and utilization of
ineffective corrective measures Durability - occurrence of unexpected maintenance
and less than expected useful life

Mistakes - cognitive malfunctions of perception,
interpretation, decision, discrimination, Compatibility - unacceptable and undesirable
diagnosis, and action economic, schedule, and aesthetic characteristics

Several examples of organizational malfunctions recentlyThe issues of system robustness (defect or damage toler-
have developed as a result of down-sizing and out-sourance), design for constructablity, and design for IMR
cing as a part of re-engineering organizations. Loss of(Inspection, Maintenance, Repair) are critical aspects of
corporate memories (leading to repetition of errors), crea-engineering ship structures that will be able to deliver
tion of more difficult and intricate communications and acceptable quality [7]. Design of the structure system to
organization interfaces, degradation in morale, unwar-assure robustness is intended to combine the beneficial
ranted reliance on the expertise of outside contractorsaspects of redundancy, ductility, and excess capacity (it
cut-backs in quality assurance and control, and provisiortakes all three). The result is a defect and damage tolerant
of conflicting incentives (e.g. cut costs, yet maintain system that is able to maintain its serviceability charac-
quality) are examples of activities that have lead to sub-teristics in the face of HOE. This has important ramifica-
stantial compromises in the intended quality of systemstions with regard to structural design criteria and
[3,4]. guidelines.

Experience indicates that one of the major factors in3.4 Procedure & Software Malfunctions

organizational malfunctions is the culture of the organiza-Table 5 summarizes a classification system for procedure
tion. Organizational culture is reflected in how action, and software malfunctions. These malfunctions can be
change, and innovation are viewed; the degree of externa@mbedded in engineering design guidelines and computer
focus as contrasted with internal focus; incentives pro-programs, construction specifications, and operations
vided for risk taking; the degree of lateral and vertical manuals [2]. They can be embedded in how people are
integration of the organization; the effectiveness and hontaught to do things. With the advent of computers and their
esty of communications; autonomy, responsibility, integration into many aspects of the design, construction,
authority and decision making; rewards and incentives;and operation of marine structures, software errors are of
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particular concern becausthé computer is the ultimate quantification of HOE in the life-cycle of ship structures.
fool” [8]. The first approach is based on the use of objective data that

) o ) has been gathered on the incidence of HOE [9, 10, 11].
Software errors in which incorrect and inaccurate algo-

rithms were coded into computer programs have been athe six years of research on which this paper is based has
the root cause of several major failures of marine struc-not been able to identify any well organized, definitive,
tures [2]. Guidelines have been developed to address thing-term effort in which a substantial body of objective
quality of computer software for the performance of finite data has been developed on HOE in the life cycle of ship
element analyses. Extensive software testing is required tstructures [12, 13]. Objective data can be developed by the
assure that the software performs as it should and that theirect gathering of data on the job of interest, information

documentation is sufficient. from similar jobs, real-time simulations or experiments
with the actual tasks. Limited information is available for
Table 5 Classification of Software & some types of activities (Fig. 2) [9, 10].

Procedure Malfunctions The second approach is based on the use of expert judg-

Incorrect - faulty ment [2, 14]. Subjective data can be derived from extrapo-
Inaccurate - untrue lations of objective data and the scaling of expert judgment
[11]. The quantitative information that is available is

extremely valuable in that it provides a place to start the

Incomplete - lacking the necessary parts

Excessive Complexity - unnecessary intricacy processes of quantificatioHowever, primary reliance in
Poor Organiza’[ion - dysfunctiona| structure mak|ng quant|f|cat|on Of HOE |n the I|fe'CyC|e Of Sh'p
structures must be placed on the use of qualified expert

Poor Documentation - ineffective information

o judgment.
transmission

The approaches that can be used to help develop engineer-
ing evaluations of HOE in the life-cycle of ship structures
Of particular importance is the provision of independent can be organized into three general categories:

checking procedures that can be used to validate the results o

from analyses. High quality procedures need to be verifi-1) qualitative,

able b_ased on first principles, results from testing, and fieldz) quantitative, and
experience.

. . . I . . 3) combined qualitative - quantitative.
Given the rapid pace at which significant industrial and ) a d

technical developments have been taking place, there hag,1 Qualitative

been a tendency to make design guidelines, constructiorrhe first approach can be identifiedsabjectiveor quali-
specifications, and operating manuals more and moreative. This approach usewftlinguistic variables to de-
complex. In many cases, poor organization and documenscribe systems and procedures and HOE. Integration of the
tation of software and procedures has exacerbated thevaluations generally is subjective. This approach may or
tendencies for humans to make errors. Simplicity, clarity, may not involve detailed structuring of systems and the
completeness, accuracy, and good organization are desirelated HOE events, decisions, and actions that may influ-
able attributes in procedures developed for the designence the quality of these systems. The qualitative ap-

construction, and operation of ship structures. proaches generally focus on general categories of
. Linfl operations performance. General good practice guidelines
3.5 Environmental influences are given. General rather than detailed studies of the

Environmental influences can have important effects ongystems are developed. The focus is on performance rather
the performance characteristics of individuals, organiza-y,4 processes

tions, hardware, and software (Fig. 1). Environmental

influences include: Qualitative approaches have been developed for the evalu-
) . ation of HOE in the life-cycle of ship structures. Specific
a) external (e.g. wind, temperature, rain, fog), systems can be evaluated based on scales and attributes

developed to reflect the potentials for good or bad operat-
ing performance. Hazop (Hazard and operability) proce-
c) sociological factors (e.g. values, beliefs, mores).  dures have been employed in evaluating a wide variety of
marine systems. Qualitative approaches have also been
4. Can HOE be quantified and analyzed? identified as Failure Mode and Effect Analysis (FMEA)
Yes, if and as desirable, HOE can be quantified and[15]. This approach focuses on both functional analysis
analyzed. There are two complementary approaches to thend the evaluation of potential consequences. The objec-

b) internal (lighting, ventilation, noise, motions), and
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tive of these analyses is to identify the combination of elements on ships that need to be addressed to improve
events that could lead to compromises in the desired safetgafety. This method was used in development of HESIM
of a ship. (Human Error Safety Index Methpib assist in the quan-

_ ) o titative evaluations of HOE in operations of ships [12].
The method is structured only in how it is performed. It This method also was used in development of the assess-
focuses on a logical analysis of the system and its funCent instrument FLAIM (Fire and Life safety Assessment

tions. FMEA attempts to assess the criticality of a COMPO-|ndexing Method) to evaluate the influences of HOE on
nent or function of a system on the basis of the minimumg;,e and explosions in marine systems [18].

number of failures in the failure modes involving the

component or function. If a failure mode (sequence ofrhis method has been applied in evaluations of tanker
events leading to low quality) consists of one componentaging and discharge operations [18]. This method is
or fU”Ct',O_n fa}llure, this component or functlon is indicated currently being tested in the field in assessments of poten-
to be criticality #1, and so forth. In this manner, the mostjgis for fires and explosions on offshore platforms [20].
grltlcal components and functions in a system are identip;g development is addressing the human and organiza-
flgd. These'components. and functions then become thggp, aspects of the ISM (International Safety Manage-
primary options for quality assurance and control meas-ment) code [21] and the SEMP (Safety and Environmental
ures. Management Programs) guidelines [22].

4.2 Quantitative
The s(egcond approach can be termiei@ctiveor quantita- 4.4 Strengths and Weaknesses
tive. This approach is generally utilized for higher conse- gach of the three approaches possess strengths and weak-
guence systems and processes in which undesirable levelgsses. The qualitative approach does not attempt to cap-
of quality have potentially severe ramifications [10, 11, tyre details of the systems and processes. Rather it focuses
15]. This approach generally examines in much greatefon a general evaluation of the systems and processes and
detail the systems and the events, decisions, and actiongitempts to identify the critical elements in these systems
that influence the quality of these systems. and how they might be improved. Given the extremely
. - . . complex and frequently irrational nature of the systems
This approach utilizes numerical models to provide quan- ; : : .
and processes that are involved in the life-cycle of ship

titative indications of the effects of changes in quality o S
. structures, the qualitative approach offers some significant
management systems and procedures. This approach gen- .
" advantagesAs for any of the approaches, the quality of
erally focuses on the critical aspects of systems that hav

. o roach n irectly on the experien kill, an
been evaluated using more general qualitative methods, e approach depends directly onthe experience, skill, and

. . . . motivations of the assessors.
This approach usdsard numerical variables to describe
systems and procedures. The analytical models provid

for a structured integration of the effects and variables. The quantitative approach is frequently viewed as one that

is able to capture the details of systems and processes, and

The second approach is oriented to detailing how thel0 a certain extent this is true. For well defined and
operating system works or might not work and quantifying Pehaved” systems and processes, the quantitative ap-
the likelihood associated with performance. This approachroaCh offers some significant advantages and attractions.
is generally very structured in that probabilistic Event However, for ill-defined systems, and particularly those
Tree, Fault Tree, and Influence Diagram type analyses aréhat involve significant and complex HOE interactions,
used [11, 15]. Such analyses are frequently identified adhen one might question the reality of the results produced
Probabilistic Risk Analyses (PRA), Quantified Risk bY the quantitative approach.

Analyses (QRA), or Formal Safety Analyses (FSA) [16].

These procedures and processes have been h|gh|y devé{iewed in the context of their |ife'CyC|e, HOE influences
oped, particularly by the nuclear power and chemical©n the quality of ship structures are extremely complex.

processing industries. Many of the HOE interactions during the life-cycle fun-
damentally are not predictable. Based on recent experi-
4.3 Combined ence in attempting to apply this approach in the field [19],

The third approach is a mixed qualitative and quantitativeit is contended that quantitative approaches generally are
process. It is identified here as a Safety Indexing Methodnot able to sufficiently capture the complexities and HOE
(SIM). Linguistic variables are translated to numerical interactions. Yet, the approach appears to capture the
variables. A mathematical process is provided to performcomplexities and interactions. Added to the poor quality
analytical integration of the effects and variables. of information and data that is available to provide objec-
Groeneweg, et al. utilized this approach in developmentive information on HOE, one is left with a feeling that
of the Tripod Delta evaluation process [17]. This processapplication of quantitative approaches produces results
has been used very successfully in identifying critical that have severe limitations.
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In addition, multiple PRA / QRA / FSA performed on the work with which one can describe and evaluate the poten-
same system or even a given accident often do not produdgal effects of HOE in the life-cycle of ship structures. The
reasonably consistent results [17, 12]. Many of theseobjective of these analyses is to make assessments of the
evaluations tend to treat human performance characpotential benefits and costs associated with alternative
teristics in the same manner as the characteristics of theneasures that can improve the quality of ship structures.
ship structure and its equipment. As ship systems becom&he objective of these analyses is to provide insights into
more complex, then the analyses must become more conmiow best to improve the quality of ship structures and to
plex. This spiral results in computational and analytical optimize the use of the resources that can be made avail-
nightmares that almost defy comprehension and valida-able to improve quality.

tion. Yet, we have the numbers and because we have

invested so much in developing these numbers we ar®- Should HOE Be Reflected in Design
tempted to believe them. Codes and Criteria ?

Yes, HOE should be reflected in ship structure design
The third approach offers some significant advantages ircodes and criteria in two primary ways. First, in the form
performing evaluations of HOE in the life-cycle of ship of explicit and defined Quality Assurance and Quality
structures. At this time, it is not as well developed as theControl (QA/QC) measures (Fig. 3).
first two approaches. The approach does not require that ) . i
the full complexity of the system and process are reducec®€c0nd; in the form of explicit and defined measures to
to analytical models. However, the approach does requirénake the ship structgre less I|kgly to promot(_a errors during
an identification of the priorities or hierarchy of the con- IS design, construction, operation, and maintenance, and
cemns and elements involved in the system and processe® Make the ship structure more tolerant of the human
and an evaluation of their relative safety. Various numeri-€/T0rs and accidents that can occur during the life of the
cal methods can be used to combine the priorities (weight—Sh'p'
ings) and gradi_ngs. Th_e appr_oach can be developgd SO th?’i‘lere are three fundamental HOE risk management ap-
it encourages interactions with those that have direct re-pro aches:
sponsibilities for the systems and processes.

) 1) reduce the incidence and severity of HOE,
Proper use of any of these approaches requires experi-

ence, expertise, and sufficient direct exposure to the shi) reduce the effects of HOE, and

structure “system” and its processes so that reasonable ) ) o
evaluations can be developed to help provide insights into3)  increase the detection and remediation of HOE.
the strengths_ and weakne_sses of a given ship StrUCtureExperience indicates that a good HOE management pro-
The most critical elements in any of the approaches are the

motivations and qualifications of the evaluator or assessord 2m will employ all three approaches in a balanced way.

Allthree approaches have their respective roles and shoulg_l Incidence and Severity Reduction

be used in appropriate combinations to help improve therp fjyg approach is very difficult. It requires fundamental

safety of ship structures. changes in how operators are selected, trained, audited,
and evaluated. Incidence and severity reduction directly
addresses the qualifications and training of those that
Blesign, construct, operate, and maintain ship structures,
the formation of quality oriented teams, the elimination of

It is contended that the fundamental objective of the
applications of these approaches should be to develo
improvements in the quality of ship structures during their

life-cycle and not to produce elegant analytical ConStrUCts'unnecessaw complexity in guidelines, codes, and proce-

TTe mot_st es?etiitlal mgre_dlent ”.] sqc:tlmpr(()jvgrgents '? thf‘aures, and the verification and validation of guidelines,
integration of the experience, insights, and judgment o procedures, and software [2].

those that have direct and daily responsibilities for ship
structures Selection of an approach must take into ac- Current experience with major compromises in the quality

count the skills and knowledge of these people. Any safetyof ship structures indicates that in many cases, the particu-
assessment process that does not account for implementgyr set of circumstances and breakdowns that resulted in
tion in and by the field rarely is beneficial to safety. the accident could not have been predicted. While not
Whatever method is used should facilitate interaCtiOﬂS|essening the importance of and necessity for proactive
with the people in the field, and should result in the management to assure adequate quality, this recognition
empowerment of those in the field. highlights the necessity for “real time” HOE incidence and

_ ) ) severity management strategies.
The fundamental purpose of engineering evaluations of

HOE can not be prediction. The fundamental purpose ofit has been estimated that there are approximately 100
these evaluations should be to provide a disciplined frame-alerts” and 10 “near-misses” for every accident. This
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indicates that system operators are generally responsiblare able to detect the lack of acceptable quality, then the
for keeping systems “out of harms way.” Improvements more effective can be the remediation.

in early warning systems, provision of support and safety

systems, and development of emergency managemerf all of the QA/QC measures, the most effective are those
teams and strategies are fruitful ways to reduce the inciassociated with preventioAs factors leading to lack of

dence and severity of accidents [23, 24]. desirable safety are allowed to become more and more
. embedded in first the design, then the construction, and
5.2 Effects Reduction then the operation of a ship, then the more difficult they

The second approach has proven to be very effective. Thigye to detect and correct. Personnel selection, training, and
approach can be characterized as engineering or technicgkyification; the formation of cohesive teams and encour-
fixes that addresses designing, constructing, operatingagement of teamwork, and the elimination of unnecessary
and maintainingystems that have inherent stability and complexity in procedures and structure - equipment sys-
robustnes$7, 25, 26].Stability means that as the system tems are examples of effective QA/QC measures.

is brought to its operating boundaries, that it tends natu-

rally to maintain or increase stability rather than become ol QA/QC measures consist of procedures and ac-
unstable. tivities that are implemented during activities to assure that
Robustnesmeans inherent defect and damage tolerancefjesirable quality is achieved. §elf-_checking,_c_hecking b.y
Robustness is developed from the combination of redun-Other team members, and venflqa_mon by activity supervi-
dancy (spare components), ductility (ability to redistribute sors are examples of such activities.

excessive demands), and excess capacity (ability to carrY ) o .
redistributed demands). The ship structure likely will not INSPection and verification QA/QC measures consist of

be ideally designed, constructed, operated, and mainProcedures and activities that are implemented after an
tained. Through provision of stability and robustness the@Ctivity has been completed.

ship structure should be designed to retain a desirable level

of quality even though it is subjected to “normal abuse.” Detection QA/QC measures consist of procedures and
activities that are implemented after the ship has been put

5.3 Detection and Remediation in service to assure that desirable and acceptable quality
The third approach is focused on internal and externaland safety are maintained.

assessments and auditing. QA/QC measures have tradi-

tionally addressed detection and remediation of hazardst is surprising how often correction of flaws and errors is
and flawsQA are those practices and procedures that are under-estimated. Intense efforts are devoted to QA and
designed to help assure that an acceptable degree of)C, but little and frequently no planning or efforts are
quality (safety, durability, serviceability, compatibility) is devoted to corrections. Often, provisions are not made for
obtained QA is focused on prevention of errors. correcting errors and flaws when they are found, and the

) . ) ] ) _ fixes become problematic. Detailed planning and evalu-
QC is associated with the implementation and verification ations are necessary to properly define what should be

of the QA practices and proceduréguality control is  4one when major errors are detected.
intended to assure that the desired level of quality is

actually achieved. Quality control is focused on reaCtion’Effective QA/QC requires certain types of resoursas:
identification of errors, rectification, and correction [2, 3]. ficient time, money, positive incentives, knowledge, expe-

QA/QC measures are intended to assure that a desirabl&€Nce, insight, respect, and wisddi]. Of all of the
and acceptable quality and reliability of the ship is '€SOUrCes, knO\_N.Iedge, experience, and positive incentives
achieved throughout its life. Quality is initiated with the '€ the most critical.

conception of a ship, defined with design, translated to

reality with construction, and maintained with high quality Present experience indicates that much QA/QC is not very
operations. Achieving quality goals is primarily depend- effective [2]. In many cases, it becomes a “paper chase”
ent on people. QA/QC efforts are directed fundamentallya”d results in a seemingly endless series of unneeded and

at assuring that human and system performance is deveRerfunctory meetings. QA/QC becomes part of the prob-
oped and maintained at acceptable levels. lem of achieving safety and is not effective at determining

what the real problems are and how they might best be
QA/QC strategies include those put in place before thesolved. Much more attention needs to be given to keeping
activity (prevention), during the activity (checking), after the good, discarding the bad, and adopting clearly needed
the activity (inspection), after the manufacture or con-improvements in QA/QC processes. This can lead to
struction (testing), and after the ship has been put in servicenproving the effectiveness of the QA/QC processes and
(monitoring and detection). The earlier QA/QC measuresreducing its costs.
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6. Quality and Reliability interpreting a design loading formulation. During the con-

Quiality is defined as freedom from unanticipated defects struction phase, unrealized quality might be developed by
Quality is fitness for purpose. Quality is meeting the the use of the wrong materials or use of inappropriate
requirements of those that own, operate, design, construcglignment and welding procedures. During the operating
and regulate ship structures. These requirements includphase, unrealized quality might be developed by acciden-
those of serviceability, safety, compatibility, and durabil- tal loading from collisions or dropped objects or neglect

ity [27]. of planned maintenance of coatings and cathodic protec-

tion.
Serviceability is suitability for the proposed purposes, i.e.

functionality. Serviceability is intended to guarantee the Generally, ship structural reliability has been defined as
use of the system for the agreed purpose and under thie likelihood that the ship structure’s capacity is exceeded
agreed conditions of use. by the dead, live, and environmental loading. This defini-

) . . tion has been criticized because of its limited scope. Con-
Safety is the freedom from excessive danger to human lifeyenional structural reliability analysis fails to address the

the environment, and property damage. Safety is the statger ey issues associated with the quality of the marine

of being free of undesirable and hazardous situations. Thgyrctyres. The conventional definition fails to address the
capacity of a structure to withstand its loadings and otherg, o, key hazards to the quality of the structure that
hazards is directly related to and most often associateqjevemp during the life-cycle of the structure.

with safety.

C tibilit that th tom d th Unreliability is due fundamentally to three types of uncer-
ompatibriity assures that the system does not have UnN&;ies  The first is inherent or natural randomness (alea-

cessary or excessive negative impacts on the environme%ry)_ The second is associated with analytical or

gnd society during its life-cycle. (_:ompat_lbmty IS the abil- professional uncertainties (epistemic). The third is associ-
ity of the system to meet economic and time requirements, . 4 \vith HOE

Durability assures that serviceability, safety, and environ-
mental compatibility are maintained during the intended
life of the marine system. Durability is freedom from
unanticipated maintenance problems and costs.

While conventional ship structural reliability assessments
have explicitly addressed the first two types of uncertainty,
in general they have not addressed the third category of
uncertainty. At best, the third category of uncertainty has

Quality is freedom from unanticipated defects in the serv-been included implicitly. It has been incorporated in the

iceability, durability, compatibility, and safety of the ship background of data and information that is used to de-
structure. scribe the uncertainties and variabilities.

6.1 Reliability 7. Risk and Risk Management

Reliability is closely related to qualitReliability is de- Risk is defined as the product of the likelihood that ade-
fined as the probability or likelihood that a given level of quate or acceptable quality is not achieved and the con-
quality will be achieved during the design, construction, sequences associated with the lack of achieved quality.
and operating life-cycle phases of a ship structéeli-

ability is the likelihood that the system will perform in an Risk results from uncertainties. Some uncertainties are
acceptable manner. Acceptable performance means th&&nhdom (aleatory) and some are systematic (epistemic).

the system has desirable serviceability, safety, compatibil-Some uncertainties can be managed (information sensi-
ity, and durability. tive, epistemic, predictable) and some uncertainties can
not be managed (information insensitive, aleatory, unpre-
The compliment of reliability (Ps) is the likelihood or dictable). Some uncertainties are essentially static (un-
probability of unacceptable performance; the probability changing in time) and others are essentially dynamic.
of “failure” (Pf =1 - Ps). Success is the ability to anticipate Some uncertainties can be identified and quantified and
and avoid failure. Failure is an undesirable and unantici-some uncertainties can not be identified and quantified.
pated outcome; the lack of meeting expected performance;
the significant loss of utility. Experience has amply dem- Consequences result from unrealized expectations and
onstrated that the single largest factor responsible forunanticipated lack of sufficient quality. Consequences can
failure of ship structures luman errorf2, 28]. be expressed in terms of their frequency, their severity,

their impacts (on site and off site), and their predictability.
Likelihoods of not realizing a desirable level of quality

arise because of a wide variety of uncertainties. During theConsequences can be expressed in a variety of ways and
design phase there is a likelihood of not realizing thewith a variety of metrics. Monetary costs are one metric
intended quality due to causes such as an analytical flato measure and express consequences. Time (schedule,
embedded in a finite element program or an error made iravailability), injuries to humans, and injuries to the envi-
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ronment are other ways to express and measure conseianaged in the process of making decisions regarding the
guences. activities and ventures associated with the quality of ship

. structures.
Some consequences can be proactively managed or con-

trolled (hazard mitigation measures). Some consequenceA risk management system should be practical, realistic,
can not be proactively managed or controlled. Some conand must be cost effective. Risk management need not be
sequences can be evaluated objectively and quantitativelgomplicated nor require the collection of vast amounts of
and some consequences can not be evaluated objectivetjata. Excellent risk management results from a combina-
and quantitatively. tion of uncommon common sense, qualified experience,
o o . udgment, knowledge, wisdom, intuition, and integrity.
G_eneraIIy, there are S|gn|f|cant uncertainties assomgte..(%\,losﬂy it is a wilingness to operate in a caring and
with the results of evaluations of consequences. This igjisciplined manner in approaching the critical features of
particularly so as one projects the consequences of msufany activity in which risk can be generat&isk manage-
ficient or unacceptable quality far into the future. ment is largely a problem of doing what we know we
dshould do and not doing what we know we should not do.

Evaluations of consequences are difficult to make an
express. Evaluations of consequences are very suscepti

i . blﬁwe urpose of a risk management system should be to
to the values, views, and biases of the assessors. purp g y

enable and empower those that have direct responsibilities

Some consequences are essentially static. Other consf?! the designing, building, maintaining, and operating

quences are very dynamic in that they change markedlfhips' The engineer can play a vital role in this empower-
with time. ment. If technology is not used wisely, scarce resources

and attention can be diverted from the true factors that
An identified risk is an engineering and managementdetermine the safety of a ship, and less safe systems
problem. A faulty or bad definition of a risk can result in developed. The purpose of a risk management system
additional risk and result in bad management of quality. Ashould be to assist the front line operators to take the right
risk management framework should be based on intelli-(sensible) risks and to achieve acceptable quality. To try
gent and perceptive risk identification, classification, to completely eliminate risk is futile. To help manage risks
analysis, evaluation, and response. Risk management aand make appropriate use of technology should be one of
tacks both the likelihoods of compromises in quality andthe key objectives of engineering and management.

the consequences associated with these compromises. o .
8. Cost Justification of HOE Risk

Risks have sources, are translated to reality with events,  Management Alternatives

and are felt with effects. There are initiating events (directAn important objective HOE risk management should be

causes), contributing events (background causes), angb help enhance the quality of the ship structure while at

compounding events (propagating or escalating or arrestthe same time enhancing the long term profitability of the

ing causes).Risk management attempts to identify and operationsQuality must be good business.

remedy causes, detect potential and evolving events and

bring them under control, and minimize undesirable ef- Experiene indicates that some quality related activities

fects should be discarded and more effective and efficient meth-
ods adopted. Thus, some improvements in how quality is

Risks are independent and dependent. Risks can havgchieved can be realized without increasing costs.
partial dependence. If the occurrence of one risk does not

influence the occurrence of another risk, then it is inde-Providing adequate quality in the design, construction,
pendent. If the magnitude of one risk is related to themaintenance, and operation of a ship structure can result
magnitude of another risk then these two risks are correin lower life-cycle costs, be safer, increase income. A
lated. Independence and correlation are critical issues ifisystems” approach to quality can result in significant
risk analysis, evaluation, and management. economic benefits: there can be both short-term and long-
term savings. Experience has amply demonstrated that it
Risks are controllable and uncontrollable. Controllable js gn the basis of economics that justifications for im-
risks are those that are within the direct control of thoseproyements in the quality of ship structures must be based.

that own, operate, design, classify, regulate, and build shigynly when this is done will there be adequate and sus-
structures. Uncontrollable risks are those that are notained support to achieve this quality.

within the direct control of these groups. Proactive risk

management is concerned primarily with predictable andThe costs to correct insufficient quality (errors) are a
controllable risks. Real-time risk management is con-function of when the deficiencies are detected and cor-
cerned primarily with unpredictable risks. Inherent risk rected (Fig. 4). The earlier they are caught and fixed, then
and uncontrollable risk must be recognized, evaluated, anthe less the costs. The most expensive time to fix quality
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errors is after the system is placed in service. This placebe developed in the degrees of quality offered in a product
a large premium on early detection and correction ofor service sector. Once these goals have been defined, then
errors. Not only are there large direct future costs associthe purchaser/owner must be willing to pay for the re-
ated with fixing errors, but as well there are large indirectquired quality.

costs associated with loss of business, image, and credi- ) o
bility. Itis here that cooperation and communication between the

primary organizations that have responsibilities for the
Assuming that the costs of quality varies linearly with the quality of a ship structure during its life-cycle must be
logarithm of the probability of insufficient quality, the developed. It is critical that all of these organizations
“optimum” reliability (annual) that produces the lowest clearly understand, agree to, and discharge their responsi-
total of initial costs and future costs can be shown to bebilities [2, 7, 30]. Given the global and fragmented nature
[7]: of the international commercial shipping industry, this

poses a major challenge.
~0.4348

CRpvf @) It is important to recognize that the society being served
by the ship owner also has a stake in quality. The ship
owner must have adequate profitability to have the neces-
sary resources to invest in achieving adequate quality.
The cost ratio is the ratio of the costs associated with nof-OrPorate desires for quick or excessive profits should not
realizing the desired level of qualitCk) to the costs P€ allowed to divert the resources required to achieve
required to reduce the likelihood of not realizing the @dequate quality. The public that is served by the ship

desired level of quality by a factor of tehQ). For a owner must be pay for the quality that it demands.
continuous discount function and long-life structures (life 9. Example Evaluation

>=10yearspvf=r-1where is the monetary netdiscount This example illustrates application of some of the key
rate (investment rate minus inflation rate). For short-life 55pects of the foregoing developments [31]. The example
structures (life< 5 years)pvf= L, whereL is the life in js intended to be illustrative of how HOE analyses can be
years. performed. The case history used in this example focuses
- ) , on critical structural details (CSD) in a class of commercial
As shown in Fig. 5, as the costs associated with develOpfankers. A CSD is a section of the structure that experi-

ment of mzufﬁ;: |e_nt_qu|allty mcreasrelg , the relll_abl_llty MUSt o ces very high stress concentrations in comparison with
Increase. As the Initial costs to achieve quality INCreases, o regt of the structure, and therefore requires special

the optimum reliability decreases. attention in the design and construction phases, and should
The marginal probability of insufficient quality is double "€ceive close scrutiny in inspections and maintenance.

the optimum quality probability. It is the quality in which The example CSD are the side shell longitudinal to

the incremental investment to achieve quality equals thewebframe connections (Fig. 6) in a class of single-hull
incremental future benefit (cost / benefit = 1.0). g g

tankers of 165,000 dwt. The mid-body transverse framing
The optimum reliability of a ship structure element, com- Of this class of ships is shown in Fig. 7.

ponent, and system is a function otitiicality expressed
by the product o€R andpvf.

P=1

whereCRis a cost ratio anplfis a present value discount
function.

9.1 Background

This class of tankers suffered severe fatigue cracking
HOE risk management strategies must address their effegaroblems in the CSD. The class of 4 ships were designed
tiveness at reducing the likelihoods of insufficient quality and built by a U. S. shipyard during the 1970’s. This class
in the ship structure and in reducing the costs associatedf ships developed more than 4,000 major fatigue cracks
with the inadequate quality. All of the attributes of quality during a period of 20 years. Several hundred of the CSD
during the life-cycle of the ship structure need to be had to be repaired three times during the 15 year life.

brought into the evaluation. ) ) ] ]
The questions posed in the analysis of this example are:

Quality can be a substantial competitive aspect in indus- )

trial activities. If a purchaser or user recognizes the benel) What were the causes of the fatigue problem?
fits of adequate quality and is able and willing to pay for
it, then quality can be a competitive advantage. If a pur-
chaser or user does not recognize the benefits of adequatfy \what could have been done to prevent the problems?
quality or is unable or unwilling to pay for it, then quality

can be a competitive disadvantage. Purchaser/owner qualFhis analysis addresses the major sources of fatigue sus-
ity goals must be carefully defined so that uniformity can ceptibility in order of their occurrence, beginning with the

2) Could these causes have been anticipated? and
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existing climate in ship design and construction and car-untried in marine applications, but economic pressures to
rying through operation of the ships. The problems thatincrease payload per deadweight ton implicated its use.
developed with these ships during the design and construc-

tion phases are addressed and a coarse qualitative evalyhjs error can be classified as one of organizational error.
ation of the major factors developed. The system isjt can further be defined as an error in communications
analyzed using a coarse quantitative method based ognd culture. Communications was a problem because the

event trees [2, 31]. rule-making bodies did not make clear that durability was
. not their responsibility when non-standard materials were
9.2 Design used in a design. Culture was a problem because both the

The most obvious source of fatigue susceptibility in this regulatory agencies and the classification societies had
class of ships was the lack of explicit design for fatigue been reducing requirements to comply with ship builders

durability. No fatigue analyses were performed during theand owners requirements for “low cost tonnage”, as well

design. Was fatigue a known risk in engineered structuress to increase the economy of designs by lowering safety
atthistime? The answer is clearly yes. Fatigue and fatiguéactors which may have seemed excessive in light of their
analysis was well-known at the time of design of theseprevious success.

ships. A major error in the design of these ships was the

lack of utilization of existing technology. The apparent Finally, the ships were to be operated on a trade route with
reason for this exclusion was that fatigue analySiS was n%ew severe wave ConditionS’ which increased their sus-
required by regulatory and classification authorities andceptibility to fatigue problems. This fact was not consid-
the ship owners wanted the ship to meet “class mini-gred during the design phase. The prevailing thought was
mums”. The general climate in shipbuilding was to build that design of a ship for the “North Atlantic trade route”

to minimum requirements only. conditions would assure adequate strength and hence ade-

) ) ) guate fatigue durability. This error is considered to be one
The lack of fatigue analysis requirements was due t0 thy organizations culture. It was known that the planned

relationship between the ship owners, builders, Operatorsyg ie for the ships was one with severe environmental
and the regulatory and classification societies. The owner.,qitions for most of the year, much more severe than
builder, and operator believed that by building the shipsy,; of the North Atlantic, but the designers failed to take

to existing rules, sufficient safety and durability was en-his tact into account, assuming that if the design passed

sured. However, the regulatory and classification societie§y o |assification requirements, fatigue would not be a

considered only safety to be their responsibility, not d“ra'problem.

bility. They did notinclude fatigue in their guidelines. This

situation existed because durability had not been a prob-., . . .
L s g This error should not be considered one of ignorance.

lem historically; ships built with adequate safety also had Fatigue was a well-known risk in ship design at the time

adequate durability. But, as will be seen, things had

changed that would endanger the relationship betweeﬁwgiifsgg)\f‘a;’fr::ehﬁgg&?g::ﬁtg;i ;igzt;?tcl)c:\h‘fggtli- e
safety and durability of the ship structure. P 9

in Ship Structures”, which discusses the use of HTS and

In the case of these ships, a new material (HTS, or higﬁjescribes the potentigl problems in “details subject t(_)
tensile steel) was used in the structure to achieve weighfeP€ated reversal of high stress” (such as CSD) [32]. This
savings. The circumstances that had resulted in the durs2dvice would have been within easy reach of most naval
bility of the previous generations of ships were changed &chitects at the time. By this time, fatigue in offshore
It was well understood at the time that while the fatigue Platforms had been widely recognized and formal fatigue
strength of the parent or base material could be expected€Sign and analysis procedures were developed and ap-
to increase with the yield strength, the fatigue strength ofPlied to design of fatlgue_ sc_ansmve structures. This tech-
the welded material in a corrosive environment could not"010gy was founded on similar technology developed for
be expected to increase with the yield strength. As thigd€sign of airframes [7].
material was different from that which the classification
societies had based their stance on durability, durabilitylt is also interesting to note the historical relationship
was not ensured with the new material. between required safety factors and major failures. As a
result of an in-depth study of the historic failures of
Another factor figured in the lack of sufficient durability. engineered systems, Petroski points out that periods of
Classification Societies had changed rules to comply withprolonged success tend to inevitably invite failures, as
the interests of ship owners to build cheaper ships (Fig. 8prolonged success leads to a lowering of safety factors
without substantially compromising the safety of the ship [33]. This is because prolonged success seems to imply
structure [7]. Another problem was the intense economicover-design to many engineers, owners, and operators.
pressure applied in ship construction. HTS was relativelyThese lowered safety factors eventually lead to failure.
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In this case, the safety factors had been successful fathis type because stress concentrations were known and
fatigue, even if only because loading safety factors coin-predictable, and the problem should have been detectable
cidentally insured fatigue success, which led to this typeby a ship designer.

of failure when loading safety factors were (reasonably)

lowered. This example also illustrates another point 0f9.3 Construction

Petroski’s study of historic failures of engineered systems:
apparently correct answers may be reached for the wron
reasons [32]. Just because the ships in the recent past h
not experienced fatigue problems by following loading

he climate of ship construction at the time was one of
-bid to win contracts [35]. This attitude resulted in
attempts by the designer and builder to minimize costs at

safety factors did not ensure that future designs would als§VE"Y OPportunity. This led to cost-cutting in design as

escape fatigue problems without undergoing fatigueW_e” as construction. Cost cutting in the shipyaro! lead to
analysis. An incorrect understanding of the system, whichMisalignments, poorly prepared plate edges, and in several

incidentally gives correct answers, can easily lead to fail-c2S€s; incompletely welded CSD. Thisis an organizational
ures problem, and is classified as an organizational error in

culture (incentive system). The existing culture did not
In a recent article titled “Victory’s Pipeline” Hannan cited Promote or reward work of high quality, but work of low
three categories of problems that resulted in the structurafost.
failures that occurred in 521 T2 tankers built during World
War II: design, workmanship, and material. Hannan ob-The state of the shipyards also lead to errors in the design
served [34]: and construction of the ships. Shipyards bid on the “mini-
mum initial cost” ship to win contracts. This emphasis on
“Abrupt changes in section, or elements added to the shifinitial cost drew attention away from life-cycle thinking,
as an afterthought, for example, often became troublewhich lead to overlooking fatigue, corrosion and mainte-
makers, initiating cracks and raising local stresses.” nance concerns.

“Imperfect welds were the point of origin for many fail- The tankers had to be builtin the U. S. because of the Jones
ures. The imperfections originated as often the manner ofzct, a piece of legislation which went into effect in 1921
preparing the joint for welding as in the quality of the metal and states that ships used on routes between domestic ports
deposited.” must be builtin the U.S. Therefore, the owners were forced
to have the ship construction done by an industry that was
not “up to par”, as U.S. shipyards were clearly inferior to
foreign yards in terms of productivity, quality, and tech-
nology [35]. This can be proven by one single statistic:
3760 new commercial ship orders were placed between
1988 and 1992, with only 5 going to U. S. yards. The Jones

Many of the same problems encountered in the T2 tankeré‘Ct ensured that the U. S. shipyards would not have to

were repeated in the example class of ship structures. Thi_%_(:]mpete agalnstdforelgn thlkrl)yf’:lr_ds for_tth,E type of ship.
is an indication of the slowness and inefficiency of “or- ' > act removed some of their incentive for continuous

ganizational learning.” Improvements.

“The fatigue limit of various structural steels is approxi-
mately proportional to the ultimate tensile strength of the
material and not to the yield point. Therefore, fatigue may
become an important consideration as higher yield
strength steels are used.”

The configuration of the ships made them fatigue-prone.In terms of commercial ship building, U. S. shipyards were
Ship scantlings were reduced from historically averagePehind the times in terms of organization and construction
sizes and high tensile steel (HTS) was used. This was donf@cilities. This had a substantial effect on the quality
to lighten the ship, as high strength steel allowed for aproblems associated with this class of ships. Foreign yards
lighter ship than normal steel, increasing the amount ofwere employing techniques such as modular construction,
cargo per ton of displacement. However, the fatigue proprocess lanes and zone outfitting. These methods allowed
erties of HTS are not proportionally higher than that of for simplified critical paths, greater quality control, and
mild steel, as discussed in the previous section. ThereforeSsUperior monitoring. In one study [35], it was found that
the design of the CSD made the ships fatigue-prone. Thé Japanese yard, producing the same ship design as a U.
CSD design did not adequately account for stress concens- shipyard, required only 27% of the labor hours, and only
trations, which exacerbated this fatigue problem. 65% of the material cost.

This can be classified as an individual human error. TheThe errors due to the climate of U. S. ship construction are
design of the details was carried out by the design team, alassified as organizational errors. Specifically, they are
relatively small group. This error can be further classified errors of culture, planning and preparation, structure and
as one of selection and training. The error is considered obrganization, and monitoring and controlling.

C-12



Bea on Human and Organizational Factors

The construction quality of this fleet of ships was generally become the focus of the second part of this example; the
poor. Misalignments, poor fit-up, incomplete and poor quantitativenalyses.
quality welding, hand flame-cut edges, and poorly ap-

plied, low durability coatings were found. Poor edge |n this evaluation, it is important to point out that it would
preparation of CSD was also common. Commissioninghave taken an experienced and diligent assessor that was
inspections performed by the shipyard, the regulatoryrelatively independent of the circumstances that resulted
agency, the classification society, and lastly, the owner alin the low fatigue durability in these ships. Incentives
disclosed incompletely welded CSD. Each of these in-would need to be in place to encourage the assessor to
spections disclosed different numbers and locations ofcome forward with “bad news.” It would have taken a ship
incompletely welded details. Existing QA/QC measures owner that wanted to acknowledge the potential for unde-
failed to detect and correct the wide variety of problemssijrable durability, and realized its implications on the
that arose during construction. long-term ship serviceability and compatibility.

The errors which occurred in construction are conS|dered,|.he qualitative analysis and quality profile highlighted

tscélt; i:g:}“;gg?:;zir:ansﬁrfr;hgh?gniri?‘ d;ﬁéo 'rgnc;rrgrt]igifour factors in design and construction which were major
9. SlIps, P 9 prep contributors to HOE. These four factors, and their specific

qut of these errgrs can be attributed to the state of U. St'ype of HOE, are summarized in Table 6.
shipyards at the time.

9.4 Qualitative Evaluation 9.5 Quantitative Analysis - Original System

Based on the design and construction characteristicSrhe example was first analyzed quantitatively for the
of these ships, a qualitative quality profiling instru- qyiqina| conditions. Each of the four factors was analyzed

ment was developed to help evaluate the general faygjng event trees (Figs. 10 - 13) [31]. This required estab-

tigue durability expected of the CSD. An objective of |ighing baseline error rates for each factor. The baseline
this profiling instrument was to highlight the factors gpqr rate for Factor I (error in the fatigue analysis) was
which could be expected to have the greatest impacts, ayated to be 1E-2. This rate was selected because the

on fatigue durability. The evaluation instrument and oo gecurred in the omission of proper communication
results are summarized in Fig. 9. of responsibility.

The ships were given low marks for materials, as HTS . .
was relatively new to ship construction and this ship- Factor Il (error in CSD design) was evaluated to have an

yard. Construction quality was poor, as mentioned error rate of 1E-3, as the de§ign of CSD for fatigue was
earlier, so scores were low for construction - proce-nOt well developed at the time. Factor Ill has an was

dures and systems. The structure was not analyzed fo?,valuated to have an error rate of 1E-3 also, as the state of

fatigue, so both the structure and the design - proCe_shipbuilding was the result of a confused set of relation-

dures and systems were given low scores Personne?hips and dependencies, where errors could occur without

and management were typical of a U. S. shipyard sdrnuch chance of being noticed. Factor IV was assigned an
construction - personnel and management and desigﬁ’rror rate of 1E-3, as the construction process was slightly

- personnel and management were given slightly pe.more complex than usual (HTS), and there were time and

low-average scores. Available technology (compared®c0NOMIC Pressures.

to foreign yards) was not employed, so the technology . o _ _
score was low. Fina”y, financial resources, personne|The probabllltles Of the situations to |nduce errors be|ng
resources, time resources and quality incentives werdresent were divided equally in this analysis. In the analy-

all given low scores due to the climate at the shipyardssis of the re-configured system, these values may be
at the time of construction. reduced, as indicated by the multipliers for performance

shaping factors [36] and relative strengths of error-produc-
The evaluation shows that in all of the categories, theing conditions [9, 37].
ship structure quality factors were judged to be below
average. The ship structures were obviously prone t09.6 Quantitative Analysis - Improved
low quality: excessively low durability. The material System
(HTS) is the area of greatest concern. However, de-
sign, construction, and organization related issuesBy the use of quality improvement measures the prob-
lead to low quality scores. The provision of below ability of occurrence of situations inducing HOE can be
average technology, time, personnel, and financialreduced. These measures are described for each factor in
resources is a critical issue that is reflected in the lowthis section, and then quantitatively evaluated in the fol-
guality incentives. It is these key issues that will lowing section.
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Table 6 Major Factors and Causes Resulting
in Low Durability CSD

FACTOR | - Fatigue Design

Organizational error, Communications

Organizational error, Culture
FACTOR Il - CSD Configuration
Human error, Selection and Training

FACTOR III - Construction Environment

Organizational error, Culture

Organizational error, Planning and Preparation

Organizational error, Structure and Organization

Organizational error, Monitoring and Control

FACTOR IV - Construction Process

Human error, Ignorance

Human error, Selection and Training

Human error, Slips

Human error, Planning and Preparation

Factor Il can be improved by focusing on fundamentals
and identification of failure modes. Ellingwood describes
this type of error prevention measure [38]:

“Technical measures include independent reviews of fun-
damental design concepts and assumptions, which have
been identified as the root of many failures. Such reviews
should be performed on all major projects. Even simple
equilibrium and stability checks frequently reveal funda-
mental errors in design concepts and assumptions.”

Employees should be selected by their command of basic
concepts and training should be carried out to help retain
the fundamentals. Also, the recognition of “hazard scenar-
ios” or failure modes should be emphasized. As Petroski
points out, a designer can only design against failure
modes which he or she recognizes. Other failure modes
may be covered incidentally, but this can lead to dangerous
situations. QA/QC measures towards improved designs
would include licensing, verification and testing proce-
dures, incentives, accountability, and job design [2].

Factor Ill is a complicated problem. The state of U. S.
shipyards and the climate of construction in the U. S. is a
product of many factors that have developed over a long

Factor | can be ameliorated by several organization modiperiod of time. However, it is clear that most U. S. ship-
ficationS. EStab|IShIng Clear |ineS Of Communication and yards have not kept up W|th modern advances in construc-
responsibility between the various agencies at work intion of commercial ships. Although some of the lag can be

shipbuilding would greatly improve the problem and re-

attributed to lack of series ship orders and cost of equip-

duce the occurrence of conflicts of interest. An examplement, much of the modernization in foreign shipyards has
of how responsibility can be defined is given below for the peen in the form of organization. A basic reorganization

four agencies involved in ship design, construction, andof shipyard labor into more efficient units could greatly
operation: regulatory bodies, classification and inspectionimprove productivity.
groups, designers and builders, and owners and operators

[7, 30]:

* Regulatory: definition and verification of com-
pliance with goals and policies of quality.

« Classification and inspection: development of
classification rules that will guide and verify
design, construction, and operation of durable

and reliable structures that meet regulatory and 2)

owner requirements.

» Design and construction: designing and produc-

ing structures with appropriate quality.

* Owners and operators: design and maintenance

of high quality structures and the economic op-
eration of structures.

Focusing on the life-cycle costs of the ship could provide

incentives for improvement in the fatigue durability.

When the economics are examined for the life-cycle, the

There are four steps towards modern ship building practice
which the shipyard that built the example class of ships
could implement to improve quality and productivity [35]:

1) Modular construction techniques should be em-
ployed. This serves to simplify planning and reduce
interference between groups of outfitters.

Process lanes should be implemented. These consist
of fixed workstations which process items or units
of similar construction. This enables workers to pro-
gress along the learning curve of construction and
makes possible the use of statistical control in the
production process. It also provides greater tool
utilization, simpler material handling, and the toler-
ances necessary for successful modular construc-
tion. It can serve as a basis for implementing
continual improvement and modern management
technigues such as work teams and participative
management.

advantages of initially robust design versus design for

light weight and low initial cost should be obvious. This 3)

will be addressed in the following section of this paper.
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Zone outfitting should be executed. This consists of
outfitting by module, block, or unit. It has been esti-
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mated that outfitting by block saves 30% in labor,  control, reducing its probability of contributing to error by

while outfitting by unit saves 70% over conven- a factor of five.

tional outfitting. This improvement is the result of

S|mp||f|ed coordination and Schedu”ng and less Factor IV was handled in the same manner as Factor lll.
time moving material through areas under construc- Improved selection and training can be expected to cut
tion. error probabilities in half, if modern shipbuilding methods

are employed. Probabilities of error due to ignorance and
4) Use standardized tested designs for subassemblies slips should also be decreased by the same amount. The
and units. This would work well with process lanes greatest benefit would be in adopting modern methods of
and zone outfitting. If plans were created and labor organization and construction planning. By using
stored electronically, maximum utilization of infor-  these methods, a reduction in error due to planning and
mation and computing technologies could be ob-  preparation of a factor of five could be realized.
tained. There would also be benefits due to re-use.
9.7 Results
Establishing goals of quality and good customer relationsTable 7 summarizes the quantitative results for both the
over low-bid would go a long way towards improving the original and reconfigured systems. The evaluations indi-
state of ship construction. Construction should also becate that in the initial state, the likelihood of experiencing
viewed in terms of life-cycle costs. less than desirable fatigue durability in this class of ships
CSD due to HOE problems was about 3 E-2. The total
Factor IV is also a challenging problem. The example of jikelihood of fatigue failures in the CSD was about 1 E-1

foreign shipyards could be followed for training, selection (for a 20 year operating period). This class of ships were
and organization. Reorganization would bring about theobviously a problem waiting to happen.

greatest quality change. However, reorganization would

require workers with flexible skills. This would be a Given the reconfigured system, the likelihood of experi-

problem, as U. S. shipyards are currently approximatelyencing less than desirable fatigue durability was about 1

90 % unionized, with the unions being craft-based. With- E-2 (for a 20 year operating period).

out flexibly-skilled workers, the advantages of techniques

such as zone outfitting cannot be fully realized. The largest contributors to the CSD durability problem
were due to construction related issues, both of which had

Following the principles of design for constructability, their roots in organizational issues. The construction re-

inspectability, and repairability would be beneficial to the lated issues indicated a probability of durability failure of

quality that could be achieved during the construction2 E-2 while the design related issues indicated a prob-

phase. ability of durability failure of 1 E-2.

Based on the projected effects of the system reconfiguraAs discussed, each of the four factors has means for
tions, the system was again analyzed by event trees, witimprovement. Addressing the design issues, Factor |
new probabilities of occurrence (but the same base errowould be the most important element to concentrate im-
rates). provement efforts on, as it has the highest baseline error

rate of the design related issues. Development of fatigue
In Factor I, the communications and culture induced errordesign guidelines and requirements would clearly address
probabilities were reduced by half. this factor.

Available information indicated that Factor Il would ex- In the other factors, a new QA/QC effort for hiring and
perience greater improvement through QA/QC measurestraining, for both designers and yard workers, would have
Focusing on fundamentals and failure modes would givepositive and significant impacts on quality. Some type of
designers a much better chance to detect large errorseorganization of shipyard labor will be necessary for
Therefore, the probability of error due to selection andimproved quality control in construction, which will be a
training was reduced by a factor of five. difficult problem, but is necessary to improve construction
uality.
It was difficult to assess the impacts of improved QA/QC a Y
for Factor Ill. It was judged that focusing on life-cycle However, it appears the greatest problems are those which
costs and quality would improve the culture problem, are classified as organizational and cultural. Changing
reducing it by a factor of two. Adopting modern shipbuild- these categories would have the best chance of changing
ing methods of organization, selection, and training couldthe overall system from one which is considered error
have a similar effect on planning and preparation andprone or low quality inducing to one that is acceptable
structure and organization. Implementing statistical con-quality inducing, robust, and error-tolerant. The positive
trol methods would have a large impact on monitoring andinteractions of the cooperating agencies (owner / operator,
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regulatory, classification, shipyard) oriented toward
achieving acceptable quality in the ship structures are

Table 7 Summary of Results

of Quantitative Analyses

perhaps the most important change that could be made.

FACTOR |
Baseline Error Rate

1.00E-02

Technical changes such as improved durability design]

As Configured

Re-configured

guidelines are less important than organizational issue

P Communications

0.50

0.25

such as requirements that they be used and the provisid

of adequately trained personnel and other design resou

ces. Similarly, it is organizational issues related to con-

struction that are the most important; most of these arg

rooted in provision of sufficient resources (personnel,
time, money) to achieve adequate quality in the ship CSD

10. Economics Analysis of Improved

b culture 0.50 0.25
P Error - Communications | 5.00E-03 2.50E-03
P Error - Culture 2.50E-03 6.25E-04
Total P Error 7.50E-03 3.13E-03
Net Change |58%
FACTOR II 1.00E-03

Baseline Error Rate

Fatigue Durability

As Configured

Re-configured

An example application of these developments is illus-

P Selection and Training

0.50

0.10

trated in Fig. 14. for the CSD in the 165,000 dwt tankers.

The numbers of fatigue failures (through thickness frac-

tures) that could be anticipated in a ship hull structure|

during 5 year periods throughout a service life of 20 yeard
are shown. The analyses were performed for the ship hu

P Error - Selection 5.00E-03 1.00E-03
Total P Error 5.00E-03 1.00E-03

Net Change |80%
FACTOR IlI 1.00E-03

Baseline Error Rate

structure that had CSD whose fatigue durability was de

As Configured

Re-configured

termined by fatigue design Safety Indiceg'§éBranging

from 1.0 to 3.0 [7, 29]. The probability of fatigue failure

in a CSD is approximately Rf 108,

The fatigue life evaluation indicated that the original
example tankers had a fatigue design and constructio

reliability of about B = 1.0. The measures outlined in
Section 9 were evaluated to develop a fatigue design an

construction Safety Index of about B 2.0.

This evaluation was used to estimate the total life-cycle|

costs associated with CSD fatigue fractures in the exampl
tankers (Fig. 15). It was assumed that the inspectior]

Baseline Error Rate

P Culture 0.50 0.25
P Planning and Preparation | 0.50 0.25
P Structure and Organization | 0.50 0.25
P Monitoring and Control | 0.50 0.10
P Error - Culture 5.00E-03 2.50E-03
1 P Error - Planning 2.50E-03 6.25E-04
dP Error - Structure 1.25E-03 1.56E-04
P Error - Monitoring 6.25E-04 1.56E-05
Total P Error 9.38E-03 3.30E-03
Net Change |65%
F FACTOR IV 1.00E-03

process was capable of detecting the through-wall frac

As Configured

Re-configured

tures that were developed at 5-year intervals, and that thed

fractures were immediately repaired to the initial condi-

tion. Based on current shipyard estimates (28, 31), thq p slips

initial cost differential between designing and construct-

ing for a CSD B = 1.0 to CSD B = 3.0 was evaluated to

be $10 millions. It was evaluated that the total present

valued cost associated with each fatigue fracture wad

$10,000 (this included inspection, repair, and out-of-serv-

ice costs).

&P Ignorance 0.50 0.25

P Selection and Training | 0.50 0.25

0.50 0.25

P Planning and Preparation | 0.50 0.10
P Error - Ignorance 5.00E-03 2.50E-03
P Error - Selection 2.50E-03 6.25E-04
P Error - Slips 1.25E-03 1.56E-04
P Error - Planning 6.25E-04 1.56E-05
Total P Error 9.38E-03 3.30E-03

Net Change |65%

The results indicated a fatigue design reliability of about

B, = 2.0 would be optimum or result in the lowest total

life-cycle cost. These results indicated that the costs of the

improvements defined in Section 9 would be warranted
from an economics standpoint.
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11. Implications for Design of Ship “push the envelope” have resulted in a multitude of struc-
Structures ture failures. There are many cases where such errors have
A large number of cases have been studied in detail ifbeen embedded in design guidelines and codes and in
which errors made during the design of the marine struccomputer software used in design. Newly developed, ad-
ture lead to the failure (lower than desired quality) of the vanced, and frequently very complex design technology
structure. Table 9 summarizes the key causes of thesapplied in development of design procedures and design
failures. of marine structures has not been sufficiently debugged

Table 9 Key Causes of Structure Design and failures have resulted.

Related Failures

.

New or complex design guidelines and specifications
New or unusual materials

New or unusual types of loading

New or unusual types of structures

New or complex computer programs

Limited qualifications and experience of engineering
personnel

Poor organization and management of engineering
personnel

Insufficient research, development and testing

Another important concept has developed from these fail-
ure cases. This concept is that making the structures
stronger or utilizing larger factors of safety in its design is
not an effective or efficient way to achieve sufficient and
desirable quality in the structures. Resources are best
focused at the sources of the quality problem which in this
case are the humans involved in the structure design
activities.

This is not to say that one should not consider the human
aspects directly in the structure design procedures and
processes. Human errors will occur during design, con-

background struction, and operations. One key objective of the design
process should be to make the ship structure so that it can
better tolerate such errors and the defects and damage that
it brings with it. This is design for robustness. This is
design to minimize the effects of inevitable human error

(fault tolerance).

.

Major extrapolations of past engineering experience

Poor financial climate, initial cost cutting

Poor quality incentives and quality control procedures

Insufficient time, materials, procedures, and hardware

Another key objective of the design process should be to
The single dominant cause of structure design relatednake the ship structure not invite or promote human
failures has been errors committed, contributed, and / oerrors. This is the development of design procedures and
compounded by the organizations that were involved inprocesses that will promote quality in the work to be
and with the designs. At the core of many of these organiperformed by designers, constructors, and operators of
zation based errors was a culture that did not promoteship structures (fault avoidance). The design process
quality in the design process. The culture and the organishould promote detection and removal of errors through-
zations did not provide the incentives, values, standardsout the life-cycle of the ship structure (fault detection and
goals, resources, and controls that were required to achiewemoval) [7].

adequate quality.
This insight indicates the priorities of where one should

Loss of corporate memory also has been involved in manylevote attention and resources if one is interested in im-
cases of structure failures. The painful lessons of the pasproving and assuring sufficient quality in the design of
were lost and the lessons were repeated with generallghip structures:
even more painful results.

1) organizations (administrative and functional structures),
The second leading cause of structure failures is associated
with the individuals that comprise the design team. Errors2)
of omission and commission, violations (circumventions), ) o
mistakes, rejection of information, and incorrect transmis-3) ~ Procedures (the design processes and guidelines).
sion of information (communications) have been domi- .
nant causes of failures. Lack of adequate training, time,ll'l Organizations
and teamwork or back-up (insufficient redundancy) hasEven though it may be the most important, the organiza-

been responsible for not catching and correcting many ofion aspects of ship structure design quality are perhaps
these errors. the most difficult to define, evaluate, and modify. Because

of their pervasive importance in determining the quality
The third leading cause of structure failures has been errorg/hich is achieved in the design of ship structures, some
embedded in procedures. Traditional and established waysritical aspects of quality in design organizations will be
of doing things when applied to structures and systems thatddressed.

individuals (the design team), and
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The ship structure design process should be viewed in th&lRO develop constant and high quality programs of train-
context of the multiplicity of organizations that influence ing. Training in the conduct of normal and abnormal
the quality of that process. The organizations and theiractivities is mandatory to avoid errors. Establishment of
activities form a “mega-system” [6] that should be recog- appropriate rewards and punishment that are consistent
nized and addressed. These mega-systems and their orgamith the organizational goals is critical.

izational components must be understood as “organisms,
living systems that relate to each other” [6]. Lastly, Roberts [40] defines HRO organizational structure

as one that allows key decision makers to understand the
The implementation of Total Quality Management and big picture. These decision makers with the big picture
International Standards Organization guidelines in desigmerceive the important developing events, decisions, and
organizations is a current example of efforts directed at theactions and properly integrate them, and then develop high

organization aspects associated with design of ship strucreliability responses.

tures. Critical flaws to avoid in implementing these ap-

proaches isdevelopment of minimum compliance Inrecent organizational research reported by Roberts and
mentalities and making them an unnecessarily burden-Libuser [41], five hypotheses that defined “risk mitigating

some paper chase.

Studies of HRO (High Reliability Organizations) [39] has 1)
shed some light on the factors that contribute to risk
mitigation in HRO [40]. HRO are those organizations that
have operated nearly error free over long periods of time.
A variety of HRO ranging from the U. S. Navy nuclear
aircraft carriers to the Federal Aviation Administration Air
Traffic Control System have been studied [39].

Reduction in error occurrence in HRO is accomplished by:

1) command by exception or negation, 2)
2) redundancy,

3) procedures and rules,

4) training,

5) appropriate rewards and punishment 3)

6) the ability of management to see the big picture.

Command by exception (management by exception) re-
fers to management activity in which authority is pushed
to the lower levels of the organization by managers who
constantly monitor the behavior of their subordinates.
Decision making responsibility is allowed to migrate to
the persons with the most expertise to make the decision
when unfamiliar situations arise (employee empower-
ment).

Redundancy involves people, procedures, and hardware.
It involves numerous individuals who serve as redundan®)
decision makers. There are multiple hardware components
that will permit the system to function when one of the
components fails.

Procedures that are correct, accurate, complete, well or-

and non-risk mitigating” organizations were developed:

Risk mitigating organizations will have extensive
process auditing procedures. Process auditing is an
established system for ongoing checks designed to
spot expected as well as unexpected safety prob-
lems. Safety drills would be included in this cate-
gory as would be equipment testing. Follow ups on
problems revealed in prior audits are a critical part
of this function.

Risk mitigating organizations will have reward sys-
tems that encourage risk mitigating behavior on the
part of the organization, its members, and constitu-
ents. The reward system is the payoff that an indi-
vidual or organization gets for behaving one way or
another. It is concerned with reducing risky behav-
ior.

Risk mitigating organizations will have quality stand-
ards that meet or exceed the referent standard of
quality in the industry.

Risk mitigating organizations will correctly assess
the risk associated with the given problem or situ-
ation. Two elements of risk perception are in-
volved. One is whether or not there was any
knowledge that risk existed at all. The second is if
there was knowledge that risk existed, the extent to
which it was acknowledged appropriately or mini-
mized.

Risk mitigating organizations will have a strong com-
mand and control system consisting of five ele-
ments: a) migrating decision making, b)

redundancy, c) rules and procedures, d) training,
and e) senior management has the big picture.

ganized, well documented, and are not excessively com11.2  Design teams
plex are an important part of HRO. Adherence to the rulesThe activities of the individuals that are directly responsi-
is emphasized as a way to prevent errors, unless the ruldsde for the design of ship structures will be placed in the

themselves contribute to error.
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There are two primary lines of defense to prevent and / ohood of error. To enhance problem solving, experience in
detect and correct design team errors. The first line ofa variety of tasks is needed.
defense is centered in the individuals performing the de-
sign analyses; the design team. The second line of defenseraining of design personnel will be particularly important
is identified as QA/QC. These are activities of those as a new ship structure design process is implemented.
outside the design team. There will be a loss of “feel” during the early phases of
applying such a new design process. If errors are to be
The first line of defense is associated with prevention andprevented or caught and corrected, this intuitive feel must
minimization of errors made and not corrected by thebe quickly re-established in those that will apply the new
individuals that perform the design processes. The qualityyuidelines.
of the structural design is a direct function of the quality
of the design team that performs the design. Table 10Training of design personnel to understand the effects of
summarizes the key factors that are need to be addressdihases and heuristics on their decisions is important. De-
to develop a high reliability ship structure design team. cision makers involved in the design of complex structural
Many of these factors relate directly to the attributes ofsystems need to be taught about confirmation bias; the
HRO and risk mitigating organizations. tendency to seek new information that supports one’s
currently held belief and to ignore or minimize the impor-
tance of information that may support an alternative belief.
Rigidities in perceptions, ignoring potentially critical
flaws in complex situations, rejection of information, and
minimizing the potentials for errors or flaws result from
confirmation bias.

Table 10 Key Factors the in Development of
High Reliability Ship Structure Design Teams

Communications Procedures

Personnel selection Organization

A very important aspect of minimizing designer error
regards team work. Team-work on the front lines of the
design process can provide a large measure of internal
QA/QC during these operations [24]. Team-work can be
responsible for interrupting potentially serious and com-
pounding sequences of events that have not been antici-
pated. It is such team-work that is largely responsible for

Training Leadership
Planning Monitoring

Information seeking,

Preparations .
observations

Discipline Controlling

Quality resources

Appropriate operation
strategies

Information evaluation

Distributed decision
making

“near misses.”

QA/QC measures are focused both on error prevention

and error detection and correction. There can be a real
danger in excessively formalized QA/QC processes. If not
properly managed, they can lead to self-defeating genera-
tion of paperwork, waste of scarce resources that can be
devoted to QA/QC, and a minimum compliance mentality.
Past problems associated with design of ship structures

indicates that effective communications, personnel selec!n design, adequate QC (detection, correction) can play a
tion, training, provision adequate resources to achieve th#ital role in assuring the desired quality is achieved in a
desired quality, and provision of quality incentives and marine structure. Independent, third-party verification, if
rewards are essential elements that determine the frgProperly directed and motivated, can be extremely valu-
quency and intensity of human factor related problems inable in disclosing embedded errors committed during the
structure design. design process.

Quality incentives and
rewards

Communications has been identified as a major humarin many problems involving insufficient quality in marine
factors problem in many other individual and team situ- structures, these embedded errors have been centered in
ations. The way in which information is presented, infor- fundamental assumptions regarding the design conditions
mation distortion (biasing), and the formatting of the and constraints and in the determination of loadings. These
information can have dramatic affects on the effectivenesembedded errors can be institutionalized in the form of
of the communications within the design team. design codes, guidelines, and specifications.

Training of design personnel must also match the job tolt takes an experienced outside viewpoint to detect and

be done. To enhance the performance of a specific taskhen urge the correction of such embedded errors. The
the more repetition that occurs, then the lower the likeli- design organization must be such that identification of
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potential major problems is encouraged; the incentivesresponse and the loading environment, it is little wonder
and rewards for such detection need to be provided. that loading analyses are probably the single largest source
of structure design errors. What is somewhat disturbing is
Itis important to understand that adequate correction doeghat many designers of ship structures do not understand
not always follow detection of an important or significant these complexities nor have been taught how to properly

error in design of a structure. Again, QA/QC processesaqdress them in structure design.
need to adequately provide for correction after detection.

Potential significant problems that can degrade the qualityAgain, given the development of an LRFD ship design
of a structure need to be recognized at the outset of thprocess that will involve new loading factors and new
design process and measures provided to solve these prolmading combinations associated with these factors, train-
lems if they occur. ing of ship structure design engineers will be particularly

. _ important.
Knoll's study of structure design errors and the effective-

ness of QA/QC activities in detecting and correcting suchThe intensity and extent of the design checking process
errors lead to the checking strategies summarized in Tableeeds to be matched to the particular design situation.
11 [8]. Repetitive designs that have been adequately tested in
operations to demonstrate that they have the requisite
quality do not need to be verified and checked as closely

Table 11 Design QA/QC Strategies
as those that are “first-offs” that may push the boundaries

WHAT TO CHECK ?

HOW TO CHECK ?

« high likelihood of error
parts (e.g. assumptions,
loadings,
documentation)

« high consequence of

« direct toward the
important parts of the
structure (error
intolerant)

be independent from
circumstances which

of current technology.

11.3 Design Guidelines and Codes

There are three HOE minimization strategies that should
be considered in development of ship design guidelines
and codes:

error parts lead to generation of e Strategy 1 - QA/QC the design procedures and

the design processes (fault avoidance),

use qualified and o )
experienced engineers » Strategy 2 - QA/QC is integrated as a require-

ment directly in the design procedures and
processes (fault detection and correction), and

WHEN TO CHECK ?

« before design starts provide sufficient
(verify process, qualify QA/QC resources and
team) incentives

» Strategy 3 - Measures are introduced into the

design procedures and processes that will mini-
mize the effects of HOE on the quality of the
ship structure (fault tolerance).

* during concept
development

assure constructability
and IMR

« periodically during

. WHO TO CHECK ?
remainder of process

after design « the organizations most Strategy 1
documentation

prone to errors
completed

Development of a design code or guideline is no simple
undertaking. Not only is complex technology involved,
but as well complex organization and political issues are
involved. In the struggle to develop the technical and
organizational consensus that should be represented in a
design code, technical completeness, correctness, and

_ _ . crispness can be compromised.
The structure design checking studies performed by Knoll

[8], the series of studies performed by Melchers andin one recent development, an objective that was defined
Stewart [42-44], and the studies of failures marine struc-to achieve “a more efficient structure” by balancing the
tures [2, 12] indicate that there is one part of the desigrreliabilities of the elements that comprised the structure.
process that is particularly prone to errors committed byTo the guideline developers, it did not make sense that
the design team. That part of the process is the one thaome components in the structure should have very low
deals with the definition of design loadings that are im- probabilities of failure while other components had much
posed on and induced in the structure. Given the complexihigher probabilities of failure. It was only after the need
ties associated with performing loading analyses, thefor damage and defect tolerance (robustness) in the struc-
complexities associated with the loading processes andure was recognized, that the need for unbalanced design
conditions, and the close coupling between the structurdoecame apparent. This recognition not only influenced the

« the design teams most
prone to errors

¢ the individuals most
prone to errors
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design processes to assure adequate strength (capacity)éffective way to detect potential problems in the structure
the structure, but as well its ductility and fatigue durability design process.
characteristics. Recognition of the needs for “fail-safe”

design of the structures had major effects on the structur&hip structure design procedures need to incorporate in-
design guideline developments. tuitive, first principles, and empirical verifications. Intui-

tive verifications are derived from the designer “feel” cited
Current experience indicates that if not properly devel-earlier. Such feel is based on adequate experience with the
oped and documented, a design guideline can enhance thiesign procedures and analyses. This feel is responsible
likelihood of significant errors being made by even expe-for a majority of quality problems that are detected and
rienced structural designersadar assisted collisions corrected (design near misses).
These errors can lead to important compromises in the
intended quality of the structure. The errors arise primarily First principles verification is needed so that complexity
because of the dramatically increased complexity of theis not allowed to over-shadow realism. This means first
design guideline, its similarly increased opaqueness (frethat design engineers need to be well trained in these first
quently caused by associated computer software), and thefinciples, and second, that the design process must allow

lack of sufficient training. and encourage their use in verifying the results from the
process.

Research has shown that the difficulty of a particular task

is influenced by five primary factors [24]: Experience has indicated that results from simplified
methods that employ first principles can play an important

1) structure of the task, role in identifying problems in results from complex meth-

o ods. Yet, there is often little respect given to such methods
2) task goals and performance criteria, by engineers. They feel that complex methods are more

reliable and give more realistic results. Simplified meth-

3)  quality, format and modality of information, ods can not be expected to develop the details developed

4) cognitive processing required, and by complex methods. However, sophistication in analyti-
cal design methods does not assure either reliability or
5) characteristics of the input / output devices. realism in results. There is an important need to further

develop simplified design methods that can be used to help
The more difficult a task is made, then the more likely thatverify the fundamental results from complex design analy-
there will be errors. Those charged with development ofses,
ship structure design guidelines should be sensitized to
these factors. Design guidelines should be developed thatmpirical or experimental verification is needed because
will minimize the difficulty of the tasks to be performed of the inherent inadequacies and limitations of most engi-
and thereby enhance the likelihood of high quality designneering analytical procedures when applied to design of

results. ship structures. This is particularly true when it comes to
loading analyses, but it also applies to most structure
Strategy 2 analyses. The question is the extent of experimental veri-

) ) fication that is required. This becomes a problem in trading
The second strategy is to embody QA/QC directly and gt ihe costs involved in providing the verification versus

explicitly into the ship structure design guideline. In this o osts involved when insufficient quality is obtained
case, requirements for assuring adequate quality in the,q to the lack of the verification.

designers are spelled out. Checking procedures are de-

fined that are appropriate for the particular ship structure.Strategy 3

Explicit provisions are made for the correction of errors

committed during the design process. Of particular impor-The third strategy that should be incorporated directly into
tance is the guiding principle of checking “high likelihood the design guidelines and their development regards de-
of error parts” such as loading analyses, and checkingsign of the structure to be tolerant or forgiving of human
“high consequences of error parts” of the design procesgrrors. These human errors can and probably will occur in
such as design documentation. design, construction and operation of a ship structure; even

one that has been designed by the most advanced technol-
Also of importance is the need to be independent from theygy available today.

circumstances which lead to the generation of the design.

This refers directly to the need for independent, third-partylt is rare to find explicit structure design guidelines that
verification to disclose embedded errors and flaws in theaddress the need for obtaining human error tolerance in
design. Research and experience both indicate that givethe life-cycle of any type of structure. Some have begun
that it is done properly, third party verification is the most to appear, but more work is needed to develop such
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guidelines. The results of the Marine Structural Integrity High consequence compromises in quality of ship struc-
Project (MSIP) [7] indicated that there were four general tures result from a multiplicity or compounding sequence
approaches that should be considered in developing huef break-downs in the human, organization, and system;
man error tolerant structure design guidelines. These wereften there are precursors or early warning indications of
design for: the break-downs that are not recognized or ignored.

1) damage or defect tolerance (robustness), The physical components of ship structure systems are
generally the easiest of the three components to address;

2)  constructabilty, design for human tolerances and capabilities (ergonom-

3) inspectability, and ics), provision of redundancy and damage / defect toler-
ance, and effective early warning systems that provide
4) maintainability and repairability. adequate time and alerts so that systems can be brought

) ) o under control are examples of potential measures. Error
The first approach is focused on providing fault tolerancejnqucing systems are characterized by complexity, close

in the ship structure system. The last three approaches aupling, latent flaws, small tolerances, severe demands,
focused on providing fault avoidance, detection, and re-5nd false alarms.

moval in the ship design process. Structure robustness can

be achieved with a combination of redundancy, ductility, Humans are more complex in that error states can be
and excess capacity in the structure system. Robustnesfeveloped by a very wide series of individual charac-
implies much more than redundancy (degree of indeter+eristics and states including fatigue, negligence, igno-
minacy) [25, 26]. Fail-safe design is one aspect of thisrance, greed, folly, wishful thinking, mischief, laziness,
approach [7]. excessive use of drugs, bad judgment, carelessness, physi-
: | limitati i ining. Exter-
Robustness needs to be placed in those areas of the sh:flfg1 imitations, boredom, and.lnadequat.e training. Exter
) al (to the system) and internal (in the system)
structure that have high probabilities of damage or defects_ .
environmental factors such as adverse weather, darkness,

gggegsgh consequences associated with such damage (S)Fnoke, heat provide additional influences.

Design for constructability is focused on configuration Se_le_ction (d(_aterminati_op of abilities to hz_‘;mdle_ the j_Ob?’
and proportioning the structure to promote / facilitate high training (particularly crisis management), licensing, disci-

quality materials, cutting and forming, and assembly. De-Pliné, verification and checking, and job design provide
sign for inspectability is focused on the same structure2VeNues to improve the performance of front-line opera-
design activities, but this time the objective is to maximize t0rs- The formation of motivated and cohesive design and

the inspectability of the ship structure during its operation, construction teams can do much to improve the quality of

Design for maintainabilty and reparability is meant to ShiP structures.

direct the structure design engineers attention to the long- hile the h .
term life-cycle phase of the ship structure. CorrosionW lle the human and system aspects are very important,

management and buckling and fracture repairs are ke;}he organization aspects frequently have over-ndmg.lnflu-
issues. ences [45]. Corporate cultures focused on production at

the expense of quality, ineffective and stifled communica-
All of these design approaches are intended to minimizeions, ineffective commitment and resources provided to
the incidence of and effects of human errors that can occu@ichieve quality, excessive time and profit pressures, con-
in design, construction, and operation of a ship structure flicting corporate objectives, and counter-quality and in-

tegrity incentives are often present in low reliability
12. Conclusions organizations. Generally, these aspects are the most diffi-
There are three primary aspects that should be addressedilt to address. Experience indicates that high reliability
in achieving quality in ship structures: designers, con-organizations tend to improve, while low reliability or-
structors, and operators of the structure (humans), thgjanizations do not improve rapidly, if at all.
groups that are responsible for the management of the
systems (organizations), and the physical elements (sysfo take any action with a ship structure design, construc-
tem including structure, hardware, and software). A thor-tion, or operation system without an intimate and thorough
ough understanding of ship structure systems indicateknowledge of that system is tampering. Deep knowledge
that there literally are no separate parts. There are onlpf a system includes a detailed understanding of the sys-
relationships and interactions. This understanding is atem, an understanding of qualitative and quantitative
substantial variance with the historic separation and comevaluations, a knowledge of psychology (individuals, or-
partmentation of ship structure design, construction, andganizations), and an understanding of the limitations of
operation. our abilities to describe and analyze complex systems.
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Without a deep knowledge of the system, one can bereparation of this report. Mr. Paul Cojeen (USCG) and
seriously mislead. Mr. John Conlon (ABS) provided vision, encouragement,

) ) . and advice throughout this project. Their leadership was
Many engineers are very uncomfortable with two things: jmportant to the definition of this project and completion
uncertainty, and people. The challenges of design, conyf this work. Mr. Paul Miller, Lt. Robin Noyes (graduate
struction, and operation of ship structures involves both.gy,dents, Department of Naval Architecture & Offshore
Neither can or should be avoided. Engineers have mucltpgineering, University of California at Berkeley (UCB),
to learn about how to improve their role and activities in 5n4 professor Karlene Roberts (Haas School of Business,
helping develop engineered systems that will have desirycg) provided assistance and advice on the direction of
able and adequate quality. A vast field of human factorsiis research. Mr. Aaron Salancy (Department of Naval
related technology has developed. The analytical thinkingachitecture & Offshore Engineering Graduate Student
and processes of engineering needs to absorb the technolgesearcher, presently employed by NASSCO) performed
gies of ergonomics, human psychology, management, andng documented the example analyses of alternative

cognitive psychology.

strategies for the management of HOE in design of ships.

If their work is to be meaningful, engineers must learn asReferences

much about people as they presently know about th
physical and mechanical aspects of the elements that
comprise and affect engineered systems. Recognition of
and education in human factors are two of the primaryp.
obstacles to integration of human factors into engineering.

The historic development of design guidelines has had as
one of its foundations probability methods. These methods
attempt to address some of the uncertainties. In almost at}_
cases, this historic development has fallen short of explic-
itly addressing one of the primary sources of uncertainty
and hazards to quality: people. Many of the experienced
engineers that have objected to probability based design
guideline developments have objected to this develop-
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main, it is for this reason that we are now recognizing the>-
reasons for the majority of compromises in the quality of
both marine and non-marine structures are firmly rooted
in HOE.

Acknowledgments

The author would like to acknowledge the contributions 6.
made to the project on which this paper is based by the
Ship Structure Committee Project Technical Committee.
The members of this committee included Dr. Jack Spence
(ABS, Chairman), Dr. Bill Moore (ABS), Dr. M. Mandler
(USCG R&D), Lt. R. Holtzman (USCG), Mr. W.
Siekierka (NAVSEA), Mr. Z. J. Karaszewski (USCG),
Mr. C. Morlan (ABS), Mr. P. Luetjen and Mr. E. Kadala g
(NAVSEA), Dr. P. Fischbeck (Technical Advisor, Com-
mittee on Marine Structures, Marine Board, Carnegie
Mellon University), Dr. Marc Wilson (Dowling College),

Mr. F. Seibold and Mr. A. Landsburg (MARAD), Dr. N.
Pegg (DREA) and Dr. R. Sielski (National Research 9.
Council, Marine Board). The Executive Director of the
Ship Structure Committee project was Cmdr. S. E. Sharpe.

The author wishes to express his appreciation to thosdO.
individuals who have made significant contributions to the

Reason, JHuman Error Cambridge University
Press, New York, NY., 1990.

Bea, R. G.The Role of Human Error in Design, Con-
struction, and Reliability of Marine StructureRe-

port to Ship Structure Committee, SSC-378,
Washington, D. C., 1994

Whetten, D. A., and Cameron, K. S., “Organizational-
Level Productivity Initiatives: The Case of Down-
sizing,” Organizational Linkages - Understanding

the Productivity Paradox). H. Harris (Ed), Na-

tional Academy Press, Washington, D. C., 1994.

Weiss, A.Our Emperors Have No ClotheSareer
Press, Franklin Lakes, NJ, 1995.

Reason, J.: “How to Promote Error Tolerance in
Complex Systems in the Context of Ships and Air-
craft,” Proceedings of the Safety at Sea and in the
Air - Taking Stock Together Symposjurhe Nauti-
cal Institute, London, England, 1991.

Wenk, E., JrTradeoffs, Imperatives of Choice in a
High-Tech World;The Johns Hopkins University
Press, Baltimore, MD., 1986.

Bea, R. G.Marine Structural Integrity Programs -
MSIP, Report to Ship Structure Committee, SSC-
365, Washington, D. C., 1992.

Knoll, F., “Checking Techniques¥lodeling Human
Error in Structural Design and ConstructipA. S.
Nowak (Editor), American Society of Civil Engi-
neers, New York, 1986.

Gertman, D. I. and Blackman, H. Buman Reliabil-
ity & Safety Analysis Data Handbagalohn Wiley
& Sons, Inc., New York, 1994.

Swain, A. D. and Guttmann, H. Bandbook of Hu-
man Reliability Analysis with Emphasis on Nuclear

C-23



Ship Structure Symposium '96

11.

12.

13.

14.

15.

16.

17.

18.

19.

Power Plant Applications, Us. Nuclear Regula-
tory Commission, NUREG/CR-1278F, Washing-
ton, D. C., 1983.

20.

Center for Chemical Process Saf@widelines for
Preventing Human Error in Process Saféiyneri-
can Institute of Chemical Engineers, New York,
1994.

Moore, W. H., and Bea, R. ®lanagement of Hu-
man Error in Operations of Marine SysterRe-

port No. HOE-93-1, Final Joint Industry Project
Report, Department of Naval Architecture and Off-
shore Engineering., University of California,
Berkeley, 1993.

Mason, E., Roberts, K., and Bea, R.: Reduction of
Tanker Oil and Chemical SpillBevelopment of
Accident and Near Miss Databas&eport to Sea
Grant, Project R / OE 28, Marine Technology &
Management Group, Haas School of Business and
College of Engineering, University of California at
Berkeley, 1995.

Bea, R. G., “Quantitative and Qualitative Risk
Analyses - The Safety of Offshore Platfornsb-
ceedings of the Offshore Technology Conference,
OTC 8037, Society of Petroleum Engineers,
Richardson, Texas, 1996.

Center for Chemical Process Saf@yidelines for
Chemical Process Quantitative Risk Analysis
American Institute of Chemical Engineers, New
York, 1989.

House of Lords Select Committee on Science and
Technology (1992). “Safety Aspects of Ship De-
sign and Technology”, Session 1991-92, 2nd Re-
port, HL Paper 30-1, HMSO, London.

25.

Groeneweg, JGontrolling the ControllablgThe
Management of Safetlp SWO Press, Leiden Uni-
versity, The Netherlands, 1994.

Gale, W. E. Jr., Bea, R. G., Williamson, R. B.:
FLAIM, Fire and Life Safety Assessment and Index-
ing MethodologyFinal Report to the U. S./ Dept.

Of Interior, Minerals Management Service, Tech-
nology Assessment and Research Branch, Dept. Of
Civil Engineering, University of California,

Berkeley, 1994.

Stoutenberg, S., Bea, R. G., and Robertfé&duc-
tion of Tanker Oil and Chemical Spills: Engineer-
ing to Minimize Human and Organization Errors,
Report to Sea Grant PrograrRroject R / OE 28,

Marine Technology & Management Group, Haas

C-24

21.

22.

23.

24.

26.

27.

28.

School of Business and College of Engineering,
University of California at Berkeley, 1995.

Paragon Engineering Services Inc. & University of
California at BerkeleyDevelopment and Testing of
the FLAIM (Fire and Life Safety Assessment Index-
ing Methodology) for Evaluating the Safety of Off-
shore Platforms and Marine Terminaloint

Industry - Government Sponsored Project Proposal,
Houston, Texas, November, 1995.

Moore, W. H. and Roberts, K. H., “New Develop-
ments in Safety Management for the Maritime In-
dustry: The International Safety Management
Code,”Proceedings of the 1994 High Consequence
Operations Safety Symposiuandia National
Laboratories, Albuquerque, NM, July, 1994,

Velez, P. K., Liles, C. O., Satterlee, K.: “An Over-
view of API RP 75 and RP 14Ftoceedings of

the Offshore Technology Conferen@aC 7732,
Society of Petroleum Engineers, Richardson,
Texas, 1995.

Bea, R. G., and Roberts, K. H., “Management of
Rapidly Developing Crises: A Multi-Community
Study,” Paper Presented at American Petroleum In-
stitute Sixth Crisis Seminar, Crisis Management -
Emergency Response and Risk Communication,
Houston, September, 1995.

Huey, B. M., and Wickens, C. D. (Editofdjprk-

load Transition - Implications for Individual and
Team Performancgé®anel on Workload Transition,
Committee on Human Factors, National Research
Council, Commission on Behavioral and Social Sci-
ences and Education, National Academy Press,
Washington, D. C., 1993.

Das, P. K., and Garside, J.$tructural Redun-
dancy for Discrete and Continuous SysteReport
to Ship Structure Committee, SSC 354, Washing-
ton, D. C., 1991.

Dhruba, G. G., Natale, S. N., and Wiernicki, C. J.,
Residual Strength of Damaged Marine Structures
Report to Ship Structure Committee, SSC 381,
Washington, D. C., 1994.

Matousek, M.: “Quality Assuranceghgineering
Safety D. Blockley (Ed.), McGraw-Hill Book Co.,
London, 1990.

U. S. Coast GuarBrevention Through People
Quality Action Team Report, Office of Marine
Safety, Security and Environmental Protection,
July 1995.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bea, R. G., “Evaluation of Alternative Marine Struc- 41.

tural Integrity Programs Journal of Marine Struc-
tures Elsevier Science Limited, Vol. 7, 1994.

Bea, R. G., “Marine structural Integrity Programs,”
Proceedings of the Ship Structures Symposium
“93, Society of Naval Architects and Marine Engi-
neers, and the Ship Structure Committee, Ar-
lington, Virginia, November, 1993.

Salancy, A.The Roles of Human Errors in Design,
Construction, and Reliability of Marine Structures
Graduate Student Research Report, Dept. of Naval
Architecture & Offshore Engineering, University

of California, Berkeley, CA, September 1994,

Comstock, John P. (EditoByrinciples of Naval Ar-
chitecture The Society of Naval Architects and Ma-
rine Engineers, New York, New York, 1967.

Petroski, H.To Engineer is Human: The Role of
Failure in Successful Desig8t. Martins Press,
New York, 1985.

Hannan, W. M., “Victory’s PipelineSurveyor
American Bureau of Shipping, June 1994.

Salancy, Almproving New Product Development
in U. S. ShipyardsReport for Operational Manage-
ment of Technology, Management of Technology
Program, University of California at Berkeley,
1994.

Williams, J. C., “A Data-Based Method for Assess-
ing and Reducing Human Error to Improve Opera-
tional Experience,Proceedings of IEEEith
Conference on Human Factors in Power Plants,
Monterey, California, June 1988.

Humphreys, P. (Editofjuman Reliability Asses-
sors Guide Safety and Reliability Directorate,
United Kingdom Atomic Energy Authority, Wig-
shaw Lane, Culcheth, Warrington, England, 1988.

Ellingood, B., “Design and Construction Error Ef-
fects on Structural Reliability."Journal of Struc-
tural Engineering American Society of Civil
Engineers, Vol. 113, No. 2., 1987.

Roberts, K. H., “New Challenges in Organizational
Research: High Reliability Organizations,” Indus-
trial Crisis Quarterly, Vol. 3, Elsevier Science Pub-
lishers B. V. Amsterdam - Netherlands, 1989.

Roberts, K. H. (EditorNew Challenges To Under-
standing OrganizationdylacMillan Publishing
Co., New York, 1993.

42.

43.

44,

45,

Bea on Human and Organizational Factors

Libuser, C., and Roberts, K. H., “The Development
of a Conceptual Model of Risk Mitigation,” Work-
ing Paper, Haas School of Business, University of
California, Berkeley, 1995.

Melchers, R. E., “Human Errors, Human Interven-
tion and Structural Safety PredictionByoceed-

ings International Association of Bridge and
Structural EngineersP-119/87, 1987.

Stewart, M. G. and Melchers, R. E., “Checking
Models in Structural DesignJournal of Structural
Engineering American Society of Civil Engineers,
Vol. 115, No. 17, 1988.

Stewart, M. G., “Risk Management and the Human
Dimension in Structural DesignProceedings of

the First International Symposium on Uncertainty
Modeling and AnalysjsJniversity of Maryland,

1990.

Trbojevic, V. M. and Bellamy, L. J., “Practicalities
and Benefits of Conducting Risk Assessment of the
Design ProcessProceedings of the Conference on
Assessing and Minimising Risk in the Design, Con-
struction and Installation of Offshore Structures
Four Elements Limited, London, September 1995.

C-25



Ship Structure Symposium '96

1
new or rarel y performed task
extreme stress, ver v little time
severe distractions & im pairments
Systems 10
highly com plex task
|— m considerable stress, little time
()] _ =) moderate distractions & im pairments
) <. 102
=
g E .. o com plex or unfamiliar task
o Individuals =) moderate stress, moderate time
O 3 little distractions & im pairments
o @ 10°
a = difficult but familiar task
— 2 little stress, sufficient time
. . . very little distractions or im  pairments
Organizations 10°
simple, fre quently, skilled task
no stress, no time limits
no distractions or im pairments
10°
Figure 1 Figure 2
Components and Interfaces That General Task Human Error Probabilities
Can Lead to Human Errors
neivty PREVENT n &
w 14
= v ®)
F — <
During L .
Activity CONTROL - o = §
o Q 3
- o S )
B ¥ = 0
L 1) < B
After _ a5 = 8
Manufacture TEST > ; %) <
x @] v v
E— v o o | \ | | >
Concept Preliminar y Detailed Construction & In Service
Commissoning DETECT > Design  Design = Design ~ Commision
— LIFE CYCLE PHASE
Figure 3 Figure 4
QA/QC Life-Cycle Activities Life Cycle Costs to Correct Errors

C-26



Bea on Human and Organizational Factors

! KT T
AN

o \ \I\/Iarginal

P I - / NN ]
Optimum \\

1 10" 10° 10°

Cost Ratio X PVF

Figure 5 Figure 6
The Economics and Likelihood Example CSD Side Shell Longitudinal
of Insufficient Quality to Webframe Connection

180 T T T T T T T
AEAAEARARANARARAR RS BARERAS e
O | 0 O o PN
L] [ 11 N g \ —=— Mild Steel
: : : :: d 140 \ === High Tensile Steel (HT36)
i U L
= = =
- & (g B \\\\_@_
o o :I
ul L S
il o o 100 [ \
/xr o % — —
| —‘ —:51-;:,“36 E 80 I ~ \-
j il —::Lh Lu 1 1 1 1 1 1 1
I l T : L1 % 60
EQ i&;& E & ’& : &1 A: Q &1 & é\ﬁn—j o 1950 1955 1960 1965 1970 1975 1980 1985 1990
YEAR
Figure 7 Figure 8
Transverse Midships Frame Reduction in Required Minimum Ship
of Example Tankers Structure Weight (100,000 dwt tanker)

as a Function of Time

C-27



Ship Structure Symposium '96

Materials

New, little
experience,
insufficient

Standard, good
experience,
sufficient

Procedures, Systems
Structure

Procedures, Systems
Construction

Design

Technology

Financial Resources
Personnel Resourcgﬁ

Time Resources

Quiality Incentiveg

(T .
(T .

Error in Climate
of Constructiop
(10 -3)
Error due {o
Culture
Y|N
0.5
Error due to Planning
vIN and Preparation
05 Error due to
Structure and
5x10-4 YN Organization
P (Error, Culture) 05 o6 o
2.5x10 -4 Monitoring an
) Y|N Control
P (Error, Planning 05
and Preparation) N
1.25x 10 -
P (Error, Structure
and Organization)

C-28

PRONE TO PRONE TO
LOW HIGH
QUALITY QUALITY

Figure 9

Quality Profiling for CSD Fatigue
in Example Tankers

jon

6.25x10-5

P (Error, Monitoring
and Control)

Figure 11
Event Tree for Factor Il

N
0.5
Y|
5x10-3
P (Error, Commnications)
25x10-3

Error in Fatigue
Analysis (10 -2)

Error due to
Communicationg

0.5

-

P (Error, Culture)

Figure 10
Event Tree for Factor |

5x10-4

Error due tg
Culture

Error due o
Culture
Y|N
0.5
Error due to Planning
vIN and Preparation
0.5 Error due to
Structure and
Y|N Organization
(Error, Culture) 05 e
25x10-4 Monitoring an
. Y|N Control
P (Error, Planning 05
and Preparation) :
1.25x10 -
P (Error, Structure
and Organization)
6.25x 10 -5

P (Error, Monitoring
and Control)

Figure 12
Event Tree for Factor Il



Bea on Human and Organizational Factors

Error in
Construction
10 -3
( ) Error due tg
Ignorance
YN
0.5
Error due to SelectioT
and Trainin 1000
Y[N 9 == =10
0.5
Error due to = =p=15 _b
5x10 -4 YN Slips = g0 -
P (Error, 0.5 Errordueto | ' [ [mers=2s == -
Ignorance) ; & _
25x10-4 Planning and = w =p=30 -
% _ ]
P (Error, Selection Y|N | Preparation 7 - P ae
and Training) 0.5 7~ - Pt e
1.25 x 10 -4 I y ARmas gy =< ——=
H -
P (Error, Slips / L7 .’ _-7T
/ 7 g 4"‘ - - -
6.25x 10 -5 I
P (Error, Planning 1 ==
and Preparation)
0 0.25 0.5 0.75 1

RATIO OF SERVICE TIME TO SERVICE LIFE (T / Ts)

Figure 14
Number of Fatigue Fractures in Example
Tankers as a Function of Time and
Fatigue Design Reliability

Figure 13
Event Tree for Factor IV

28

A _
\

22

20 [ /
A ~— =

16

FATIGUE DESIGN SAFETY INDEX

Figure 15
Lifetime (20 Year) Costs in Example Hull Structure as a Function of the Fatigue
Design Safety Index

C-29



Ship Structure Symposium '96

Discussion My question to the author is whether the process of con-
sideration of human and organizational factors will en-

by Dr. Robert Sielski able us to predict the next big problem in ship structures?

Marine Board, National Research Council For example, there is a wide difference between the stand-

ards for crack-arrest strakes of the U. S. Navy and those
I have a different perspective on the fatigue problems withof classification societies. The U. S. Navy requires HY-80
tankers, and would like to discuss it because it points ouin all cases, but the classification societies permit grade A
how we need to apply the type of approach that is sugsteel in thin plate. Someone must be wrong, but the
gested by this paper. Fatigue cracking of tanker structuregurrent state of fracture mechanics analysis, despite the
was not a new problem. Tankers, as any owner will tellwork of the Ship Structure Committee over the last 50
you, have always been prone to cracking, but the degregears does not provide the answer. Extensive research is
to which it was controlled was a subject of owner prefer-siill required, but the U. S. Navy does not want to under-
ence. One of the most common causes of fatigue failuresake the cost of research because the additional material
was the use of lapped structural details. Some ownergost is minor in proportion to the total ship cost. Commer-
understood the significance of this type of detail, andcial ship builders and classification societies do not want
specified fitted details, but very few were willing to pay to undertake such a multi-million dollar research program
this additional expense. The change to higher tensile ste@lecause they have no perceived need.
did not introduce a new problem, it only exacerbated an
existing problem. Is fracture of ship structure under some new circum-

stances as new design concepts or operating conditions a
The two factors, fitted structural details, and higher- human and organizational disaster waiting to happen?
strength steels are not new to ship construction; they haveo we have the tools to determine what other subjects
been used in naval ship construction since the 1930’s. Th@eed emphasis? have mentioned fracture only because
naval use, however, brought an important human factorst is a potential problem of which | am awatdow can |
issue. The military was viewed as “gold plating” the become aware of something | have ignored and no one
structure by those who thought that they were buildingseems to care about but may be a major problem in the
practical ships. perhaps this can be viewed as he prescriguture?
tive minimum standard versus the alternative compliance
viewpoint of self-regulation. Author’s Reply

The U. S. Navy, in fact, was no better than the commercialThe unwarranted rejection of applicable technology has
tanker industry in looking at fatigue. Since its introduc- been a problem in other fields of engineering. Sowers
tion as a structural material for deckhouses in the 1940’s(1990) cites this type of human error as one of the major
aluminum had always been subject to fatigue. Althoughsources of failures in geotechnical engineering. Similar
the technology for fatigue analysis was developed in theobservations have resulted from studies of the design
aircraft industry, naval ship designers viewed this technol-initiated failure of conventional structures such as bridges
ogy as inapplicable to combatant ship design, even whemand buildings. The reader is referred to SSC 378 for
it was demonstrated for high performance ships, such agurther details on this type of human and organizational
the Boeing-designed hydrofoils. Rather than viewing theerror.
problem as one of design procedures, these structural
designers of whom | was a principal, viewed the problemThe purpose of human and organizational factor (HOF)
of deckhouse cracking as a problem of the material -analyses or studies should not be prediction. The purpose
aluminum - that could be solved by reverting to the goodof HOF analyses or studies should be detection and reme-
old steel. However, all the problems of fatigue were notdiation of potential “critical flaws” in ship structures that
fully addressed, and | understand that the new steel decksan originate in design, construction, operation, and main-
houses are not free from fatigue defects. The human factaienance. It is on this point that many risk and reliability
here is an unwillingness to apply existing technology onanalyses come to grief. People become preoccupied with
the part of the designer, or at the inability of the designerthe results from quantitative risk and reliability analyses.
to justify the cost of application of that technology to They fail to recognize that in reality it is impossible to
management. predict the future actions of people and organizations.
They fail to recognize that in reality “systems” are much
There have been other structural problems that could havenore organic and dynamic than static. It is the process of
been anticipated, but somehow were not. The failures ofnalysis and evaluation that is important. And, this proc-
bulk carriers came not through a radical change in techess must intimately involve those that have daily respon-
nology, but because the technology of inspection andsibilities for the safety of our ship structures. The analysis
analysis were not properly applied. and evaluation processes need to encourage their interac-
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tion and input. Beware of risk and reliability analysts that problems. Some engineers have what | like to call “per-
fail to recognize these realities. Risk and reliability “tam- verse imaginations.” These engineers have a special talent
pering” can produce some very serious side effects thafor detecting how systems may not work. Many of these
can degrade rather than improve the safety of systems. engineers are the old grizzled veterans of past “mistakes”
] ) and they remember these lessons. Most engineers have
Yes, fracture of ship structure under some new circum-ajents for making systems work and it is difficult for them
stances as new design concepts or operating conditions {3 detect potentially critical flaws in these systems. Fre-
a human and organizational disaster waiting to happengyently, the engineers that have perverse imaginations are
Dr. Sielski’s background in this area spans more than thre@requenﬂy not highly regarded by their colleagues because
decades and his discussion indicates that this is a reqlhey are seen to be “gloom and doom” and “not positive.”
possibility because of the reluctance of those responsibl@;roup think problems that degrade “situational aware-
for future ships to make the necessary investments irhegg” develop when the requisite variety for the problem
technology to prevent such problems. It has happeneg, pe addressed is removed or excluded. Complacency
before, and it will probably happen again. replaces vigilance and trouble soon follows. Pride and

Yes, we have the tools to determine what other subjectéN'SthI thinking precede folly. This is why “inside

need investigation before we create problems that can bchecking has been shown to be relatively ineffective at
9 cale probi getecting basic critical flaws in systems. It takes someone
prevented. These tools are utilized in high technology

; . : relatively independent from the circumstances that result
areas such as airframe and space vehicle design. Exten-

sive and exhaustive testing, analysis, and highly quaIifiedIn the development of the hidden critical flaws to detect
. ; these flaws. Itis one of the fundamental purposes of HOF

personnel provide the necessary tools. It is rare to Se(r?lssessments and evaluations to help introduce new in-

these tools fully mobilized in the marine industries. Our . : P

organizational histories and cultures do not seem to en—SlghtS and perspectives to help create awareness of poten-

courage the full use of these tools. We seem to boldly gotlal problems. The most important ingredient in

i . uccessful HOF assessments and evaluations is the expe-
where no one has gone before without making full use of”. : o
) ) e rience, knowledge, skills, and motivations of the people
the lessons of history.” Ship structures that do not have .
: ; - - that perform these assessments and evaluations.
desirable and acceptable serviceability, compatibility, du-

rability, and safety are the result of this boldness.
The author would like to thank Dr. Sielski for his detailed

Awareness of potential problems is a critical issue inreview of this paper, a very stimulating discussion of some
helping solve these problems before they become reabf its critical aspects, and his thoughtful questions.
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