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THE ROLE OF HUMAN ERROR IN DESIGN, CONSTRUCTION, AND RELIABILITY
OF MARINE STRUCTURES
This report presents a state-of-the-art assessmentof the influences of human error on the design,
construction,and reliability of marine structures. The objective of this study was to establish
guidelines to consider the effects of human errors in design and construction of marine structures
and the formulation of design criteria.
This study is part of a five-year SSC research program to apply reliability technology and develop
probability based design criteria for ship structures. Thus far, this program has addressed a
variety of sources of uncertainty and ship design considerationsthat influence probability based
design guidelines for ships. Human and OrganizationErrors (HOE) have not been explicitly
addressedeven though HOE is the major contributorto lack of structural reliability.
This study has categorized human factors, considered relevant case studies, identified qualitative
and quantitativeprocesses for evaluating the incidence and effects of human error, studied the
impacts of human error on design guidelines, and evaluated how marine critical structural
componentsand systems should be designed to accommodateHOE.
This study recommends two fundamental approaches to improve the management of HOE in
design and construction: 1) improve the managementof the causes to reduce the incidence of HOE,
and 2) improve the managementof the consequencesto reduce the effects of HOE. Responsibilities
for such improvements are suggested, HOE prevention techniques stressed include personnel
selection, training, process auditing, testing (destructive and non-destructive), and external
verification. HOE mitigation techniques stressed include design of robust, damage tolerant
structural systems, and verification and audit of the portions of the design process that have the
most important influences on structural reliability.
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INTRODUCTION

(hktctive

The objective of this study was ta perform a state-of-the-art assessment of
the influences of human error on the reliability of marine structures.
This objective was intended to establish guidelines to consider the effects
of human errors in design and construction of marine structures and the formulation of structural design criteria.
This project is part of a five-year Ship Structure Committee (SSC)l
research program to apply reliability technology and develop probability-based
design criteria for ship structures. Thus far, this research has addressed a
variety of sources of uncertainty and ship design considerations that influence
probability based design guidelines for ships. However, Human and
Organization Error (HOE) has not been explicitly addressed even though it is
the major contributor to lack of reliability in marine structures.

This project classified and defined HOE in design and construction,
summarized relevant case studies, identified qualitative and quantitative processes for evaluating the incidence and effects of HOE, studied the impacts of
HOE on design guidelines, and evaluated alternatives for the management of
HOE in the design and construction of ships.
The focus of this project was on design and construction of commercial
ships with particular attention given to oil, chemical, and bulk carriers.
This project addressed the following key questions:
. What is HOE?
● Can HOE be defined and classtied?
● Can HOE be quantified?
. Should HOE be reflected in design codes and criteria?
lAcronymsare listedanddefinedin AppendixB
1
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During this study, a review was made of recent developments in consideration of HOE -in design and the formulation of structural design criteria.
This study included HOE considerations in design of engineered structures
such as airframes, space vehicles, nuclear power plants, buildings, ships, and
offshore platforms. Recent studies addressing HOE in medicine and in development of computer software were also reviewed.
As a result of this project and allied research on HOE in design, construction, and operations of marine systems [Bea, 1989; Bea, Moore, 1992; Bea,
Moore, 1994]2, a practical design and construction oriented HOE classification
and characterization system has been developed.
Available background on the effectiveness of different means of quality
assurance and control (QA / QC) in design have been summarized. Several
such studies have been conducted for the design of conventional building structures.
Guidelines have been developed on how HOE considerations might best
be integrated into development of reliability-based design criteria for marine
structures. These guidelines address how the incidence of HOE can be reduced by design and how this engineering can influence the incidence of HOE
in the construction and operations phases of the life-cycle of the marine structure.

-.
-’——.

In addition, these guidelines address how the structures themselves can
be improved to reduce the effects and consequences of HOE. It is anticipated
that the primary improvements will be in the regimes of design for robustness
and design for Inspections, Maintenance, and Repair (IMR).

The scope of work in this project was accomplished by:
1) Performing a literature review, critique, and summary.
2) Developing a structure design oriented classification of HOE.
3) Evaluating the effectiveness of alternative structure design Quality
Assurance (QA) and Quality Control (QC) measures.
4) Developing and illustrating the quantification and analyses of HOE.
5) Developing guidelines for consideration of HOE in structure design
and criteria.

preferencesare listedin AppendixA
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Chapta

1

Intmdwtion

SUmlnarv
The following summarizes the answers to the key questions posed at the
beginning of this project.

●Whatis HOE?
Human error is a departure from acceptable or desirable practice on the
part of an individual 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.
Organization error is a departure from acceptable or desirable practice
on the part of a group of individuals that can result in unacceptable or undesirable quality, Organization errors have a pervasive intluence on human errors.
Quality in a ship structure has four inter-related key attributes:
serviceability (ability to perform intended functions), safety (freedom from
harm), durability (freedom from unanticipated maintenance), and
compatibility (meets schedule, cost, and environmental requirements).

~--

Human errors develop from a
complex variety of influences (Figure
1.l). Individuals acting alone or in
teams can make errors. They can be
influenced or induced to make errors
by organizations, procedures
(software, instructions), systems
(physical components), and environments (external, internal). There are
error producing potentials not only
within each of these components, but
as well at their interfaces. For example, an individual can misunderstand
the goals and objectives of the organization or misinterpret the instructions
incorporated into procedures.

Figure 1.1- Components and interfaces that can lead to human errors

GCan HOE bedefinedand~d?
Yes, human errors can be defined and classified in a variety of ways
(e.g. action class, mode, mechanism, effect). The classification and definition
needs to be appropriate for a particular descriptive or analytical purpose.
In one scheme HOE can be organized into two categories: 1) those that
develop from “states,” and 2) those that develop from “actions.” States are

3
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those influences that induce individuals, teams, and organizations to make
errors. Incentives, environment, and information are some of the primary
factors that influence state determined errors. Lapses or slips, mistakes, and
unsafe acts are the primary factors that influence actions determined errors.
A slip or error of omission is a human error in which what is performed was
not intended. A mistake is a human error where the intention was erroneous
and was purposeful-y executed. Unsafe acts are unreasonable or unlawful accan
~~or
in
actions,
ad
actions
tions (violati~ns). Sktes can lead to hmm
lead to undesirable states.
Figure 1.2 summarizes the classification of human (individual) errors developed during this project to describe and
evaluate the effects of such errors on the design and construction of ship structures.
Human errors can develop as a result of influences from groups of individuals - organizations. Figure 1.3 summarizes
the classification of organization errors developed during this project to describe and
evaluate the effects of such errors on the design and construction of ship structures.
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QCan HOE beqwdiftd?
Yes, if and as desirable, HOE can be
quantified. There are two complimentary
approaches to the quantification of HOE in
design and construction operations. The
first is based on the use of objective data that
has been gathered on the incidence of HOE
in design and construction activities.
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The second is based on the use of expert judgment. Objective data can be developed by the direct gathering of data on the
job of interest, information from similar
jobs, real-time simulations or experiments
with the actual tasks. Subjective data can
be derived from extrapolations of objective
data and the scaling of expert judgment.
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Figure 1.3- Organization errors

This study has not identified any well organized, long-term effort in
which a substantial body of objective data has been developed on HOE in design
and construction activities. Some information is available for some types of activities (Figure 1.4).
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Chap* 1
The tests that have been per~ formed indicate that human performance reliability is influenced
dramatically by the “pressure” of
performance (Figure 1.5).
Pressure results from the
combination of psychological
stress$ task unfamiliarity and
complexity, intensity of distractions, limited time, and cognitive impairments. Training, personnel selection, and task complexity reduction, and provision of
sufficient time to perform tasks
can have important effects on performance reliability.
The quantitative information
that is available is extremely vah.lable in that it provides a place to
start the processes of quantification. However, primary reliance
in making quantification of HOE in
design and construction must be
placed on the use of expert
judgment.
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Figure 1.4- General task human error
probabilities
-—

A
/
/
I

aalection, complexity
racfuotion,inctaaead
tirna to parfortn task,
mduotion of distraotiona

The fundamental purpose of
quantitative evaluations based on
+
results from analytical models is
not prediction. The fundamental
PRESSURE
pqme
is to provide a disciplined
framework with which one can
Figure 1.5- Effects of pressure on human
describe and analyze “systems”.
performance
The objective of these analyses is to
make assessments of the ~otential
benefits and costs associa~ed with alternative measures that can improve the
quality of ship structures. The objective of these analyses is to provide insights
and to optimize the use of
on how best to improve the quality of ship structures
the resources that can be made available to improve quality.
The desire or requirement for quantitative evaluations and analflical
models should not be allowed to become an impediment to improving the
quality of ship structures. The focus of the efforts should be to empower those
that have responsibilities for achieving quality. Engineers generally have a
powerful ability to develop quantitative analytical models. However, they
generally also have a weakness in mistaking results from these models for
reality.
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Yes, HOE should be reflected in ship structure design codes and criteria
in two primary ways. First, in the form of explicit and defined Quality
Assurance and Quality Control (QA / QC) measures (Figure 1.6). Second, in
the form of explicit and defined measures to make the ship structure less likely
to promote errors during its design, construction, and operation, and to make
the ship structure more tolerant of the human errors and accidents that can
occur d-kring the life of the ship.
There are three primary strategies
to incorporate HOE considerations in design codes and criteria:
1) fault avoidance (preventwn) measures intended to lower the difficulty of tasks to be performed by
humans and to increase their abilities to perform the tasks.
2) fault detectwn and removal provisions for checking, inspecting, independent verifications, and
providing measures for correction
of faults and flaws when they are
found.

I

I

PREVENT

I

I
I “=
I=um
I

3) fault tolarance - design for defect
and damage tolerance (robustness
in the structure system).

Boforo
Actlvhy

...

t+
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Figure 1.6- QA / QC life-cycle activThis study has not indicated that it ities
is effective or efficient to attempt to defend
against HOE by employing larger loading
factors or smaller resistance factors in
the design process. It is much more effective and efficient to manage HOE
problems at their sources, i.e., to utilize available resources to reduce the incidence and effects of HOE.
Prevention of HOE is a primary strategy that should be reflected in design codes and criteria. This is the essence of Quality Assurance. Such prevention addresses the accountability and responsibilities of qualit y in the design and construction of commercial ship structures. These responsibilities
are suggested in this report.
Prevention also addresses the qualifications and training of those that
design and construct ship structures, the formation of quality oriented design
and construction teams, the elimination of unnecessary complexity in design
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codes and construction procedures, and the verification and validation of
guidelines, procedures, and software used to design ships.
It is important to recognize that HOE can be reduced. However, it is
equally important to recognize that HOE can not be eliminated. Thus, ship
structure systems should be designed that will be tolerant of the defects and
damage that can arise because of “residual” HOE in design, construction, and
operation. Ship structure design guidelines that will explicitly consider and
address design of error tolerant (robust) structures is an important area for
future development.

Remticontenis
In the next chapter of this report, the relationships of quality and quality
management will be examined in the contexts of TQM (Total Quality
Management), the 1S0 (International Standards Organization) Quality
Standards, and QA / QC activities. Engineering and construction activities
which can promote quality in ship structures will be discussed.
Chapter 3 develops the interfaces between quality and reliability of ship
structures. A life-cycle reliability - quality formulation is proposed in which
serviceability, safety (capacity), durability, and compatibility are explicitly addressed. Risk and risk management are discussed in the context of decisions
that must be made regarding investments to achieve quality in ship structures.
Chapter 4 discusses QA and QC and the cost/ competitive aspects of
achieving adequate and acceptable quality in ship structures. Cost - benefit
tradeoffs and other approaches to define equitable balances between quality
and costs are discussed and illustrated.
Human errors have been studied formally for several decades as they influence the quality of non-marine structures. A substantial background has
been developed to address human factors in activities such as operations of nuclear power plants and the U. S. Navy nuclear powered aircraft carrier operations. A substantial body of technology has been developed that has direct applications to marine structures. Chapter 5 reviews highlights of this background.
It has been only relatively recently that there has been a general recognition of the importance of human factors in the quality of marine structures.
Historic causes of unsatisfactory quality in marine structures are reviewed in
Chapter 6. Several recent examples of problems with insufficient quality in
marine structures are reviewed.
Based on the background developed in Chapter 5 and the first part of
Chapter 6, a classification of the causes of human (individual), organization,
system (hardware), and procedures (software) errors is developed and dis.“, ‘.., ,
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cussed. This classification becomes the basis for the qualitative and quantitative evaluation processes that are developed in Chapter 8 and illustrated in
Chapter 9.
Chapter 7 defines and discusses general alternatives for the management of human errors in the design and construction of ship structures. Of
particular importance in this chapter are the organizational aspects that
should be addressed to achieve adequate quality in ship structures.
Chapter 8 discusses three complimentary approaches to the evaluations
of HOE in design and constmction of ship structures. Qualitative ranking and
rating methods are discussed and illustrated. Such methods have found substantial applications in the operations of offshore platforms. Next, quantitative
PRA (Probabilistic Risk Analyses) are discussed. Such methods have found
substantial applications in operations of nuclear power plants and some applications in the design, construction, and operation of offshore platforms. There
have been some exploratory developments in their application to operations of
ships.
The third approach discussed in Chapter 8 is a mixed qualitative - quantitative method that might best be described as a Safety Indexing Method. This
approach has been widely applied to a variety of non-marine structure and
equipment systems. This approach has been applied to two marine structure
problems: fires and explosions on offshore platforms and ship operations.
Because of its potential application in future developments in design and construction of sfip structur~~, the two marine Safety ‘hdexing Meth~ds have
been summarized in Appendix C.
Chapter 9 contains several applications of the foregoing developments to
evaluation of HOE effects on the design of marine structures. The first sections in Chapter 9 identify the principal activities and influences involved in
the design and construction of ship structures. Next, based on the general
ship design process developed, the PRA approach summarized in Chapter 8 is
developed formally as it applies to the design of ship structures.
Chapter 9 contains summaries of three example applications. The first
is an example that addresses HOE in a Finite Element Analysis (FEA) of a critical part of an offshore platform. Quantitative assessment of the effects of improving parts of the design process are illustrated. A PRA application to the
design of an offshore platform structure is summa rized in Appendix D.
Chapter 9 then addresses two ship structure design examples that concern design of a class of single hull tankers. The first example addresses HOE
aspects of the fatigue durability in the Critical Structural Details (CSD). The
second example addresses HOE aspects concerned with the FEA of the CSD in
these ships. Both examples involve qualitative and quantitative assessments.
Both examples illustrate the evaluation of alternatives intended to improve the
quality of the design of the CSD.

Chap*
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Chapter 10 summarizes what has been learned during this project as it
L applies to an -LRFD-guideline for ship structures being developed under the
auspices of the SSC ~ansour, et al., 1993]. Organization, ship designer, and
written guideline aspects are addressed. Specific suggestions are made regarding what should be done in development of the design guideline to address
HOE considerations.
Chapter 11 identifies key research and development efforts that should
be considered if this work is to be continued. These efforts address education,
design, construction, and operations aspects of ship structures.
Chapter 12 summarizes the principal developments from this project.
Conclusions concerning how what has been learned should be applied to help
improve the quality of ship structures are summarized.
Appendix A contains a listing of all references cited in this report.
Appendix B contains a listing of the primary acronyms used in this report.
Appendix C contains a summary of the two marine structure related Safety
Indexing Methods. Appendix D contains a sunumuy of the PRA application to
design of an offshore platform structure.
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QUALITY & QUALITY
MANAGEMENT

Quality
Quality is defined in this report as freedom from unanticipated defects.
Quality is fitness for purpose. Quality is meeting the requirements of those that
own, operate, design, cxmstruct, and regulate ship structures. These requirements include those of serviceability, safety, compatibility, and durability
[Matousek, 1990] (Figure 2.1).
Serviceability is
suitability for the proposed
purposes, i.e. functionality.
Serviceability is intended to
guarantee the use of the system
for the agreed purpose and
under the agreed conditions of
use.

QUALITY

abilityto satisfy requirements
Semiceability

Safety

.

acceptabfllt y of risks

use for purpose for conditions

Comparability
aoosptabflttyof Impaota

A

t

Durability
freedom from unantlcfpstad
degradation

Safety is the freedom
from excessive danger to
Figure 2.1- Attributes that constitute quality
human life, the environment,
in ship structures
and property damage. Safety is
the state of being free of
undesirable and hazardous
situations. The capacity of a structure to withstand its loadings and other
hazards is directly related to and most often associated with safety.
Compatibility assures that the system does not have unnecessary or excessive negative impacts on the environment and society during its life-cycle.
Compatibility is the ability of the system to meet economic and time requirements.
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Durability assures that serviceability, safety, and environmental compatibility are maintained during the intended life of the marine system. Durability
is freedom from unanticipated maintenance problems and costs.
Quality has been defined by St.ena [1992] as:
“An attitude and culture which adopts a never-ending
journey
of meeting
customers’
needs and expectations through continuous improvement by
fidly trained and empowered employees. ”
Quality obviously has different meanings for different people. In this
report, the term quality as applied to design and construction of ship structures
will be taken to be:
freedom from unanticipated defects in tlw serviceability, safety,
durability, and compatibility of the ship structure.

Quality Management

Systems
:::::::~,

h recent years, a wide
variety of processes, procedures,
and philosophies intended to
improve and achieve adequate
quality in goods and services
have been developed and
implemented. The ones that
be discussed here include
will
Total Quality Management
(TQM), Quality Assurance (QA),
Quality Control (QC), and 1S0
(International Standards
Organization) quality
standards. These components
can be viewed as building blocks
of a Quality Management
System (QMS).

~cuabmer

satlafaotlon

QUALITY ASSURANCE

L prevention

- eliminate

error

hduclnq
::i~
,,,,:,
” conditions
,,~:,,,:
!B&;i&m

- parlic@ative

j

QUALITY COWROL
reactive,
datactlon,

veritkation
oorraction

Figure 2.2- Relationships of TQM, QA, QC,
At the outset, it is
and 1S0 quality standards
important to recognize that
these processes, procedures, and
philosophies are related to the
same objective (Figure 2.2). They represent complimentary parts of activities
that are intended to help achieve adequate and acceptable quality. These are
the building blocks that can help achieve quality.
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Total Quality Management
TQM has its roots founded in an effort that dates back to the early 1900’s.
Walter Shewhart, a scientist at Bell Laboratories, proposed that successful
scientists follow a general pattern to improve knowledge with new ideas. First,
they plan a way to test their ideas through experimentation. Second, they do
their experiments. Third they check the measured results against the planned
results. Fourth, they act on the results. If their ideas are not verified, or not
verified completely, they start over by modifying their ideas. But, if their ideas
are validated, these ideas become added to the body of scientific knowledge. This
scheme became the plan-do-check-act process of continuous experimentation.
In 1924, W. E. Deming was a young graduate student intern at Bell
Laboratories. He worked for Shewhart and documented the “Shewhart Cycle of
Continuous Improvement.” In the 1950’s, Derning taught the Japanese how to
apply the continuous improvement cycle to all forms of work. The philosophy
proved so successful that it found its way back into U. S. indust~ in the 1980’s
[Deming, 1982].
Deming founded his philosophy of Total Quality Management (TQM) on
the fourteen points summarized in Table 2.1
-.

Table 2.1- The Deming fourteen points of TQM
1. constancy of purpose
2. adoption of new philosophies
3. elimination of inspections
4. don’t buy on price alone
5. quality improvement is never ending
6. institute on the job training
7. substitute leadership for supervision and management
8. drive out fear ~nd create confidence

9. break down barriers
10. eliminate slogans and targets
11. eliminate management by objectives and quotas
12. remove barriers to pride and quality
13. institute a program of education
and self improvement
14. do it and re-do it as a continuous
process of improvement in quality

Total Quality Management (TQM) is a management philosophy a way of
thinking and working [Adrian, 1992]. It has three main themes:
●
●
●

Customer satisfaction,
Participative management, and
Ongoing improvement.

The focus of TQM is on improving quality by removing defects and solving
problems [Oswald, Burati, 1992]. TQM focuses on envisioning the company as a
linkage of processes, a coherent system of people and procedures.
,’. .,. , ,.
13

~,.’

Role of Human Error In Reliability

of Marine Structures

TQM promotes the following key management practices and activities:
Do it right the first time.
Minimize production variations and risks.
Emphasize problem solving through participative management teams.
Compare quality and performance results with a predetermined and
measurable standard.
Provide continual training and education aimed at quality improvement.

Quality Assurance

& Quality Control

Quality Assurance and Quality Control can be categorized as parts of
Quality Management Systems (QMS). QMS are systems of formal documented
practices used by an organization or team to measure, report, and control the
quality of its goods and services [Puri, 1991]. QMS establishes ways to meet the
stated and implied requirements.
Quality Assurance (QA) are those practices and procedures that are designed to help assure that an acceptable degree of quality is obtained. QA is
focused on prevention of errors. QA consists of system oriented planned actions
to achieve quality, corrective processes, and prevention of problems.
Quality Control (QC) is associated with the implementation and verification of
the QA practices and procedures. QC is intended to assure that the desired level
of quality is actually achieved. QC is focused on inspection, reaction,
identification of errors, rectification, rework, and correction.

1S0 Quality Standards
The International Standards Organization (ISO) 9000 series of international quality standards [1S0, 1994, 1994a] and the related standards [British
Standards Institution, 1990; Norwegian Standards, 1990] are sets of requirements for critical elements in documented business/industrial systems. These
standards touch on topics from management review and design control to statistical techniques.
The ISO Standards have their roots founded in a much earlier set of standards that were developed by the U. S. Military during the second World War.
The Military standards were fi.u-therdeveloped and detailed in Europe during
the 1970’s and 1980’s. Both the British [British Standards Institution, 1990]
and the Norwegians Norwegian Standards, 1990] developed comparable standards that were intended to help achieve desirable degrees of quality in primarily manufactured systems. Later, these standards were harmonized and integrated into a set of harmonized European standards. The formation of the
European Economic Consortium resulted in development of the 1S0. The 1S0
system of quality standards were an early result that were published in the late
1980’s.
...+
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1S0 9000, “Quality Management
and Quality Assurance Standards Guidelines for Selection and Use” is the
introduction to the 1S0 quality system
(1S0, 1994a). It explains fundamental
quality concepts; defines key terms;
and provides guidance on selecting,
using, and tailoring the other
standards to fit specific needs. Table
2.1 sumrnarizes the key elements that
compfise 1S0 9000 [Moore, Roberts,
1994].
1S0 9001, “Quality Systems Model for Quality Assurance in Design
/Development, Production,
Installation, and Servicing, covers all of
the elements found in 9002 and 9003
(1S0, 1994b). It provides additional
details and adds requirements for
design controls and after
commissioning servicing.

Table 2.1- Components of 1S0 9000
● ManagementResponsibility
- QualityPolicy
- Responsibilityand authority
- Verificationresources and personnel
- Managementrepresentation
- Managementreview
“ Qualitysystem
● Contractreview
● Documentcontrol
c Purchasing
● Purchaserssuppliedproduct
. Product identificationand tractability
● Recess control
● Inspectionand testing
. Inspection,measuringand testing
equipment
● Controlof non-conformingproducts
● Correctiveaction
● Handling,storage, packaging, and
delivery
“ Qualityrecords
● Intarnalquality audits
● Training
● Statisti~
techniques & analyses

1S0 9002, “Quality Systems Model for Quality Assurance in
moduction and Installation.” deals
%th the prevention, detection and correction of Problems during Production and
installati&. It ad~esses manufacturing aspect; such as purch~~ed materials,
work in process, record keeping, training, and auditing.
1S0 9003 “Quality Systems - Model for Quality Assurance in Final
Inspection and Test,” provides requirements for sorting acceptable and non-acceptable products before transportation and commissioning.

1S0 9004, “Quality Management and Quality System Elements Guidelines,” is intended for organizations that are initiating their quality management programs. The 9004 standard is intended to help organizations develop
a better grasp of the principles of quality management and the needs of their organizations and customers. The 9004 standard is the foundation for the 1S0
quality developments. 1S0 9001,9002, and/or 9003 are then selected to establish the particulars of a quality system. The 9004 standard embodies the development of TQM in a given organization.
It should be understood that the ISO guidelines are essentially a system
for QA. The ISO guidelines do not assure quality. It is the combination of QA,
QC, TQM, and %eyond TQM” that is intended to assure quality.
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Beyond TQM
The background developed before and during this project on the management of Human and Organization Errors (HOE) in the design, construction, and
operation of marine systems clearly indicates that there is something beyond
TQM, QA, QC, and the 1S0 Standards that should be added to help advance
achieving quality in marine systems. The author has designated these activities
as TQE (Total Quality Engineering), TQC [Total Quality Construction), and TQO
(Total Quality Operations).
Figure 2.3 indicates that there are two principal types of “influences” that
can have profound effects on the quality of a marine system during its life cycle.
Both the environment (or environments) and humans are clearly involved in determining if a system will have adequate serviceability, safety, durabili~, and
compatibility.
There are clearly controllable and uncontrollable aspects of both of these
sets of idluences. Quality managers are most interested in the controllable aspects. The uncontrollable aspects must be relegated to residual, inherent elements that can not be reasonably managed and must be accepted as reality. In
many cases, it is difficult, if not impossible to fully identify or detail the inherent
or residual aspects.

. . --w--”
. . . . . . . . . . . .INFLUENCES

ENVIRONMENTAL

Figure 2.3- Human and environmental influences on the life
cycle quality of a marine system
TQM is a management philosophy intended to achieve quality. It is directed at the people and organizational elements (Figure 2.4). TQM combines
excellence in plannin g (determining the future goals and paths to those goals),
organizing (to achieve the future goals), leading (to assure the future goals are
reached), and controlling (to monitor and re-direct as required to reach the future goals).
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Figure 2.4- TQM and “down-stream” Total Quality Engineering, Total
Quality Construction, and Total Quality Operations

QA, QC, and the 1S0 quality standards are proactive and reactive processes and activities that are intended to help achieve quality. These are elements of a QMS.
In the author’s experience what is lacking in these elements of a QMS is a
proactive and reactive, comprehensive and detailed focus on the “system” and its
“life-cycle quality”. The system includes “hardware” (structure, equipment, facilities), “software” (instructions, procedures, processes), and the “people-ware”
(individuals, teams, organizations, and societies). The life-cycle includes design,
construction, and operations (including maintenance).

—

TQE is the activity of analyzing design, construction, and operations
(including maintenance) systems, determining how best to achieve the desirable
levels of quality in these systems, and then engineering systems (hardware,
software, and people ware) to achieve the desirable levels of qualit y. TQE is not
the traditional process of engineering a structure, facility, or piece of equipment.
It is beyond this process. It is both up-stream and down-stream of this traditional process. It examines the guidelines, context, and constraints associated
with a marine system and provides information and insights to help achieve a
desirable level of quality during the life-cycle of a marine system. It goes beyond
hardware.
TQE should develop insights and information on the alternatives associated with different ways to achieve quality and the costs and benefits associated
with different levels or degrees of quality. TQM should evaluate these alternatives and determine what levels of quality should be developed during the lifecycle phases of a marine system.

,.
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TQC is the activity of analyzing construction systems for a particular marine stmcture to be built in a particular facility at a particular time with a particular construction “infrastructure” and then determining how best to achieve
the desirable levels of quality in the constructed product.
TQO is the activity of analyzing the operations system for a particular
marine structure to be operated in a particular environment and location at a
particular point in time with a particular operations “infrastructure” and then
determining how best to achieve the desirable levels of quality in the operated
marine system.
An example of TQO is the International Safety Management (ISM) Code
[International Chamber of Shipping, 1993; International Maritime Organization,
1993]. mS Code is discussed in further detail in Chapter 6. The objective of the
ISM Code is to establish an international standard for the safe management and
operation of ships. This objective is accomplished by setting rule for the
organization of company management in relation to safety and pollution
prevention and for the implementation of a Safety Management System (SMS).
The ISM Code is intended tore-orient the current approach to regulatory
compliance from the industry’s passive defect notification and correction
response mode to an aggressive approach to safety. Under such a proactive
approach, potential discrepancies are resolved by the companies themselves,
before they can become significant safety or environmental problems Moore,
Roberts, 1994].
TQC and TQO both represent down-stream updating, revision, and detailing of the insights and information developed by TQE. If quality is to be
achieved, it must be a continuous process throughout the life-cycle. If quality is
to be achieved, it must not be regarded as a ‘fad’. In addition, a ‘compliance’ or “I
will do what I am told or can get by with’ attitude must not be allowed to
develop if quality is to be realized.
An important part of TQE, TQC, and TQO is the use of continuous monitoring and controlling systems to detect, analyze, and report quality variances
mea, 1992, 1993; Moore, Bea, 19931. Such monitoring systems have several
p~oses.
The fist pvose
is feed-back on the causes and locations of quality
variances. Timely updating of QA measures and QC correction should be a result. The second purpose is the development of “early warning” and “near miss”
systems. Trends in quality variances and trends in the types and frequencies of
near misses can provide important information to allow detection of unfolding or
evolving quality problems. A life-cycle Ship Structural Integrity Information
System (SS11S) is being developed for this purpose [SchuMe-Strathaus, Bea,
1994].
Most importantly, TQM, TQE, TQC, and TQO should provide adequate
and timely “empowerment” to those that have direct responsibilities for quality.
These are the individuals and teams with their “hands on the wheels.” These
are the individuals and teams on the “front-lines” of design, construction, and
operations activities associated with marine systems.
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Empowerment includes clearly identied responsibilities, goals, and adequate resources (time, money, materials, manpower, knowledge) to achieve quality. Empowerment includes a requirement and demand for integrity to achieve
quality. Empowerment includes a requirement for intimate involvement, leadership and direction of TQE, TQC, and TQO activities.
If TQE, TQC, and TQO are to have beneficial, realistic, and timely results,
then the driving forces to achieve quality must come from the “front lines.” The
initiative, direction, and implementation must be centered on the front line operators. Analysts and “theoreticians” should be involved in supporting,
assisting, and facilitating roles. Extensive hands-on experience in the details of
the particular design, construction, and operation being addressed is the most
essential ingredient in the processes. TQE, TQC, and TQO are not “numbers
games.” TQE, TQC, and TQO are an attempt to achieve quality in the face of a
hostile environment (the sea) and in the face of many and great uncertainties.
Insufficient knowledge and experience behind TQE, TQC, and TQO efforts
results in “meddhng” or “tinkering” with a system. The potential benefits of the
efforts will not be realized and ‘had attitudes” will be develop regarding such
efforts.

Experience
During the past 10 years, there has
been a series of good and bad experiences in
the implementation of QMS. A recent study
conducted by Loney and Ramierz [1994]
involved a survey based on 63 U. S. firms that
had attempted to implement QMS during this
time period. These involved industry manufacturing (29 %), services sector (62 %),
and military (9 %) organizations. The sizes of
the organizations ranged from less than 100
employees (19 %), to 100 to 500 employees (22
%), to more than 500 employees (59 %).
Table 2.2 summarizes the Tier 1
(ranked 1 to 10) and Tier 2 (ranked 11- 20)
activities that the survey indicated to be most
important in deterroining the success of QMS
implementation.
The survey identfied the single most
important requirement for successful
implementation of QMS was management
commitment. The major reason for failure of
QMS implementation was lack of genuine and
sufficient management commitment.
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Table 2.2- Importance of QMS
acti-tities
Tier 1

Managementcommitment
Customersatisfaction
● Clesr vision statement
● Cultural change
● Education
● Participativemanagement
● Strategicquality planning
. Goal clarity
c Error prevention
c Top m-magementsteering
Tier 2
● Timely problem solving
● Measurementof quslity
c Correct problem identification
● Goal setting
● Recognitionprograms
● Qualityimprovementteams
● Partnerships
● Project improvementprocess
● Measurement& control
● Monetarvresources
●
●
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Management commitment included a clear vision statement (goal clarity)
-and provision of sufficient resources (qualified manpower, money, time) to
achieve quality.
Management cormnitment addressed the capability and willingness of
leaders to define and implement QMS. The capability aspects addressed
recognition of organization vulnerabilities, an understanding of business and
corporate environmental challenges, an objective assessment of current
capabilities, demonstration of leadership skills, and the emotional maturity
required for risk taking.
The willingness aspects addressed overcoming traditional assumptions
about employees, relinquishment of the investment in the status quo,
relinquishi~ traditional power strategies and practices, persistence, integrity,
and maintaining a focus on transition outcomes.
Experience of these organizations indicates that the most important thing
needed for a successful QMS is top-down management commitment, leadership,
and integrity. This experience indicates that a successfi.d QMS will not be
allowed to become a “paper chase” where processes are allowed to subvert the
activities needed to achieve quality.

Summary
Quality is freedom horn unanticipated defects. Quality is fitness for purpose. Quality is meeting the requirements of those that own, operate, design,
and construct marine systems.
Quality is comprised of four primary attributes: serviceability (do what it
is supposed to do), safety (does not pose undue risks), durability (fi-ee from unanticipated maintenance), and compatibility (meets time, monetary, and environmental requirements).
Quality requires a permeating philosophy. That philosophy can be represented by TQM. TQM is comprised of planning, organizing, leading, and controlling to achieve quality during design, construction, and operation of a marine
system. It is focused on processes of continuous improvement. It is focused on
integrity on the parts of those that own, operate, design, build, and regulate marine systems.
Quality requires a permeating activity throughout the life-cycle of a marine system. That activity can be represented by QMS. QA and QC are components of QMS. A focus is on QA “an ounce of prevention is worth a ton of cure.”
QC requires continuous vigilance. QC requires timely feed-back to improve QA.
The 1S0 quality standards are one form of QA. The 1S0 quality standards
are not QC,
.,,.
..-’
.,, -’’,...
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There is an important need to focus on the details and comprehensive na~ ture of marine systems. TQE, TQC, and TQO represent activities that are intended to provide such a focus during the evolution and life-cycle of marine systems.
All of this effort to achieve quality should be directed at empowerment of
those individuals and teams that design, construct, and operate marine systems.
From an engineering standpoint, the objective is not to perform analyses, produce numbers, or technical reports and papers. The objective is to provide timely
insights on how best to achieve quality. TQE starts the cycle, it is further
detailed and updated by TQC (with feedback to TQE on how to help improve
quality), and then it is continuously detailed and updated by TQO (with feedback
to TQE and TQC on where there are problems and how quality can be improved).
Quality requires commitment. Quality requires integrity. Quality is not
quick, easy, or free. The initial costs associated with achieving quality can be
repaid many times over by the costs not realized due to insuflkient or
unacceptable quality. So, quality can be “free”.
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QUALITY, RELIABILITY,
RISKS, & DECISIONS

Reliability
Reliability is closely related to quality. Reliability is defzned in this report
as the probability that a given level of quality will be achieved during the design,
construction, and operating life-cycle phuses of a marine structure.
Reliability is the likelihood that the system will perform in an acceptable
manner. Acceptable performance means that the system has desirable serviceability, safety, compatibility, and durability.
The compliment of reliability is the likelihood or probability of unacceptable peflormance; the probability of ‘~ailure” (~.
Success is the ability to anticipate and avoid failure. Failure is an undesirable and unanticipated outcome; the lack of meeting expected pe~ormance; the
significant loss of utility. Experience has amply demonstrated that the single
largest factor responsible for failure of marine structures is “human error”.
Likelihoods of not realizing a desirable level of quality arise because of a
wide variety of uncertainties. During the design phase there is a likelihood of
not realizing the intended quality due to causes such as an analytical flaw embedded in a finite element program or an error made in interpreting a design
loading formulation. During the construction phase, unrealized quality might be
developed by the use of the wrong materials or use of inappropriate alignment
and welding procedures. During the operating phase, unrealized quality might
be developed by accidental loading from collisions or dropped objects or neglect of
planned maintenance of coatings and cathodic protection.
Reliability can be expressed analytically as:
Ps = [1-Pfl = P@l < c]

(3.1)

where D is the demand placed on the marine structure system and C is the ability or capacity of the system to meet or satisfi the demand. P [x] is read as the
probability that the event [x] takes place. Demands and capacities are quanti-
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fied in terms used to define serviceability (e.g. days available for service), safety
(e.g. margin between load resistance and loading), durability (e.g. expected life of
structure), and compatibility (e.g. expected initial and future costs).
Generally, structural reliability has been defined as the likelihood that the
marine structure’s capacity is exceeded by the dead, live, and environmental
loading [Moan, 1993]. This definition has been criticized because of its limited
scope. Conventional structural reliability analysis fails to address the other key
issues associated with the quality of the marine structures. The conventional
definition ftils to address the other key hazards to the quality of the structure
that develop during the life-cycle of the structure (design, construction, operation).
Unreliability is due fundamentally to three types of uncertainties P3ea,
1990]. The first is inherent or natural randomness (aleatory). The second is associated with analytical or professional uncertainties (epistemic). The third is
associated with errors made by individuals and groups of individuals or organizations (human errors) [Moan, 1993; Bea, Moore, 1991, 1992].
While conventional 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 been
included implicitly. It has been incorporated in the background of data and
information that is used to describe the uncertainties and variabilities.
The life-cycle probability of a marine structure not developing a desirable
level of quality could be expressed analytically as:
Pf = Pfl + IY2+ Pf3 + Pfl Pf2+ Pf2 Pf3+ Pf3 Pfl

(3.2)

where the subscripts 1, 2, and 3 refer to the probability of ftilure of the marine
structure that develop during the design, construction, and operating life-cycles
phases of the structure, respectively.
Unreliability that is developed during the design phase could be expressed
analytically as:
Pfl = Pfl.1+ Pfl.2 + Pfl.3 + Pfl.1 IYI.2+ Pfl*2Pf 1.3 + Pfl.3 Pfl.1

(3.3)

where the subscripts 1.1,1.2, and 1.3 refer to the probabilities of failure due to
concept definition, development of loading, and sizing and detailing the structure, respectively.
Unreliability that is developed during the construction phase could be ex~
pressed analytically as:
Pf2 = Pf2.1+ Pf2,2 + Pf2.3 + Pf2.1 Pf2.2+ Pf2.2Pf2.3 + Pf2.3 Pf2.1
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where the subscripts 2.1,2.2, and 2.3 refer to the probabilities of failure due to
fabrication, transportation, and commissioning or installation of the structure,
respectively.
Unreliability during the operations phase could be expressed analytically
as:
Pf3 = Pf3.1+ Pf3.2 + Pf3.3 + Pf&l Pf3.2+ Pf&2Pf 3.3 + Pf3.3 Pf&l

(3.5)

where the subscripts 3.1, 3.2, and 3.3 refer to the probabilities of failure due to
accidents, maintenance, and environmental conditions, respectively.
Later in this report, after a classification and description system has been
developed to permit analyses of HOE effects in design and construction, a similar reliability formulation is developed allow one to explicitly address the key
HOE aspects involved in design and construction of marine structures.

Reliability

Formulation

Reliability is the likelihood that the system will perform in an acceptable
manner. In the context of the design and construction of a ship structural system, reliability will be expressed in this section in two contexts. The first relates
to the capacity of the structural system and the second relates to the fatigue or
cracking durability of the structural system.

—
...

For development of background in reliability technology applied to marine
structures the reader is referred to the report by Mansour, et al. [1990], the text
by Bea [1990], and the report by Orisamolu and Bea [1993], Comprehensive
texts have been written on this subject and the reader is referred to the texts by
Ang and Tang [1975], Madsen, Krenik, and Lind [1986], Melchers [1987], and
Henley and Kmnamoto [1981] for additional background.
In the context of capacity, the reliability, Psc, of the structural system can
be expressed as:
PSC= P [capacity > loading] = P [R > S]

(3.6)

Capacity refers to the ability of the structural system to sustain the imposed and
induced loadings.
In the context of durability, the reliability of the structural system can be
expressed as:
Psf = P [time to cracking 2 service life] = P [Tc > Ts]

(3.7)

where Tc is the time (cycles) to cracking in a Critical Structural Detail (CSD) in
a ship structural system and Ts is the intended or design service period for the
ship.
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The compliment of reliability is the probability of failure, l% (Pf = 1- R).
The reliability can be expressed as follows:
(3.8)

Ps=@[p]
where @is

the standard cumulative normal distribution and ~ is the Safety

Index. The Safety Index can be related approximately (1 < ~ < 3) to Ps as:
(3.9)

Ps = 0.475 exp -(~ )1.6
or very approximately

(3.10)

Ps = 1- 1O-P

For the purposes of illustration, let it be presumed that the probability
distributions of R, S, Tc, and Ts are Lognormal. Such a distribution is frequently
an excellent characterization for these parameters. Then:
in R50 / S50

Pc= (OlnR2 + mnS2)O=5

(3.11)

and:
pf =

in Tc50 / Ts

(3.12)

ClnTc

The subscript variables, X50, refer to the 50th percentile or median values
of the variables. This is a measure of the central tendency (or center of gravity)
of the probability distributions. ~fl refers to the standard deviation of the logarithm of the variables. This is a measure of the dispersion or variability (or
moment of inertia) of the probability distributions.
Given this formulation, the primary reliability considerations are the
“central tendency” ratios R50 / S50 and Tce50 / Ts, and the uncertainty measures ~dt,
~ns, and qnTc, The central tendency ratios (capacity/ demand)
can be interpreted as “factors of safety.” These ratios will be dependent on the
probability level or “return period” used to define the demand quantity.
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Capacity Effects

Figure 3.1 shows the
variation of the annual Safety
Index with the factor of safety.
This example is based on the use
of a 100-year return period
condition for the design loadings,
a total uncertainty of u = 0.5,
and a capacity uncertainty of OR
= 0.25. For example, to achieve
PC= 3 (Pfc = lE-3 per year),
requires a factor of safety of 1.7.
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Annual Safety Index - 13c
Figure 3.2 shows how an
underestimate in the loading capacity uncertainties can reduce Figure 3.1- Annual capacity Safety Index as
the Safety Index. It is presumed function of the factor of safety
that the “target” or intended
value of the Safety Index is PC=
3.0. A 50 % underestimate in the
3
uncertainty results in increasing
the probability of failure by
about one order of magnitude.

Underestimation of the
loading-capacity uncertainties
could occur during either design
or construction. During
development of the design
criteria, there could be an
underestimation of the
1.5
uncertainties associated with
0
20
40
60
80
100
either the loadings, capacities, or
% Error In ~
both . During the construction,
due to poor quality control, there
Figure 3.2- Effects of underestimation errors
could be an increase in the
in the total uncertainty in loadings and
capacity variability over that
capacity on the Safety Index
assumed in development of the
design criteria.
Operations could also have tiects on both the loadings and capacities.
Maneuvering practices in severe weather and maintenance of corrosion protection are examples of operating influences.
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There also could be overestimation of the loading-capacity uncertainties.
These would lead to more reliability being incorporated into the system than was
intended. This would lead to unexpected excess strength and durability in the
ship structure. Generally, such an outcome would not be deemed to be undesirable unless the costs associated with the excess strength and durability were
found to be excessive. In this discussion, the focus will be on developments that
could result in insufficient strength an d-inability in the ship struct~e.
Figure 3.3 shows the effects
of errors in the central tendency
ratio of the ship structure capacity
to the loadings. In this case, a 50
% error in the ratio results in
much more than an order of
magnitude increase in the
probability of failure of the
structure. The reliability is more
sensitive to the central tendency
ratio than to the variability.
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An underestimate of the
capacity to loading ratio could
Error in R / S
develop in several ways. During
the formulation of the design
Figure3.3- Effects of overestimation errors
criteria, a systematic bias could be in the median capacity to loading ratio on
introduced that would result in an the Safety Index
overestimate of the capacity or an
underestimate of the loadings (e.g.
ignoring important dynamic
e-ffects)~D~ng cons~ruction, there could be quality control problems such as
excessive misalignments or use of lower grade steel that would result in
systematically lowering the capacity of the structure.
VO

The importance of these results is as follows. The central tendency capacity to loading ratio has the largest effects on reliability. Therefore, the greatest
management efforts should be directed to minimize the possibilities of human
errors in activities that could determine this ratio. A close second in this priority
would be the uncertainties in the loadings and capacities. Given the generally
much greater uncertainties associated with the loadings, management of human
errors that could lead to under-estimates in the uncertainties in the loadings
would be the next priority.
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Effects

Figure 3.4 shows the variation
on the annual Safety Index at the
end of the service period with the
central fatigue cracking durability
factor of safety (Tf5@l%). An
uncertainty of the time to cracking of

20
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qnTc = 1.0 has been assumed in this
example. For these conditions, a
central factor of safety of about
Tf5~s = 7 would be required to
o
1.0
2.6
3
2.2
1
1.4
obtain Pfc = lE-2 per year. In other
Annual
Safety
Index
~f
words, if the design service period
were 20 years, the design median
time to cracking should be about Tf = Figure 3.4- Variation in the annual
140 years.
Safety Index with the median factor of
safety on the time to fatigue cracking
Based on the previous
developments, Figure 3.5 shows the
4.6
variation of the fatigue cracking
,
Safety Index as a function of service
...........+ ........................................................
b ~Ty...
d
time. The Safety Index at any time,
3.s
t, can be expressed as follows:

E
pft = pf .In:::)

L
u
U3

(3.13)
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2.6

2

i
1
1.6 k
As noted previously, the design
1
0
0.2
Safety Index is reached only at the
Ratio of exp~ure tire% servi;~ life
end of the setice life; due to the lack
of damage from cyclic loadings
probability of fatigue cracking much
Figure3.5- Variation of fatigue cracking
lower) early in the life of the
Safety Index with exposure time (design
structure.
Safety Index = 2.0)
Figure 3.6 summarizesthe
effects on ~f of potential
underestkation errors in ~Tc.
In this case, a 5070 underestimation, does not
result in increasing the probability of fatigue cracking by an order of magnitude.
Similarly, as shown in Figure 3.7, overestimating the median time to fatigue
cracking by 50 % does not result in increasing the probability of fatigue cracking
by an order of magnitude. The two effects are very comparable.
I

h

I

The underestimation in the uncertainty in the time to cracking could have
a design source or a construction source (or both). The design underestimation

+.,-.
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could be due to insticient fatigue testing data with which to develop an accurate estimate of the uncertainty or the median time to cracking. The construction effects that would result in an underestimate of the uncertainties or an
overestimate in the time to cracking could be due to improper profiling of the
welds (weld profile assumed in design and utilized in the fatigue testing not realized) or due to excessive misalignments (introducing secondary bending stresses
not accounted for in design).
The almost equal effects on the fatigue cracking Safety Index of the underestimation of uncertainties or the overestimation of time to cracking would
indicate equal resources should be devoted to quality assurance and control
measures in both design and construction to properly manage the uncertainties
in the times to fatigue cracking.
2

1.8

~

.. . . . . . . . . . . ..~. . . . . . . . . . . .. . . . . ..-

1.4

1.2

------..-..L-.-.-.

-~-------------- . . . .. ..---...-.-----.-.---.

f...

. . . . .. . ...+ . . . . . . . . . . .. . . . . . ..

\
!

20

0

40

go

100

80

% Error in 0

Figure 3.6- Effects of underestimating the uncertainty of time to fatigue cracking
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Factor Effects

Premised upon Lognonmlly distributed loadings and capacities, the following expressions can be developed to define the loading and resistance factors
required for a ship structure Load and Resistance Factor Design (LRFD) format:
050 MO

~ y50 S50

(3.14)

$50 = BR exp (-0.75 ~ ~R)

(3.15)

Y50 = M exp (0.75 ~ UlnS)

(3.16)

where @50 is the median resistance factor (generally less than unity), ~50 is the
median loading factor (generally greater than unity), BR is the median resistance bias = true median capacity/ nominal median capacity, and BS is the median loading bias = tie median loading / nominal median loading.
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Figure3.9- Loading factors
Figure 3.8- Resistance factors
Figures 3.8 and 3.9 illustrate the load and resistance factors for various
capacity Safety Indices based on a capacity bias of BR = 1.44 and a loading bias
of BS = 1.20. The capacity bias recognizes that the ship capacity will be determined using traditional linear elastic analyses based on the occurrence of first
nominal yield in the ship structure system (1.15 factor for steel strength and
1.25 factor for maximum loading capacity above first yield). The loading bias
recognizes the tendency for linear strip theory methods to under-estimate the
stresses in extreme sea states.
For example, if it were desired to have a capacity Safety Index of PC= 3.0
(Pf = 1 E-3 per year), then the resistance factor $ = 0.7 and the load factor y= 1.6.
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Figures 3.10 and 3.11 illustrate the effects of errors in the estimated loading and capacity uncertainties. Errors in the evaluation of median biases in the
capacities and loadings have not been included. The errors in uncertainties have
been illustrated for under-estimations that would result in the loading and resistance factors being too low; this would result in the ship structure being weaker
than intended. A target Safety Index of PC= 3.0 has been assumed in this illustration.
A 50 % under-estimate of the uncertainties associated with the resistance
factor results in a 30 % error in the resistance factor. A 50 % under-estimate in
the uncertainties associated with the loading factor results in a 90 % error in the
loading factor. It is much more important to monitor and control the potential
for HOE in making evaluations of the uncertainties associated with the loadings
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Figure 3,10- Effects of errors in resistance uncertainties on LRFD resistance
factor
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Risk & Risk Management
Risk is defied in this report as the product of the likelihood that adequate
or acceptable quality is not achieved and the consequences associated with the
lack of achieved quality.
Risk results from uncertainties. Uncertainties result from inherent variabilities (aleatory), “professional” or “technical” sources (analytical, modeling,
parameter, epistemic), and “human” sources (individuals, teams, organizations,
societies). Some uncertainties are random (aleatory) and some are systematic
(epistemic). Some uncertainties can be managed (information sensitive, epistemic) and some uncertainties can not be managed (information insensitive,
aleatory). Some uncertainties are essentially “static” (unchanging in time) and
others are essentially “dynamic.” Some uncertainties can be identified and
quantified and some uncertainties can not be identified and quantified.
Consequences result from unrealized expectations and unanticipated lack
of sficient quality. Consequences can be expressed in terms of their frequency,
their severity, their impacts (on site and off site), and their predictability.
Consequences can be expressed in a variety of ways and with a variety of
metrics. Monetary costs are one way to measure and express consequences.
Time (schedule, availability), injuries to humans, and injuries to the environment are other ways to express and measure consequences.
Some consequences can be managed or controlled (hazard mitigation measures). Some consequences can not be managed or controlled. Some consequences can be evaluated objectively and quantitatively and some consequences
can not be evaluated objectively and quantitatively.
Generally, there are significant uncertainties associated with the results
of evaluations of consequences. This is particularly so as one projects the consequences of insuiiicient or unacceptable quality far into the future.
Evaluations of consequences are difficult to make and express.
Evaluations of consequences are very susceptible to the values, views, and “biases” of the evaluators.
Some consequences are essentially “static.” They do not change significantly in time. Other consequences are very “dynamic” in that they change
markedly in time.
An identified risk is a management problem. A faulty or bad definition of
a risk will breed additional risk and result in bad management of quality. A risk
management framework is based on intelligent and perceptive risk identification, classifmation, analysis, evaluation, and response.
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Risks have “sources”, are translated to reality with “events”, and are felt
with “effects.” There are initiating events (direct causes), contributing events
(background causes), and compounding events (propagating or escalating
causes). Risk management attempts to identify causes, detect potential and
evolving events, and control effects.
Risks are independent and dependent. Risks can have partial dependence. If the occurrence of one risk does not influence the occurrence of another
risk, then it is independent. If the magnitude of one risk is related to the magnitude of another risk then these two risks are comelated. Independence and correlation are critical issues in risk management.
Risks are controllable and uncontrollable. Controllable risks are those
that are within the control of those that own, operate, design, classify, regulate,
and build marine systems. Uncontrollable risks are those that are not within
the control of the groups cited. Risk management is concerned primarily with
controllable risks. Inherent risk and uncontrollable risk must be recognized and
evaluated in the process of making decisions regarding the activities and ventures associated with marine systems.
A risk management system should be practical, realistic, and must be cost
effective. Risk management need not be complicated nor require the collection of
vast amounts of data, that in most cases of marine systems, does not exist.
Excellent risk management is a combination of uncommon “common sense”,
qualified experience, judgment, knowledge, wisdom, intuition, and integrity.
Mostly it is a willingness tQoperate in a caring and disciplined manner in approaching the critical features of any activity in which risk can be generated.

\

The purpose of a risk management system should be to enable and empower those that design, build, and operate marine systems. The purpose is to
assist those groups to take the “right” risks and to achieve “acceptable” quality.
To t~ to eliminate risk is futile. To try to munuge risks is the essence of man’s
activities in the sea,
Risk analysis is the attempt to define and evaluate the sources, effects,
and consequences of risks. Risk analysis can be qualitative and it can be quantitative. These are complimentary forms of risk analysis and they should be used
to support each other.
Quantitative risk analysis can involve probability analysis, sensitivity
analysis, scenario analysis, situation analysis, and correlation analysis.
Quantitative risk analysis can be objective and/or subjective.
Qualitative risk analysis will involve the use of direct judgment, generally
involves ranking and comparing attributes and options, and a descriptive analysis and evaluation.
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Decisions
The purpose of developing qualitative and quantitative models of risks is
to provide information for making good decisions regarding management of these
risks. The development of a decision model to help solve problems is outlined in
Figure 3.12.

Figure 3.12- Risk decision analysis
The decision analysis process is divided into two primary parts:
1) analysis, and
2) synthesis.
Analysis involves framing and formulation. These involve decomposition
of the problem into its parts. The subsequent evaluation and appraisal involve
synthesis in which the parts are combined into a whole to establish the ati
tributes of each possible solution.
The purpose of framing is to avoid working the wrong problem. The purpose of framing is to state the precise nature of a problem and the objectives to
be pursued.
Framing is structuring and re-stating the problem. One objective of fmming is to surface the “unspoken agendas” that are generally present in a risk decision problem.
Formulation is a formal model based upon the problem. It is based on a
decision process composed of three parts [Raffia, 1970]:
1) The alternatives available to the decision maker to achieve the particular goaL
2) The information that describes the relationship between the decisions
and possible outcomes.
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3) The preferences of the decision maker.
Information includes any form of model, forecast or probability assignment which indicates the possible outcome of the decision. Preferences express
the values of the decision makers regarding the principal outcomes (e.g. which is
more important, schedule or cost?).
A good decision is an action that is logically consistent with the alternatives available, the information available, and the preferences. Good decisions
do not always result in good outcomes. Table 3.1 lists the attributes associated
with good fisk decision -g
processes [Flanagan, Norman, 19931).

Table 3.1- Attributes of good risk decision making processes

Framin&
Alternatives
Information

Evaluation

Implementa
tion

Surveys the full range of objectivesto be fulfilled and the values implied by the choices
Thoroughly canvassesa wide range of alternativecourses of action;
ossibilitythinking
~owledge about the costs and risks of negative consequences as well as the positiveconsequencesthat could flow from
each option. Intenselysesrches for new informationrelevant to further evaluationoft-s.
Kem an open mind.
Correctly assimilatesand takes accountof any expertjudgment and
risk exposure, even when thejudgment does not supportthe course of
action initially preferred. Re-examinesthe positive and negative consequences of all known alternatives,includingthose originallyrecourse of action, with special attentionto contingencyplans that might
be required if various known ad unknownrisks were to materialize.
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Quality is freedom horn unanticipated defects. Quality is fitness for purpose. Quality is meeting the requirements of those that own, operate, design,
construct, and regulate marine structures. These requirements include those of
serviceability, safety, compatibility, and durability.
Reliability is defined as the probability that a given level of quality will be
achieved during the design, construction, and operating life-cycle phases of a
marine structure. Reliability is the likelihood that the system will perform in an
acceptable manner. Acceptable performance means that the system has desirable serviceability, safety, compatibility, and durability.
Reliability can be expressed as the probability that the demands placed on
a marine structure can be supplied by that structure. The probability of failure
or unreliability is the compliment of the reliability and is the likelihood of undesirable or unacceptable performance of a marine structure. Examples have been
developed pertaining to the reliability characteristics associated with the capacity and durability of a marine structure that indicate the sensitivity of reliability
to design and construction factors that affect loadings, strength, and the uncertainties associated with loadings and strength. Similar examples were developed to illustrate these effects on Loading and Resistance Factors.
Understanding these sensitivities allows one to direct QA / QC to the portions of the design process that have the highest probabilities of human errors
and have the greatest effect on the reliability of the marine structure.
Risk represents the product of the likelihood of an event and the consequences associated with that event. Risks pervade all activities. Not all risks
can be defined and quantified. A primary objective is to manage those risks that
we can define and quantify and defend against those that we can not define and
quantifi.
Decisions involve framing and analysis. There are good decision making
processes and the attributes of such processes have been defined. A good decision is an action that is logically consistent with the alternatives available, the
information available, and the preferences. Good decisions do not always result
in good outcomes.
The next chapter will examine aspects of QA / QC, their potential costs
and benefits, and illustrate how one might develop evaluations of equitable balances in the costs of achieving quality and the benefits associated with that
quality.
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Quality Assurance

& Control

Quality Assurance (QA) are those practices and procedures that are designed to help assure that an acceptable degree of quality is obtained. Quality
assurance is focused on prevention of errors. Quality Control (QC) is associated
with the implementation and verification of the QA practices and procedures.
Quality control is intended to assure that the desired level of quality is actually
achieved. Quality control is focused on reaction, identification of errors, rectification, and correction.
QA / QC measures are intended to assure that a desirable and acceptable
reliability of the marine structure is achieved throughout its life [Bea, et al.,
1994].
Quulity is initiated with the conception of a service or product, defined with
design, translated to reality with constructwn, and maintained with high quality
operations.
Achieving quality goals is primarily dependent on people. QA / QC efforts
are directed fundamentally at assuring that human and system performance is
developed and maintained at acceptable levels. Experience has adequately
demonstrated that most problems associated with inadequate quality in marine
structures are associated with Human and Organization Errors (HOE). Such errors can occur in the concept development, design, construction, and operation
life-cycle activities of a marine structure.
Figure 4.1 outlines the strategies that can be employed in defining QA /
Q(2 measures. These strategies include those put in place before the activity
(prevention), during the activity (checking), after the activity (inspection), after
the manufacture or construction (testing), and after the structure has been put
in service (detection).
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As will be discussed in the next section, the earlier QA / QC measures are
able to-..detect the lack of acceptable quality, then the more effective can be the
remediation.
Of all of the QA / QC measures, the
most effective are those associated with
prevention. As factors leading to lack of
desirable quality are allowed to become
more and more embedded in first the design,
then the construction, and then the
operation of a marine structure, then the
more difficult they are to detect and correct.
Personnel selection, training, and
verification; the formation of cohesive teams
and encouragement of teamwork, and the
elimination of unnecessary complexity in
procedures and structure - equipment
systems are examples of effective QA / QC
measures.
Control QA / QC measures consist of
procedures and activities that are implemented during design and construction
activities to assure that desirable quality is
achieved. Self-checking, checking by other
tezun members, and verifmation by activity
supervisors are examples of such activities.

I

IIM-w;

PREVENT

I

Figure 4.1- Quality assurance

and control strategies

Inspection and verification QA / QC measures consist of procedures and
activities that are implemented after the design and construction activity or
segment of that activity has been completed. Design documentation and construction production products are inspected to assure compliance with the applicable procedures and specifications. Verification of design assumptions and
analyses and destructive and non-destructive testing of constructed elements are
examples of such activities.
Detection QA / QC measures consist of procedures and activities that are
implemented after the marine structure has been put in service to assure that
desirable and acceptable quality are maintained. The use of shipboard monitoring systems and in-service inspections to assure that significant damage is not
developing in the hull structure due to cracking and corrosion are examples of
such activities.
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Quality & Costs
Providing quality in the design, construction, and operation of a ship or
offshore platform can result in lower life-cycle costs, be safer, and minimize unrealized expectations. Quality can result in signdicant benefits. But, quality
costs.
Achieving an adequate
level of quality is not quick, easy,
or free. It can be costly in terms
of the initial investments of
manpower, time and other
resources required to achieve it
(Figure 4.2) . But, if it is
developed and maintained, it can
result in significant savings in
future costs.
Consideration of future
costs requires a long-term view
of the performance characteristics of a system. The
objective is to &d the level or
degree of quality that will
minimize the total of initial and
future costs.

i

I

“best’”level

of quality

\
\
P
Future Costs
lost service %

●0 /

II

damage
% A ~
repairs
maintenance
-“+
‘T-~

I

*

future

Initial Costs

l--.:g:::r

mlnlmumInitialcost
maximum

\

~

LEVELOF QUALITY

cost

Figure4.2- Consideration of initial and
future costs associated with various levels of
quality

Different levels of quality
are needed for different levels of
“criticality.” If a structure element, component, or system is
particularly critical to the
quality of a structure, then even
though it may have identical
initial costs, it may have very
different future costs (Figure
4.3).
Higher levels of quality
and more intense QA / QC
measures should be relegated to
those element, components, and
systems that have higher levels
of criticality.

Total Costs

\

Future @sts

-2

*I

LEVEL
OF
QUALITY

Figure 4.3- Criticality should determine the
level of quality
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The rests to correct
insticient
quality (errors]
are a function of when the
deficiencies are detected and
corrected (Figure 4.4). The
earlier they are caught and
fixed, then the less the costs.
The most expensive time to
h quality errors is after the
system is placed in service.
This places a large premium
on early detection and
comection of errors. Not
only are there are large
direct future costs associated
with fixing errors, but as
well there are large indirect
costs associated with loss of
business and loss of image.

of Marine Structures
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In Servioa

LIFE CYCLE PHASE

Figure4.4- Life cycle costs to correct errors
Assuming that the
costs of quality varies
linearly with the logarithm of the probability of insufficient quality, the
“opthmun” annual reliability that produces the lowest total of initial costs and
.future costs can be shown to be [Bea, 1992; Bea, 1994b]:
Ps=l-

0.4348
CR pvf

(4.1)

where CR is a cost ratio and pvf is a present value discount function. The cost
ratio is the ratio of the costs associated with not realizing the desired level of
quality (CF) to the costs required to reduce the likelihood of not realizing the desired level of quality by a factor of ten (ACi). For a continuous discount function
and long-life structures (life >10 years), pvf = r-l where r is the monetary net
discount rate (investment rate minus inflation rate). For short-life structures
(life <5 years), pvf= L, where L is the life in years.
As shown in Figure 4.5, as the costs associated with development of insufficient quality increases, the reliability must increase. As the initial costs to
achieve quality increases, the optimum reliability decreases. The optimum reliability is based on the quality that will develop the lowest tolxil initial and future
costs. The marginal probability of insufficient quality is double the optimum
quality probability. It is the quality in which the incremental investment to
achieve quality equals the incremental future benefit (cost /benefit = LO).
Reliability of a marine structure element, component, and system is a function of
its criticality expressed by the product of the cost ratio and present value function.
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Figure4.5- The economics and likelihood of insufficient quality

Quality can be a substantial competitive aspect in industrial activities. If
a purchaser or user recognizes the benefits of adequate quality and is able and
willing to pay for it, then quality can be a competitive advantage. If a purchaser
or user does not recognize the benefits of adequate quality or is unable or unwilling to pay for it, then quality can be a competitive disadvantage. Purchaser/
owner quality goals must be careftily defined so that uniformity can be developed in the degrees of quality offered in a product or service sector. Once these
goals have been defined, then the purchaser /owner must be willing to pay for
the required quality.
It is important to recognize that the society being served by the industry
also has a stake in quality. The industry must have adequate profitability to
have adequate resources to invest in achieving adequate quality. The general
public that is served by the marine industries must be willing to pay for the
quality that it may demand mea, 1993].
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Cost Based Durability
Cost & Code Based Calibration

of LRED

The choice of a Safety Index (i.e. probability of failure) to be used in development of design guidelines is a key issue. The following example addresses the
development of design durability load and resistance factors based on two different approaches; one is based on the economics of durability and the other is
based on calibration with existing classifmation guidelines.
For example, suppose for a given class of ships CF = $500 million, ACi =
$25 million, and pvf= 10 (L = 20 years, net discount rate = 10 %), then based on
the foregoing economics based quality developments, PC= 2.9 (Pfo = 2 E-3 per
year). If however the ship owner argued that due to insurance and other “protective measures” that CF = $100 million, then PC= 2.3 (Pfo = 1 E-2). A reliability philosophy that was “weighted toward avoiding costs associated with failure
and initial costs could result in increasing the likelihood of ftilure by a factor of
10. There would be important effects on the loading and resistance factors.
A second approach would be to “calibrate” the load and resistance factors
to give the same results as a current “accepted Working Stress Design (WSD)
format guideline, Given a Working Stress Design (WSD) format, the median
factor-of-safety, FS, can be expressed as follows:
R50 / FS50 > S50

(4.2)

FS50 = R50 / S50

(4.3)

FS50=(BS

/BR)exp(~c

FS50 = ‘Y50j $50

O)

.-,,

(4.4)
(4.5)

Given the previous example in which BS = 1.20, BR = 1.44, 13c= 3.0, and a
= 0.5, then FS50 = 3.73. Given that the desi~- loadings were based on 100-year
conditions:
FS99 = FS50 exp -(2.33 as)

(4.6)

Thus, FSg9 = 1.36. Given a load factor ~50 = 1.2, then based on a “correct”
PC= 3.0, @5rj= 0.88. If however, the present “accepted design guideline implied
PC= 2.6, then FS50 = 3.06 and FS99 = 1.2. Given a load factor~50 = 1.2, then
@5(l= 1.0.
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The use of a “calibration” approach would produce a significant “error” resulting in an under-estimate of the load factor. Calibration of LRFD factors to
existing codes will give the “correct” answer only when the existing code has incorporated sufilcient levels of reliability and durability. The bias and uncertainties associated with the loading and capacity factors must be correctly evaluated
if there are to be reasonable proportioning of safety between the loading and resistance factors.
Examples

of Cost Based Durability

Criteria

An example application of these developments is illustrated in Figure 4.6
for Critical Structural Details (CSD) in a 250,000 DW’T ULCC. The numbers of
fatigue failures (through thickness fractures) that can be anticipated in a ship
hull structure during 5 year periods throughout a service life of 20 years are
shown. It was assumed that the ship hull structure had 10,000 CSD whose fatigue strength had been uniformly determined by ~D’s ranging from 1.0 to 3.0 (o
assumed = 1.0).
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The ship that had its CSD ~D = 2.5 had 6 fatigue failures during the first
10 years as compared with the ship that had its CSD ~D = 1.0 with 203 fatigue
ftilures during the sane time period. For fatigue design Safety Indices between
1 and 3, the number of fractures for a 20-year lifetime ranges from less than 20
to in excess of 1,000.

20
26
24
22
20
18

16

1

1s4

22

1.8

2.6

3

FATIGUE DESIGN SAFHY INDEX

Lifetime (20 year) costs in example ULCC hull
structure as fmction of the fatigue design safety index

Figure

4.7-

The foregoing information has been used ta estimate the total life-cycle
costs associated with fatigue fractures (Figure 4.7). It was assumed that the inspection process was capable of detecting the through-wall fractures that were
developed at 5-year intervals, and that these fractures were immediately repaired to the initial condition (three IMR cycles). It was assumed that the initial
cost differential between designing and constructing for a CSD ~D = 1.0 to CSD
~D = 3.0 cost $10 fillions. Further, it was assumed that the total present valued
cost associated with each fatigue fracture was $10,000 (this included inspection,
repair, and out-of-service costs).
The results indicate a fatigue design Safety Index of about ~ = 2.0 is optimum. Lower and higher initial cost fatigue design Safety Index alternatives result in higher total costs.
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Cost Evaluation

A corrosion durability alternative evaluation can be developed in a manner similar to that for fatigue durability, It is assumed that the capacity of a
CSD, Ru, can be expressed as:
(4.7)

Ru = Sf(ti - c)

Sf is the failure stress per unit width of the CSD, ti is the initial thickness of the
CSD, and c is the corrosion wastage. Note that comosion allowances such as are
included in some classifwation rules would be incorporated in ti. The corrosion
wastage can be expressed as:
(4.8)

c=Rc T

Rc is an average corrosion rate for a given period of time, CSD location, and protection, and T is the corrosion exposure time. For coated surfaces, T can be defied as the time associated with loss of effectiveness of the coating. For unprotected surfaces, T would be referenced to the time of initiating service of the
CSD.
Let the corrosion or wastage limit, Lc, be expressed as:
RcT
Lc=—
—
ti~() = ti

(4.9)

Expressing the likelihood of a corrosion caused failure, Pfc, as:
Pfc = P[ti - c < tL]

(4.10)

tL is the limiting plate thickness of the CSD. Assuming lognorndly

distributed

corrosion and plate thickness variables, the corrosion Safety Index, Pc, can be
expressed as:
in (to - Rc T)
pc =

(4.11)

‘L
s~t

The change of the corrosion Safety Index as a function of time after the
corrosion protection has lost its effectiveness can be expressed as:
In{ (1 - ~
Pc(T) =

)FS50i }
(4.12)

Slnt

The corrosion limit can be expressed as:

47

Lc=l

-

exp (bc ~t)
FS50i

(4.13)

~nt is the uncertainty measure (standard deviation of the logarithms) associated
with the corrosion rate, Rc, the time to corrosion protection breakdown, T, and
the uncertainties associated with determination of the limiting plate thickness,
tL. FS50i is the initial central factor of safety used in design of the CSD.
Very large variabilities are associated with corrosion rates of CSD in various parts of tanker hull structures. For example, the corrosion database developed and described in Bea [1993] indicate ~~c = 0.5 to greater than 1.5.
For example, given a corrosion safety index of @ = 2.0 (about l/100 chance
of exceeding the prescribed limit in a given year), an uncertainty measure s~t =
1.0, and a central factor of safety of 10, the resulting corrosion limit would be Lc
=26 percent.
An understanding of the change in the corrosion Safety Index as a function of the corrosion exposure period is illustrated in Figure 4.8. This example
has been based on an initial CSD plate thickness of 15 mm, average corrosion
rates of Rc = 0.5 to 1.0 mm/year, a total uncertainty s~t = 1.0, and initial central
factors of safety, FS, of 5 to 10. As the corrosion rate increases, the rate of increase of the probability of corrosion failure (exceeding a specitied limit) in a
given period increases. The initial factor of safety has no effect on the rate of
change of the probability of failure as a function of corrosion exposure time.

2.5

2

YF&i).5mm&r,

Fsa

-u-%=o.smm~r,

Fs.1o

-

‘R&l.

omm&~ FsA

-X

-Rc=l .Omm/yr, FS=I O

4
1.5

1

0.5
0

5

10

15

20

CORROSIONEXPOSURETIME (years)

Figure4.8- Variation of corrosion Safety Index as function of
the exposure time, average corrosion rate, and initial design
central factors of safety
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An example application of the foregoing can be developed as follows.
Assume that ballast tank CSD have been designed in a double huIl ULCC with
an initial central factor of safety of 10. The initial thickness of the CSD is 15
mm. The expected (average) corrosion rate during exposure of the steel in these
tanks is 0.5 mdyear. The total uncertainty associated with the corrosion effects
is Slnt = 1.0. The total surface area of the ballast tanks is 400,000 ft2.
Three corrosion durability alternatives are being considered: 1) no initial
protective coating and cathodic protection, 2) a 5-year expected life coating and
cathodic protection system for all ballast tank surfaces, and 3) a 10-year expected life coating and cathodic protection system for all ballast tank surfaces.
The corrosion limit has been defined so that the minimum corrosion Safety Index
is 2.0; Lc = 25 percent wastage. Periodic surveys will be conducted to assure that
this limit is detected.
It will be assumed that it costs $10 ft2 to provide the 5-year corrosion protection and $15 ft2 to provide the 10-year corrosion system when the ship is
built. For the 5-year and 10-year protection systems, it will cost $20 ft2 and $25
ft2 present valued costs, respectively, when the protection must be renewed.
The initial no protection system will be designed with a 10 percent corrosion allowance on the CSD that will cost $4,000 per ton. The alternatives will be assessed for a 20-year life.
In the case of the no initial protective coating system, the corrosion limit
will be expected to be exceeded in 10 years. At this time, a 10-year protection
system will be installed. In the case of the initial 5-year protection system, the
corrosion limit will be expected to be exceeded in 13 years. At this time, 10-year
protection system will be installed. In the case of the initial 10-year protection
system, the corrosion limit will be exceeded in 18 years. At this time, a 5-year
protection will be installed.
The results of this example are summarized in Figure 4.9. The no initial
protection system has the largest present valued cost. The 5-year and 10-year
protection systems have a present valued total cost less than half of the initially
unprotected system. There is little difference between the 5-year and 10-year
protection systems.

49

,-.,
...
/.”

‘k,,

,,

.?~

.................
/’..................

h

.-

. . . . . .. . .. . .. . . . . .. . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . .. . .

. . . . . . .. . . . . . . . . . . . . . . . . ..

Few----------------------

i

5

..............................

6

o

.“,.

10

YEARs LIFE CORROSIOFJ ERoTEaON

SYSTEM

4,9- Lifetime (20 year) costs associated with
three alternative corrosion protection systems

Figure

Application
Suppose a ship owner is presented with three durability options for a new
ULCC that is intended for 20 years of operation. Table 4.1 summarizes the initial costs (millions of U, S. dollars) associated with each of the options including
the additional costs associated with heavier scantlings to increase the fatigue
durability of CSD and corrosion protection in the ballast tanks. Option #1 is designed to minimum Class durability requirements (fatigue b~= 1.0 and no
coatings in the ballast tanks) and Option #3 is designed to result in very high
durability (fatigue b~= 3.0 and 10-year coatings in the ballast tanks).
Option #1 is the minimum initial cost ULCC and Option #3 is the highest
initial cost ULCC. The initial cost of O~tion #3 is 17 % in-eater than the lowest
initial cost option.
Table 4.1- Economics based evaluation of fatigue and corrosion
durability options

Option

Initial
cost
$ MM

Initial
cost with
coatings
$MM

Present
Valued
Fatigue
costs
$MM

Present
Valued
Corros.
costs
$MM

Present
Valued
Total
costs
$MM

#1

95
100
105

95
104
111

23
27
15

31
10
10

149
131
136

#2
#3

% of
Option
#1

100

88
91

-..
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Consideration of the lifetime durability costs indicates quite a different
picture of the econoroics. Even though it initially cost $9 millions more than the
minimum cost option, Option #2 results in the minimum total present valued
lifetime cost. Over a 20-year operating period, the cost of Option #2 is 88 % of
the minimum initial cost option. Even though designed and maintained to be
the most durable option, Option #3 results in a higher lifetime present valued
cost than Option #2, The initial cost investment in durability is not offset by the
reduced future maintenance costs.

Summa3w
Quality Assurance (QA) are those practices and procedures that are designed to help assure that an acceptable degree of quality is obtained, Quality
Control (QC) is associated with the implementation and verification of the QA
practices and procedures. Quality control is intended to assure that the desired
level of quality is actually achieved. QA / QC measures are intended to assure
that a desirable and acceptable reliability of the marine structure is achieved
throughout its life.
Given that quality goals have been defined, achieving these quality goals
is primarily dependent on people. Thus, QA / QC efforts are directed fundamentally at assuring that human and system performance is developed and maintained at acceptable levels. Experience has adequately demonstrated that most
problems associated with inadequate quality in marine structures are associated
with Human and Organization Errors (HOE). Such errors can occur in the concept development, design, construction, and operation life-cycle activities of a
marine structure.
Of all of the QA / QC measures, the most effective are those associated
with prevention. As factors leading to lack of desirable quality are allowed to
become more and more embedded in first the design, then the construction, and
then the operation of a marine structure, then the more diflicult they are to detect and correct. Personnel selection, training, and vefication; the formation of
cohesive teams and encouragement of teamwork, and the elimination of unnecessary complexity in procedures and structure - equipment systems are examples of effective QA / QC measures.
Providing quality in the design, construction, and operation of a ship or
offshore platform can result in lower life-cycle costs, be sder, and minimize unrealized expectations. Quality can result in signifwant benefits. But, quality
costs.
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Quality can be a substantial competitive aspect in industrial activities. If
a purchaser or user recognizes the benefits of adequate quality and is able and
willing to pay for it, then quality can be a competitive advantage. If a purchaser
or user does not recognize the benefits of adequate quality or is unable or unwilling to pay for it, then quality can be a competitive disadvantage.
Purchaser / owner quality goals must be careftily defined so that
uniformity can be developed in the degrees of quality offered in a product or in a
service sector. Once these goals have been defined, then the purchaser / owner
must be willing to pay for the required quality. Ultimately, it is the public that
is served that must pay the price for quality.
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chapter’5
HUMAN ERRORS:
NON-MARINE STRUCTURES

Introduction
One of the primary tasks in this project was to review the literature on
HOE in structure design and construction. This review included available
background on the roles of HOE in design and construction of conventional
buildings and foundations, bridges, dams, airframes, nuclear power plants, and
offshore platforms. In addition, literature regarding HOE in medical practice
and computer software development were reviewed.
The central theme that developed from these reviews was consistent. The
single largest source of reliability problems associated with structures is HOE.
Approximately 80+ % of the “failures” of such systems is due to compounded
HOE. HOE occurs in all of the life-cycle phases including design, construction,
and maintenance. In “passive” systems, where the majority of human activities
that influence reliability are confined to the design and construction phases, the
majority of HOE occurs in the design phase. In “active” systems, where human
activities are present in all life-cycle phases including the long-term operating
phase, the majority (approximately 80%) of HOE occurs or is made evident during the operating phase. Lack of recognition of HOE is the fundamental reason
for the disparities between computed or notional reliabilities and actuarial reliabilities.
Another important ilmling tiom this review regarded quantitative assessments of the causes of HOE related failures. The review did not identify one
source of reliable objective data on HOE related-design and construction failures.
The studies have been sporadic and subjective in nature. There is no common
classification or description of HOE in design and construction. There has been
and still is no uniform classifications of errors or a uniform basis for identification of their causes and effects,
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Congressional

Committee

of Marine Structures

Fintings

In the early 1980’s, there was a dramatic increase in failures of structures
in the United States. This lead to a Congressional committee to investigate the
failures and determine how they could be reduced. The findings of the committee included the following six factors to help prevent structural accidents
[Committee on Science and Technology, 1983]:
1) improvements in the communications and organization in the construction industry,
2) improvements in the inspection of construction by the structural design

engineer.
3) improvements in the general quality of the designs.
4) improvements in structural comection design details and shop drawings.

5) improvements in the selection of architects and engineers.
6) timely dissemination and application of technical data.
—.

American

Concrete Institute Survev

An extensive error survey was carried out in 1977 by the American
Concrete Institute Committee into factors that influenced the failures of conventional concrete structures ~aczek, 1979]. A questionnaire was prepared to define error detection, types of errors, consequences of errors, quality control, and
the structural elements involved.
Tables 5.1 and 5.2 summarize the results fi-om the survey in terms of the
times and methods of error detection. Most of the errors that are developed during design are detected during construction and operations; few (less than 10 % )
are detected during the design. This is in contrast with the errors that develop
during construction, almost three-quarters of these errors are detected during
the construction phase. The dominant mode of error detection is derived from
observations of the structure itself (> 90 %); calculation and drawing checking is
not very effective.
In terms of the time of detection of errors, these results have been confirmed in a recent survey of design and construction failures [Kaminsetzy, 19911
(m@’e 5s1). Over half of the errors are detected during operations. Only 2 % of
the errors are detected during the planning and design stages.
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Table 5.1- Time of detection of errors

Phase

Jhrors
.

Errors
.

D:;gn

C::st.
%

%

Desi.m

..

IR

75

25

Table 5.2- Methods of error detection
Errors
“
D;~gn
%

Errors detected by

Engineering

I

II

Errors
.
C::st.
%

8

Construction

7

I

Operations

92

I

93

57

9 Planning
u Design
H Construction
H Operation
Figure 5.1- Detection of errors in design and construction of concrete structures
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European Building Failures Study
In a survey of European building failures lllauser, 1979], the causes,
sources, and detection possibilities were identified. This survey addressed conventional steel and concrete buildings. The results are summarized in Tables 5.3
and 5.4.
Ihmflkient knowledge and ignorance on the parts of the design engineer
and contractor are responsible for the majority of failures. In terms of numbers
of failures, the contractor is responsible for the majority of failures, however in
terms of cost, the engineer is responsible for the majority of failures.
Hauser’s survey and assessment indicates that the majority of errors
could be detected with more effort expended in checking during the planning/
concept development stage. A most important finding is that the majority of violations in planning, construction, or operation are intentional violations of general rules of procedure.
Table 5.3- Causes of failure of conventional building structures

RixEll

Causes

insufficient knowledge
reliance on others
underestimated influences
error
negligence
unknown situfltims

n

I

%-

%

36
9
16
13
14
7

14
5
11
454
s?

m

I

II

Table 5.4- Sources of errors in conventional building structures

Sources of Errors

number
%
28
33
11

cost
%
41
17’
20

Architect

8

1

Owner /user
Others

5
15

13
8

Engineering
Construction
Engineering & Constmctor

,,
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Hauser’s conclusions
regarding the sources of
errors were confirmed by
Kaminetzky [1991] (Figure
5.2). Kaminetsky also
addressed conventional building structures. These results
indicate that well over 50 %
of the errors occur during the
engineetig phase of
pltig
and design (total 58
%).
In a review of 212
cases in which engineering
was responsible for the failure of structures (Figure 5.3),
Matousek [1977] identified
that insufficient knowledge
was the single predominant
cause (36 %). Note that
negligence is a close second
(27 %).
In a similar review of

Stictures

WEEE
5770

Figure 5.2- Occurrences of errors in desia
construction of structures

27%

10%

.........
.............
......,..,.~,...
.................
.....
....
.........
.........
..........
..........
.........
..........
..........
..........
.....
.....
.......

I

■ Insufficient
knowledge

37%

16%
@

261 cases in which

and

I

fJ Reliance on
Others

I

H Underestimate
influences

1o%
construction was responsible
H Negligence
for the ftilure of conventional
building structures (Figure
~
5.4 ), Matousek [1977]
Figure 5.3- Engineering causes of structure
identified that negligence was failures
the single predominant cause
(58 %).

I

Hauser’s conclusions
7%
.....
regarding the causes of
..............
......................
...........................
.
building structural failures
........
. . ... .........
..
.
..
......... ...............
............
..
were cotirmed by Walker
..........
17%
..........
58% ..........
<<<;<<<<<:
[1980] (Table 5.5).
.........
..........
........
..
...
.... ...
..........
.......
..
Engineering errors (loadings,
.........
.........
.........
.........
........
........
7%
structural behavior,
.......
......
.
......
......
........
@
calculations, instructions) are
11%
responsible for 54 % of the total number of causes of
building structure failures.
The majori~ of engineering
errors (61 %) are die to
Figure 5.4- Constriction causes
errors in defining the
failures
loadings.
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Table 5.5- Primary causes of building structure failures
%

Cause
I
Ignorance of Loadings
Ignorance of structural behavior
Mistakes in calculations/ drawings
Inadequate instructions /requirements
Ignoring instructions / requirements
Wrong fabrication / erection
Misuse, abuse
Random variations
Other

33
10
7
4
9
13
7
10

7

The European information developed by Matousek and Schneider [1977,
1979] was based on failure dossiers from insurance companies, published reports, and personal information from engineering firms and contractors. The following lists some of the primary conclusions from their study:
1) Most of the damage occurs during construction due to poorly planned
construction factors (erection, assembly).
-.

2) Errors in plarming lead to a larger amount of structure and equipment

damage while the consequences of errors in construction are more severe with respect to injuries.
3) The cause of failures is predominantly due to human errors; about 75 %

of the instances of damage and 90
human error.

YO

of the costs of damage are due to

4) About 45 % of ftilures are due to defects in design, 49 % due to con-

struction, and 6 % due to improper use and inadequate maintenance.
5) A large proportion of the mistakes leading to failures could have been

detected by adequate checking by the person next involved in the engineering and construction processes.
6) Most (32%)

of the mistakes couId be detected by additional control; an
additional 3370 and 17 of the mistakes could be detected during the
planning and construction stages, respectively.
Yo

7) Additional inspection and checking during planning, design, and construction is the most efficient method of error control.
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Failures

Eldukair and Ayyub [1991] reviewed a total of 604 structural and
construction failures in the U. S. during the period of 1975-1986. The survey
was based on information gathered from the Engineering News Record (ENR)
during this time period. ENR reported only on selected major failure cases and
the failure causes that were studied were caused by variation within and
departure from common engineering practices. Most of the failure cases were
related to commercial buildings, bridge, and residential building projects.
The sources of error in the structure failures were mainly associated with
technical errors. Seventy eight percent of the structural failures cases indicated
that technical errors were the dominant source of error. Technical errors in
design and construction were about equal contributors to the failures. Technical
errors in operations had about half the incidence of those in design and
construction.
Forty percent of the ftiures involved management errors (the total
exceeds 100 % due to multiple causes or contributions to the failures).
Management errors occurred primarily in work responsibilities (30% of failures)
and in communications (17 % of failures).
The distribution of failure cases with respect to the sources of error by
participant are summarized in Table 5.6. The structure designer was involved in
almost 50% of the failures. The structure constructor was involved in almost 60
% of the failures.
Table 5.7 summarizes the distribution of failure causes relative to human
behavior as defined by Eldukair and Ayyub [1991]. lnsuflicient knowledge, lack
of proper training, underestimation of irdluence, and carelessness were
dominant contributors to the ftilures.
Table 5.6- Participants in
structure errors

Participant
Project architect
St~ctural designer
Resident Engineer
Inspector
Contractor (stafll
Contractor
(workmen)
OneratOr

Table 5.7- Failure Causes
Description of human
behavior

Failure
Cases
(%)
T
48.2
31.1
27.6
3.8
59.6
17.4
2.8

Insufficient knowledge
Lack of training
Lack of foresight
Lack of authority
Reliance on others
Underestimation influ.
Negligence, carelessness
Unknown situation
Lack of communication
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Failure
Cases
(%)
m
57.3
33.0
45.4
29.0
72.2
82.0
33.3
37.1
~
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Table 5.8 summarizes the primary causes or initiating errors in the
),...... ,1>,,
-, -,,,,-,..,stmctme failWes.. III design, inadequate loading analyses and inadequate
design of connections were both initiating causes in almost 50% of the failures.
Poor construction assembly procedures were present in more than 50 % of the
failures.
Table 5.9 summarizes the secondary or contributing (or compounding)
causes of structure failures. Environmental effects (bad weather) was nresent in
50% of the failures. Lack of supervision, improper communication, and
foreseeable deterioration were each present in about one-third of the failures.

Table 5.8- Primary causes

Description
Inadequate loads
Inadequate connections
Reliance on construction
accuracy
Errors in design talcs.
Unclear contracts
Contravention of
instructions
Complexity of project
system
Poor assembly proc.
Unforeseeable
No tiormation

Table 5.9- Secondary causes

Failure
Cases
(%)
45.2
47.0
1.8

<

(

Description
Lack of engineering.
responsibilities
Environmental effects
Poor mat. /equip. use
Lack of engineering
specialization
Improper workmanship
Lack of safety training
Lack of work coord.
Lack of supervision
Improper
communication
Application of new tech.
Forseeable deterioration
No information

2.5
23.5
21.8
1.2
54.3
7.1
15.5

Failure
Cases
(%)
8.1
49.0
23.5
0.9
7’.0
1.7
32:
33.3
1.2
28.3
34.0

Summary of Building Failures Studies
As a summary of building failures studies that were reviewed during this
project, Table 5.10 s-ummarizes-the occurrence of errors that are developed-in the
life-cycle of conventional building structures by the particular cycle in which the
error occurs. The column indicated as “other” includes cases where failure could
not be attributed clearly to any one phase,
The results from the various surveys are reasonably consistent. The majority of the results indicate that a majority of errors occur in the design and
construction phases with there being about an equal split between these two
phases. The operating phase occurrence of errors is relatively low in most cases.

“ -““:

---%k
/ ..

60

,,,”
.’

)’

/
~..

*.,,_+.\

w’ .

...’

~’,

.,,.

.,,”

-’””

Chapter 5

Human Errors: Non-Marine

Structures

Table 5.10- Summary of occurrence of errors in building structures

-.

Reference

Design
%

Matousek [1982]
Yamamoto, Ang [1982]
Rackwitz,Hillemeir [19831
Melchers, et al. [1983]
Fraczek [1979]
Allen [1979]
Hadipriono [1985]
Hauser [1979]
Gonzales [1985]
Eldukair, Ayyub [19911

45
36
46
55
51
51

Construction operation
%
%
49
43
30
24
49
49
27
35
59
57

:;
29
51

Other
%

8

2

::
21

1

33
5

20
23
12
4

31

Table 5.11 summari zes the identtied causes of failures of conventional
buildings derived from two studies, Again, the results from these two studies
are reasonably consistent in their indi~ations of the causes of errors. Insufficient
knowledge is the primary cause followed by negligence and carelessness.
Melchers [1983] notes that calculation blunders in design are only a minor
source of error. These are usually detected and corrected in internal or self
checking. The studies also indicate that preparation and interpretation of design
drawings and contract documents are not a major source of error.
Table 5.11- Causes of errors in design and construction of building structures
Reference

Matousek
[1982]

nt
carelessness Knowledge
%
%
35

Melchers,
et al. [1983]

24

Eldukair,
Ayyub
[1991]

82

I

Mistakes
%

38

9
I

52

8

67

Reliance on
others
%

I

Other
sources
%

6

12
I

2

13

29

33-72

~,,....-.+,,.
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Fundamental misconceptions regarding, loadings, structural behavior and
lack-of attention to joint and supporting conditions appears to be the most
serious source of design error @kIelchers,1983]. Often there are early warning
signs or precursors for failures in either the design or construction processes, but
often they are either not recognized or ignored [Melchers, 1983].
One might expect construction to be the dominant phase in which human
errors occur. The results of the surveys do not bear this out. Separation of design and construction activities [Flint, Quinion, 1978], diffusion of responsibility
in the construction process have created significant comnmnication problems
and resulted in many of the errors in construction @?lint, Quinion, 1978].
In a recently published study of buildings that failed during the
Northridge California earthquake of 17 January 1994, Krawinkler [1994] observed that no recently completed building received a clean bill of health and he
posed the question:
“Can we as engineers be satisfwd with the state of knowkdge
available to practitioners with the level ofprotection implied by cock
design, and with the implementation process used in design and
construction?”
In reply, Krawinkler proposed that professional activities needed to be
improved in five primary areas:
1) Improved knowledge - develop improved structural analysis and
design procedures and develop socioeconomic models that tell engineers
how to invest limited resources more effectively.
2) Better quality control - better understanding and interaction
between owners, architects, engineers, and contractors.
3) Better codes - codes need to safeguard against weak links in the load
paths to ensure a safe transfer of the maximum expected loads and there
needs to be design verification recognizing inelastic behavior and
incorporation of all elements that attract loads. Codes should provide
criteria for damage control.
4) Better code compliance - violations of code requirements need to be
stopped.
5) Better education - structural engineers need continuing education
and equally as important education is needed for the public, owners and
lenders, and other professionals.
These obsemations have direct applicability to design and construction of
ship structures.
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Errors in Structural Engineering
In his review of errors in structural engineering, Brown [1988] draws the
following conclusions regarding classtications of errors:
1) Errors cannot be eliminated and only a small proportion can be identified prior to construction.
2) Engineers and contractors are responsible for most errors. Those of engineers result from omissions in professional preparation and experience of individuals, while those of contractors result from ignorance,
neglect, and thoughtlessness.
3) Errors are largely evident as violations of accepted professional rules,
codes, and paradigms.
4) Multiple errors are usually required to produce failures.
Brown [1988] draws the following conclusions regarding the causes of
errors:
1) Poor training and pay of field inspectors.
2) Inadequate preparation and review of contract and shop drawings.

3) Breakdown or misinterpretation of communications between the design-construction-operation communities.
4) Lack of professional design and construction experience, especially
when novel structures are needed.

~

5) Complexity of codes and specifmations leading to misinterpretation and
misapplication.
6) Unwarranted belief in calculations and spetied
properties.

extreme loads and

7) Frequent personnel changes.
8) Compressed design - construction times.

,,) .
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Error Prone Structures
Pugsley [1973] studied the factors that background a large variety of failures of both conventional and innovative structures. As a result of this study,
Pugsley advanced eight parameters of signifwance in promoting or causing failures:
1) The work involves new or unusual materials.
2) The construction methods are new or unusual.
3) The structural geometry or form are new or unusual.
4) The design and construction team is not experienced and well organized.
5) The engineers are not informed thorough an adequate research and development background.
6) The industrial - labor condition and climate are not stable.
7) The financial climate and work funding are not adequate.
8) The political climate is not benign.
Pugsley suggested that the intensity of the human error control measures
should depend on the conditions surrounding the design and construction processes. Pugsley utilized the foregoing eight parameters to estimate a measure
called the error proneness.
In his review of the Pugsley error proneness method, Allen [1984] contended that the method does not help in the detection and correction of errors.
The difficulty was that the weights assigned to the eight factors before a ftilure
by the people working on a project will differ greatly from those assigned by experts either during the project or after a failure.
Fox [1982] expanded Pugsley’s idea to develop a numerical estimate of the
failure probability from obsemable attributes of the structure. He listed the
conditions that promote errors in design and construction as summarized in
Table 5.12. Each of the eight design and construction conditions were given a
rating from low to high with a numerical weight based on his evaluation of
failures that had been promoted by each condition.
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Table 5.12- Calculation of gross error factor

Low

Design Conditwns

Med. Aver Med.
Low age High High

● Thoroughnessof preliminaryinvestigations
s Experience and ability of engineers
● Familiarity
y of the engineerswith the structure
@pe and materials
● Availabilityof time, money, and politicalassisLance
● Thoroughnessof veriikation and checking
● Relationsbetween the engineersand contractors
● Organizationof the design team, communications, and responsibilities
● Availabilityof design references and the simplicity of the structure

Construction ConditioM
● Clarity, completenessand accuracyof speci6cations and drawings
● Experience and ability of the contract
● Familiarityof the contractorwith the methodof
constmction or the type of structure
● Availabilityof time, money, equipment,or political assistance
● Thoroughnessof inspection,QA, QC
● Relations between the engineer,owner, and contractor
● Organizationof the constructionteam
● Labor relations (attitudesof the workers)
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Engineering

As a result of a review of more than 200 foundation failures, Sowers
(1993) indicated that the majority of failures were due to either rejection of technology or ignorance (Figure 5,5); only 12 YO of the failures were due to lack of
technology.
The author found these results to be particularly interesting as they might
apply to the design of ship structures. These two areas of engineering have
much in common. In both areas the loadings are extremely difiicult to determine
accurately, the critical properties and performance characteristics of the system
are difllcult to determine and analyze accurately, the engineering procedures are
complex and not easily reduced to design guidelines or codes, and both areas are
subject to wide variety of organizational influences and pressures.

12?40

55?40

330/0

U Ignorance
❑ Rejection of
Technology
W Lack of
Technology

Figure 5.5- Causes of foundation failures

Sowers suggests a number of approaches to reduce the 88 % of geot.echnical failures that are due to ignorance and rejection of technology. He suggests
continuing and intensifying:
“weeding out the ignorant and incompetent by better enforcement of
engineering registration hws, increasing the awareness of engineers
of their limitations in making decision involvi~ both specialized
and multi-disciplinmy knowle@e, and to add to the knowkdge of
practici~ e~ineers through required continued educatwn as
technology develops. ”
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Sowers obsemes that reducing the proportion of failures caused by reject..,,
”<., ing or failing to use current technology isvery dif13cult. He then offers the follow
comments about this problem:
‘Yt essentially is faulty, absent, or malicious communication.
Conanaunicatwn is a skill. It can be learned through educatwn, both
during the engineer’s basic training and by continuing education. It
must be developed by practice. ”
“Balancing pressures is the most difficult chaLle~e...The overall
pressures of time, money, and the total environment effect each
project in a different way. Sometimes they motivate those persons
that apply pressure, sometimes they act in directly de motivati~,
distracting, or inhibiting the engineer. Of these, time and money are
major influences on technology. ”
“% innovative respomible engineer is the most important force in
reducing failures. Our challenge in minimizing failures is instilling
that sense of responsibility in engineering students and enhancing
that responsibility among our professwnal colleagues.”

Control Ammoaches
There are two fundamental approaches to HOE problems in design and
construction. The first is to limit the occurrence of HOE. The second is to reduce the impacts of HOE.
Essunger and Osthmd [1983] discuss two types of control; external and internal. External control was shown to have the advantage of being less dependent on such factors as the conditions of work, the working situation, and the
economic result of the work. Internal control was shown to have the advantage
of being executed by persons who often have a greater knowledge of the character of the work and who are aware of the kinds of problems that can be expected.
Essunger and Ostlund [1983] indicated that gross errors are relatively
rare and it is generally not possible to discover them by a random check. Their
work indicates that checking should be directed toward discovering errors which
would lead to a failure which has severe consequences. They suggested that independent checking should be performed at key decision points in the project,
especially where responsibility for the project changes hands.
The study by Hillemier [1982] indicates that the success of the realization
of major projects depends more on the application of management rules than on
exactly executed technical details. His work resulted in the following recommendations:
1) Information on damage and ftilure statistics should be developed and
distributed to promote a better understanding of problems.
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2) Basic decisions on the type of the structural systems are fundamentally
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-made in the preliminary design stage; experience shows that errors established at the initial stage are hardly ever corrected later.
3) Activities affecting quality should be perfommd within an organization
structure which has clearly defied responsibilities and authorities. It is
critical to minimize information obstacles.
4) Ensuring the quality in engineering first requires an identification of

critical areas in planning and execution, followed by the specification of
priorities for their treatment.
5) Designers should be taught to think not only in terms of design limit
states and load combinations, but also in terms of hazard or ftilure scenarios.
Lind [1986] suggested that education, personnel selection, task complexity
reduction, quality control procedures, and the legal framework are all important
in reducing human error, but not all are equally effective. Lind concluded that
there is virtually no objective data on the effectiveness of human error control
measures.
Nowak and Lind [1985] indicated that effective control of human errors
requires a knowledge of the state of the system and a practical contingency plan
of action for each state. They proposed an event tree model to represent the anticipated performance of structures during design, construction, and operations.
A scenario was defined as a path in the event tree leading from the initial to the
fial state. They contended that the designer should consider all scenarios that
end in failure of the structure, and by suitable design, should adjust the probabilities so that the probability of failure is acceptable. Nowak and Lind concluded that structures and their components can be placed into categories with
regard to proneness to errors and sensitivity to errors. The control measures
were directed to the components and steps in the design process that had the
greatest effects on the likelihood of failure.
Nessim [1983] applied the decision tree approach to the problem of human
error control. Nessim concluded that the optimal course of action is that which
gives the maximum expected utility. This approach requires that each system be
treated as a unique system and studied in great detail.
Nowak and Lind [1985] suggested the following procedure to identify
where and how to place human error controls:
1) Develop the structural model, identfi the parameters and limit state
functions, estimate the distribution functions of the parameters.
2) Generate possible scenarios of departure from the developed model.
3) Calculate the reliability for each scenario.
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4) Calculate the overall system reliability, including human emors and the

expected value of the reliability for various scenarios with the correlations.
5) Identifi the most sensitive parts of the structure and the design process, concentrate control efforts on the items that have a significant effect
on the overall reliability.
Nowak and Carr [1985] concluded that sensitivity functions and estimates
of the frequencies for the comesponding errors can be used as criteria for selecting error control measures. This fits the control procedures to the important
problems thus producing more efficient control. The objective is to design control
systems to limit those errors which are the most consequential.

Checking Models in Structural Design
During the period 1982 through 1987, Melchers and Stewart conducted a
series of studies that addressed the efficiency of checking models in structural
design. Their studies addressed checking perilormed on three “levels”: (1) selfchecking, (2) independent detailed design checking, and (3) overview checking.
Their studies were based on questionnaires that were completed by conventional building design fwms in Australia. Their studies were designed primarily to address errors of commission. Errors of commission were those that
involved errors in the performance of design tasks including evaluation of design
loadings and sizing structural members.
Errors of omission involving a failure to perform a task were shown to be
substantially more difficult to catch and correct than errors of commission; the
checking efficiency was more than an order of magnitude lower for errors of
omission.
Regarding self-checking, their studies showed that self-checking detects
only the small or minor errors that occur in calculations. Self-checking was not
effective in catching errors due to misconceptions, oversights, or misunderstandings. The results of deliberate and conscious design decisions, once taken, appear seldom to be doubted by the designer or design team. The survey demonstrated that the detection rate for self-checking for small, or minor, initial error
magnitudes is much greater than for larger initial error magnitudes. Quoting
from their study conclusions:
“It might be concluded that (as a group) designers tend to be more
concerned with relatively minor details and technicalities and that
they tend to @nore larger errors ....the present results appear to
contradict conventwnal wisdom, it being commonly assumed thut
larger errors are more detectable. ”

..
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Their study developed some interesting data regarding the likelihood of
WI-,-’‘~->
: . ,h calculation errors given a sequence ofcalculations. -T-hedata indicates that the
larger the number of steps involved in the calculations, then the more likely is
an error (Figure 5.6). Data were also developed regarding the likelihood of errors for dMerent types of design tasks. These are summarized in Table 5.13.
In their study of the effectiveness of independent detailed design checking,
two factors influencing checking effectiveness were isolated as being of particular interest. These were total time for checking (and therefore checking effort) and error magnitude. The errors included in the survey included calculations, table look-up, transfer of information, code look-up, and loading directions.
Regarding checking time, their
work indicated that an S-shaped
learning curve was appropriate
(efficiency of checking versus time).
The initial growth was attributed to
the designer attempting to
understand the design concept and
procedure. This was followed by a
period involving checking of each
micro-task for any errors, and in
which many of the errors were
detected. Finally, the designer would
reach the stage of diminishing
returns, resulting in a reduced rate of
checking efficien~. The S-shaped
learning curve would be different for
different types of design tasks and
errors.
In general, as checking time
increased, the probability of detection
of the errors increased. For the
particular design tasks evaluated, at a
checking time of 30 to 40 minutes, the
checking efficiency increased to
approximately 80 %.
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Number of Calculations
Figure 5.6- The rates of errors based on a
sequence of design calculations
Table 5.13
Design activity error rates
Error
Code
Iintermetations
I
Rankings
Table look-ups
Loadimz coefficients

Regarding error magnitude, the
results indicated that larger errors
were more easily detected than
smaller ones. At an error magnitude
combin~tions
of 200 %, the checking efficiency
(probability of detection) was in the range of 60 % to 80 %.

Rate
0.0150
I
0.0135
0.0126
0.1333

I

I

In their study of overview checking, some 105 practicing engineers were
surveyed. Decisions as to the adequacy of 11 simple structural designs, all simply supported bean members, each with a different loading configuration, were
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evaluated. Based on the results, the probability of predicting whether a member
design is safe is not a function of experience. The results indicated that if a proposed member design is deemed safe, then experienced engineers tend to be
more efficient in assessing whether the member is oversized or not.
The relationship between an engineer’s experience and the safety of a designed member is of particular interest. It has been shown by Walker [19801
that lack of experience is a major contributing cause in actual cases of structural
failures. However, an analysis of structural failures by Blockley [1977] shows
that while the designer’s experience is a factor, its relative importance when
compared with other causes of failure is very low. The study by Ingles and
Nawar [1983] showed that engineers place great weight on experience for error
reduction. The results of the work by Melchers, et al. [1989] indicate that such a
perception may be false.

Nuclear Power Plants
A Probabilistic Risk Analysis (PRA) approach to the evaluation of nuclear
power plants has been developed by Swain and Guttrnann (1983) for the Nuclear
Regulatory Commission (NRC). This approach was developed over about a 10
year period. It continues to be further detailed and developed ~uckas, et al.,
1993; Barriere, et al., 1993],
The method developed by Swain and Guttman was identified as THERP
(Technique for Human Error Rate Prediction). The THERP procedure included
the following steps:
1) Define the system failure of interest, then determine the system functions that may be influenced by human errors and for which error
probabilities are to be estimated.
2) List and analyze the human related operations.
3) Estimate the relevant error probabilities.
4) Estimate the effect of human errors on the system failure events.
5) Recommend changes in the system and recalculate the system failure
probabilities.
The PRA is conducted using Event Trees. This approach will be further
discussed and detailed in Chapter 8. The probability of failure at the end of each
limb of the tree is the product of the conditional probabilities of all events in the
path. The system probability of fdure is obtained bys umming the probabilities
of the failure paths.
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Figure 5.7- Causes of accidents in nuclear power
plants
Since 1979, and the Three Mile Island (TMI) power plant accident, the
Nuclear Regulatory Commission (NRC) has embarked on an intense effort directed toward improved management of HOE in nuclear power plant operations.
Figure 5.7 summarizes the results &om 450 accident investigations that involved HOE in plant operations [Lucas, et al., 1993]. The total percentages sum
to greater than 100% because there can be multiple reasons for a given accident.
The data indicates that in about three-fourths of the cases, not following
procedures is responsible for the accidents. Improper management is involved in
about 50 % of the cases. The lack of proper training is involved less than 10 % of
the time.
Data have been published recently on License Event Reports (LER) in
operations of nuclear power plants [Luckas, et al, 1993]. Thirty two high
consequence events were studied. Human error was responsible for 63 % of the
severe events. The mqjority of the human errors were due to mistakes where the
intention was erroneous and was purposefully executed (67 %).
The major source of the mistakes were the use of inadequate procedures
(54 %). The event data indicate that procedures are frequently deficient, either
in providing inadequate guidance or in omitting instructions for unexpected
contingencies while performing operations. Errors of commission were
responsible for 77 % of the events. These generally were the result of a
procedural inadequacy and inadequate training.
The principal results from this study were that:
Most events involve multiple influences.
Most frequently cited human reliability influences are procedures and
ergonomics.
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The majority of deficiencies are symptomatic of poor planing and
preparation and concurrent deficiencies in tiaifigj communications,
and organizational factors.
The combinations of influences appear to be very sensitive to the context
of the operating conditions.

. Recovery form the events (near-misses) is frequently aided by situation
appropriate procedures, specific training, and the technical knowledge
of the operations personnel.

Automotive

Industrv

In the automotive industry, Failure Mode and Effect Analysis (FEMA)
methods have been applied (Ford Motor Company, 1972). The following steps
have been integrated into these analyses:
1) Describe the failure mode,
2) Describe the effects of the failure,
3) Describe the causes of the failure,
4) Estimate the frequency of occurrence of the failure,
5) Estimate the severity of the failure,
6) Estimate the ability to detect and correct the failure,
7) Calculate the risk mitigation priority, and
8) Recommend corrective action.
The process is repeated for all potentially important failure modes. The
risk mitigation priority is based on the relative magnitudes of the calculated
risks. Human errors are implicitly accounted for in parts (4) and (6) in the process.

Aerospace

Engineering

Consideration of human factors has been an integral part of development
of structural systems for aircraft, including design, construction, and operating
life-cycle phases of the aircraft [13ea,1992]. Because of its importance, particular
attention has and continues to be devoted to the in flight human error aspects
[Hawkins, 1987].” Rabideau [1962] identtied a Personnel Subsystem (PSS)
reliability evaluation process that can be summarized as follows:
...-.~“

73

1) Analyze human functions as follows:
a) identify and describe required human outputs (types, effects of envi-

ronmental factors, and output tolerance limits),
b) identify and describe response alternatives, initiating and coordination decisions, and valuations of feedback data,
c) identify and describe required human inputs, and
d) determine essential functional time aspects.
2) Identify potential sources of errors.
3) Estimate the probabilities of errors.
4) Rate the criticality of error effects by identi@ing the effects which potentitil error can exert on the system and by estimating the relative
criticality of each effect.
5) Analyze trade-off factors including:
a) possibilities of alternative functional and physical configurations,
b) comparing alternatives in terms of the effects of human functional
element’s error potential, effects of implementation upon other fmctional / physical aspects, and implementation considerations relative
to cost and schedule,
6) Test the functional and physical comligurations.
7) Implement, monitor, record, and update the evaluations.
Hawkins [1987] proposed the SHEL conceptual model of human factors.
The SHEL concept addresses Software, Hardware, Environment, and Liveware.
Liveware refers to the humans that are at the center of the functional model.
The engineering aspects of the Liveware include the physical size and shape, the
fuel requirements (oxygen, food, water), input characteristics, information processing, output characteristics, and environmental tolerances. The remainder of
the SHEL components are attached to this central component.
The Hardware or L-H interface is the one most commonly addressed and
includes the field of “ergonomics” or man - machine compatibility. The Software
or L-S interface includes the non-physical aspects of the system such as procedures, manual and checklist layout, symbology, and computer programs. Errors
can develop within a given component such as an error in the Software and at
the interface of the component with the Liveware such as an error in reading or
interpreting the instructions in a manual of practice.
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The Liveware-Environment of L-E interface is the one in which the exterT~~~
I~~
nal and internal environment has an effect on the Liveware. Cold, heat, vibration, motions, light, and other similar factors influence the error producing potential of the Liveware.
The last component is referred to as Liveware-Liveware. This indicates
the interface between the individual and the organizations that influence the individual. The L-L interface is concerned with things such as leadership, cooperation, personality interactions, and other similar factors.
There can also be interfaces between any of the components. The H-E interface in the presence of severe environmental conditions can produce problems
in the hardware, and so forth.
Bouton [1974] developed and applied an error disclosure process to the
fatigue design of aerospace structures. Bouton contended that:
“Human error is the major problem with fatigue design due to the
creatwn of defects and flaws during the fabricatwn, assembly, and
operatwns processes. Because of the large uncertainties wsociated
with fatigue design and because of the human error considerations,
‘Tail-safe” des@n procedures must be adopted for ai~rame design. ”

.—

Medical
During this review, the author reviewed results from one current study
being conducted by the medical profession on human factors as they relate to
performance of radiation therapy menriksen, et al,, 1993].
Sectors of the medical profession apparently have been working on problems of human factors for several decades primarily as applied to interfacing
humans with machines and facilities. The field of “ergonomics” has had one of
its primary development pushes from the needs of the medical profession.
The study reported by Henriksen, et al. [1993] was based on long-temn site
visits to hospitals and other treatment facilities, investigations of “incident”
reports, and interviews with physicians, nurses, and patients. A team comprised
of human factors specialists, assisted by a panel of physicians conducted the
study.
A function and task analysis was performed to guide the evaluations in
the areas of human-system interfaces, procedures, training and qualifications,
and organizational polices and practices.
The framework for organization and analysis of the findings is shown in
Figure 5.8. This figure shows the major contributing factors and individual factors in each of the major categories that are likely to influence the occurrence of
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a “rnisadministrations” (human error). A precise definition was given to “misadminstrations’’-that involved both the occurrence and effects of errors.
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Figure 5.8- Causative and contributing factors to
herror in radiation therapy
The lowermost block in the figure shows a variable relationship between
acceptable human performance and human error, The successive tiers of contributing factors in Figure 5.8 are arranged in a progressive manner with each
successive tier having a direct influence on the factors of the preceding tier.
The first two tiers labeled “individual characteristics” and “nature of the
work’ reflect the individual qualities of technologists and the nature of their
immediate work environment. Errors that can be traced to factors in the first
two tiers are called active errors. Their occurrence is associated with the
,, “
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delivery of treatment and they are frequently discovered immediately or in the
near term.
In tiers 3 and 4 in Figure 5.8 are the broader scale workplace environment
and managerial factors. Errors that can be traced to these tiers are propagated
by those in decision making positions. The adverse consequences of latent errors
in these two tiers may inert for some time in the overall system, only to breach
the system defenses when they combine with other factors in unanticipated
ways.
In the conclusions drawn from this study, the authors noted the following:
“A systems perspective leads one to suspect that the difficult to recognize latent errors that are made upstream by system designers
and organizational policy makers permeate the system and contribute to the downstream active errors nude by technologists. ”
The results of the study were reduced to a series of tables that addressed
each of the blocks identified in Figure 5.8, identifying potential problem areas
and implications for improvements. Major emphasis in the study was devoted to
organizational and management factors.

Human Intervention
-.

Human intervention is responsible for “near misses.” Experience indicates that there are generally many more near misses than there are major accidents. Humans intervene to interrupt potentially catastrophic combinations of
actions and events to bring systems back to within the safe operating zone.
Studies by Melchers (1990) have indicated that there are seven major factors involved in human interventions:
1. Education (information on how can things can and do go wrong)
2. Work environment that encourages open-minded, responsibility, intemty, and quality production
3. Reduction in complexit~ simplification of complex tasks and systems;
elegant simplicity
4. Personnel selection that emphasizes the necessary skills, capabilities,
experience, commitments, and integrity
5. Self-checking in which the checking involves alternative procedures
(independent)
6. External checking and inspection, particularly of the assumptions and
precepts on which an activity or system is founded
—
.,/.,,
.
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7. Legal sanctions to deter negligence and deliberate malpractice.

Other Thoughts
From “Structural Failures Due to Human Error - What Research to Do ?“
by D. E. Allen [1984]:
“Most design errors resulting in structural failure other than deterioration are due to misconception or lack of consideratwn of structural behavwr, especially of the details, and of the kinds of loads
and influences that occur. ”
“Most construction errors resulting in structural failure are due to
incorrect procedures such as improper bracing, omissions, naisplacements, wrong products and overloading. ”
“More systematic measures to avoid failure due to human error are
therefore required. Such measures include checking, inspection,
communication, proper organizatwn of a project, etc., and come under the general heading of quulity assurance. ”
From “Modeling Humun Errors in Design” by A. IUowak[1991]:
“Human errors are the major cause of structural failure. Reliability
depends to a large degree on the control of errors caused and consequences. Semitivity analysis is an effiient method to iahtify the
consequentkd errors. Then, special control efforts can be allocated
in the most efiient way. ”
From “How Engineers Lose Touch’ by E. S. Ferguson [19931:
“Despite all the care engineers exercise and all their systems for
ensuring correct engineering choices, evidence of faulty ju~ment
shows up again and again in some of the most expensive and most
carefully desigmd and tested machines of the twentieth centu~. ”
“Engineers need to be continually reminded that nearly all engineering failures result from faulty judgments rather than faulty
calculations. ”
“Engineering students have been taught to rely far too completely on
computer models, and their lack of old-fmhioned, direct hands-on
experience can be disastrous. ”
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From “Launching the Space Shuttle Challenger: Disciplinag
in the Analysis of Engineering Data” F. F. Lighthall [1990]:
~

Deficiencies

“The weakness in engineeri~ education, in turn, is taken to be of a
pervasive genre: An overenaphusis in contempora~ universities and
research centers on specializatwn and analysis and an under emphasis on synthesis of knowledge across fields. A larger lesson of the
accident, then, is that professional narrowness, leading to false
diugnosis of cause-effect relatwns, can be fatal.”
From To Emrineer is Human, The Roh of Failure in Successful Desi.m, by
H. Petroski [19851:
“Some engineers would say it is all a matter semantics and thut ail
structural failures can be traced back to one cause, design error, for
even so-called constructwn errors should be anticipated by the o?esigner. It is true, of course, that all failures can be argued to be the
result of dks@n errors, for as the purpose of des@n is to obviate
failure, the failure not anticipated is a clear indication of improper
design. But to obviate failure, a designer must anticipate it. ”
From “Checking Techniques” by Franz Knoll [1986]:
“When we therefore at our schools, free the students from the tedious work
of analyzi~ structural situations by hand, in order to let them spend more
time with the screen and type set, we are committi~ a capital mistake. If
this goes on, we shall have killed innovatwn soon in the field of structural
engirwering, and mistakes, as they will come out of the black box of the
computer, will become increasingly difficult to catch. The computer is the
ultimate fml, and we have elevated it to the ultimute authority. What is
going to be the price?”

The central theme that developed from these reviews was consistent. The
single largest source of reliability problems associated with structures is HOE.
Approximately 80+ % of the “failures” of such systems is due to compounded
HOE. HC)E occurs in all of the life-cycle phases including design, construction,
and maintenance.
In “passive” systems, where the majority of human activities that
influence reliability are confined to the design and construction phases, the
majority of HOE occurs in the design phase. In “active” systems, where human
activities are present in all life-cycle phases including the long-term operating
phase, the majority (approximately 80%) of HOE occurs or is made evident during the operating phase.
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Lack of recognition of HOE is the fundamental reason for the disparities
‘., ‘,,, ~~~~
between computed or notional reliabilities and actuarial reliabilities.
Another important fiding from this review regarded quantitative assessments of the causes of HOE related failures. The review did not identifi one
source of reliable objective data on HOE related design and construction failures.
The studies have been sporadic and subjective in nature. There is no common
classification or description of HOE in design and construction. There has been
and still is no uniform classifications of errors or a uniform basis for identificationof their causes and effects.
The results of this review resulted in a consistent definition of when,
where, and how human errors occur in design and construction of non-marine
structures. Design errors are important. Design errors occur most frequently in
determination of loadings and in design of comections. Construction errors
occur most frequently in assembly due to poor erection procedures. The most
dominant cause of these human errors is insufficient knowledge resulting from
lack of proper training,
The experience with non-marine structures indicates that the challenge of
reducing HOE in design and construction is not a problem of not knowing what
to do. It is primarily a problem of not doing what we know we should not do.
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MARINE STRUCTURES

Causes of Unsatisfactory

Quality

Table 6.1 summarizes causes of unsatisfactory quality in some marine
structures mea, et al., 1994]. Unsatisfactory quality is defined as undesirable or
unanticipated poor performance associated with the structures. The unsatisfactory quality identified in Table 6.1 resulted from not only in the catastrophic collapse or loss of the structure (exceed capacity), but as well resulted from unexpected durability problems (insticient comosion and fatigue cracking resistance).
The causes of
unsatisfactory quality can be
organized into three categories
(Figure 6.1):

~
.,,:

DIRECT CAUSE OF FAILUR

COMPOUNDING

errors of omission - 20%

*errors of organization - 80?4j

1) those that underlie the
actions,
2) the direct initiating
actions, and

:.,
......................................,.,.,.,.,.,.,.,.
//..,
.,.,.
/...........................................,.,.,.

3) the compounding or
propagating actions.

Figure 6.1- Primary causes of unsatisfactory
quality

Often, the direct
initiating actions are identified and the more important underlying and
compounding actions are ignored.
A detailed study of the case histories summarized in Table 6.1 indicates
that while the direct causes of failure can be attributed to the acts of individuals,
the dominant contributing and compounding causes are fundamentally “organizational;” erroneous actions by groups of individuals that influence the direct
cause of failure and exacerbate or escalate its development through compounded
errors Moore, Bea, 1993b]. Of the individual errors, the majority of errors are
errors of commission; what was performed was erroneous and purposefully exe81
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cuted. Emors of omission or what was performed was not intentional account for
a minority of the causes.
Table 6.1- Causes of unsatisfactory quality in marine structures

Wwine Structure

Causes

environmentalforces underestimated
unrealisticstructuredesign assumptions
● constructionmodificationsdue to poor design
● damageduringinstallation
● unwillingnessto acknowledgeearly warning signals
(JmnillePlatforms ● lack of recognitionof environmentalconditions
[Pate-Cogo~~l,
Bea, . underestimationof environmentalforces
Qexcessiverisk takingby organization
AlexanderKielland ● structure designnot robust damageintolerant
~0~, 19811
● inappropriatemodificationsduring maintenance
● inadequateinspection
● error in design computerprogram
RangerI Jack-Up ● lack of design checkingand verification
[Pate-~9m~ll,Bea, ● inadequatequalityassurancein design and construction
OceanRangerSemi- ● lack of adequateback-upin ballast controls
Submersible
● lack of softwareon ballast controls
Moore, Bea,19931 ● lack of qualiiledend adequatelytrainedpersonnel
● insticient
life saving equipmentand training
● error in designftite
elementanalysisof cell intersections
SleipnerA Platform . non-robustdesign of star cells and intersections
[Jakobsen,1992; . lack of adequateshear reinforcementin star cells
Noyes,1994]
● inadequatequalityassurancein design
HperAlphaPlatform . poor design layout of topsidesand risers
[Pate-Cornell,
Bea, ● inadequatedamagetolerancein facilities
1992;UKDept.of ● poor operatingorganization
Energy,1990]
TexasTower#4
[Be%1972]

●
●

●

inadequate tr~ing

inadequatedesign of structuraldetailsfor fatigue
inappropriateuse of HTS
poor financialenvironment
poor construction
cargo loadingin seawaysunder-estimated
BulkCargoCarriers ● inadequatedesignfor durability
[Robinson,1991, ● inadequatemaintenance
Ferguson1991]
● poor operationpractices(loading,unloading)
● inadequateverifkation / certificationenvironment
LaceyV. Murrow ● no designfor fatigue effects
FloatingBridge
c loss of reinforcementbond
[Firth,1992,1993; ● poor maintenance
Dusenberry,19931
● ignoring early warningsigns
TAPSTankers
[Bea,::~~~ Bea,

●

.
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Based on the information summarized in Table 6.1, it is apparent that unsatisfactory quality in design, construction, and operations can and does lead to
unsatisfactory quaJity in marine structures. The single largest contributor to
these failures can be attributed to unanticipated and undesirable sequences of
human and organization errors (HOE). One of the primary objectives of QA / QC
measures are to give early warnings of the development of these sequences,
make adequate corrections, and allow the system be brought back to an acceptable state of quality.
Human errors have been shown to be the basic cause of ftilures of many
engineered systems [Petroski, 1985; Perrow, 1984; Wenk, 1986; Reason, 1990].
In almost all cases, the initiating event can be traced to a catastrophic compounding of human and organizational errors [Moore, Bea, 1993b; Reason, 1990].
High consequence accidents resulting from HOE can be differentiated into
those that occur in design, construction and operation phases of the marine system’s life cycle. Unacceptable performance of a marine structure can be the result of improper design and construction of the system. For example, primary
contributors to the capsizing of the Alexander Kielland were the lack of redundancy (design flaws) and cracks (maintenance oversights) in the structure
[Moan, 1981]. Design flaws originating in the finite element modeling and lack
of appropriate review were primarily responsible for the sinking of the Sleipner
A platform [Jakobsen, 1992].
Of the three life-cycle phases of a marine structure, the majority of compromises in the quality of the structure occur during the operating phase and
can be attributed to errors developed by operating persomel mea, 1990; Moore,
Bea, 1993a].
A recently published
analysis of major claims
associated with commercial
shipping during 1993 indicated
that human errors that occurred
during operations were
responsible for approximately 62
percent of the major claims
(Figure 6.2) ~
P&I Club,
1993].
Structural failures
accounted for 12 percent and mechanical - equipment failures
accounted for 16 percent of the
major claims. A substantial of
these later “causes” of failure had
roots that could be traced directly
maintenance and use.

Figure 6.2- Causes of major (2 US $ 100,000)
claims for all classes of commercial ships
1993
to operations errors founded in inappropriate
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‘A Damage Claims
% Due to HOE

.

0-4

“ 5-9

- 10-14 -15-19 “ 20-24 “ 25-30 “
Ship Age - years

Figure 6.3- HOE and ship age related to major damage claims
Analysis of the same data with ship age (Figure 6.3) indicates that there is a
detite correlation between the age of the ship and the incidence of human errors.
Quoting from that report:
“Why do people persistently make flawed decision-s which are at odds
with all their traini~, experience and better ju~ment ? Factors
include over confidence, the tendency to respond to commercial
pressures at the expense of good practice, personul pride leading to
failure to seek assistance, linguistic confusion, and not least, fatigue.
Human error is the overwhelmingly dominant factor in claims of all
sizes. ”

“Human errors occur more often in ships of 10-14 years old (Figure
6.3). This may reflect manni~ pressures on ships designed to run
with larger crews than is now the practice, or accumubted lack of
maintenance prwr to the third survey. ”
“There are sensible recommendatwns for improved personnel
ma~ement,
the importance of training on the carriage of cargo, tk
need for adequate manning levels and improved training and
motivation for both crew and shore personnel. ”
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The causes of
tanker (above 10,000 grt)
casualties during the
period 1979 through 1990
are summarized in Figure
6.4 [Bea, 1992]. Twenty
seven percent of the
casualties were due to
structural problems with
~e~~l
or machinery.
maining 73 percent
of the casualties were due
to VtiOUS fOrms of HOE.

s~ctuns

1~

FIRE I EXPLOSION

❑
❑
❑
❑
❑

CONTACT

WAR LOSS

❑

HULL/ MACHINERY

COLUSION

FOUNDERING
GROUNDING

A similar current
Figure 6.4- Tanker (above 10,000 grt) casualties
picture has emerged for
1979-1990
the operations of both
iixed and mobile offshore
platforms. Based on
~nformation from the World Offshore Accident Databank (WOAD) [Bekkevold, et
al., 1990], the principal causes of the accidents to tied platforms (@ure 6.5)”
and Mobile Offshore Drilling Units (MODUs) (Figure 6.6) are blowouts,
collisions (for MODUs grounding, foundering and towing accidents are included
in the rates shown), fires and explosions.
-.
Structurally related causes of severe damage are in the range of 6 % to 9
% of the total causes of accidents for fixed platforms and MODUs, respectively.
The generally less robust (damage tolerant) designs of MODUs apparently is responsible for the greater incidence of structurally related severe accidents.
On the positive side of these statistics, it is apparent that the majority of
the current compromises in the quality of marine structures that result in severe
damage are not centered in the design and construction activities. Further, the
majority of the compromises can not be directly attributed to insufficient quality
in the structures themselves.
While improvements can be made and are being made in the design and
construction procedures and hardware and in the structures themselves, it is
apparent that the primary problems with quality in marine structures are centered in operations; how they are used and maintained.
The Piper Alpha fires and explosions, and the grounding of the Exxon
Valdez have drawn worldwide attention to the roles of human errors in the operations of marine structures. The public reactions have resulted in the requirements for “Safety Cases” in the United Kingdom sector of the North Sea [Barren,
1993] and the United States Oil Pollution Act of 1990 (OPA 90) Moore, 1994].
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In the United Kingdom,
Blowout
Safety Case study requirements
have also been suggested for
Collision
commercial ships [House of Lords
Exploslon
Select Committee on Science and
Fire
Technology, 1992]. These
reactions have had important
Structural
effects worldwide on how quality in
Other
the marine structures is achieved
TOTAL
and maintained. The OPA 90
requirements for double- hull
o
0.1
0.2
0.3
0.4
0.5
0.6
0.7
tankers operating in United States
ANNUAL
SEVERE
DAMAGE
RATE
waters and the liabilities placed on
(X E-3)
transporters of hydrocarbons for
pollution are a legacy of regulatory Figure 6.5- Initiating events leading to
severe damage to fixed offshore platforms
reaction to the Exxon Valdez.
Two recent important
international steps have been
Blowout
taken to help improve quality in
Collision
operations of ships. The first is the
Explosion
development of the International
Management Code for the safe
Fire
operation of ships and for pollution
Structural
prevention by the International
Other
Maritime organization (IMO)
TOTAL
[IMO, 1993]. The second is development of the quality system for
4
6
o
2
6
10
requirements for classifications
ANNUAL
SEVERE
DAMAGE RATE
(x E-3)
societies by the International
Association of Classification
Figure 6.6- Initiating events leading to
Societies (IACS) [IACS, 1991].
total loss of mobile offshore platforms
These steps have been
accompanied by-a series of important technical developments that address the
quality of operations of commercial ships.
●

●

●

Development of a comprehensive structural and equipment IMR management strategies and systems [Bea, 1992; Melitz, 1992],
Development and implementation of hull condition monitoring and ship
routing - navigation systems to assist in IMR and other aspects of operations ~rooks, 1992; Brooking et al., 1992; Lewis et al., 1991; Chen,
1987], and
Development of qualitative and quantitative process and procedures to
help evaluate alternatives to improve the human factors related aspects
of operations Noore, Bea, 1993b, 1993q Reason, 1991; Moore, Bea,
Roberts, 1993].
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In a recent study of the s@ety of ships, the Select Committee on Science
‘ ~~
and Technology of the House of Lords [1992] observed the following:
“Modern science and technology are not being adequately applied in
many of the /lelds which affect the safety of ships. ”
“Shippi~ must not be allowed to become a victim of its own long
histo~: we consider that the time has come for rad~al change.”This study developed two primary long-term recommendations for the
shipping indust.gc
1) Primary safety goals for all aspects of ship operations: These would consist of standards of structural strength, stability, maneuverability, performance in a seaway, operational competence and safety management for
every type of ship operation. They would be based on quantified assessment of risk, on analysis of costs and benefits, and on international
agreement as to what level of risk was acceptable,
2) A safety case for every ship trading commercially, produced by the operator and approved and audited by the flag state: The safety case would
demonstrate that the ship’s operations would achieve the relevant primary safety goals, subject to prescribed conditions. These conditions
would cover matters including maintenance, protective coatings and levels
of corrosion, safety equipmen~ marming levels and crew competence; loadline and rates of loading, and unloading stresses on the hull, navigation
and communications equipment; and safety management system. The
safety case would be completely reviewed every 5 years in the light of
changes in the ship’s operating pattern and in the conditions of the ship.
In 1989, following several serious tanker accidents which were clearly
caused by human emor and a growing awareness in the maritime community of
the human factors, the IMO adopted an Assembly Resolution committing the
Marine Safety Committee and Marine Environmental protection Committee to
examine the “human element” as a cause of marine casualties.
In the past four years, this initiative has become, within IMO, a major,
broad-based long-teeffort involving all of the technical sub-committees, and
in which nearly all tasks and developments are being examined in a human factors light. This initiative has produced the International Management Code for
the Safe Operations of Ships and Pollution prevention (or International Safety
Management - ISM Code). The ISM Code is to be adopted as a new requirement
within the SOLAS Convention. The premise behind the ISM Code is to set ties
and standards for the organization of a company management with respect to
safety and pollution prevention thorough the development of a safety management system (SMS). ISM Code compliance will be required for both the company
and each vessel under the company’s operation and is expected to have far reaching effects on ship owners and operators (Moore, McIntyre, 1994).
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In a similar vein, the International Chamber of Shipping and the
~~~
International Shipping Federation has recently (August 1993) .issued a draft
International Safety Management Guideline titled “Application Guidelines for
the IMO International Safety Management (ISM) IInt. Chamber of Shipping,
1993]. The ISM introduced a Safety Management System (SMS) that requires a
company to document its management procedures to ensure that “conditions, activities and tasks, both ashore and on board tiecting safety and environmental
protection, are planned, organized, executed and checked in accordance with legislative and company requirements.”
Documented SMS procedures are developed to cover: 1) objectives and
applications, 2) safety and environmental protection, 3) company responsibilities
and authorities, 4) designated persons, 5) Master’s responsibility and authority,
6) resources and personnel, 7) shipboard plans, procedures, and instructions, 8)
emergen~ preparedness, 9) reports and analysis of accidents, 10) maintenance
of the ship and equipment, 11) documentation of results, and 12) company verification and evaluation. Three key documents embody this system and include a
shipboard emergency contingency plan, a shipboard safety management manual,
and a SOIJ@ training manual.
The U.S. Coast Guard has identified six fundamental requirements for an
A safety and environmental protection policy.
Instructions and procedures to ensure safe operation of ships and protection of the environmental in compliance with relevant international
and Flag State legislation.
Defied levels of authority and lines of communications between, and
among, shore and shipboard personnel.
Procedures for reporting accidents and non-conformities with the provisions of the Code.
Procedures to prepare for and respond to emergency situations.
Procedures for internal audits and management review.
Moore and Roberts [1994] have reviewed and summarized these recent
developments.
These are obviously different approaches intended to help reach the same
objective; acceptable quality. The House of Lord’s Safety Case Study approach is
highly quantitative and based on detailed evaluations of existing and proposed
systems. It would strain the resources of industry to pefiorm such evaluations
and the implementation would be similarly difficult. The ISM SMS is very qualitative and based on general evaluations. Critical evaluations of efistin~ and
proposed systems ar~not developed. One approach emphasizes docume~tation
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while the other emphasizes the processes of evaluation. They both represent
cument attempts by this se~ent of the-marine industry to improve quality and
safety.
These developments have paralleled by a very similar series of developments that pertain to the operations of offshore platforms. Industrial and regulatory guidelines are being revised to address both the system and the human related aspects [Sutherland, 1991; Bea, 1993; Barren, 1993; Hashemi, 1991;
Fitzerald, et al;, 1991; Technics, 1983; Cox, Walter; 1991; U. S. Dept. of
Commerce, 1985; Andersen et al., 1983; Vinnem, Hope, 1992; Bea, et al., 1992].
As a result of the Exxon Valdez accident, the U. S. Coast Guard initiated a
formal human factors research and development program [Sanquist, et al. 19931.
This program is addressing the five following general areas: (1) manning, qualifications and licensing, (2) automation design, (3) safety procedures and data, (40
communications, and (5) organizational practices. The t.apicsbeing addressed in
each of the five areas are summarized in Table 6.2
Table 6.2- U.S. Coast Guard human factors research and development program
utomation
1A

safetyMethod
andData

● cognitive
im● investigations
ments ● human
factors
pacts
● useof sim~a.
● training
inspectionprocetors
● bridgeworkdures
“ experiencefac- loads
● spillresponse
brs
● alarmsystems
organization
● information
● automation
impacts
distribution
● electronic
navigation
~ vesselTra&lc
Systems(VTS)
*

Exam~les

of HOE in Desire&

CommunicationsOrgamzatlonal
Practices
s technicaland
o anizationproce
3 ures
● aidstonavigation
● VTScommunications

● personnel
fatigue
● organizational
policy
. OPA‘9o impacts

Construction

The following case histories have actually occurred. The author has had
personal involvement in these case histories a-d hence has intimate knowledge
of the details. The background from these experiences was used as one of the
bases for the research reported by Pat&Cornell and Bea [1989, 1992]. The objective of relating these examples is to illustrate some of the aspects of how HOE
can influence the design and construction of marine structures.
The Sliding Platfomns. In 1966, an offshore lease was purchased. The
site surveys indicated an unusual bathymetry. An initial evaluation indicated
the potential for mud slides. A study was initiated in 1967 to investigate this
phenomenon and evaluate the risk, The design of a conventional platform was
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commissioned (1967) on the premise that if the risk of mudslide was found to be
too highy the platform would be sited elsewhere and a mudslide resistant platform would be designed for the location.
The design was completed before the risk study. The management made
the decision to start the construction of the platform so that if the study indicated that the site was safe, the project would be on schedule.
The risk study, when it was completed, confirmed the presence of mud
slides and indicated that the risk of failure at the proposed site was ten to a
hundred times greater than for a conventional site. The recommendation was
made not to site a conventional platform at the proposed location.
The management and the technical team met to discuss these recommendations. A technical report was written stating that if a conventional platform
was installed at the site, it would fail in a short period of time due to overloading
by mudslide forces. The management, however, made the decision ti site the
conventional platform at the proposed location. The lead engineer refused to
sign the final construction drawings.
One platform was knocked to the sea floor, and an adjacent platform
moved down-slope during a storm in August 1969. The sliding around the adjacent platform was discovered when workers tried to run tools through the well
conductors. Laser survey of the piles disclosed significant platform movement
had occurred. The still standing platform was then declared a constructive loss
and an insurance claim was made. Both platforms, however, were salvaged.
The managers involved in the decision suffered career by-pass and eventually left the company. These managers stated that they never believed in the
slide hazard. The technical stti involved suffered the opposite type of credibility
crisis: management after this episode started believing them too much without
asking questions.
Analysis: The sequence of errors came from an organizational commitment made without proper information. When this information became available, the time pressures were such that the management had strong incentives
to dismiss it. By then, it had lost a lot of its value due to poor timing. The result
is a culmination of errors of judgment that can be described as follows:
(1) a very risk prone attitude in the decision to begin the work without the
tests’ results, and
(2) a refusal to use the information when it became available because it
revealed that the previous move was a mistake.
The Homeless Mobile Drilling Rig. During the winter of 1979, a mobile drilling unit originally designed for the storm conditions of the Gulf of
Mexico, was proposed for siting in Lower Cook Inlet, Alaska. The platform, located offshore of California, was preparing for transfer to Alaska. The client oil
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company contacted a consultant to make a risk assessment for siting the platform in Alaska.
Data were gathered on site conditions as well as the conditions of the unit,
looking for fatigue damage to the legs from long tows. A risk assessment was
made and the results were compared to risks of the same unit during the storm
season ifit were sited in the Gulf of Mexico. The results indicated that the risk
in Alaska was ten times greater than in the Gulf of Mexico.
In particular, the consultants recommended not to site the units during
the proposed period but, rather, two or three months later when the chances of
storms and icing are lower. The client oil company did not want to wait because
of the costs involved ($100,000 per day) in putting the unit on standby for two or
three months.
The client decided to discuss the risk of siting with the rig owner, the rig
operator, the rig classifier, the rig mover, and the rig insurer. The risk assessment was presented to this decision making group and a report written summarizing the results.
The group decided that the risk was too great to site the rig during the initially proposed period and the decision was made to delay the siting until after
the winter storm season. The group asked the consultant if they really believed
their risk assessment results, which the consultant confirmed. The client required the presence of the consultant onboard during the starting of operations,
as one’s perspective on risk may change as a function of one’s proximity to it.
The unit operated without incident and was later taken to Norton Sound,
Alaska. The risk assessment was then repeated, this time with respect to scour
around the rig’s footing. The results indicated that the probability of scour was
high. The unit was placed in Norton Sound. Footings’ scour did occur and protection had to be placed in order to prevent damage tQthe rig. Two divers were
killed during the placement of the scour protection. The unit was then towed
from Norton Sound to California. During the transit, a mysterious flooding occurred and the unit sank in the Aleutian trench in 6,000 ft of water.
Analysis: The fundamental error here is again one of bad judgment, this
time, the failure b consider a particular type of external event (scour) that later
threatened to cause platform failure. It is an information error that was probably induced by earlier difficulties and costs due to the relocation of the structure.
It seems that the decision makers, having already experienced the costs of
the prudent decision to delay the Alaska siting, did not want to know more about
potential problems. The iinal error can be traced to a refusal of information and
a breakdown in communications.
The Upside Down Platform. A platform steel jacket was designed to be
launched from a floating barge and towed to the platform site. The jacket weight
and buoyancy were checked to determine if the jacket would float after launch-
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ing. The calculations indicated that additional buoyancy tanks were needed to
were added and placed. at the upper face
~~
- ~make the jacket float. -Buoyticy bks
of the top end of the jacket. The jacket was launched, but because of very high
momentum when the jacket rotated, the jacket buoyancy at the upper face of the
top end was ineffective at slowing the jacket’s movement. The jacket embedded
upside down. The buoyancy was insticient to raise the top of the jacket that
had more stability upside down. The closure plates of the legs leaked due to bad
welds and the reserve buoyancy was lost. Due to bad weather, it took two
months and a lot of money to right the jacket,
The next engineer who designed a similar structure decided to launch it in
deep water fifteen miles from the intended location then to tow it to the site.
During the tow, the jacket swung against the towing barge and crushed two legs.
The jacket had to be towed into shallow waters to expose the legs. The damaged
portions of the legs had to be cut out and new sections were welded in. In trying
to correct the first error, a second error had been committed that added to the
costs of the first one.
A.nc.@sis: This is a case of gross error due to lack of experience.
Although some checking did occur and an initial defect was revealed, the corrective action that followed was insufficient to fix the problem.
The second emor was a repeat of the same phenomenon. Both errors were
cases of wrong understanding (i.e., wrong models) of the dynamic behavior of the
structure during the launch and during the tow.

SleiDner A Finite Element Emor
The Sleipner A platform failure is a prime
example of a recent marine structural failure due
to HOE that occurred during the design [Jakobsen,
1992]. This design error had catastrophic
consequences during construction. During a ballast
test operation in August 1991, the Sleipner A
Gravity Base Structure (GBS, Figure 6.7) sank to
the bottom of a ~ord in 200 meters of water outside
Stavanger, Norway.
The GBS had been constructed by
Norwegian Contractors (NC) over the previous 2
years. The base of the structure had been ballasted
to a depth of 97.5 meters prior to deck mating.
This was the deepest submergence that the platform was intended to experience.

FiB~

6.7- Sleipner A

A deep bang-like sound occurred in the D3shaft (Figure 6.8). The sound was followed by a
sound of running water from the direction of the D3
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shaft. ~~
Investigation of the shaft was undertaken and water was first seen
entering above the intended ballast water level at the star-cell-intersection
(Figure 6.8). Emergency deballasting was started by pumping water born three
of the cells sumounding the D3 shaft, but the pumping could not keep up with
the sinking.
Approximately 8 minutes after the first bang, the order to abandon the
platform was given. The people aboard the platform were evacuated. The platform disappeared born the surface. The base cells imploded and the platfomn
became a pile of concrete rubble on the floor of the fiord.
The Sleipner A platform was the twelfth in a series of Condeep GBS platform built by NC. It was a typical GBS with 24 caisson cells over a base area of
about 16,000 square meters. The technology for the design and construction of
this platform were well established and proven.
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Figure 6.8- Details of the Sleipner GBS base cells and tri-cell intersection reinforcement and ftilure
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An extensive investigation concluded that the primary causes of failure
were as follows [Jakobsen, 1992; RettedaliGudmestad, Aarurn, 1993]:
a) Direct Cause - the global finite element analysis used to calculate sectional forces gave a 47 percent under-estimation of the shear forces in the
tricell walls. The error was caused by use of a coarse finite element mesh
with some skewed elements used for analysis of the tricell walls. The
lower design forces resulted in lack of shear reinforcement in portions of
the cell and tricell joints.
b) Compounding
Causes - reinforcement was improperly detailed in the
tricell joints. The T-headed shear reinforcement bars were detailed too
short and were anchored in a tension zone (Figure 6.8). The conventional,
but difficult to install stirrup reinforcement was omitted from the joint.
The tricell joints were not designed or checked as separate components.
The same reinforcement designed for the cell walls was continued through
the tricell joints. Testing subsequent to the failure conhned the inadequacy of the reinforcement.
c) Contributing Causes - similar failures of the tricell joints had occurred in previous GBS. The problem had been detected and remedied before it had become catastrophic. However, all of the personnel involved in
these earlier problems were not involved in the Sleipner A design and construction. There was a “loss of corporate memory”. In addition, because
the design and construction had become so “well established, and because
of time and budget limitations, detailed and over-view checking had been
curtailed.
Following the sinking of the Sleipner A GBS, a number of studies and
steps were taken to prevent a mistake of such magnitude from occurring again
[Rettedal, et al., 1993]. Extensive physical testing of the tricell joints were performed. The geometry of the tricell was changed. There were extensive and
careful finite element analyses performed of the joint, These analyses were calibrated and verified with the results from the physical tests on the joint.
In addition, revised design guidelines and regulations were implemented.
There was a considerable increase in independent design checking and verification. The revised design guidelines and regulations included an increase in the
design load factor for water pressure, a new concrete design code shear capacity
formula, stricter water tightness criteria, larger concrete cover on reinforcement,
stricter tolerances on reinforcement placement and more transverse reinforcement required, structure would be designed to with stand a 100-year summer
storm load in the installation phase, vertical prestressing cables were to be used
in all shafts to minimize tensile loadings and cracks (developing a “robust” or
damage tolerant structure), and double barriers for all openings and penetrations in the base cells.
The changes made in the design process were primarily intended to provide added capacity and robustness. Extensive Quantified Reliability Analyses
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(QRA) were performed to identify how and whereto place design safeguards
[Rettedal, Gudmestad, Aarum, 1993].
Most notable of the changes was a 400 % increase in the total man-hours
for verification and checking work. In the wake of a major accident which
“should not have happened,” there is little tendency to view added safety precautions as overkill. Due to the delays caused by the failure, there were extreme
pressures to develop a replacement platform as soon as possible. With time of
the essence and the memory of the failure fresh, the increased safety measures
were readily included in the design, rather than evaluated as to their necessity.
‘lb platform was re-designed and m-built by NC. It was successfully installed two years after the failure of Sleipner A. The total cost of the failure was
estimated to be in excess of $1 billions (U. S.).
In Chapter 9, two studies will be discussed that address quantitative
evaluations of how to improvement management of HOE in there-design of the
Sleipner A platform.

Classifications

of Sources of Errors

Factors that contribute to human errors can be categorized into organizational, individual, and systems (hardware, software) errors. Organizational influences have been found to have profound impacts on operational quality of marine structures [Perrow, 1984; Bea, Moore, 1991; Embrey, 1991; Reason, 1991;
Robinson, 1991]. Individual or human errors are those which are made by a single person which can contribute to an accident. The chain of events which led to
the Occidental Piper Alpha accident were initiated by events leading from an unfurnishedmaintenance job in the gas compression module ~
Dept. of Energy,
1990]. Their escalation could be directly attributed to a wide variety of organization errors including corporate decisions made regarding manning, relief supervision, the supervision of work crews, and the provision of production incentives
[Martin, 1991].
A similar chain of contributing and compounding causes firmly founded in
organizations can be identified in the grounding of the Exxon Valdez (Moore,
1994; Moore, Bea, Roberts, 1993). This compromise in acceptable quality was
not fundamentally a failure rooted in structural and equipment systems, but in
organizational systems ~enk, 1983]. The contributing and compounding errors
directly involved the responsible regulatory and industrial organizations
[Moore, 1994; Moore, Bea, mberts, 19931.
Experience indicates that the influences of the organizations on the reliability of marine systems generally is the most pervasive of the human factor related causes of accidents (Figure 6.1). High reliability organizations inherently
develop high reliability operators, systems, and operations (and vice versa)
lltoberts, 1989; Roberts, 1993; Koch, 1993]. High reliability organizations gen-
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erally focus on the long-term quality of production, not on the short-term quanr.,...1,<,-,, ~~~~
Ltity of production: High reliability organizations generally take long-term views
and found their short-term activities on their ability to develop long-term quality
productivity. Low reliability organizations focus on short-term gains and productivity [Koch, 1993].
The sources of organization errors can be placed into three general categories Moore, Bea, 1993b; Moore, 1994]. The first is upper level management
The lack of appropriate resources and commitments to achieve reliability and
the provision of conflicting goals and incentives (e,g. maintain production when
it needs to be decreased to allow maintenance to be performed on the system) are
examples of upper level management errors. The second is front line management. Information filtering (make it look better than it really is, tell the boss
what he wants to hear - good news), and redirection of resources to achieve production at the expense of safety are examples of font line management errors.
The third category is the design, construction, or operating team. Team
work in which there is an inherent and thorough process of checking and verification have proven to be particularly important: “if you find a problem, you own
it until it is either solved or you find someone to solve it” lltoberts, 1993]. The
lack of team work represented in poor communications between work shifts
(ineffective permit to work systems) or between work teams and the platform
control room have resulted in several major accidents @3mbrey, 1991;
Sutherland, 1991]. Communications break-downs and errors caused by languages and cultures are a common source of accidents in ship operations involving crews of various nationalities [Gathes, 1989; UK P&I Club, 19931.
Errors can also be observed with human-system (equipment, structure,
software or instructions manuals) interfacing. These are described as system
(hardware) errors and procedure (software) errors. System errors can be attributed to design errors and result in an operator making improper decisions.
Similarly, the procedures and guidelines provided to design, construct, or operate a system can be seriously flawed. System errors led to the loss of the ballast
control aboard the Odeco Ocean Ranger Fat6-Cornell, Bea, 1989; Moore, Bea,
1993a] and emergency system failure aboard the Occidental Piper Alpha [UK
Dept. of Energy, 1990; Martin, 1991]. Appropriate operating manuals on how to
interrupt potentially catastrophic sequences were almost totally lacking in both
of these cases.
Several design errors have recently been traced to design guidelines and
design software that were seriously flawed Moore, Bea, 1993b; Pate-Cornell,
Bea, 1989; Jakobsen, 1992]. Unnecessary complexity and insufficient checking
had embedded serious software “bugs” that resulted in serious design errors.
In 1993, the American Petroleum Institute issued the first edition of
LRFD guidelines for design, construction, and maintenance of offshore platforms: API RP 2A - LRFD.1 At the same time these guidelines were issued,
lThiseffortrequired15calendaryearsandanestimated10man-yearsto completi.

96

Chapter 6

t.

Human Errors: Marine Structures

substantial changes were made in the design procedures and guidelines to determine hydrodynamic forces. These procedures represented a major technical
step forward in detailing how engineers could determine storm loadings acting
on offshore platforms.
Experienced engineers that were faced with implementation of these
guidelines made several dramatic mistakes in initial applications. Their experience with WSD did not “translate” to a similar feeling for LRFD results. The
complexity of the revised hydrodynamic force guidelines also resulted in several
dramatic over-estimates of the design forces. Engineers would not in general
take advantage of a variety of load-reduction parameters in the formulation.
The engineers were not properly trained or given sufficient resources of time and
assistance to overcome the problems of these initial applications.
This experience suggests that when new design guidelines and codes are
developed, thought and detailed considerations should be given to the implementation and QA / QC aspects (implement TQE). The author has obsemed the need
for similar considerations in development of the ISO versions of the API RP 2A
guidelines. Engineers bent on “progress” and not founded in consideration of the
“human” aspects generally have little patience for nor regard for such considerations. The best technology is not necessarily the most complex technology.
Elegant simplicity and clarity need to be emphasized if one is to avoid embedding errors and error promoting procedures in design guidelines.
The external and internal environments can contribute to the error producing potential of the humans that design, construct, and operate marine systems. External environmental factors such as darkness, extreme low temperatures, and extreme storms can exacerbate human error producing potentials
[ASTM, 1993; Miller, 1990]. Similarly, internal environmental factors such as
poor visibility, smoke, and intense motions can cause errors [Martin, 1991;
Moore, Bea, 1993bl.
Human and organization intemelationships with systems, procedures, and
environments (internal, external) can be organized as shown in Figure 6.9
[Hawkins, 1987]. There are error producing potentials within each of the primary sectors including the human operators (designers, constructors, operators),
the organizations that influence these operators, the systems themselves
(hardware), the documentation that embody the manuals of use or practice for
the systems (software), and finally the external and internal environments. In
addition to the error producing potentials within each of these sectors, there are
error producing potentials at the interfaces of the sectors [Reason, 1991; fibe~s,
1993].
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Figure 6.9- Components and interfaces that can lead to
h=an errors re~ulting in undesirable quality

Human Errors
Human errors can be described as actions taken by individuals that can
lead an activity (design, construction, operation) to realize a lower quality than
intended. These are errors of commission. Human errors also include actions
not taken that can lead an activity to realize a lower quality than intended.
These are errors of omission.
Human errors might best be described as “actions and inactions that result in lower than acceptable quality” to avoid implications of blame or shame.
Human errors also have been described as “misadministrations.” and “unsafe actions.”
Human errors can be described by types of error mechanisms (Reason,
1990). These include slips or lapses, mistakes, and circumventions. Slips and
lapses lead to low quality actions where the outcome of the action was not what
was intended. Frequently, the significance of this type of error is small because
that these actions not being as intended are easily recognized by the person involved and in most cases easily corrected.
Mistakes can be developed while the action was as intended, but the intention was wrong. Circumventions (or violations) are developed where a person
decides to break some rule for what seems to be a good (or benign) reason to
simplify or avoid the task.

98

;.

Chapter 6

Human Errors: Marine Structures

Mistakes are perhaps the most signilkant because they are being fol. . ,..! ,$ lowed purposefully by the user who has limited clues that there is a problem.
Often, it takes an outsider to the situation to ident~ mistakes.
Circumventions are potentially significant contributors to risk because
these conditions can result from unexpected combinations of errors and circumventions.
Based on a study of
major unanticipated
Table 6.3- Human error factors
compromises of acceptable
~
quality involving marine
Fatigae
Wishful think- ‘ Badjudgment
structures, Table 6.3
ing
summarizes the primary
Mischief
Carelessness
Negligence
factors which have resulted
Physical
Ignorance
Laziness
in individual errors. The
limitations
Psnic
Violations
error factors range from those
Boredom
Greed
~
of judgment to ignorance,
Inadequate
Inadequate
Folly
communication
training
folly, and mischief ~enk,
1986], Inadequate training is
a primary contributor to many of the past failures of
marine structures. Fatigue combined with boredom have played a role in many
of the accidents [Gates, 1989; Pollard, et al, 1990; Panel on Human Error in
Merchant Marine Safety, 1976].
Human errors are
magnified and
compounded in times of
extreme pressure manel
on Human Error in
Merchant Marine Safety,
1976; Martin, 1991].
Pressure results from a
combination of task
complexity, training in
performance of the task,
the required task
precision, psychological
stress, intensity of distractions, and the severity of
impairments.
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Figure 6.10- Effects of pressures on human
As shown in Figure petiormance
6.10, optimal performance
levels are observed at an
“appropriate level of
arousal.” There is a marked and rapid decrease in the performance reliability
after the optimum pressure has been passed. The human performance levels
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vary between individuals depending upon training, variability between individu-

als, organizational pressures, and complexity of the operating system.
Nevertheless, performance is observed to deteriorate when pressure levels
are either too low or high. For example, times of high pressures could be effected
by stress or panic while low human performances could be the result of boredom
or laziness. Both extremes can contribute to increase the incidence of human errors.
A mishap is differentiated into three psychological stages: perceiving,
thinking, and acting (Figure 6 .11) mea, Moore, 1992; ASTM, 1993]. The danger
threshold could be reached by either a lack of sficient time to react, or errors in
perception, thought or action which would either lengthen the time between
events or increase the magnitude of the danger buildup. The perception stage
starts with a mishap and is followed by a warning. The warning is then noticed
and leads to recognition of the mishap source. The thinking stage begins with
the identification of the problem and information (whether complete or incomplete) is processed at this stage to evaluate decisions for the best course of action. The mishap is acted upon with execution of a plan and the system is returned to a normal operating status or escalates to a dangerous state.
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Human intervention is responsible for near misses. Humans intervene to
interrupt potentially catastrophic combinations of actions and events to bring
systems back to within the s~e operating zone. Experience indicates that there
are generally many more near misses than there are major accidents. If recognized, information on near misses can provide valuable information to prevent
direct hits Ilteason, 1991]. Persomel selection and crisis training can have
marked influences on an individual’s or team’s abilities to return a system to a
safe state [Sutherland, 1991].
Based on a study of
available accident databases on
retie
systems and study of
case histories in which the
acceptable quality of marine
systems has been compromised,
the primary factors which can
result in human errors are
identified in Figure 6.12 [Bea,
Moore, 1994].

.-

Human Errors: Marine Structures

This human error classification (taxonomy) is intended
to allow the exclusive and
exhaustive identifmation of how
individuals can make errors in
the design, construction, and
operation of marine structures.
The sources of mistakes
or cognitive errors are fi.n-ther
detailed in Figure 6.13.

Planning& Preparation

Communications
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Figure 6.12- Classification of human errors
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Action
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Figure 6.13- Classification of cognitive errors
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Organization

of Marine Structures

Errors

Analysis of past decisions regarding the design, construction, and operation of marine structures provides numerous examples of instances in which organizational ftilures have resulted in failures of marine systems ~enk, 1986;
Pate-Cornell, Bea, 1989; 1992; Petroski, 1985; Pen-ow, 1984]. Either collections
of individuals (organizations, teams) or individuals (unilateral actions) contribute to accident situations. Failures can occur as a result of an organization’s
or an individual’s willingness to take a calculated risk. Failures can result from
diHerent types of inevitable errors that can be corrected in time, provided they
are detected, recognized as errors, and corrective action is promptly taken
[Roberts, 19931. Failures can also occur as the result of errors or bad decisions,
most of which can be traced back to organizational malfunctions.
Table 6.4 summarizes the primary factors which can have negative effects
on organizational reliabilityy. For example, the goals set by the organization may
lead rational individuals ta conduct operations aboard a platform in a manner
that corporate management would not approve if they were aware of their reliability implications. Similarly, corporate management, under pressures to reduce
costs and maintain schedules, may not provide the necessary resources required
to allow adequately safe operations.
Table 6.4- Organizational error factors
~

Cost - refit incentives
Violations
Ego
Ineffectiveregulatoryrequirements

Negativeincentives
Low worker morale
Poor communications
Ineffectivemonitoring ~
g training
Complexstructure
Rejection of information
Inequitable
Reduction
orientation
promotion- recognition

Generally, two classes of problems face an organization in making collective decisions that result from sequences of individual decisions: information
(who knows what and when?), and incentive (how are individuals rewarded,
what decision criteria do they use, how do these criteria fit the overall objectives
of the organization?). In development of programs to improve management of
HOE, careful consideration should be given to information (collection, communications, and learning) and incentives, particularly as they affect the balancing of
several objectives such as costs and safety under uncertainty in operations of offshore platforms.
The structure, the procedures, and the culture of an organization contribute to the safety of its product and to the economic efficiency of its risk management practices. The organization’s structure can be unnecessarily complex
and demand flawless performance Koch, 1993]. This can result in little or no
credible feedback to the upper levels of management. The resulting safety prob.... ----—”’”-
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lem is that there maybe inconsistencies in the decision criteria (e.g. safety standards) used by the -different groups for various activities. This can result in large
uncertainties about the overall system safety, about the reliability of the interfaces, and about the relative contribution of the different subsystems to the
overall failure probability.
Organization and management procedures that affect system reliability
include, for example, parallel processing such as developing design criteria at the
same time as the structure is being designed, a procedure that mayor may not
be appropriate in economic terms according to the costs and the uncertainties.
Experience indicates
that one of the major factors
in or~anizational error is the
“cult~e” of the organization
[Roberts, 1989; 1993; Koch,
1993]. For example, the
dominan t culture mav
reward risk seeking (flirting
with disaster) or superhuman endurance

ygrfi$;JA:mi:fiMM!
B

~

1

goals,

(leading to excessive

fatigue~, an attitude that in
the long run may prove
incompatible with the
objectives of the
organization. Another
feature may be the lack of
recognition of uncertainties
lea&Tngto systematic biases
towards optimism and
wishful thinking.

Culture
I
incantivas,
valu~ trust
I

~
Ignorance

Mistakes

unawamaas, unlaamad

cognitive errors

Figure 6.14- Classifmation of organization errors

Organization error is
a departure from acceptable or desirable practice on the part of a group of
individuals that results in unacceptable or undesirable results. A summary of
the principal factors that can contribute to or result in organization errors is
given in Figure 6.14. TotaI Quality Management (TQM) philosophies, practices,
and procedures have been developed primary to address the human and
organizational aspects associated with achieving quality in goods and services
[Ashley, Perng, 1987].

.,

‘\

,,.,,
..$
,,;

103

;“(

“

,!!

;,‘,.,
.\

‘*,.1.

,-,

11.oleof Human Error In Reliability

SYstem & Procedure

of Marine Stmctures

Errors

Errors can be initiated by or exacerbated by poorly engineered systems
and procedures that invite errors Nller, 1990; ASTM, 1993]. Such systems are
difficult to construct, operate, and maintain. Table 6.5 summarizes system and
procedures factors and flaws which can affect the quality of marine systems.
New technologies compounds the problems of latent system flaws.
Complex design, close coupling (failure of one component leads to failure of other
components) and severe performance demands on systems increase the difhilty
in controlling the impact of human errors even in well operated systems.

Table 6.5- System & procedure error factors
~

_CJose coupling
Lack of robustness
Incorrect signals

Latentflaws
“ Small tolerances
Inaccessibility
Difficult maintenance

Severe demands
— False alarms
~
Poor visibility
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si~als of the state of the
sy~tems. Land based industries
I
cim spatially isolate
independent subsystems whose
joint failure modes would
constitute a total ssmtemfailure. ~
System errors res~ting from
I
complex designs and cl~se
COMPARABILITY
CAPACITY
unacceptableImpacts
coupling are more apparent due
demandsexceed
and Co$te
design capabilies
b spatial constraints aboard
ships and platforms. The field
of “ergonomics” has largely
developed to address the h~~
fime &15 - Classifimtion of system errors
- machine or system interfaces.
Specific guidelines have been
developed to facilitate the
development of such systems [ASTM, 1993].
Figure 6.15 summarizes a classification system for system or hardware

related errors. These errors range from insufficient capacity and durability to
unacceptable serviceability and compatibility.
The issues of system robustness (defector damage tolerance), design for
constructablity, and design for IMR (Inspection, Maintenance, Repair) are criti-
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cal aspects of engineering marine structures that will be able to deliver accept‘ able quality [Bea, 1992; 1993a]. Design of the structure system to assure robustness is intended to combine the beneficial aspects of redundancy, ductility, and
excess capacity (it takes all three). The result is a defect and damage tolerant
system that is able to maintain its seficeability characteristics in the face of
HOE. This has important ramifications with regard to structural design criteria
and guidelines. Design for constructability and IMR have similar objectives.
The 1S0 and other similar guidelines have been developed to primarily
address the quality of manufactured systems; to assure that they have acceptable and desirable levels of quality [1S0, 1987; BSI, 1990; Norwegian Standards,
1990].
Figure 6.16 summarizes a classification system for procedure or software
errors. These errors can be embedded in engineering design guidelines and computer programs, construction specifications, and operations manuals. With the
advent of computers and their integration into many aspects of the design, constmction, and operation of marine structures, software errors are of particular
concern because “the computer is the ultimate fool.” Software errors in which
incorrect and inaccurate algorithms were coded into computer programs have
been at the root cause of several major failures of marine structures [1S0, 1987].
Guidelines have been developed to address the quality of computer software for
the performance of finite element analyses [National Agency for Finite Elements
and-Standards, 1990]. Software testtig has been perfofied to assure that the
software performs as it should and that the documentation is sufficient.
Given the rapid pace at which
significant industrial and technical
developments have been taking place,
there has been a tendency to make
design guidelines, construction
specifications, and operating manuals
more and more complex. In many
cases, poor organization and
documentation of software and
procedures has exacerbated the
tendencies for humans to make
errors. Simplicity, clarity,
completeness, accuracy, and good
organization are desirable attributes
in procedures developed for the
design, construction, and operation of
marine structures.
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Figure 6.16- Classification of errors in
procedures
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Summam
Unsatisfactory quality is defined as undesirable or unanticipated poor performance associated with the structures. The unsatisfactory quality in marine
structures results fkom not only in the catastrophic collapse or loss of the structure (exceed capacity), but as well and perhaps more frequently, resuIts from unexpected durability problems (insufficient corrosion and fatigue cracking resistance).
The causes of unsatisfactory quality can be organized into three categories: 1) those that underlie the actions, 2) the direct initiating actions, and 3)
the compounding or propagating actions. Often, the direct initiating actions are
identified and the more important underlying and compounding actions ignored.
A detailed study of case histories of insufFwient quality in marine structures indicates that while the direct causes of failure can be attributed to the
acts of individuals, the dominant contributing and compounding causes are fundamentally “organizational;” erroneous actions by groups of individuals that influence the direct cause of failure and exacerbate or escalate its development
through compounded errors. Of the individual errors, the majority of errors are
errors of commission; what was performed was erroneous and purposefully executed. Errors of omission or what was performed was not intentional account for
a minority of the causes.
High consequence accidents resulting from HOE can be differentiated into
those that occur in design, construction and operation phases of the marine system’s life cycle. Unacceptable performance of a marine structure can be the result of improper design and construction of the system. Of the three life-cycle
phases of a marine structure, the majority of compromises in the quality of the
structure occur during the operating phase and can be attributed to errors developed by operating personnel.
Human and organization interrelationships with systems, procedures, and
environments (internal, external) can be organized as shown in Figure 6.9.
There are error producing potentials within each of the primary sectors including the human operators (designers, constructors, operators), the organizations
that influence these operators, the systems themselves (hardware), the documentation that embody the manuals of use or practice for the systems (software), and
fumlly the external and internal environments. In addition to the error producing potentials within each of these sectors, there are error producing potentials
at the interfaces of the sectors.
A taxonomy or classification of errors that can develop due to the actions
or inactions of individuals (humans ), organizations, hardware, and procedures
(software) has been provided in this section. This classification has been developed specifically for the purpose of describing and evaluating the effects of human errors in the design and construction of ship structures.
.
h,
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In most cases, a combination of human, organization, and technical
(system, software), modifications can be used to improve the quality level of a
ship structure to acceptable and desirable levels. Table 7.1 lists some effective
human, organizational, and system improvement factors which can benefit
the quality of ship structures.
Table 7.1- Quality improvement strategies
Human
Selection
~
I Licensinp
1~-+
.-.
Verification,
Incentives

I“

Organization
Resource allocation
“‘“-munications
Wuu
I

.

. .

checkin&

1Decisinn
—.. —----- tnakin
.~
Process orientation
Integrity
filitv

System &
Software
Human tolerances
Robustness
~ems
Reasonable tolerances
Design for IMR
3implicity, clarity
[Desire for con-
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There are two fundamental
approaches to improve the management of
HOE to achieve desirable and acceptable
quality in ship structures:
1) improve the munugement of the
causes to reduce the incidence of
HOE, and

L

After

Actiwily

2) improve the management of the
consequences to reduce the effects of
HOE.

L
I

There are three time frames in which
one can focus HOE management activities:
1) prevent errors before the activity,
2) detect and correct errors during the
activity,

Figure 7.1- Life-cycle QA / QC

efforts

3) reduce the consequences of the
errors afler the error is committed.
These two approaches and management time frames will be cast in the
context of Quality Assurance (QA) and Quality Control (QC) activities. As discussed in Chapter 4 (Figure 7.1), these activities should be continuous processes that are conducted throughout the life-cycle of a ship structure.
As discussed in Chapter 4, experience has amply demonstrated in both
marine and non-marine structures that “an ounce of prevention is worth ten
tons of cure,” The earlier quality problems can be detected and corrected, then
the lower the costs and other consequences associated with unanticipated and
undesirable low quality. Thus, there is a large premium associated with prevention and avoidance.
Detection and correction (removal, repair) also play vital roles in QA /
QC activities. As discussed in Chapter 5, experience has demonstrated that
the most effective detection of major HOE is “external” to the situations that
cause the HOE. Sufihient resources of experience, knowledge, money, and
time and positive incentives for detecting errors are needed if there is to be effective error detection.
It is surprising often how correction is under-estimated. Sticient
provisions are not made for correcting errors when they are found, and the “fixes”
become problematic. Detailed thinking and evaluations are necessary to properly define what should be done when major errors are detected. Wishful
thinking seems to be behind much of the problems associated with error correction “it will never happen h me,” or “we got by before.”
‘-,
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Themanagement of consequences generally also has been under-estimated. In this regard, there is one general rule: there will-be HOE. Defenses
in depth are required to limit or manage the consequences of this HOE. In the
structural design area, design for robustness or damage tolerance has begun
to be recognized as an explicit requirement in the structure system. If there is
a high probability for a certain type of defect or damage, then it makes sense to
provide robustness (combination of redundancy, ductility, and excess capacity)
so that there is not a significant degradation in the quality of the structure. It
is for this reason that in design for fatigue durability, “fail safe” design is used
in many cases rather than “safe life” design.
The life-cycle QA / QC approaches of prevention and management will
be discussed in the following parts of this chapter as they apply to the design
and construction of ship structures, The concluding section of this chapter
suggests responsibilities for improvements in the quality of ship structures.

Team Performance
A particularly important aspect of quality improvement regards “team
building.” Team-work on the front lines of the design and construction processes can provide a large measure of internal QA / QC during these operations [Huey, Wickens, 1993]. Most important, such team-work can be responsible for interrupting potentially serious and compounding sequences of events
that have not been anticipated. It is such teamwork that is largely responsible
for “near misses.” And, it is for this reason that there are many more near
misses than there are accidents.

-.

Crew - team performance has been studied in a variety of different settings [Huey, Wickens, 1993]. These studies have indicated that there are series
of key factors that influence crew - team performance. These are summarized
in Table 7.2. These factors represent a merging of the primary human and organization management alternatives identified in Table 6.1.

Table 7.2- Crew - team performance factors
Communications
Personnel selection
Training
Planning
Preparations
Discipline

Procedures
Organization
Leadership
Monitoring
Information seeking,
observations

Information evaluation
Distributed decision
making
Appropriate operation
strategies
Controlling
Quality incentives
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Variables that tiect team pefiormance include rest (fatigue), physical
~ conditioning, boredom, -stress, anxiety, fear, training, and design of the hardware and software that comprise the system. Given these variables, it is an
important objective to manage the variables so that team performance can be
maximized. Provision of sufliient rest, encouragement of good physical conditioning, job design to relieve boredom, reduction of unnecessary stresses and
providing for stress relief, removal of unnecessary anxiety and fear, provision
of suflkient training and verifying that the training has been absorbed into the
work tasks, and design of the hardware and software so that the chances of errors are minimized are examples of team performance variables quality management.
The task difficulty for the team performance is comprised of the goals
and performance criteria, the task structure and schedule, the quality and
modality of information and communications, the cognitive processing required, and the characteristics of response devices and documentation system.
In quality improvement, one important objective is to manage the task difficulty to an optimum level; reducing the task difficulty to the level that will produce the optimum team performance. Clear and non-conflicting goals and
performance criteria, simplified task structure, provision of sufficient time to
perform the tasks, providing clear, concise, and timely communications, minimizing the cognitive processing required to perform the tasks, and making
the response and documentation system as simple and clear as possible are
examples of task difficulty quality management strategies.

Desiml
—

Figure 7.2 shows a generic
design process for a marine
structure. The principal phases include concept development,
configuration, loading analyses,
structural analyses, and design
documentation. The individuals
working on the design (design
team) can make errors which can
compromise the intended quality of
the design process [Hallas, 1991].
io wntirwlion
The potential for the errors can be
influenced by the organizations,
Figure 7.2- Human factor influences in
procedures, hardware, and
the design process for a marine strucenvironment that interface with the ture
individuals that perform the
design. QA / QC is indicated to be a
continuous process through the design to assure that the desirable quality is achieved [ISO, 19941.
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Development, documentation and evaluation of advances and improvements made in the engineering technology used to design, construct, and operate ship structures is a main theme of the Ship Structure Committee
Research. Reference to the list of SSC reports provides ample evidence of the
growth of the technology to design and maintain ship structures.
Recent experience with lack of sufficient quality in ship structures provides ample evidence that it is not the available technology that provides the
primary impediments to realizing sufhcient cnmlitv in ship structwes. It is its
~imely,-wis~, and correct application [Bea, 1992, 1993a]. Recent experience in which the
quality of marine structures have been
compromised during the design
indicate that there can be errors in
any one or all of the principal phases.
Generally, it is the unfavorable
compounding of more than one major
error that can cause such a
compromise.

--

Table 7.3 summarizes some of
the key elements that have resulted in
major problems that were traceable to
design. Design processes that possess
a combination of these factors would
be those that have a high potential for
compromises in the intended quality
of the marine structure. It should be
a primary objective of QA / QC design
measures to first prevent the
occurrence of these factors and second
to place checks in the primary parts of
the design process to verify that they
are not developing into an undesirable
compromise in the quality of the ship
structure.

Table 7.3- Factors influencing the
occurrence of design errors

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
c limited qualifications and experience of engineering personnel
● poor organization
and management of
engineering personnel
● insufficient
research, development and testing background
● major extrapolations
of past engineering experience
“ poor financial climate, initial cost
cutting
● poor quality incentives and quality
control procedures
● insufihient
time, materials, procedures, and hardware
●

An example of such
development was that associated with
the recall of the second generation of
Verv Large Crude Carriers (VLCC,
2401000 ti- 260,000 DVVT)tankers by”lklitrmbishiHeavy Industries (MHI) in 1990.
This recall was initiated after a l~ge number of m~or cracks were found in
the cargo tanks of one VLCC delivered less than five years earlier. The cracks
occumed in the side shell longitudinal, close tmthe point where they met the
transverse bulkheads and frames, about two-thirds up the side. The side shell
and longitudinal were made from high tensile steel.
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It was related later (Kamoi, 1993) that this development had occurred in
~~
~the following way. The ship structure was designed by MHI using current
classification society rules. Even though they existed and had been highly developed by MHI, first principal methods to compute loadings and structure
stresses were not used. Further, there was no explicit design or analysis for
fatigue of the ship structure. The ship structure was designed based on the
use of conventional mild steel,
After the ship design was completed and documented, it was passed to
the yard for construction. The construction yard decided that higher tensile
strength steels would be used to reduce the weight of the ship structure in this
class of VLCC. This would lower the initial costs, make the yard more competitive, and increase the cargo volumes. Scantlings and plating were reduced in
thickness in proportion to the increase in the tensile strength of the steel. The
ship structure designers were not consulted about this change.
In the retiew of the design and construction, the classification society
(NK) did not determine that there was anything wrong with the change in the
grades of steel. There had not been any significant compromise in the
strength or capacity of the ship structure. There were no provisions for verifying that the ship stmcture had sufficient or desirable durability.
Thus the class of ships were constructed and classed. However, they did
not have suflkient durability and very costly measures were required to provide the necessary durability.
This compromise in quality occurred because of a compounding of factors. Not using the available technology, a break down in communications between the design and construction organizations, a contracting and financial
climate that did not include a premium for durability, and the inability of the
classification society to determine that there would be a significant reduction
in the durability with the change in steel grade lead to this costly compromise.
There have been other similar problems with other classes of crude carriers.
The effect of a design error depends on the type and magnitude of the error and the sensitivity of the structure element to the error. Figure 7.3 shows
the likelihood of unsatisfactory quality in a structure element (Pfs Ie) conditional on the magnitude and type of human error. Error tolerant and error intolerant elements are indicated [Stewart, 19901.
It would be desirable that QA / QC be very stringent for the error intolerant elements. Also, it would be desirable to cofigure or design the element or
component so that it could be error tolerant for the highly likely types of design,
construction, and / or operations errors. The design of damage or defect tolerant (“robust”) structures is very desirable [Bea, 1992]. The sensitivities of various parts of a particular structure and various parts of a particular design
process can be studied beforehand to determine those parts that are most error
intolerant. Re-design and QA / QC efforts can thus be directed at those elements and aspects that have the highest criticality. These same elements and
..-... ...
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components could become those that are watched most closely during the con,., . . .,,,,,, struction and during operations.. Inspections can be directed to confw.m the
quality and condition of the elements that are the most important to the integrity of the ship structure and that are the most intolerant of low quality factors.

Table 7.4 addresses four key
questions associated with design
QA / QC: “what, when, how, and
who ta check’ [Knoll, 1986]. High
consequence of error parts are
those aspects of the design process
that are error intolerant (Figure
7.3). These are a high priority for
QA / QC measures [Stewart, 1990].

A Pfsla
1.0 .——

———

—-—
0

——

error intolam /

Early checking is
particularly important to identify
and correct mistakes that can
become embedded in the entire
process. As more time is allowed to
pass, these embedded mistakes
become more and more difficult to
detect and expensive to correct.
Based on the work published by
Knoll [1986], Figure 7.4 shows how
insuffmient checking in a design
process allows the accumulation of
errors through the design phase.
Announced external audits with
effective mechanisms for checking
detect these errors so that they can
be kept to an acceptable level. The
timing of these audits is best
scheduled before the design starts
(to detect and correct critical flaws
in the proposed approaches),
during the critical parts of the
design (to detect and correct major
errors of commission and
omission), and after the design
documentation has been completed
(to detect major emors in the plans
and specifications that will be used
for construction).

0.0
Magnitude

(Y) of Type (X) of Human Error

Figure 7.3- Likelihood of unsatisfactory
quality for error tolerant and intolerant
structure elements

Figure 7.4- Accumulated errors in the
structure design process with and
without external checking
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The “hews” of checking are
particularly important ~oll,
1986].
The use of qualified and experienced
engineers provided with sufficient
time and information resources is
very important. Figures 7.5 and 7.6
show information that was developed
from the research performed by
Melchers and Stewart [1980-19901.
These are Probability of Detection
(POD) curves developed for errors
made in the design of non-marine
structures. The error magnitude
refers to the size of the error
committed in the structural analysis.
Positive error magnitudes are
indicated (too consemative). Negative
error magnitudes would have a
different POD curves. Experienced
QA / QC is able to detect smaller
errors with a higher probability.
Provision of more time for checking
allows smaller errors to be detected
with greater probabilities.

4
Experienced
cbklng

!

o

50

lm

1s0

b

m

ERROR MAGNITUDE - %

Figure 7.5- Effects of QA / QC
“experience” on the POD of structural
analysis errors

The work of Melchers and
Stewart was based on the results of
questionnaires directed to building
design firms in Australia. These
represent the mean results of the
ERROR MAGNITUDE . %
responses. This is extremely useful
Figure 7.6- Effects of QA / QC
and valuable information. But, it
allocated time on the POD of
needs to be further developed and
structural analysis errors
directed to the specifics of ship
structures before it could be used with
suretv. Given that there is further develop-ment of procedures and processes for the improved management of HOE
in the design and construction processes, development of HOE QA / QC alternatives, procedures, and quantified data on the effectiveness of these alternatives and procedures should be a high priority effort.
As discussed in Chapter 6, following the failure of Sleipner A platform,
one of the primary changes made in the design process for the replacement
platform was a dramatic increase in the resources provided for checking; a 400
% increase [Jakobsen, 1992]. Personnel selection and training was revised.
Detailed procedures for the performance of the FEA were developed. Physical
testing of critical components was undertaken. And, the error intolerant “star
cells” and their reinforcement were modified to develop a more robust structure system lliettedal, et al., 1993]. All of these measures are excellent exam-
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pies of QA / QC in the design process to manage HOE. In the wake of the $1
billion disaster, little expense was spared to assure that the replacement platform would not experience the same or similar “embedded flaws” in the structure design process. It didn’t.
Table 7.4- Design QA / QC strategies

●WHAT TO CHECK?
- high likelihood of error parts (e.g. assumptions, loadings, documentation)
- high consequence of error parts
●WHENTO CEECK?
- before design starts (verify process,
qualify team)
- during concept development
- periodically during remainder of process
- after design documentation completed

● HOWTO CHECK?
- direct towsrd the important parts of the
structure (error intolerant)
- be independent from circumstances
which lead to generation of the design
. use qualified and experienced engineers
- provide sticient QA / QC resources
- assure constructability and IMR

4WHO!l’0 CHECK?
- the organizationsmost prone to errors
- the design teams most prone to errors
- the individualsmost prone to errors

constmldion
Figure 7.7 shows a generic construction process for a marine structure.
The principal phases include contracting, planning, lofting, procurement,
cutting and forming, fabrication, and commissioning. The individuals working on the construction (construction team) can make errors which can compromise the intended quality of the design process [Akrrcon-Cardenas, 1992].
The potential for the errors can be influenced by the organizations, procedures,
hardware, and environment that interface with the individuals that perform
the construction. QA / QC is indicated to be a continuous process through the
design to assure that the desirable quality is achieved [A1-Bahar, 19881.
The implementation of QA / QC in construction maybe summarized by
ident~ng
three levels [1S0, 19871:
1) establishment of QC procedures to monitor quality.
2) establishment of a QA system suitable for the manufactured product
in accordance with recognized standards.
3) establishment of a QA system suitable for the manufactured product
in accordance with recognized international standards and its certification by an independent certifying authority.

... .
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The implementation of
simple QC procedures to deal with
quality requirements is a solution
that should not be accepted.
Knowledge of the reference quality
rules and regulations, a rational
organization of the quality stdf, the
accuracy and completeness of the
documents (procedures, plans) produced, and validi~ of the final
records issued are always critical
points related to a QC approach.
Knowledge of the technical
Figure 7.7- Human factor influences in
rules and a basic knowledge of the
the construction of a marine structure
quality standards may allow
constructors to develop workshop
quality control plans [Ross, 1984].
This is the average level of capability of small to medium constructors without
a specific quality policy.
The appointment of people responsible for the quality of each work area,
the issue of a quality manual and related procedures for each discipline involved in the construction (reception of materials, storage, cutting, welding,
prefabrication, fabrication, inspections) and the organization of all records for
the activities can not be improvised for a constructor not organized according
to a comprehensive quality policy.

A correct approach by the yard management to a quality policy in line
with recognized standards and therefore the establishment of a QA system is
presently the aim of most major constructors of marine structures. It is a
mandatory requirement to work on demanding projects. Major requests for
tender to yards for a new naval or offshore project are issued today taking into
account specific requirements for a QA / QC system.
Safety and reliability of marine structures, highly complex projects, cooperation of many organizations and contractors, involvement of regulatory
authorities, very large commercial investments, and tight time schedules justifi the implementation of an overall QA / QC system.
SignMcant evidence and justification of the need for a reliable QA / QC
system may be identified by looking at the relationship between cost and time
for different project phases. The cost of possible modifications increases on an
exponential basis as the project develops, to become prohibitive during the final
... ---
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offshore installation of a marine structures. On the other hand, the likelihood
of the project management being able to deal with the modifications decreases
mirror-like during the same phases [Crevani, 1986].
One basic concept of QA / QC is
that different quality levels should be
defined for the different elements and
components comprising a marine
structure system depending on the
“criticality” of the manufactured item
[BSI, 1990; Norwegian Standards,
1990]. If the manufacturing quality of
a particular system is particularly
sensitive to errors or defects, then
increased levels of QA / QC should be
directed to that particular system.
Lesser levels of QA / QC should be
directed to items that are less critical to
the quality of a system. Emphasis
should be put on the definition of the
criticality levels, to properly choose the
most adequate QA/ QC scheme for
each item to be built.
Three levels of QA requirements
have been identified in international
standards. These schemes have
appeared in the Norwegian standards
NS 5801,2, and 3 [1990], and the same
principles were implemented in the
subsequent BS 5750, 1S0 9001,9002,
and 9003 standards [1990], and the
harmonized European standards EN
29001,29002, and 29003 [1990].
A synoptic table of comparison of
the main requirements of the three
quality models for three levels of
criticality (most to least) presented in
reference [Crevani, 1986] is given in
Table 7.5.

Table 7.5- Comparison of QA / QC
construction requirements for different levels of criticality
TX’!Vl?T ,*
—.——

1 2

3

b o
o
●
o
“ 0

0
0
0

Requirement
General requirements
Organization
Planning
Job Instructions and procedures
Documentation
Developmentand design
Subcontracts
- General
- Purchasing document
- Receiving inspection
Identification, marking,
storage, shipping
Measuring and testing
Production
Inspection
Records
Control of non-conformance
Corrective action
Final inspections
Qualityaudit

●

●

0

●

●

o

●

●

●

●

●

o

●

o
o
o
o
o
o
o
o
o

●
●
●
●
●
●
●
●

0
0
0
0
0

* Level 1 most critical
● most extensive requirements
o reduced requireme~ts relative to ●
o reduced req-tirements relative to o

Certification of compliance with one of the QA / QC schemes requires
assessment of the yards system to be made by a recognized independent authority or third party [1S0, 1987]. The evaluation is to be an accurate on-site
examination of the company’s quality policy, procedures and records, and
their implementation. The major goal of the assessment is to determine
whether the QA system complies with the reference standard and is really im-

. . .. .
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plemented and permeates all yard departments that may influence the final
quality of the product.
Certified companies are systematically audited by the third party to
monitor the efficiency of the system, to detect possible non conformities and
promote the most appropriate corrective actions aimed at improving the QA
structure or QC procedures.
The requirement for certification of an QA / QC system depends basically on regulatory requirements, client requirements, and a strategy of the
construction yard to be competitive with the quality of its products.

Inspection, maintenance, and repairs (IMR) are a critical part of the
structural QA / QC process during operations [Bea, 1992]. The IMR process
must be in place, working, and being fmther developed during the entire lifetime of the structure. The IMR process is responsible for maintaining the
quality of the structure during the useful lifetime of the structure.
A fundamental and essential part of the IMR process is knowledge. The
IMR process can be no more effective or efficient than the knowledge, data,
and experience that forms the basis for the process.
.

The IMR process must be diligent and disciplined and have integrity.
There must be a focus on the quality of the performance of the process; quality
of the structure will be a natural by-product.
The JMR process should investigate a wide variety of alternatives to accomplish its fundamental objectives (maintenance of strength and serviceability). Inspections can range from general to detailed, visual to acoustic, periodic to continuous (monitoring). Maintenance can range from patching to
complete replacement. Repairs can range from replacement as-was to re-design and replacement; temporary to permanent; from complete and comprehensive to judicious neglect.
The IMR process can be proactive (focused on prevention), or it can be
reactive (focused on correction). The IMR process can be periodic (time based),
or it can be condition oriented (occasion based). Combinations of proactive, reactive, periodic, and condition based approaches can be appropriate for different IMR programs. A major challenge is to &d the combination that best fits
a particular fleet, its operations, and its organizations.
An IMR process should define the combinations and permutations of
IMR that will produce the lowest total costs (initial and future) and optimize
the use of resources without compromising minimum safety and reliability requirements.
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The fmdamental purpose of inspections is to provide information and
knowledge concerning the proposed, present, and future integrity of the structure.
The first fundamental purpose of inspections is to “disclose what
is not known”. The second fundamental purpose is to “confirm
what is thought”.
Quantitative inspection analyses can help address the second purpose;
providing insights into when, where, and how to inspect. Such analyses can
not be relied upon to provide information that will address the first purpose.
Inspections, data recording, data archiving (storage), and data analysis
should all be a part of a comprehensive and integrated inspection system.
Records and thorough understanding of the information contained in these
records are a key aspect of inspection programs.
Inspections should be focused on:
. Determination of condition of the structure;
●

Disclosure of defects (design, construction, maintenance);

s Assurance of conformance with plans and specifications, guidelines
and rules, and quality requirements;
●

.—

Disclosure of damage,

● Development
of information to improve design, construction, and
maintenance procedures.

Inspections should be full-scope and include quality assurance and control measures in the structure, equipment, facilities, and personnel.
Definition of the elements to be inspected is based on two principal aspects:
●

Consequences of defects and damage, and

QLikelihoods of defects and damage.
The consequence evaluation is essentially focused on defining those elements, and components that have a major itiuence on the quality of a marine structure. Evaluation of the potential consequences should be based on
historical data (experience) and analysis to define the elements that are critical to maintaining the integrity of a marine structure.
The likelihood evaluation is focused on defining those elements that
have high Likelihoods of being darnaged and defective. Experience and analysis are complementary means of identi@ng these elements.

.........
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Structural monitoring systems can provide important information during operations. These systems can provide intermittent and continuous data
on the performance characteristics of the structure. These systems can provide important information to improve design, construction, and operations of
marine structures.
There are no general answers to the timing of inspections.
of inspections are dependent on:
●

The timing

The initial and long-term durability characteristics of the structure;

● The margins that the operator wants in place over minimums
so that
there is sufficient time to plan and implement effective repairs;

●

The quality of the inspections and repairs; and

● The basis for maintenance
- “on demand” (repair when it “breaks or
leaks” or “programmed (repair or replace on standard time basis).

Marine structures that have been designed and constructed for durability can be expected to have longer periods of time between inspections than
those that have not been designed and constructed for durability. Structures
that are maintained so as to permit evaluation and planning time in advance
of the next IMR will have more frequently scheduled inspections than those
that wait until the minimums are reached and then must immediately affect
repairs. Structures that are repaired using non-durable methods would implicate more frequent inspections to keep the structure above minimums.
Poorly conducted inspections would have similar effects.
The basic objective of structural maintenance is to prevent unwarranted
degradation in the strength and serviceability of the structure. Structural
maintenance is directed primarily at preventing excessive corrosion through
the maintenance of coatings and cathodic protection systems. Another objective of structural maintenance is to preserve the integrity of the structure
through judicious renewals of steel and repairs to damaged elements.
The basic tenant of maintenance is that it must be vigilant and continuous if unpleasant surprises in degradation of the structure are to be avoided.
Maintenance can be preventative or it can be reactive. Both strategies have
their place. For example, preventative maintenance can be directed at corTosion protection of critical structural details (CSD) or fatigue damage to rudder
bearings and supports. Reactive maintenance can be directed at repairs to accidental damage and unanticipated fatigue damage to CSD.
Maintenance can be continuous or it can be periodic. In general, for
CSD it is periodic and is predicated upon the results of annual or more frequent in-service inspections and special surveys.

..
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Repairs to CSD is a difficult, costly, and demanding task. There is no
reasonable consensus on what, how, and when to repair. The general lack of
readily retrievable and analyzable information on repairs and maintenance
fmstrates repair and maintenance tracking. In-service experience is indicating that many repairs do not produce quality results. Development of engineering guidelines to assist in definition of quality repairs to marine structures should be a high priority research and development objective.

A key consideration in achieving desirable and acceptable quality in the
design, construction, and operation of ship structures is organizational. This
consideration address how the organizational sectors of the industry can work
more effectively toward a common set of quality goals.
Technical “fixes” alone will not result in the desired objectives of quality.
The responsibilities and authorities for quality should be clearly understood by
all of the primary parties involved in the design, construction, and operation of
marine structures.

-.

There are four primary groups involved in the development of quality in
marine groups: 1) owners and operators, 2) designers and constructors, 3)
classification and inspection groups, and 4) regulatory agencies (Figure 7.4).
Of particular importance in development of quality in design, construction, and operations is agreement between the principal sectors of the goals
and responsibilities of each sector, Ideally, the responsibilities for each of the
four segments could be organized as follows:
1) Regulatory - responsible for definitwn and verification of compliance
with goals and policies of quality in ship structures.
2) Classification and Inspection- responsible for development of classificatwn rules that will guide and verify design, corwtructwn, and operation of quality ship structures that meet regulato~ and owner requirements, and to assist with the verification of compliance with the
classification rules.
3) Design and Construction - responsible for designing and produci~
marine structures with appropriate quality.
4) Owners and Operators - responsible for design, maintenance, and operation of high quality marine structures and the economic operation
of the structures.
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Figure 7.4- Organizational aspects of quality
The owner andoperations segments playa pivotal role inthe organizationfor quality. The owner and operator are substantially responsible forthe
qualityofany ship. They are responsible for establishing the system requirements and objectives and communicating thereto the other organizations.
The owner / operator is responsible for consideration of the relationships of
cost and performance and function.
Table 7.6 summarizes primary organizational and technical responsibilities of each of the groups in development of desirable levels of quality in marine structures.
A very important part of Figure 7.4 is the quality monitoring and communication system shown in the center of the illustration. This system should
have three major components that address through the life-cycle of a ship the
quality aspects of 1) operations, 2) structure, and 3) equipment.
Such a system does not exist at the present time. Efforts have been initiated to develop the ship structure components [Schulte-Strathaus, Bea, 1994]
and the human - organization components [Mason, Roberts, Bea, 1994] of such
a central communications and information database system.
The operations quality aspects would address not only day-to-day mission and cargo operations, but as well human factor related issues through the
life-cycle of the ship. The structure and equipment quality aspects would address the life-cycle development of these systems including design, construc-
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tion, operation, and maintenance. This would form the information database
for managing the life-cycle quality aspects of the ship.
Table 7.6-

~EGMENT

?egulatiry

Suggested organizational responsibilities for quality
in ship structures

RESPONSIBILITIES
1) Develop and issue tec~cal
standards and regulations for
QA / QC processes.
2) Perform, evaluate, and report results of design and production reviews and inspections.
3) Perform, evaluate, and report results of operations and maintenance inspections.
4) Archive, review, analyze data, and disseminate information
horn inspections, repairs, information requests, and field operations reports.
5) Provide information feedback to the responsible
Classification, owners - operators, and builders - repair
yards.
6) Help develop and recommend marine structure design, inspection, and maintenance improvements.

1) Assist in developing and issuing technical standards and
regulations for QA/QC processes.
2)Assist Regulators and Operators in performing, evaluating
and reporting the results of design and production reviews
llassficationand inspections (surveying).
nspection
3)Assist Regulators and Operators in performing evaluating,
and reporting results of operations and maintenance inspections (surveying).
4) Assist Regulators and Operators in archiving, reviewing,
analyzing marine structure quality data, and disseminate information from inspections, repairs, information requests,
and field operations reports.
5) Assist Regulators and Operators in providing information
feedback to the responsible Classification, owners - operators,
and production organizations.
6) Help develop and recommend marine structure design, inspection, and maintenance improvements.
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organizational Responsibilities For Quality in Marine Structures
(continued)

RESPONSIBILITIES
1) Operate and maintain ships within intended operating conditions.
2) Develop approved standard QA / QC processes including inspection and maintenance programs.
3) Perform continuing inspection and maintenance.
4) Conduct special structural integrity and durability inspections, repairs, and modifications.
5) Review and analyze data from inspections, repairs, information requests, and field service reports.
6) Provide information feedback to the responsible regulato~
and production organizations, and other operators.
7) Develop and recommend ship structure design, inspection,
and maintenance improvements.
8) Perform continuing liaison with regulatory and manufacturing organizations.

1) Develop and design ships and QA/QC processes to meet or exceed industry, regulatory, and classification society standards and requirements.
2) Produce marine structures that meet or exceed industry,
Designers&
regulatory, and classification society standards and require~onstructors
ments.
3) Recommend preventative maintenance and modification programs.
4) Recommend minimum standard inspections.
5) Recommend special inspections, and modi6cations.
6) Supply information experience from production, inspections,
and maintenance of marine structures
7) Develop design and maintenance improvements.
8) Perform continuing liaison with regulatory and
owner/operator organizations.
9) Seek and employ design and operational feed-back
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Summarv
In most cases, a combination of human, organization, and technical
(system, software) modifications can be used to improve the quality level of a
ship structure to acceptable and desirable levels. Table 6.1 lists some effective
human, organizational, and system improvement factors which can benefit
the quality of ship structures.
.
There are two fundamental approaches to improve the management of
HOE to achieve desirable and acceptable quality in ship structures:
1) improve the management of the causes to reduce the incidence of
HOE, and
2) improve the management of the consequences to reduce the effects of
HOE.
These two approaches will be discussed in the following parts of this
chapter as they apply to QA / QC in the design and construction of ship structures. The concluding section of this chapter suggests responsibilities for improvements in the quality of ship structures.
A particularly important aspect of quality improvement regards “team
building.” Team-work on the front lines of the design and construction processes can provide a large measure of internal QA / QC during these operations. Most important, such team-work can be responsible for interrupting potentially serious and compounding sequences of events that have not been anticipated. It is such teamwork that is largely responsible for “near misses.”
And, it is for this reason that there are many more near misses than there are
accidents.
Recent experience with lack of sufficient quality in ship structures provides ample evidence that it is not the available technology that provides the
primary impediments to realizing sufficient quality in ship structures. It is its
timely, wise, and correct application [Bea, 19931.
Recent experience in which the quality of marine structures have been
compromised during the design indicate that there can be errors in any one or
all of the principal phases. Generally, it is the unfavorable compounding of
more than one major error that can cause such a compromise. Table 6.2
summarizes some of the key elements that have resulted in major problems
that were traceable to design. Design processes that possess a combination of
these factors would be those that have a high potential for compromises in the
intended quality of the marine structure.
Recent experience in which the quality of marine structures have been
compromised during the design indicate that there can be errors in any one or
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all of the principal phases. Generally, it is the unfavorable compounding of
more than one major error that can cause such a compromise.
Table 6.1 summarizes some of the key elements that have resulted in
major problems that were traceable to design. Design processes that possess a
combination of these factors would be those that have a high potential for compromises in the intended quality of the marine structure. It should be a primary objective of QA / QC design measures to first prevent the occurrence of
these factors and second to place checks in the primary parts of the design process to verify that they are not developing into an undesirable compromise in
the quality of the ship structure. QA / QC should be continuous throughout the
design process.
It would be desirable that QA / QC be very stringent for the error intolerant elements. Also, it would be desirable to configure or design the element or
component so that it could be error tolerant for the highly likely types of design,
construction, and / or operations errors. The design of damage or defect tolerant (“robust”) structures is very desirable. The sensitivities of various parts of
a particular structure and various parts of a particular design process can be
studied beforehand to determine those parts that are most error intolerant.
Re-design and QA / QC efforts can thus be directed at those elements and aspects that have the highest criticality. These same elements and components
could become those that are watched most closely during the construction and
during operations. Inspections can be directed to confmn the quality and condition of the elements that are the most important to the integrity of the ship
structure and that are the most intolerant of low quality factors.
Similar QA / QC procedures have been outlined for the construction of
ship structures. The 1S0 9000 series has been directed primarily at achieving
quality in manufactured products. Qualification under the 1S0 9000 series is
intended to help bring a measure of uniformity and quality to the construction
of marine structures. Background and application of these guidelines have
been reviewed in this chapter.
This chapter concludes with a suggestion of responsibilities and accountabilities for quality in the design, construction, and operation of ship
structures. The roles of owners / operators, regulatory agencies, classification
and inspection agencies, and designers / constructors are suggested.
An important aspect for future development is that of a ship life-cycle
quality information and communication system. It will be of critical importance to integrate the human factors issues developed in this chapter into such
a database, and in addition the similar human factor considerations that relate to the all important operations phase. The U. S. Coast Guard has initiated
efforts in this direction [Sanquist, et al., 1993].
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EVALUATION APPROACHES &
QUANTIFICATION

Introduction
The objective of this chapter is to define, outline and discuss approaches
to the evaluation and assessment of human error effects on the design and
construction of ship structures. The different approaches are intended to allow one to study the physical aspects of systems and procedural - human aspects in their present or proposed form, identify potential improvements and
potential critical flaws, and ident~ how best to improve the quality of the systems and procedures.
-..

There are three alternative approaches that can be used to develop evaluations of HOE effects on the quality of ship structures:
1) qualitative,
2) quantitative, and
3) mixed qualitative - quantitative.
It is important to stress that these three approaches are complimentary.
They should be used in different stages and parts of the HOE evaluation process.
Qualitative - Sd&!clive
The first approach can be identified as subjective or qualitative (Figure
8.1). This approach is generally the starting point for the evaluation and assessment processes. In many cases, this approach can prove to be sufficient to
This
apachieve and assure the desired level of quality in the ship structure.
proach uses ‘soft’ linguistic variables to describe systems and procedures.
Integration of the evaluations is subjective. This approach mayor may not in-
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volve detailed structuring of systems and the EDA (Events, Decisions, Actions)
that may influence the quality of these systems.

@fllltitative

QUALITATIVE
‘soft’ - Ilngulstlc variables
‘!mbjeotive’ Inmgratlon

- ~ective

The second approach can be
termed objective or quantitative.
This approach is generally utilized
for higher consequence systems and
processes in which undesirable levels of quality have potentially severe
ramifications. This approach generally examines in much greater detail the systems and the EDA that
influence the quality of these systerns.

1

!

QUAN ~TIVt
‘hard’ - numerlaal variables
analytical lnt~ratlon

l-l-m

I

I
MIXED QUALITATIVE
& QUANTITATIVE
linguistic vsrlables translated to nurnarlsal variables
analytical

Intagratlon

This approach utilizes nu~
merical models to movide auantitative indications of what the-effects
Figure 8.1- Evaluation approaches
are of changes in the quality management systems and procedures.
This approach generally focuses on
the critical aspects of systems that have been evaluated using the more general
qualitative methods. This approach uses hard numerical variables to describe
systems and procedures. The analytical models provide for integration of the
effects and variables.
The quantitative approach has traditionally been identified as the PRA
(Probabilistic Risk Analysis) or QRA (Quantified Risk Analysis) approach. It
has been highly developed and applied to a wide variety of types of engineered
systems. It has seen particular development and application in nuclear power
plants. However, it has been applied to marine systems such as offshore platforms and pipelines.
Mixed Qualitative

- Quantitative

The third approach is a mixed qualitative and quantitative process.
Linguistic variables are translated to numerical variables. A mathematical
process is provided to perform analytical integration of the effects and variables. In one form, this approach has been based on the mathematics of
“Fuzzy Sets” [Zimmerman, 1991]. Moore and Bea (1993b) utilized such an approach in development of HESIM (Human Error Safety Index Method) to assist
in the quantitative evaluations of HOE in operations of marine systems (ships,
offshore platforms). Gale, et al. (1994) utilized a similar ranking - index
method to evaluate the potentials for *es and explosions onboard offshore platforms. This method has been identified as FLAIM (Fire and Life safety
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Assessment Indexing Method).
summarized in Appendix C.

Evaluation Approaches
The HESIMand

FLAIM approaches are

This approach has been termed “soft computing”. The rigid structure of
formal probability theory and analytical quantification are surrendered in favor of a “more flexible” structure. Expert systems (knowledge base systems)
and neural networks have been combined with the theory of Fuzzy Sets to provide an evolving approach to the evaluation of systems in which there is either
no need or it is not desirable to follow the computationally more demanding
“hard computing” approaches. This approach is being applied to a wide variety of systems (Brown, et al., 1985). This approach is in a state of development
and evolution in a wide variety of marine and non-marine sectors.
Fundamentally this third approach can be developed and applied in the
context of the first two approaches discussed here (Moore, Bea, 1993b; Gale, et
al., 1994]. The analysts must be willing to surrender rigid interpretations applied to the numerical quantifications and analyses, Conventional probability
theory and mathematics can be used to provide the necessary quantifications if
one will adopt a “Bayesian” philosophy in which the probabilistic expressions
are interpreted to be expressions of the degree of belief [Orisamolu, Bea, 19931.
Indexing methods require calibration to develop results that are consistent with those developed from quantitative PRA or QRA methods. As reliable
data is developed, analyzed, and integrated into the evaluations, the degree of
subjectivity can be decreased.

so~

of @lanti6mtions

A detailed study of the present databases on marine systems in which
there has been unacceptable levels of quality indicates that they are very deficient in their ability to accurately define the key initiating, contributing, and
compounding factors that lead to compromises of operating quality.
There has not been any common classification or definition of causes of
marine accidents. There has been a dearth of well trained investigators.
Investigations generally have focused on the immediate causes of quality problems, not the underlying factors that lead to these causes. Investigations have
frequently been focused on placing blame rather than on determining the underlying, direct, and contributing factors. Organizational factors have largely
been ignored. Due to legal action concerns, there is not a single generally
available database that addresses violations or intentional circumvention related causes of low quality in marine systems.
There is not a single available database that addresses the very important near misses. Inclusion of such information in operating databases could
help indicate how design, construction, and operating persomel are able to interrupt potentially catastrophic compounding- sequerices of problems and
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bring the system back to a safe condition. If developed and employed on “real
time” basis, such information could provide very important early warnings of
developing problems with design, construction, and operating systems.
In all portions of the quality improvement process, data on HOE causes
and effects is sadly lacking. There has not been a cormnon vocabulary to describe direct, contributing, and compounding causes. There is little definitive
information on the rates and effects of human errors and their interactions
with organizations, environments, hardware, and software. There is even
less detitive information on how contributing factors influence the rates of
human errors.
Given the requirement to improve the quality of marine structures and a
need to implement alternative QA / QC strategies in design, construction, and
operation of marine structures, there is a pressing need to begin gatheting,
archiving and analyzing high quality data on HOE incidence, causes, and effects. Some organizations have beg~ such developments. These efforts need
to be encouraged and extended.
sources of Data
Given the dearth of reliable quantitative information that is Presently
available on HOE in design and co~struction of marine systems, the analysts
are left with four primary sources of information to perform evaluations:
1)
2)
3)
4)

judgment,
simulations,
field, laboratory, and office experiments, and
process reviews, accident and near-miss investigations.

All of these sources represent viable means of providing quantitative
evaluations. It is rare to find a structured and consistent use of these four approaches in HOE assessments.
Simulations in the laboratory, office, or field can provide significant insights into how and when errors are developed. The use of simdators is an
important way to “train-out” error promoting tendencies. Simulations and
simulators can not replicate the stresses and pressures of real situations
(recovery is always possible and the consequences are rarely fatal).
Field and office experiments are an important way to gather information on errors. They represent samplings of the more general situation being
studied, and must be carefully designed to avoid bias in the results.
Process reviews, accident and near-miss investigations also are an important source of information that if carefully and insightfully done can provide important data on errors in situations in which stresses and pressures
are high. Legal and punitive threats often provide significant impediments to
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identifying the contributing, initiating, and compounding causes of these errors. Trained investigators are a “must” in performing such investigations.
The use of anonymous accident and near-miss reporting systems have been
reasonably successfid in developing information on accidents and nearmisses.
Judgment is perhaps one of the most important sources of quantitative
information. Judgment should not be thought of as the opposite of rational
thought. Qualified judgment is based upon both the accumulation of experience and a mental synthesis of factors which allow the evaluator to assess the
situation and produce results. Judgment has a primary and rightful place in
making quantitative evaluations because available data is always deficient for
the evaluation of a particular situation.

pr-ent

time

n

Y+”

‘e’iab’e
‘ata

T

of data gathering,
archiving, & analysia

distant future

~oo

%~

Figure 8.2- Qualitative & quantitative evaluations
Given the present situation regarding detitive quantitative information on which to base objective quantitative evaluations, one must rely primarily on judgment (Figure 8.2), As adequately structured databases are developed and implemented for HOE evaluations, then in the future, more reliance
can be placed on objective data and evaluations based on a combination of data
and judgment. It is not likely in the near-term, that sole reliance can be
placed on objective data sources to provide quantitative evaluations.
Adequately qualified and unbiased judgment will be essential to develop meaningful results.
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Judgment can be influenced by a variety of types of “bias” that are identi‘fied in Table 8.1. These biases distort the perception of reality. These biases affect the way one interprets the past, predicts the future, and makes choices in
the present. These biases or heuristics (rules of thumb) define an evaluator’s
cognitive structure and dictates the ways things are perceived,
Table 8.1- Types of judgment bias and its influences

pe of Bias
●

Availability

Influence on Judgment
●

Probability
ofeasilyrecalledeventsare dis-

torted
●

Selective perception

s Illusory correlation

●

Conservatism

wSmall samples

wExpectations distort observations of variables
relevant to a strategy
Encourages the belief that unrelated variables
are correlated
●

Failure to sufficient Iy revise forecasts based on
new information

●

Overestimation of the degree to which small
samples are representative of a population
●

Probability of desired outcomes judged to be
inappropriately high

●

“ Wishful thinking

●

Illusion of control

“ Overestimation of the personal control over
outcomes

●

Logical construction

s Logical construction of events which cannot be
accurately recalled
Overestimation of the predictability of past
events
●

EHindsight

Williams [1988], Swain and Guttman [1983], and Edmondson [1993] have
published useful summaries that provide quantified information on human
errors. This information has been developed primarily for evaluation of HOE
effects in the operations of nuclear power plants. The information was developed primarily from experiments and simulations concerning general categories of human task reliability.
Results from the experiments performed by Swain and Guttman [1983]
are summarized in Figure 8.3. Generic human error rates are assigned to
general types of tasks performed under general types of influences and impediments. The range of error probabilities are intended to be associated with the
.. ..
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potential ranges in the influences and impediments. If the influences and
impediments are intense, then the error probabilities will be toward the upper
-.
portion of the range and vice versa.
These ranges are intended to
define the mean probabilities of a
significant or major human error
per task performed by the human.
The one Standard Deviation ranges
associated with generic average
rates of human errors have been
published by Williams [19888]. The
results are summarized in Figure
8.4. The ranges imply general task
performance Coefficients of
Variation (ratio of Standard
Deviation to the Mean) in the range
of 50 % to in excess of 100 %.

1

new or rarefy parfom?sd tssk
extreme stress, very fiffle time
severe distrsctiom & Imparementa

Iw
high complex te$k
considers t 19str=,
tiffle time
moderate distmcttons & impararnsnts

,9-2

complex or unfamiliar task
moderate stress, modamte time
Iiffle distractions& imparemsnts

10+

difficult but famillar tack
little stress, eufficiant time
vary little dismcttons or imparamsnts

lo~

simpte, fraquentty, skilled task
no stress, no time timite
no distinctions or impalements

10+

[

It is important to note that the
Figure 8.3- Generic human task error
severity of the error is not captured
rates
in any of the available quantitative
information, Errors are either major and significant or minor or not
—1
unfamilar task
significant. It is has been noted that
performed with
change system state
minor or not significant errors are
speed
without procedures
generally caught by the individual or
without checking
—1
E-1 g
individuals and corrected; hence
sim Ie task
their lack of importance in the asroutine task
pa J’onmd with
sessment of human reliability
performed with
epsad
speed or diverted
[Swain, Guttman, 1988; Dougherty,
—1
E-2
attention
Frangola, 19881.
&

h

i!

Information also has been developed on human error pe~ornaance shaping factors [Williams,
1988; Swain & Guttman, 19831.
These performance shaping factors
are idluences that can result in an
increase in the mean rates of human errors. Simulations, experiments, and information gathered on
plant operations provided this information [Dougherty, Frangola,
1988]. The results are summarized
in Table 8.2.
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Figure 8.4- Nominal human task performance unreliability (o - Meam ● - one
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These performance shaping
factors are extremely useful in helping develop quantification of the potential effects of changes in organization,
hardware, procedures, and environments on the base rates of human errors.
Information relating to engineering structure design errors have
been developed by Melchers and
Stewart [1980-1990]. This is the only
such information that could be located
during this project. Based on surveys
of Australian structure design iirms,
they developed general information on
the average of rates of calculation errors and on the average rates of errors
associated with different types of engineering analyses or assessments,
This information is summarized in Table 8.3 and Figure 8.5.
Structure analysis calculation error
rates depend on the number of sequential calculations involved in a
given analysis. The calculation error
rates are not proportional to the number of calculations. Analyses involving loading combinations and loading
reduction factors account for the
largest rates of structural design errors. This agrees with the author’s
personal structural design experience. It certainly indicates where design checking might be most effective
at catching major errors.

Table 8.2- Performance shaping
factors
krror Producing Condltlon

Mli

phi
UnfamiliarityI
Timfe shortage
Gsianal
to noise ratic1
Features over-ride allowed
Spatial I functional incompatibility
Design model mismatch
II Irreversible action
Information overload
Technique unlearning

17

I

11
10
9
8
8

I

I

8

II

I

6
6

II

Knowledge transfer

5.5

Performance ambiguity
Misperception of risk
Poor feedback

5
4
4

Inexperience
Communication filtering
Inadequate checking

3
3
3

Objectives conflicts
Limited diversity

III

A

3
2.5
2

Educational mismatch

Dangerous incentives

I

II Lack of exercise
Unreliable instruments

I

II

2
1.8 II
1.6

Absolute judgments required
Unclear allocation of functions
Lack of progress trackina
Limited physical capabilities
Emotional stress

1.6
1.6
1.4
1.4
1.3

Sleep cycle disruption

1.2

“,.
.,
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0.127
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~

0.1 “ 0,08. .

~
&

0.06- 0.04- -

w

0.02- “

Table 8.3- Structural engineering
concept error rates
Error
1
I

o
1

n
1

1

I

Figure 8.5- Structural calculations
error rates

of S-

Rate

II

0.0150
0.0135
0.0126
0.1333
0.1000
0.8000
0.4167

Code interpretation
Ranking
Table look-up
Loading coefficients
Loading directions
Reduction faotors
Loadino combinations

2345678

Number of Calculations

~

I

and Procedures

Figure 8.6 outlines a general approach to develop analyses
of ship structure design, construction, and operation systems.

Step #1: PERFORM A SYSTEM ANALYSIS

I

define system haMvam, softwsm, environments,
organizations and individuals
Step #2: PERFORM

Step #1 is to perform an
analysis of the systern, to define
the system hardware, software,
the environments (internal, external) in which it must operate,
the organizations that can exert
important influences on the system, and the individuals (teams,
operators) that can interface with
the system. This step should result in logical “diagrams” of the
physical components of the system.

A PROCESS

t

ANALYSIS

I

define how things are done: how the system hardware,
aoftwsm, environments, organizations, and individuals
work
Step #3: PERFORM ANALYSES
PROCESS

AS

PRESENTLY

OF THE SYSTEM &

i

CONFIGURED
I

define the likelihood and “quality” achieved

RECONFIGURED

SYSTEM

I

& PROCESS

deffne the likelihood and additional’’quallty”
~

Step #2 is to perform a process analysis. The process analysis is intended ta detie how
things work; the procedures,
premises, and interfaces that can
be important to the reliability of
the system.

Figure 8.6- Approach to evaluations of systems and procedures
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Step #3 is to perform analyses of the system and its processes as it is
presently configured. As previously discussed, these analyses can be qualitative, quantitative, and mixed. The objective of these analyses is to provide insights into the levels of quality that can be achieved and into the likelihood of
achieving these levels.
Step #4 is to perform analyses of the re-conilgured system and its processes. A variety of options and alternatives need to be defied. The objective of
this step is to understand how effective improvements in the system and processes might be. This step will entail evaluations of the “costs” and ‘benefits”
of these options and alternatives and an assessment of the ‘%est” alternative to
achieve the desirable and acceptable level of quality in the system and its processes.
QualitativeAWches
The qualitative approaches generally focus on general categories of operations performance. General good practice guidelines are given. General
rather than detailed studies of the systems are developed. The focus is on performance rather than processes.
In the qualitative approach developed during this project, specific marine systems can be evaluated based on “scales” and attributes developed to reflect the potentials for good or bad operating perfommnce. Figure 8.7 illustrates a qualitative evaluation instrument for design of ship structures.
Application of the design instrument will be illustrated in the next chapter of
this report.
HazOp (Hazard Operability) procedures have been employed in evaluating a wide variety of marine systems. Qualitative approaches have also been
identified as Failure Mode and Effect Analysis (FMEA). This approach focuses on both functional analysis and the evaluation of potential consequences.
The objective of these analyses is to identify the combination of events that
could lead to different degrees of quality and characterize the effects of these
different degrees of quality in terms of their potential consequences. The
method is structured only in how it is performed. It focuses on a logical analysis of the system and its functions. It does not rely on quantitative or probability based methods.
FMEA attempta to assess the criticality of a component or fbnction of a
system on the bias of the minimum number of “failures” in the “failure
modes” involving the component or function. If a failure mode (sequence of
events leading to low quality) is constituted of one component or function failure, this component or function is indicated to be “criticality #l,” and so forth.
In this manner, the most critical components and functions in a system are
identified. These components and functions then become the primary options
for QA / QC measures.
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The FMEA approach is
relatively simple to understand and
apply. It avoids the details and
demands of quantitative analyses.
FMEA does not generally give a satisfactory indication of priorities because it does not identify the likelihood of occurrence which may differ
greatly among components and functions. Also, it fails to account explicitly for couplings and dependencies;
common causes and events are not
identified. FMEA generally under
estimates the true criticality of moderate events or developments of high
probability whose combination with
several other events or developments
of the same time leads to system
“failure.” Evaluation of past quality
problems in design and construction
of marine structures indicates that
such combinations are generally responsible for “failures.”
Yet, with all of these disadvantages, the qualitative methods have
much to offer. They should be
thought of as providing a framework
for thought, debate, analysis, and
communication. They should be
thought of as providing a complimentary approach to the detailed quantitative approaches.
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Figure 8.7- Structure design quality
profiling instrument

The qualitative methods can be
extremely useful in helping identify important issues and considerations that
later, if warranted and useful, can become the primary focus of detailed
quantitative approaches. If one attempts to pefiorm detailed quantitative
evaluations of all aspects of a system, it quickly gets out of hand; one becomes
lost in the trees before the forest is understood or appreciated.
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Quantitative Evaluations
The second approach is oriented to detailing how the operating system
works or might not work and quantifying the likelihood associated with performance. This approach is very system specific. Evaluation of the hardware
and squishyware (human, organization, procedure) Nenk, 1986] aspects also
are very specific and detailed. This approach is generally very structured in
that probabilistic Event Tree, Fault Tree, and Influence Diagram type analyses
are used. Such analyses are frequently identdied as Probabilistic Risk
Analyses (PRA) or Quantfied Risk Analyses (QRA).
PRA / QRA analyses have been used in a wide variety of industrial settings including operations of nuclear power plants, commercial aircraft, liquefied natural gas export and import ports, oil refineries, and offshore platforms. This approach is presently being used in many of the Safety Case studies being performed by platform operators in the U. K, Sector of the North Sea.
This approach has been a historic basis of the Norwegian offshore safety management system.
As discussed at the conclusion of the previous section, it is important to
realize that the qualitative and quantitative approaches are complimentary.
They have the same objective: detecting potentially critical flaws in design,
construction, and operations of ship structures, and then defining measures to
rectify these critical flaws before acceptable quality is compromised.
The quantitative approach is focused at characterizing the details of how
systems are operated while the qualitative approach is focused at characterizing the general performance quality of a system. The results from both of the
approaches depend greatly on the individuals that perform the evaluations and
the procedures and processes that they utilize. Experience with the particular
system and operations should be the primary requirement for those that lead
and structure such evaluations.

It can be desirable to perform quantitative evaluations of marine systems to investigate the need for and effectiveness of quality improvements. A
full-scope, life-cycle QA / QC quantitative evaluation should be conducted in
“stages” that represent an increasing degree of detail and complexity [Bea, et
al., 1992]. These are summarized in Figure 8.8.
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Figure 8.8- Screening analysis approach to focus on most important aspects

Four stages are suggested that are intended to help progressively
“screen” minor from major potential events that can lead to significant compromises in quality of marine structures. These stages are:
1) coarse qualitative,
2) detailed qualitative,
3) coarse quantitative, and
4) detailed quantitative.
The first step in this approach is to detail the physical characteristics of
the particular design, construction, and operation “system” that is being evaluated. Next the organizational procedural, hardware, and environments that
potentially influence the interfacing of individuals with the system must be detailed.
The next step is to compile a comprehensive list and structure the development of potential life-cycle, full-scope initiating events based on a particular
structure and non-structure marine system. This step requires detailed information on the proposed system: how it will be designed, constructed, operated, and maintained. This step also requires personnel that are experienced
in each of these activities. Most importantly, experienced persomel with “perverse imaginations” are needed to help perform the analyses of what and how
things can go wrong and the consequences. To explicitly address considerations of HOE, the interactions of individuals, organizations, hardware, software, and environments must be interwoven with the physical and procedural
aspects of a given marine structure (system).
Many engineers are taught and disciplined to think of how things can
and will go right. Experience frequently is the teacher of how things can go
wrong and the associated consequences. Throughout the entire process, to
provide direction and management of the evaluations and analyses it is much
better to have engineers that are experienced in actually performing the marine activities and operations and that are acquainted with reliabili~ analyses
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than engineers that are experienced in performing reliability analyses and
that are only familiar with marine systems.
The initial qualitative stages (#1 and #2) are very important. These
stages not only filter out very important hazards horn those that are not so important, but as well result in the basic structuring of the overall assessment
process. These stages are most familiar to topsides engineers in that the analyses typically follow the precepts of FMEA. Such studies have been and continue to be used extensively offshore. They have found wide applications in related onshore studies such as those performed for hydrocarbon refineries.
The next step is to define the consequences that are of concern. Based on
the definition of quality developed in this report, these consequences fdl into
four categories: 1) insuilkient serviceability, 2) inadequate safety, 3) inadequate durability, and 4) lack of compatibility.
The severity of the consequences can be measured in a variety of ways.
For the foregoing categories, for ship structures example measurements include: 1) days of ship unavailability and associated costs due to the ship structure, 2) casualty rate and costs of “failures”, 3) fracture rate and costs of repairs, and 4) unanticipated costs, environmental impacts (e.g. in barrels of
cargo spilled). Both quantitative scales and associated qualitative scales (e.g.
low, moderate, high) can be established to evaluate these consequences. The
qualitative scales are calibrated with the quantitative scales so that consisten~
is maintained in evaluating the consequences.
The importance of initiating events should be judged in terms of their
risks. Risks are defined as the product/ result of the likelihood of the initiating
event and the associated accident path and the consequences associated with
the initiating event. Both quantitative and qualitative probability weighted risk
scales for each of the categories of consequences should developed and calibrated to produce consistent evaluations.
At the present time, there are several major problems associated with
performing quantitative analyses. First, given the present dearth of reliable
data on HOE causes and effects, expert judgment must be relied upon to provide the necessary quantifications. Second, there is no generally accepted way
to integrate considerations of HOE into the analyses. There are no established
procedures and guidelines for the performance of such analyses. Third, performing the quantitative analyses requires a high degree of expertise in how to
perform such analyses and a perceptive understanding of the details of the
marine system being evaluated. There are few analysts that have such qualifications.
Until these problems can be overcome, the quantitative results should be
regarded with caution. It is the process of evaluation and assessment of the
details of the system that can provide the greatest benefits to indicate how best
to improve the quality of the system. The quantitative analyses should not be
allowed to provide paralysis in improving the quality of marine structures.
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Three techniques can be used to perform quantitative analyses of systems and their functional aspects: Fault Tree Analyses (lWA), Event Tree
Analyses (ETA), and Influence Diagram Analyses (IDA) [Orisamolu, Bea,
1993].

Fault Tree Analyses. FTA start with the event of interest (e.g. failure to
perform fatigue analyses). Inductive logic of the system and its functions is to
determine the causes of the event (e.g. due to organization ?). This approach
implies sequential identification of the unwns (Event A and Event B, A n B) or
intersectwu (Event A or Event B, A u B) of events that describe each binary
variable down to the point where all inputs are basic events that can not reasonably be analyzed any further.
If two events A and B are mutually exclusive, then:
(8.1)

P[A U B] = P[A] + P[B]

where P[ ] is the likelihood or probability of the event indicated in the brackets.
Mutually exclusive events have no sample points in common. The probability
of the unions of a series of mutually exclusive events is equal to the sum of the
probabilities of the events.
.-.

If two events A and B are statistically dependent:
P[A u B] = P[A] + P[B] - P[A n B]

(8.2)

The probability of B given that A has occurred is termed the conditwnal
probability of B given A and is denoted P[B IA]. It can be defined as:
P[B IA] = P[A n B] i P[A]

(8.3)

P[A IB] = P[A n B] \ Pllll

(8.4)

or:

The event B is said to be independent of A it
(8.5)

P[B IA] = P[B]
Thus for two independent events, A and B:

(8.6)

P[A n B] = PIAI Pllll
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The occurrence of the event A does not influence the probability of the
event B. The intersection of a series of independent events is equal to the product of the individual probabilities.
If A and B are not mutually exclusive, then:
P[A n B] = P[A I B] Pm]= P[B I A] P[A]

(8.7)

With these basic relationships, one can perform FTA. These same relationships will be those that are used to perform ETA.
FTA can be organized into the four major parts that are described in the
-..
following paragraphs.
Part 1- develop system and functional block diugrams. These diagrams identify the different parts of
the system (hardware) and functions (squishyzuare).
Their position on the physical - functional paths are
described as being in series or parallel (Figure 8.9).
The elements that appear in series must all fmction
for the system to fi.mction. The failure of any element
in series constitutes loss of function or “ftilure.”

input

*

I

The elements that are in parallel operate as redundant elements. One of them must function for the
system to function. The failure of one of the parallel elements does not constitute failure of the component
formed by the two parallel elements. Both must fail for
the component formed by the two parallel elements to
fail.
Part 2- develop the fault trees. Starting from the
top failure event of interest, the tree is constituted of a
sequence of gates representing the logical unions and
intersections of events that can lead to the top failure
event (Figure 8.10). The variable located just above a
gate is equal to the logical function of all variables located below the gate. This requires that those events
that are necessary and sufficient to cause the output
event appear as inputs to the corresponding gate.

v

output

Figure 8.9- System /
functional block diagram

Part 3- evaluate the probability of the top failure event. The probability of
the top event (P[F]) is based on the theory for the probability of unions and the
expansion of joint probabilities as products of conditional and marginal probabilities. For the example shown in Figure 8.9, this probability is:
P[F] = P[A u (B n C)]

(8.8)
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PIFI = P[A] + P[B n C)] - P[An B n C)]

(8.9)

Pm] = P[A] + P[B] P[C IB] - P[A] P[B IA] P[C IB]
If the joint probability of A, B,
and C is small enough compared with
the probability of the individual failure
paths, this expression can be simplified
to:

(8.10)

failure

Pll?l = PIAI + P[B] + P[C IB]
(8.11)
If C and B are independent
events, then:
PIFI = P[A] + PIBI + P[C]

I failure

I

yes

due to A ?

l--%

(8.12)

no

m

due to B and C ?
Part 4- determine the effects of
the intensity of “external” events that
no fail
WY P[B n C)]
represent input to the system. The external event or input to the system is denoted as ‘E’ and its intensity denoted as
Figure 8.10- Fault Tree representa‘e’. Based on the total probability theotions of system in Figure 8.9
rem:
P@?] = Z PE=e] Pm IE=e]
(8.13)
This approach is known as the
fragiZity approach ta determiningg the
likelihood of the ftilure event (P[F]). A
fragility curve O?igure 8.11) represents
the likelihood of ftilure given that an
event or effect has a given intensity or
magnitude (Pw IE=e]). Such curves
can be developed from experiments on
elements or from analyses of these elements.

&[FIE.

9]

1.0

A
BC
J9

-

0
F
Hazard or exposure analyses deSEVERITY OF INPUT, E =
fines the likelihood associated with the
occurrence of diEerent intensities of the Figure 8.11- Fragility curves for eleevent or effect of interest (PIE=el).
ments in system shown in Figure 8.9
In the example developed here,
the probability of system failure conditional on E=e can be developed as:
-.s

Y.
1

/“~
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P[F 1E=e] = P[A IE=e] + Pm IE=e] P[C IB n E=el
(8.14)

- P[A IE=e] P[B IA n E=e] P[E IA n B n E=e]

In many cases, the last term can be neglected. However, the potential coupling provided by E among the component failures may increase P[E IA n B n
E=e]. This must be determined uniquely for each system and the external
events of interest. Again, approximately:
P[F IE=e] = P[A IE=e] + P[B IE=e] + P[C IE=el

(8.15)

Event Tree Analyses. Event Trees are the conceptual reverse of Fault
Trees. Event and Fault Trees frequently are used in combination in perfomning a PRA or QRA. Event Trees proceed through the same four steps outlined
for FTA.
Figure 8.12 shows an Event Tree for the system identified in Figure 8.9.
Event trees are initiated
with an event that is important to
the quality of the system. This is
the trunk of the tree.
A sequence of events are
then examined to determine how
failure might occur. These subsequent events are frequently
posed in the form of questions.
An Event Tree is formed of an ordered sequence of events that can
lead to an outcome of interest.
Deductive logic is used to form
Event Trees.

initiate
input
tt)system
P[A]

no

y-

I -

P[A]

P[B]

Does A fail ?
Does

HCIB]
Does

B fail ?

C fail ?

M

NF

FF

NF

F = failure
NF = non failure

An initiating event is identified followed by a definition of
Pigure 8.12- Event Tree representation of
the possible sequences of followsystem shown in Figure 8.7
ing events. Each branching point
in the Event Tree is termed a
node. Each event at a tiven node
must be represented b~ a mutually exclusive, collectively exhaustive set of values or outcomes (e.g. outcome = yes or no in answer to the question posed).
There can be any number of branches at a given node as long as they are mutually exclusive (do not have overlapping sample spaces) and exhaustive (their
probabilities sum to unity).
Each node is followed by branches that represent the possible outcomes.
The probabilities attached to these branches define the outcome likelihood distribution conditional on the values of the previous random variables in the tree.
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Recognition of the conditional nature of the probabilities in the tree structure is
a critical consideration.
The end point or Zeafof the Event Tree defines the outcome of the sequence of events.
The sum of the failure leaves of the Event Tree shown in Figure 8.12 define the probability of failure of the system:
PIFl = P[A] + (l-P[A]) Pm] P[C IB]

(8.16)

P@?] = P[A] + Pm] P[C IB] - P[A] Pm] P[C IB]

(8.17)

Assuming independence of the events A, B, C:
(8.18)

P[F] = P[A] + P[B] + PICI

These are the same results developed earlier for the FTA of the system
in Figure 8.9. Given that there is an intensity or magnitude associated with
initiation of input to the system, then this can be handled in the same manner
as outlined for the FTA.

InfluenceDiagrm Analyses. Influence Diagrams are equivalent to
Event and Fault Trees. They use a different graphical representation. An
Influence Diagram is represented by a graphical portrayal of nodes that represent relevant decisions, actions. and influences that determine an outcome
that is of interest.
‘
The components of an
Influence Diagram (Figure
8.13) are: (1) decision and
chance nodes, (2) arrows, (3)
deterministic nodes, and (4)
value nodes [Howard, 1990].
Decisions are represented by square nodes which
can be a continuous or discrete
variable or a set of decision alternatives. Uncertain events
or variables are represented by
circular or oval chance nodes.
Chance nodes can be continuous or discrete random variables or a set of events.

Ooro

C2

Decision
node

u

c:=

u

I)eterministic
node

Value
node

➤

Fu+peCted
value
node

Arrow

Figure 8.13- Components that comprise
Influence Diagrams

Arrows indicate relationships between nodes in the diagram. Arrows
entering a chance node signify that the probability assignments of the node are
conditional upon the node from which the arrow originated.
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Deterministic nodes are those in which outcomes depend deterministically upon its predecessors. A value node is “the quantity whose certain equivalent is tmbe optimized by the decisions” of which only one node may be designated in the diagram. Value nodes maybe a distribution of possible values.
This is represented by a rounded edge single-border node. The value node may
also be represented as the expected value. These nodes are represented by a
rounded edge double-border rectangle.
Each node corresponds to a file that describes the values of the corresponding variables or event sets and their conditional probability distributions.
Figure 8.14 shows an IDA
of the system in Figure 8.9.
Reduction of the probability
nodes would be accomplished as
follows:
P[F] = P[A] + P[B] P[C IB]
- P[A] Pm IA] P[C IB]
(8.19)
The evaluation of the
probabilities (P[E] and intensities
(E=e) associated with the input
or initiating demand in Figure
8.11 could be analyzed as follows:

W?J

Pm] = ~ P@3=e] Pm IE=e]
(8.20)
Again, this is directly
equivalent to the results developed for the FI?A and ETA of the
sane system.

Figure 8.15- Influence Diagram representation of system in Figure 8.9

Prosand Com of FT~ ET4 andlDA
FTA portray a static picture of a system and its functions. Time effects
or sequences are not captured. FTA do not easily treat continuous systems and
the propagation of failures in such systems. They are better suited to binary
states (failure, no failure). They do not easily account for partial failure states.
FTA are best used to identi~ potential failure modes and to evaluate if a conjunction of events can lead to system failure.
ETA can include continuous variables and notions of time. The events
in an ETA can be ordered in any convenient way provided that the conditionally between the nodes / branches is respected in the evaluations. ETA are not
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able to capture easily a functional analysis. At the end of an ETA scenario, the
implications of that scenario may need to be determined by a FTA or some
other technique.
IDA is a type of probabilistic modeling which allows great flexibility in
examining HOE and HOE management alternatives. There are some distinct
advantages for using irdluence diagrams as an alternative to FTA and ETA.
It is not necessary for all nodes to be ordered in an IDA. This flexibility allows
for decision makers who agree on common based states of information, but differ in ability to observe certain variables in the diagram modeling moward,
Matheson, 1981]. IDA are able to organize conditional probability assessments
required to determine unconditional probabilities of failures of specified target
events.
It is to be emphasized that FTA, ETA, and IDA are complimentary.
They can be used for different purposes, to develop different details, for to illustrate or evaluate different ways of thinking. The author has found many that
do not easily think in lWA terms, yet think easily in ETA terms. Many fid
IDA confusing and complex. The approach used should match the specific
problem, the users, and the objective of the analyses,

AnalysisSofhvare
Some excellent computer software is now available to perform FTA,
ETA, and IDA. Codes that have been used by the author include Itiia
[Decision Focus Inc., 1994], @Risk [Palisade Corp., 1994a], and DATA
[Palisade Corp., 1994b], and DPL (Decision Programming Language) [Palisade
Corp., 1994C]
InDia is a Personal Computer (PC) based program designed specifically
to perform IDA. There is a very convenient graphical interface to construct
the Influence Diagrams and provide the associated descriptions of the
variables and their probabilities. Portions of the IDA can be evaluated.
Sensitivity analyses are easily performed to determine the effects of changes in
critical variables and dependencies.
Wisk is designed for a variety of types of probability analyses based on
Excel spreadsheets for both PC and Macintosh (Mac) computers. Monte Carlo
analyses can be performed to evaluate the probabilities in any spreadsheet
model. Graphical interfaces are highly developed DPL is very similar to
InDia, however, it also can perform ETA and FTA. DATA is designed for both
PC and Mac platforms, and is designed specifically to allow evaluations of
Decision Trees (FTA, ETA). The trees are structured graphically. The
probabilities of event are input in the tree graphical format. Output graphics
are excellent.
As with any tool, the quality of the analyses and the use of the associated
computer codes lies with the user. The trees or event analyses must be built
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correctly they must capture the essence of the system and the functions. The
event sequences and potential failure scenarios must be properly identified and
structured. The quantitative input characterizations must be reasonable.
Elegant simplicity instead of unnecessary complexity is to be encouraged so
that the input, process, and output can be understood by a variety of individuals concerned with improving quality in design and construction of ship structure.

summary
This chapter has outlined three approaches to developing evaluations of
HOE effects on the quality of ship structures:
1) qualitative (subjective evaluations),
2) quantitative (objective evaluations), and
3) mixed qualitative - quantitative (rule - rating evaluations).
Appendix C summarizes two approaches to develop the third type of
evaluation. Given the dearth of reliable and detailed data to perform quantitative evaluations, the third type of approach holds much promise for application
in ship design and construction HOE evaluations. The mixed qualitative quantitative approach avoids the majority of the explicit detail and complexity
of PRA - QRA quantitative approaches.
These three approaches are complimentary. They should be used at different stages of evaluating a particular system. The qualitative and mixed approaches can be used to screen systems to identify the critical or important potential failure modes in a given system. These critical failure modes can then
become the focus of the detailed quantitative approach.
Presently available information that can be used to provide quantifications of HOE effects have been summarized. The information is sketchy.
Important future efforts should be directed at developing more adequate data
on HOE effects in design, construction, and operation of ship structures.
In their best form, application of these approaches can represent uncommon common sense and good management. They are intended to formalize and discipline what high quality, reliability, and productivityy individuals
and organizations have been developing in the past using other means; generally hard won but often easily forgotten lessons of how to achieve quality in the
face of inevitable obstacles.
The quality of what is developed using any of the approaches is directly
dependent on the quality of the background and experience of the individuals
and procedures that are used to perform the assessments and evaluations.
Most important are the incentives, motivations, resources, and rewards provided for those performing the assessments and evaluations. The incentives
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need to be directed toward the primary objective: find out how best to improve
the reliability and quality of the ship structure.
The motivations behind the evaluations need to be positive: to do the best
job possible to define how to achieve quality. A critical motivation should be to
emqwer those on the front lines of the activities that have direct effects on the
quahty of ship structures.
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QUALITATIVE

EXAMPLES:
& QUANTITATIVE
ANALYSES

Introduction
The objective of this chapter is to illustrate how the previous developments documented in this report can be used to define measures to improve
the quality of ship structures during the design process. The examples are focused on human error control and management during the design process.
The fundamental objective of these measures is to assure that a defined level of
quality in the ship structure is achieved with a given reliability.
The chapter will first outline generic ship design and construction processes. This outline is intended to provide a representative template for illustrating how evaluations of HOE effects might be analyzed and evaluated to improve quality in ship structures.
Generic ship structure design and construction processes are outlined
in the fist parts of this chapter. These generic design and construction processes can form the general framework for future evaluations of quality management alternatives in design and construction of ship structures.
The generic ship design process is further developed using a quantitative probabilistic approach. This development is used to illustrate the application of the background developed in the previous chapter on the quantitative
approach. This development is used in the ship design examples detailed in
the last parts of this chapter.
Two examples concerning the design of ship structures will address the
activities of the individuals that perform the design (design team), the organizations that influence the performance and activities of the design team, and
the procedures used by the design team (design guidelines, classification requirements, software, design procedures). The ergonomic considerations of
hardware (e.g. computers) and internal environmental (office lighting, ventilation) aspects will not be addressed in these examples.

,.
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The examples address alternatives for improving QA / QC before and
during the design process. These alternatives have been outlined in Chapter 7.
A quantitative formulation will be developed later in this chapter.
Two non-ship structure examples of quantitative analyses to improve the
quality of the structures of offshore platforms have been included in this report. These examples contain many similarities to problems that have been
encountered in the design of ship structures.
The first example addresses improved management of HOE in the design of the Sleipner B offshore platform. The analyses in this example were
performed by Lt. Robin Noyes as a term project in the course Reliability Based
Design, Constructwn, and Maintenance Criteria for Marine Structures mea,
1994]. This example examines one specific operation in the design process; the
finite element analysis of the platform base “star cell” intersections. The effects of improvements in three critical parts of the analysis process are examined.
As discussed previously in this report, it was a similar design error that
caused the failure (sinking) of the Sleipner A platform. This example relies on
the use of FTA and ETA to perform the quantitative analyses. This example
will be summarized later in this chapter.
The second example addresses the improved management of organization errors in the design of the decks, jackets, and foundations of conventional
offshore platforms. This example is based earlier research performed by
Professor Pat6-Cornell and the author [1989, 1992]. This example examines
the generic processes involved in design of the three principal components that
comprise platforms (deck, jacket, foundation) and the effects of checking on
improving the reliability of the design process. The design phase is analyzed
in the context of the construction and operations phases. This example relies
on the use of IDA to perform the quantitative analyses. This example is summarized in Appendix D.

&mmercial

S&J Structure Wsim and bnstruch “on

The commercial ship design and construction process has been studied
and documented by the Infrastructure Study in Shipbuilding Project Office,
Manufacturing Technology Branch, Manufacturing Systems Division,
Systems Department of the David Taylor Research Center in cooperation with
the Office of the Associate Administrator for Shipbuilding and Ship
Operations, Maritime Administration, U. S. Department of Transportation
[Karaszewski, Wade, 19901.
The objective of this study was to undertake an analysis of the U.S.
commercial shipbuilding infrastructure as of 1990, with the goal being that of
identifying the time-critical functions within the ship acquisition process.
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Participants in the study included customer organizations, ship design
and systems ‘engineering organizations, classification societies, financial institutions, supply / service vendors and subcontractors, government agencies,
labor organizations, and academic / training institutions.
The analysis method utilized in this study was identified as the IDEF
(ICAM Definition language). This process is the standard approach used to
define manufacturing system requirements in many Department of Defense
manufacturing programs and evolved from the Air Force ICAM (Integrated
Computer Aided Manufacturing) program. IDEF was used to produce the fol.
lowing three models [Karaszewski, Wade, 1990]:
●

●

Functwnal model - a structured
representation of the functions of a
system and of the information and
objects which interrelate those functions.
Informatwn model - a
representation of the structure and
semantics of information within the
system.

controls
v
inputs
b -FUNCTIONS
A
mechanisms
I
—

●

,—.

Dynamic model - a representation of
the time varying behavior of the
process.

Figure 9.1- Fundamental IDEF
model mechanics

The IDEF mechanics involved
definition of the key Functions (activities) within the shipbuilding process.
Associated with each of the Functwns were identified Controls, Inputs,
Mechanisms, and Outputs (Figure 9.1).
The IDEF commercial ship design and construction process and the average time required to complete each portion of the process are summarized in
Figure 9.2 [Karaszewski, Wade, 1990]. This process is very similar to that defied by Palermo [1986] for U. S. military ships and Glimmer [1975] for U. S.
commercial ships.
At the highest level of aggregation, three key IDEF Functions were identified:
●

●

Develop a ship concept - activities associated market analysis, customer
requirements, concept design, and preliminary design.
Secure a contract - development of a contract package, including contract
plans and spectications, acquisition of capital financing, and selection
of a shipyard.
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Build and deliver a ship - detailed design, material procurement, construction, testing, trials, and delivery.

1 Start Ship Acquisition Procaas
Parform

(3 InO.}

(5 m.)

Pradimlnary
Daslgn
(4 me.)

x

Perform
Conslruotlon
Daalgn
(6 m.)

Devslop& Impkmnt
*

Ship Construction
Management
(30 me.)

Sels$ S!Sl~yard

—
,%

DevelopDatallad
Design
(lo m.)

Construct& Commlaslon
Ship

%
~
=
~

(18 me.)
—

Procure
Matarials & Equipmsnt
(23 me.)

Figure 9.2- Generic commercial ship design & construction process

The IDEF Functional models for Development of a Ship Concept,
Performance of the Concept Design, and Development of a Detailed Design are
summarized in Figures 9.3, 9.4, and 9.5, respectively. These models define the
key inputs, controls, mechanisms, and outputs associated with each of these
models. This provides important information and insight regarding the potential human, organizational, hardware, procedure, and environmental aspects
that could influence the quality of the ship structure.

tincept WS@ll
The Concept Design Function (Figure 9.3) is the first step in the design
process. The purpose often is to translate a set of operational requirements
into the approximate physical characteristics of a ship structure.
The Function constitutes technical feasibility studies to establish the
ship characteristics all of which are intended to meet the required space and
cargo cubic and deadweight requirements defined by the customer.
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Variations in design
configuration are generally
analyzed in parametric
studies during this Function
to determine the most
economical design solution.
The developments during this
Function are important
because they form the
fundamental bases for the
subsequent design
developments.
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The Preliminary
Design Function (Figure 9.4)
involves the development and
refinement of the principal
characteristics of the ship
structure with greater
precision that required during
the concept design stage.
These characteristics include
the principal ship
dimensions, hull form
parameters, and a general
arrangement and the hull’s
structural configuration.

Figure 9.3- Concept Design Function
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The entire process is
iterative (the design spiral)
[Taggart, 1980]. The
Figure 9.4- Preliminary Design Function
preliminary design package
reflects the economic viability
of the design as well as the
necessary engineering considerations.
The preliminary design process operates under some important constraints that include industry practice, performance requirements, and the
body of rules and classificatwn requirements (laws and regulations). Key inputs to the preliminary design that were defined in the concept design include
customer requirements (first cost generally being a major requirement to secure the contract) and the design knowledge base. This base is comprised of
the information and empirical data pertaining to the class of ship design being
considered.
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The Detailed Design Function (Figure 9.5) includes the final and most
detailed level of the design process. The detailed design is intended to result in
the precise definition of the ship configuration, definition of all material requirements and the preparation of manufacturing support information.
The IDEF Detailed
Design Function identified five
primary categories of activities
that comprise the detailed
design:
1) Final definition of the
ship system performance
requirements, structural
characteristics and
internal arrangements.
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Economic~nditlonn
lndu*w Pmctk

D.llwy $choduk
Tdmbl
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RuwWNTRA13
PACK4QE& DESmN

H!cJ

2) Design of the ship
systems and components ~
gure 9.5- Detailed Design Function
- individual characteristics of all of the
structural elements,
components (assemblies of elements) and their integration into the ship
structure system.
3) Approval of the design - evaluation and approval of the structure system

by the owner, classification societies, and regulatory agencies.
4) Development of a production approach - quality standards, hull erection
sequence, outfitting plan, and a test plan.
5) Preparation of shop drawings and specifications - all of the written and
graphical documentation required to produce the ship.
The principal constraints in the final design Function are the design
modifications that develop horn the review of the contract and detailed designs
by the customer and regulatory bodies, the shipyard allocated resources to the
design including production capabilities and design monetary, time, human,
testing, and schedule resources.
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Details of the content of the ship structure design process and the associated analyses have been summarized by Hughes [1983], Rawson and Tupper
[19831, and Taggart [1980].
A summary of the
Detailed Design Process
(Figure 9.2) is developed in
Figure 9.6. The process is
initiated based on the results
of the preliminary and
constnxtion designs (Figure
9.2). The process consists of
four primary Functions::
1) Structure
Configuration,
2) Structure Loadings
Analyses,
3) Structure Anulyses,
and
4) Des@n Documentation
—.

Specific types of
detailed design activities and
analyses are identified in
Figure 9.6. It is these
de-tied design activities that
can become the activities that
are evaluated to determine
their HOE implications and
how su.fiicient quality might
best be assured.

FROM PRELIMINARYDESIGN
4
STRUCTURE CONFIGURATION

ITRUCTURE ANALYSES

. MoidadLines
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● Gbbal
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●
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~

■

I
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I

I

. Classifksflon Rules
. First Prindpias - Beam Thsory
. First Prhrolpba- Flnits Elemsn
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Tsstlng
. Ship Monitoring

STRUCTURE DESIGN
DOCUMENTATION
. Primary Ship Stnmtum Drawings
. Ship StIUaurs OstaiiDrawings
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. Fabrhtbn S@fiaions
. OpsmtionsSpaoifiwtions
. Mslntananoespaoifloatbne

I
TO CONSTRUCT& COWiSSiON SHIP

w

The principal sources
Figure 9.6- Generic ship structure detailed
of information that can be
design process
utilized in performing the
Structure Loadings Analyses
and Structure Analvses are
identified in Figure “9.6. In a subsequent section of this chapter, this generic
detailed design process will be the basis for illustration of the probabilistic
analytical approach developments of the previous chapter.
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Ship

Stxucture Cmstxuction

The third major group of IDEF activities concerns the processes
whereby a shipyard and its suppliers and subcontractors construct and deliver
a ship; Build and Deliver a Ship. This Function is summarized in Figure 9.’7.
In contrast with the
preceding activities, the
shipyard is primarily on
control of this stage of the
ship building process. The
IDEF model for construction
and delivery of a ship
identified four major
activities:

-am
L8ws

Rm@ctbfu
~lfiutiin
R uirunonts
law R&LM
Conditions
IndustryPtils
Vdus
and Attituda

-Hlc

INPUN

Md9rbh

HunmnR-ou~

1) management of the
shipyard operation,

MEQHANISUE
Indu-trial 0rg8nk8110n
HurrmnRxurmm
Sydarm
F&ilitia
Equlpnmt

2) preparation of a
detailed design,

Figure 9.7- Build and deliver ship fi.mction
3) procurement of all
materia and
equipment that will be
consumed in building or installed on the ship, and
4) fabrication, assembly and testing of the completed ship.
The study identified an important activity that was missing from the
commercial shipbuilding process. This activity involved development of a
technical information package that could be delivered to the customer with this
ship. This owner and operators manual would embody all of the ship operation and maintenance that should be in the hands of the owner and operator.
This wotid be assembled from a variety of sources throughout the entire production process. This ship design and constmction database could form the
foundation for the development of a Marine Structural Integrity Program for
the ship throughout its life mea, 1993].
The primary inputs to this Function include the contract package, the
preliminary production plan, and the human and t?umncial resources plans.
The primary outputs include the allocated resources to build the ship, the budgets, schedules and procedures, the customer relations plan, and the business
data the monitors the overall cost and schedule performance of the shipyard in
relation to the ship construction contract.
\

The primary controls on the ship production include applicable laws
and regulations, economic conditions that influence make and buy decisions,
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labor relations, and industry - shipyard practices. The primary mechanisms
include qualified human resources (for management, design, production and
QA / QC activities), systems required to manage the shipyard operations, and
the facilities and equipment including all of the hardware required to administer the shipbuilding.
Based on the IDEF shipbuilding study, and the information documented
by Taggert [1980], a generic ship structure construction system has been developed. This system is summarized in Figure 9.8. The system identifies five
major categories of primary activities:
1) planning and scheduling,
2) lofti~, 3) steel procurement and storage,
4) steel cutting and forming, and
5) fabricatwn and erection.
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● Matarlals
.

.
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●
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t
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Figure 9.8- Generic principal activities in construction of ship structures
In addition, the system identifies six seconda~ activities that have direct effects on the fabrication and erection activity. These include dimensional
controls, surface preparations, painting, welding, modifications, and defect
repairs. Note that the major QA / QC activities are included within the five
principal categories of activities.
...,
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As for the generic detailed design process developed earlier (Figure 9.6),
this genetic construction process can be used at the starting point for developing evaluations of construction activities and the HC)E effects on these activities.
The developments that follow in this chapter and report will be directed
at the ship design process. This was dictated by the defined scope of work for
this project. It will be seen that the design process related developments and
applications are also applicable to the construction process.

Ship Structure Design Quantitative Formulation
A system diagram expression of how HOE can iniluence the quality of a
marine system is illustrated in Figure 9.10. The background for this diagram
will be developed based on a quantitative probabilistic approach in this section.
In this development, the human error classifications (individuals, organization, hardware, procedures, systems) that have been developed in this
project are assumed to identify sets of mutually exclusive and exhaustive
causes.

Fimt

IAvel - Failure t.okhieve

the De&d

Quality

The System in Figure 9.10 refers to the ship structure system. The quality of the ship structure system can be directly influenced by two primary categories of factors: l)Environments (E), and 2) Human Errors (0).
The category Environments represented by E represent hazards that can
result in compromises in the quality of the ship structure that are natural or
due to inherent randomness. The category of Human Errors represented by O
represent hazards that can result in compromises in the quality of the ship
structure that are unnatural or due to human errors.
The ship structure quality attributes are defined as serviceability, safety,
durability, and compatibility. These are the four attributes that define the
quality of a ship structure. An insufficient quality attribute (i = 1 = serviceability, i = 2 = safety, i = 3 = durability, i = 4 = compatibility) can be caused by nutural causes / inherent randomness (E) and I or human error (0).
The likelihood of insufficient quality in the ship structure is indicated as
the probability of failure (Pf~). The likelihood of insficient
quality (failure) is
the union of the Likelihoods df insufficient serviceability, Pfl, safety, Pf2, durability Pf3, and compatibility Pf4:
pfQ=

Um

(i=lt04)
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(9.1)
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Figure 9.10- System - procedures analysis incorporating environmental and
human error influences

~ent

Quality-WltlIandWithoutHOE

The probability of failure of any one of the quality attributes due to inherent randomness will be identified as PfiE. The probability of failure of any one
of the quality attributes due to human error will be identified as IT@. Then:
Pfi = @fiE I O} PIO] + HE

I 43}P[@] + Pfio PIO]

(9.2)

where
P[O] = 1- PIO] = probability of no human error
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The likelihood of insufficient quality in the ship structure due to human
error could be evaluated in the design (YI), construction (Y2), and operations
(Y3) phases as follows:
PfiO = W Pf Ni IOYi] P [OYi]
(i=lto3)
(9.4)
where OYi indicates a human error that occurs in one of the three life-cycle
phases of the ship structure.

QwlMYinOnePhaseofthelXfb~
The likelihood of insufficient quality in the ship structure due to the influences of individuals during the design phase (1.0) could be evaluated as follows:
Pfi[yl

I Oyll

= Mml.1

u pfiml.3

I Oyl.11 p [Oyl.11 u pfirY1.2 I OY1.21 p [OY1.21

I OY1.31 p [OY1.31 u pfiml.4

I OY1.41 p [OY1.41
(9.5)

where the subscripts 1.1, 1.2, 1,3, and 1,4 refer to the configuration of the ship

structure, the loading analyses, the structure analyses, and the design documentation respectively. These are the four major components that have been
identified to form the design activities (Figure 9.6).

-.

wb’~mepartofonemweaftheufkcyde
The likelihood of insufficient quality in the ship structure due to human
error during the loading analyses could be evaluated as follows:
Pfiml.2]

= U (Pfi IOj) PIOj IYI,21

~=lto8)

(9.6)

where (Pfi I Oj) refers to the probability of insuflkient quality of type i
(serviceability, safety, durability, compatibility) of the ship structure due to
(conditional upon) a human error of type j. PIOj] refers to the probability of the
human error of type j.

,.

162

(

/ .;. ,$:,::.
%=,-,
.:-

Chaptm9

Examples: Quah“tative & Quan titative Ana@ses

The human error type j
subscripts 1 through 8 refer to the
individual human error classification
system developed in this project. This
system is summarized in Figure 9.11.
The eight mutually exclusive and
exhaustive categories include
communications, slips, violations,
ignorance, planning and preparation,
selection and training, limitations and
impairment, and mistakes.

Communications
Weminim of hfofmntlut

Planning & Preparation
~w=m.

Slips

Wolations
trmqmlm

ti~

Selection &Training
9UIW,Odu-, -M

~m

hfrhgenmt,

v~w,

I

ILimitations & Impairment
~stlgum,atrwsed,

dlmlehed

eenaee

Mistakes
Ignorance
(Pfi I Oj) is the “fragility” curve
I
un~
~,
eqnlttva wrrn
for the hull structure. As discussed
previously in this report, this fragility
curve could be developed analytically by Figure 9.11- Classification of human
determining how the particular quality errors
characteristic of the ship hull structure (e.g. its capacity) is influenced by
different types and “intensities” of errors.

This explicit evaluation of variable error intensities or magnitudes could
be avoided if it were assumed that the emors being addressed were those that
resulted in very significant or major degradation in quality. This would be
equivalent to defining only two categories of errors: major and minor. It then
would be necessary to determine the probability of failure associated with the
defined major category of error. Such a definition is consistent with the meager quantitative data that is available on human errors.
It is important to note that the shape of the fragility curve can be
changed by engineering. This is design for “robustness” or defect (error) tolerance. For the intensities (magnitude) and types of errors that normally can
be expected (for a given QA / QC system), the structure should be cofigured
and designed so that it does not “fail” (or have unacceptable quality) when
these types and magnitude of errors occur [Bea, 1992; Das, Garside, 1991].
The likelihood of insticient
quality developing in the other three parts
of the design process (conjuration,
structure analyses, and design documentation) would be developed in a similar manner.

ContributingJntluences
toHmmn Ermm
The categories of human errors are influenced by four types of contributing influences (error inducing or causing factors): organizations (Oe), hardware (He), procedures (Pe), and environment (Ee).
The probability of a given type (e.g. communications) and magnitude
(e.g. major) of a human error (Oj) made by the individual or individuals com-
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prising a given part of the design “team” in the loading analysis during the
design phase (Y1.2) could be evaluated as follows (Figure 9.12):
PIOj IYI.21 = PIOj I Oej] P [Oejl u PIOj I Hejl P l13ejl
u PIOj I Pej] P [Pej] u PIOj I Eej] P Eej]

(9.7)

where PIOej], P[Hej], P[Pej], and P[Eej], refer to a human error of type j caused
by organization factors, hardware factors, procedure factors, and environment
(internal) factors, respectively.
Cauaes of Con~ting

Influences

....,..:<.y.:.:.
.j.y.y
*,::
a
jj~#;#&hxwmjvti*.xpy

u~N

%

The probability of the
organization influence on the human
error of a given type (Oj) occurring
during the design phase in the
loading analysis (YI.2) could be
expressed as follows:

#

~RROR
;~;
x -*
y~j

lj~
...............,.

k ❑ mean rate
of =ourrenaa

,.

I

w

~

P*

pm

due to organization?

k‘+1
1

due to software?
due to hardware 7
due to environment 7

P1

due to Individual?

PIOej IY1.2] = W P(Oejn)
(n= 1, ....8)
(9.8)

The subscripts n = 1 through n = 8
Figure 9.12- Human error ETA
refer to the organization error
classification system developed earlier
in this project. The eight classes of
organization errors are identified in
L. mean m.
Figure 9.13. The eight mutually
exclusive and exhaustive categories
include communications, planning
h
due to communications?
pand training, culture, organization,
due to planning& praparationa ?
I
violations, monitoring and
I
due to culture?
controlling, ignorance, and mistakes.
of occurrmnw
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The other terms (P[He], Pl_Pe],
and P@Ze] would be developed in the
same manner as PIOe].
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Figure 9.13- Organization error ETA
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SystemDiagram- I&m EventApproximation
The system diagram shown in Figure 9.10 has been based on the rare
event approximation of the foregoing analytical expressions. Consistent with
these developments, all of the direct and contributing EDA factors have been
shown as elements in series. In this case, the following expressions can be
developed.
Likelihood of insufficient quality
pfQ=

~Pfi

(i= 1 to 4, four attributes of quality)

(9.9)

Likelihood of insuflkient quality in a given attribute due to “natural
causes” (E) and due to “human errors”’ (0):
(9.10)
Pfi = HE I O} PIO] + ~fiE I 0} P[Ol + HO PIOI
Likelihood of human error causing insufficient quality in a phase of the
life-cycle:
Pfio = Z Pf Ni IOYi] P IOYi]
(i= 1 to 3, three life-cycle phases)

(9.11)

Likelihood of human error causing insutlicient quality in one of four
parts of the design phase (1.1 = configuration, 1.2 = loading analyses, 1.3 =
structure analyses, and 1.4 = design documentation:
Pfi[Yl IOyl] = PfimlJ

+ IWY1.3

F’[Oyl.zl
IOyl.1] P [Oyl.11 + PficY1.2 IOY1.21
I OYI.31 F’ [OY1.31 + Pfiryl.4 IOYI.41 p [OY1.41
(9.12)

Likelihood of human error causing insufficient quality in the loading
analyses part of the design phase caused by the eight types of human errors:
PfiNl,2] = Z (Pfi IOj) PIOj IY1.21
~ = 1 to 8, types of human errors)

(9.13)

Likelihood of one of the eight types of human errors (Oj) caused by one of
the four principal causes or influences acting during the design loading analyses:
PIOj IY1,2] = PIOj I Oej] P [Oejl + PIOj I Hejl P Wejl
+ PIOj I Pej] P ~ej] + PIOj I Eej] P Eej]

(9.14)

Likelihood of a human error due to eight organizational influences occurring during the design phase:
PIOej IY1.2] = Z

P(Oejn)

(n= 1, ....8)

(9.15)
.“
~.-,’
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These approximate analytical expressions equate to a series system that
determines thequality ofashipstructme,
Thisisan interesting observation of
the quality system. As additional elements are added to a series system comprised of independent elements, its probability of failure increases [Mansour,
et al., 1990; Bea, 1990]. This indicates that the number of primary EDA in all
parts of the quality process should be decreased to the minimum possible to decrease the likelihood of the system not developing the desirable level of quality.
This emphasizes the importance of elimination of unnecessary complexity in
all parts of the system.
The other interesting observation regards the effects of correlation between the series elements. If all of the series elements are highly correlated
(magnitude of one EDA closely related ta the magnitude of another EDA, etc.),
then the probability of failure of the system is equal to the highest probability of
failure in the system series chain [Bea, 1990; Orisamolu, Bea, 1993]. The reliability of a multi-element series system can be improved by high positive correlation. High positive correlation in EDA could be developed by human factors
such as a consistent set of high quality individual (human), organization,
hardware, and procedures factors that are allowed to permeate the entire design process. Organization culture is likely the most important of the correlating processes.

Thus far in this development, it has been assumed that there has been
no explicit QA / QC in the process. Stated another way, the human error rates
have presumed that there is no unusual defense in depth provided to detect
and correct errors. In one way, this is not unreasonable. Most minor errors
are caught by the individual or individuals involved in a particular process
and corrected. In this development, we are concerned with the major embedded errors that can lead to significant degradation in quality that are not
caught at the local level.
Consequently, the next step in this development addresses human error
detection ( = D) and correction (repair, = C). This is essentially an attempt to
place parallel elements in the quality system so that failure of a component
(assembly of elements) requires the failure of more than one weak link. Given
the high degrees of correlation that could be expected in such a system, this
would indicate that QA / QC efforts should be placed in those parts of the system that are most prone to error or likely to compromise the intended quality of
the system.
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A simple ETA of this process
is given in Figure 9.14 for a major
human error occurring in phase X
of the life-cycle of the ship structure.
The term major is used here because
minor errors are generally detected
and corrected either by the
individual making them or by the
group responsible for the particular
activity. In this case, we are
addressing those important errors
that get through the normal QC
process that has been defied by the
QA system.

MAJOR
Human Error Occurs
in Phase X

yes

no

Al

Detected by QC ?

P[D]

[c]

no
error

Corrected by QC ?

error
,fbthro:h

Conditional on the occurrence
Figure 9.14- ETA of human error
of the human error of type (Oj,
detection and repair
Figure 9.12), the probabihti that the
efior gets tkrough the QA”/ QC
system can be developed as follows.
The probability of detection is P[D] and the probability of correction is PICI. The
compliments of these probabilities (not detected and not corrected) will be
indicated as P[~] = 1- Pm], and P[-C] = 1- P[C].
The undetected and uncorrected error event (Uej) associated with the
human error event (Oj) is:
Ue = W (Oj n ~j n ‘Cj)

(j=lto8)

(9.16)

The probability of the undetected and corrected error of type j event is:
P[Ue] = Z PIOj I ~j n ‘Cj] PITlj I ‘Cjl P [“Cjl

~ = 1 to 8)

(9.17)

Assuming independent events, the probabili~ of the undetected and corrected error of type j event is:
P[Uej] = PIOj] &lJlj] P[-C] + P[~]} = 1- p~l PICI

(9.18)

The probability of error detection and the probability of error correction
obviously play important roles in reducing the likelihood of human errors
compromising the system quality.
Note that in the developments that preceded the introduction of QA / QC
considerations, if PIOj] were replaced with P~ej], the effects of QA / QC could
be introduced into any of the parts of the system.
The probability of detection will be a function of the quality and intensity
of the QA / QC directed at this function. Similarly with regard to the probabil-
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Role ofHumanEmorb ReliabilityofMarineStructures
ity of acceptable or adequate mrrection. In both cases, an expenditure of resources is required to achieve the desired objectives.
The problem is to determine where QA / QC efforts should be directed,
how they should be directed, and how intensely they should be developed.
Given limited resources to develop quality in a marine structure, this is probably the single best reason for quantitative analyses; to help show the most effective way to implement QA / QC efforts throughout the life-cycle of the ship
structure.
Due to the limitations in the scope of this first SSC project on HOE in design and construction of ship structures, it was not possible to conduct comprehensive and detailed analytical studies of ship structures and the elements,
components, and systems that determine their quality. This should become
the objective of future SSC sponsored projects.
However, in the remaining parts of this chapter, examples will be developed to illustrate how such qualitative and quantitative evaluations could be
developed. In the next chapter, based on experience with other marine and
non-marine structures, general guidelines and recommendations will be
made on how QA / QC activities might best be directed in the ship structure design phase.

Example - Sleipner B Assessments
The background of the failure of the Sleipner A platform has been summarized in Chapter 6. This $1 billion catastrophe occurred after the highly
successful design, construction, and operation of some 25 similar platforms
over the past 25 years. These massive concrete and steel structures stand in
water depths of 45 to 350 metirs. A review of the history of these platforms has
been summarized recently by Moksnes [1994]. In his review, Moksnes observed:
“The recent 10SSof the Sleipner A platform in 1991 was attributed
to shortcomings in the interpretation of the results from the global
analysis and inadequate design of a section of the cell walls, and
points to the need for caution in what tends to be a highly automated design process. There is still a ve~ important role to play
for the experienced design engineer and the trained eye!”
Noyes [1994] has performed quantitative evaluations of the design of the
replacement plaffomn: Sleipner B. Noyes organized the design process as
shown in Figure 9.15.
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Figure 9.15- Evaluation of the potential contributors to HOE in the Sleipner B
structural analysis
Following an initial qualitative screening process and based on the diagnosis of the causes of the failure of Sleipner A, Noyes evaluated one primary
contributor to lack of quality in the replacement platform the Structural
Analysis identified in Figure 9.15, The portion of the structural analysis evaluated was that of the finite element analysis of the star cell intersections that
had been improperly performed in the Sleipner A design,
In addition, Noyes identified three potential primary contributors to lack
of structural analysis quality in the Sleipner B structure. These were: 1)
Organization Errors, 2) Procedure - Software Errors, and 3) Individual Errors.
Identification of the principal types of these errors are summarized in Figure
9.15. Based on the error classifications that have been developed previously in
this report, Figure 9.15 identifies the potential types of errors in each of these
three categories.
Based on results of interviews with experts in performing Finite
Element Analyses (FEA), Noyes identified five primary processes involved in
performing FEA of CSD: 1) defining geometry limitations, 2) choosing elements, 3) choosing appropriate element meshes, 4) defining material properties, and 5) defining boundary conditions.
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Based on the results from the interview of FEA experts and the results
from a coarse qualitative screening analysis, Noyes identified the choice of appropriate element mesh sizes as a key potential source of error in the structural analysis, Fault Trees were used to perform and document the analyses
(Figure 9.16). The base rate error probabilities were based on research performed and published by Williams [1988]. These results have been summarized in Chapter 8.
Three primary potential contributors to the probability of an error in the
mesh size (Pe) were identified (Tree 1, Figure 9.16):
1) an error resulting from inadequate personnel selection and training
(Pte),
2) an error resulting from ignorance on the part of those performing the
analyses (Pie), and
3) an error resulting from mistakes made by those performing the analyses (Pine).
The probability of realizing an error in the mesh size was taken as the
sum of the three contributing probabilities. The cross-product probabilities
representing compounding events were neglected.
.-
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Figure 9.16- FTA of the three primary contributors to an error in determination of the proper mesh size in the stnxtural analysis
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Tree 1 represents the final evaluation of the potential contributors to the
basic fault: an error in the finite element mesh size. Subsequent trees (Trees 2
through 4) were used to define the primary causes of the three primary potential contributors of errors and to determine the associated probabilities.
Tree 2 (Figure 9.17) defines the organization and procedure related
causes of the three major types of errors. Tree 3 (Figure 9.11) defines the primary contributing and compounding organization causes. Tree 4 (Figure 9.12)
defines the primary contributing and compounding procedure causes. These
causes were based on the organization and procedure taxonomies discussed
previously. The evaluation of the major contributors was based on the results
horn an initial qualitative evaluation of these design elements.
For example, an error due to a mistake (Tree 1, Figure 9.16) could be due
to either organization or procedures (Tree 2C, Figure 9.17). The organization
caused mistake could be due to the organization culture or due to inadequate
monitoring and controlling (Tree 3C, Figure 9.18). These two categories of organization causes were identified in the first phase quantitative evaluations as
being the most dominant or important.
The mistake due to procedures could be due to excessive complexity in
the procedures or due to inadequate documentation (Tree 4C, Figure 9.19).
Again, these two categories of procedure causes were identified in the first
phase quantitative evaluations as being the most dominant or important,
.. ...

Identification of the primary causes of organization and procedure errors were based on Noyes study of the Sleipner A failure documentation and
her quantitative evaluation of the process used to analyze the star cell intersection stresses. Evaluation of the probabilities associated with these causes were
based on Noyes’ subjective judgment and the performance shaping factors research published by Williams [1988] and summarized in Chapter 8.
Given these evaluations of the “prior” probabilities (based on the
Sleipner A scenario), Noyes was able to identify the likelihood of a mesh sizing
error, Pe. The results (Tree 1) indicated that this probability was Pe = 1 E-3
(during the design phase, refer to Figures 8,3 and 8.4 for basis). Fifty percent
of this probability was due to an error caused by personnel selection and training. This was the primary initiating event or root cause of the Sleipner A sinking.
Noyes then evaluated how changes in the organization and procedures
could be implemented to reduce the likelihoods of an error in mesh sizing.
Noyes used the results of the work published by Roberts [1993, 1994] to characterize organizational improvements and the work by Williams [1988] to characterize the quantitative effects of such improvements (refer to Table 8.2 for basis). Noyes used the work of Melchers [1987], Stewart and Melchers [1985,
1986, 1987, 1988, 1989 ], and Stewart [1990] to characterize improvements in
procedures and the effects of increased monitoring and controlling.

... ,.,....+
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Figure 9.17- Tree 2- determination of design errors caused by organization
and procedures
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Figure 9.18- Tree 3- determination of organization errors (culture, monitoring
& controlling) leading to an error in the mesh sizing
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Figure 9.19- Tree 4- determination of procedure errors (complexity, documentation) leading to an error in the mesh sizing
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Table 9.1 summarizes the results of Noyes study of the effects of various
QA / QC measures (requiring organization and procedure changes) on the
structural analysis error rate. The single most effective measure was an organization improvement in the selection of designers (design organization requirement for additional design engineer experience). This measure reduced
the error rate by 77 percent.
The second most effective measure was an organization improvement in
a requirement to increase the scope of outside checking. This measure reduced the error rate by 36 percent. Reductions in time pressures and improvements in training had comparable effects; reducing the error rate by
about 20 percent. Improvements in documentation was the least effective
measure; reducing the emor rate by about 10 percent.

Table 9.1- Effects of alternative QA / QC measures in reducing the likelihood
of structural analysis errors in determining the finite element mesh sizes

II

(.4A I uc

measure

*

Source of k rror Impacted

Net Gh ange In Total k rror ‘/0

Organization - improved training selection and training
of designers

-22

Organization - improved selection of designers

selection and training
ignorance

-77

Procedures - improved documentation

procedure errors due to documentat ion

-13

Organization - reduce time
pressures /constraints

mistakes

-20%

Organization - increase outside
checkina

monitoring & controlling
mistakes

-36 %

The next step in such an evaluation would be to perform cost - benefit
analyses of these alternative improvements to determine which measures
should be implemented. This would involve a determination of the base rate of
errors that could be tolerated (acceptable probabilities of fdure).
Such an
evaluation was not performed by Noyes, but was performed by Rettedal,
Gudmestad, and Aarum for the design and construction of the Sleipner B platform [1994].
The study performed by Retedal, Gudmestad, and Aarum [1994] utilized
an approach very similar to that used by Noyes [1994]. They structured their
analyses using ETA and FTA. These analyses and evaluations primarily
evaluated equipment and structure systems. The human and organization elements were not explicitly evaluated. They were integrated into the back-
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ground to define equipment, structure, and activity failure rates. They did not
use any formal HOE structure or classification system.
Retedal, Gudmestad, and Aarum [1994] performed a very comprehensive evaluation of the key phases of construction including towing to location
~d commissioning the Gravity Base Structure (GBS). They evaluated the effects of improvements in the equipment, structure, and human activity elements of the GBS construction. They developed tolerable or acceptable error
rates that the improvements were intended to develop. There were no explicit
cost-benefit evaluations of the alternative improvements.
Table 9.2 defines the probability of failure that Retedal, et al. (Statoil) defined per project dependent on the extent of the project loss that would be represented by the failure. The intolerable risk level represented the boundary between acceptable and unacceptable probabilities of failure. These failure rates
were then defined on a per operation basis (e. g. submergence testing, deck
transport, deck mating, hook up, tow out, installation). These probabilities
also are summarized in Table 9.2.
While these target probabilities did not explicitly evaluate cost aspects,
they were based on historical experience with these types of systems. At the
time of the initiation of the Sleipner B, the primary focus was on prevention of
the type of errors that had lead to the sinking of Sleipner A. In the light of the
schedtde and productivity pressures, prevention costs were not a primary consideration.
Table 9.2- Probabilities of Failure Per Project and Per Operation in
Construction of Sleipner B GBS

Loss (%)
100
(total loss)
(mal~rOdamage)
10
fmlnor damaae

Probabi Ilty of Failure
Per Project
negligible
Intolerable
IE-5
5E-4
I

Probability of Failure
Per Operation
negligible
Intolerable
I
1E”6
5E-5

IE-4

5E-3

lE-5

5E-4

lE-3

5E=2

lE-4

5E-3

Table 9.3 summtizes the results of damage probabilities determined by
the analyses before and after operator error risk reductwn measures. These
measures included provision of construction weather instrumentation and criteria, training of crane operations personnel, improvements in communications systems and procedures, training in solution of special (critical) problems, simulator training, and detailed pre-lift planning.
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These comprehensive measures addressed human, organization, system, procedure, and environmental aspects of the critical aspects associated
with construction of the Sleipner B GBS. Note that several of the measures reduced the likelihoods of damage by 40 % to almost 70 %. The most effective
measures
were concentrated in the mechanical installation operations.
The authors note that both HazOp (qualitative evaluations) ~d QW
(quantitative evaluations) should be performed in making such analyses.
Much was learned from each of the approaches about how to improve the system and where protective meamres should be placed. The quality of the QRA
was improved as a result of the HazOp study.
These measures were effective for the Sleipner B GBS was successfully
constructed in a record short time (one year) and installed without incident in
the last quarter of 1993.

Table 9.3- Damage Probabilities (x E-6) Before/ After Error Reduction
Measures
ConstructIon
Phase
---- M*------ -----Type of damage
)OSS of stabili~

After Sllp Forming

Mechanical
Installation

Commissioning

3.2611.84
(-44%)

shaft collapse

8.96/ 5.46
(-40%)
98,0171.6
(-27%)

constructionshaft
damage
installatlon shafh
damage
domepenetra-

65,2136.7
(-44%)
24j~ ~8

cell dome penetration
domecollapse

3.%

globaldorae damage

8.63

11.617.8
(-33%)
0,59/ 0.24
(-60%)
3.9311.29
(-67%)
20.3

utilitymoduledamage
systemdamage

8.315.59
(-23x)
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Tanker SideshellImngitudinal Detail Design Examples
Both of the following examples focus on
critical structural details (CSD)in mmmercM
tankers. A CSD is a section of the structure
which experiences very high stress
concentrations in comparison with the rest of
the structure, and therefore requires special
attention in the design and construction phases,
and should receive close scrutiny in inspections
and maintenance.
The example CSD that will be the subject
of the two examples, the sideshell longitudinal to
webframe connection, is illustrated in Figure
9.20. The first example will address the design
of this class of CSDto assure suilicient fatigue
durability. The second example will address the
Figure 9.20- Example CSD
analysis of this CSD using current Finite
sideshell longitudinal to
Element Analysis (FEA) methods.
webframe connection
The CSD examples will be those from a
class of six single-hull ships of 165,000 DWT
(MWe 9.21). ‘The mid-b;dy transverse framing of this class of ships is shown
in Figure 9.22.
These tankers are typical of the maritime industry tanker trade in general. They were built in the 1970’s by a U. S. shipyard after being designed by
an experienced U. S. naval architecture firm.
The ships were operated on a trade route that had very severe weather
for most of the year. In a period of 15 years, these ships experienced approximately 3,000 significant fatigue fractures in CSD(Figure9.23).
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Figure 9.21- Plan and profile of example 165,000 DWT tanker
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Figure 9.23- Number of fractures in
class of 165,000 tankers (4 ships in 10
years)

Figure 9.22- Transverse midships
frame of example tankers

This propensity for fatigue problems resulted in regulatory repercussions. The ships were required by the U. S. Coast Guard to implement a
Critical Area Inspection Plan (CAIP), which specifies the methods used by the
vessel operators for documentation and tracking of structural failures. It
must also contain the vessel fracture history, corrosion control systems, and
previous repairs. The ships were required to undergo inspections once every
six months, which meant taking the ships out of service, at great cost to the
operator and owner.
Example 1 will address the fatigue design aspects of the CSD in the class
of example ships. Example will address the Finite Element Analyses (FEA) of
the same CSD.

Example 1- Qualitative Analysis
The question posed in the analysis of this example is : What is the cause
of the marked susceptibility to fatigue problems in the CSD of the example
class of ships?
Study of the background and history of these ships indicates that there
are many answers to this question [Salancy, 1994b]. The causes include
actions (or inactions) by the ship builder, ship operator, regulatory agencies,
classification society and ship owner, as well as the relationships between
these groups.
This analysis attempts to address all of the major sources of fatigue susceptibility in order of occurrence, beginning with the etisting climate in ship
design and construction and carrying through operation of the ships.
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Individual problems of the ships are addressed and a quality profile is carried
out. The system is analyzed by event trees as it was cofigured and as it could
have been re-cotigured, attaching quantitative values to the errors which occurred.

FatigueAnalysis
The most obvious source of fatigue susceptibility was the lack of fatigue
analysis executed during the design of the ships. Was fatigue a known risk in
engineered structures at this time? The answer is clearly yes [Nibbering, et
al., 1973].
Fatigue has been the cause of some of the largest failures in the U.S. in
recent history, including failures in the maritime industry. It has been estimated that from 50 to 90 percent of all structural failures are the result of
“slow crack growth’, or fatigue degradation [Petroski, 1985]. As discussed
later in this section, fatigue analysis was well-known at the time of conception
of these ships. Therefore, a major error in the design of these ships was the
lack of fatigue analysis.
The issue of fatigue was not examined during the design process at all.
No lab testing was carried out for fatigue. The reason for this exclusion was
that fatigue analysis was not required by the regulatory and classification bodies. The climate in shipbuilding at the time was to build to requirements only.
The lack of fatigue analysis requirements was due to the relationship between the ship owners / builders/ operators and the regdatory and classification societies. The owner / builder/ operator believed that by building the ships
to existing rules, sufficient safety and durability was ensured. However, the
regulatory and classifmation societies considered only safety to be their responsibilityy, not durability, and therefore did not include fatigue in their guidelines.
This situation had existed because durability had not been a problem historically, because ships built with adequate safety had also coincidentally had adequate durability as a result of the safety requirements.
In the case of these ships, that was not to be true, primarily because a
new material (HTS, or high tensile steel) was being used in the structure, for
which this circumstance did not apply. As this material was different from
that which the regulatmy societies had based their stance on durability on,
durability was not ensured with the new material.
This error can be classified as one of organizational error. It can further be defined as an error in communications and culture. Communications
was a problem because the rule-making bodies did not make clear that durability was not their responsibility when non-standard materials were used in a
design. Culture was a problem because both the regulatory agencies and the
classification socie~ had been reducing requirements to appease ship builders
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and attract clients, as well as to increase the economy of designs by lowering
safety factors which may have seemed excessive in light of their success.
In the regulatory agencies rule developers had changed rules to go
along with the interests of ship owners to build cheaper ships (Figure 9.24).
The classification societies also reduced requirements. This was to ensure
that they could compete with other classification societies for business -- if one
society required something costly that another did not, it would most likely lose
business. Another culture problem was the economic pressure being applied
in ship construction. HTS was relatively untried in marine applications, but
economic pressures to increase payload per deadweight ton forced its use.
Finally, the ships were to be
$ 1s0
~::~::;
operated on a trade route with severe a
E
wave loadings, which increased
A
susceptibihty to fatigue problems.
This fact was not considered during
the design phase. This error is
considered to be one of culture. It is
~
o 100
a sub-set of the larger fatigue
m
*
:::
analysis problem, and therefore is
.
.........}...
..............................................................
not treated separately. It was known ~ ‘o :~::::~:
:/ii
that the planned route for the ships
f ,0 “!!:
was one with severe environmental
g
1*8S
1990
1s76 1980
1985 1*7O
1950 1955 1960
fatigue impacts, but the designers
YEAR
ftiled to take this fact into account,
assuming that if the design passed
the regulatory requirements, fatigue Figure 9.24- Reduction in required
minimum ship structure weight
would not be a problem.
(100,000 DWT tanker) as function of time
This error should not be
considered one of ignorance.
Fatigue was a well-known risk in ship design at the time these ships were
conceived. The 1967 edition of Principles of Naval Architecture [Comstock,
1967] contains a section on “Fatigue in Ship Structures”, which discusses the
use of HTS and describes the potential problems in “details subject to repeated
reversal of high stress” (such as CSD). The section even includes the
admonition:
“The fatigue limit of various structural steels is approximately
proportwnal to the ultimate tensile strength of the material and
not to the yield point. l%erefore, fatigue may become an important consideratwn as higher yield strength steels are used. ”
This advice would have been within easy reach of most naval architects at the
time.
While an individual may have suspected possible fatigue problems, it
was an organizational decision to design to regulatory guidelines and not to
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out fatigue testing on HTS. Therefore, this error remains an organizational error. It should also be pointed out that fatigue analysis of large ships is
a very complex problem. Fatigue analysis of offshore oil platforms and steel
bridges has been carried out for many years, but ship analysis tends to be more
difficult, for several reasons : the geometry of CSD are very complex, there are
many of them, and the structure system and loadings are very complex.
However, these same problems exist for airframes and they have been successfully conquered.
It is also interesting to note the historical relationship between required
safety factors and major failures. Petroski [1985] points out that periods of prolonged success tend to inevitably invite failures, as prolonged success leads to a
lowering of safety factors. This is because prolonged success seems to imply
over-design to most designers, owners, and operators. These lowered safety
factors eventually lead to failures.
In this case, the safety factors had been successful for fatigue, even if
only because loading safety factors coincidentally insured fatigue success,
which led to this type of ftilure when loading safety factors were (reasonably)
lowered. This example also illustrates another point of Petroski’s : apparently
correct answers may be reached for the wrong reasons. Just because the ships
in the recent past had not experienced fatigue problems by following loading
safety factors did not ensure that fhture designs would also escape fatigue
problems without undergoing fatigue analysis. An incorrect understanding of
the system, which incidentally gives correct answers, can easily lead to failures.
Finally, Petroski warns against the potential dangers in designs with a
high degree of newness, which seems relevant to the use of HTS in these designs.
“What appears to work so well on paper may do so only because
the designer has not imagined that the structure will be subjected
to urumticipated traumas or because he has overlooked a detail
that is indeed the structure’s weakest link. ”
This would appear to be the case in this tanker design, where the fatigue
properties of the structure were its weakest link.
In a recent article titled ‘Victory’s Pipeline” Hannan [1994] cited three
categories of problems that resulted in the structural failures that occurred in
521 T2 tankers built during World War II: design,
-. workmanship4. and material. Hannan obsemed:
“abrupt changes in section, or elements added to the ship as an afterthought, for example, often became troublemakers, initiating
cracks and raisirg local stresses. ”
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“Imperfect welds were the point of origin for many failures. The
inaperfectwns or@inated as often the munner of prepari~ the joint
for weldi~ as in the quality of the metal deposited.”
“The energy-absorbing capacity of the ordinmy ship steel used was
measured by impact tests and found to have a generally low value
within the range of temperature in which the vessels operated.
This led to brittleness. It was corrected by up-gradi~ the steel
specifications. ”
It would appear that many of the same problems encountered in the T2
tankers were repeated in the example class of ship structures.
CsD Codiglmtion
The configuration of the ships made them fatigue-prone. Ship scantlings were reduced from historically average sizes and high tensile steel (HTS)
was used. This was done to lighten the ship, as high strength steel allowed for
a lighter ship than normal steel, increasing the amount of cargo per ton of
displacement. However, the fatigue properties of HTS are not proportionally
higher than that of mild steel, as discussed in the previous section. Therefore,
the design of the CSD made the ships fatigue-prone. The CSD design did not
adequately account for stress concentrations, which exacerbated this fatigue
problem.
This can be classfied as an individual human error. The design of the
details was carried out by the design team, a relatively small group. This error can be further classified as one of selection and training. The error is considered of this type because stress concentrations should have been predictable,
and the problem should have been detectable by a ship designer.

tillstnlction clhllaw
The climate of ship construction at the time was one of low-bid to win
contracts. This attitude resulted in attempts by the designer and builder to
minimize costs at every opportunity. This led to cost-cutting in design as well
as construction. This is an organizational problem, and is classified specifically as organizational error in culture. The existing culture did not promote
or reward work of high quality, but work of low cost.
The state of the shipyards also lead to errors in the design and construction of the ships. Shipyards bid on the “minimum initial cost” ship to win contracts. This emphasis on initial cost drew attention away from life-cycle thinking, which lead to overlooking fatigue, corrosion and maintenance concerns.
The tankers had to be built in the U. S. because of the Jones Act, a piece
of legislation which went into effect in 1921 and states that ships used on routes
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between domestic ports must be built in the U. S. Therefore, the owners were
forced to have the ship construction done by an industW that was not “up to
par”, as U. S. shipyards were clearly inferior to foreign yards in terms of productivity, quality, and technology. 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 [Crawley, 1993]. The Jones Act ensured that the U. S.
shipyards would not have to compete against foreign shipyards for this type of
ship. This act removed at least some of their incentive for improvement.
U. S. shipyards were behind the times in terms of organization, and this
may have had the greatest effect on their quality problems. Foreign yards were
employing techniques such as modular construction, process lanes and zone
outfitting. These methods allowed for simplified critical paths, greater quality
control, and superior monitoring, and are described more fully in
“Recon@uration of System”. In one study Weiers, 1984] it was found that a
Japanese yard, producing the sane ship design as a US shipyard, required
only 27% of the labor hours, and only 65% of the material cost.
The errors due to the climate of U. S. ship construction are classified as
organizational errors. Specifically, they are errors of culture, planning and
preparation, structure and organization, and monitoring and controlling.

Comtructl“on
This section focuses specifically on the execution of construction, as opposed to the overall planning and preparation of construction. Construction of
high quality, robust ships may have resulted in ships resilient to errors committed in the design phase, as well as in operation. However, low quality construction appears to have resulted in error-intolerant ships.
The construction quality of the ships was generally poor [Salancy,
1994a]. Misalignments, poor fit-up, incomplete and poor quality welding, hand
flame-cut edges, and poorly applied, low durability coatings were found. Poor
edge preparation of CSD was also common, Commissioning inspections
performed by the shipyard, the regulatory agency, the classification society,
and lastly, the owner all disclosed incompletely welded CSD. Each of these
inspections disclosed different numbers and locations of incompletely welded
details. Existing QA / QC measures fded to detect and correct the wide
variety of problems that arose during construction.
The errors which occurred in construction are considered to be individual human emors. They are due to ignorance, selection and training, slips,
and planning and preparation. Most of these errors can be attributed to the
state of U, S. shipyards at the time.
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Although this example focuses on HOE during design and construction,
the operation of these ships shows how operation can act to exacerbate errors
begun in the design and construction phases. This seems to further support
Perrow’s claim that the maritime indust~ is “error-intolerant” as well as
Petroski’s assertion that “all errors are design-initiated’. The ships in question were operated without regard to damaging conditions, typically operating
at full speed in severe seas, This further exacerbated the fatigue susceptibility
of the ships, by subjecting them to more frequent, higher stress cyclic loadings.
This scenario probably could have been foreseen by the designers.
Maintenance of the ships was reduced below that historically typical in
order to lower operating costs. Corrosion (general, pitted, and grooving) in ballast tanks reduced fatigue life of many structural details. This corrosion could
have been stopped if maintenance had been adequate.
Finally, the quality of the repair work done on the CSD was poor.
Repairs were not engineered. Repairs were frequently expedient or neglected
to get the ships back in service.

—

All of these errors can be considered organizational and cultural,
stemming from economic pressures to meet schedules, lower maintenance
costs, and save on repair expenses, These errors are not examined in detail.
However, it should be noted that they served to exacerbate the existing problems, rather than create new ones. This is further evidence that HOE prevention in the early stages of design and construction is more effective and efficient than management in later stages.
Quality

Pxofde

This section describes a quality profile carried out on the example ships.
This profile is used to determine the general quality to be expected of the ships,
as well as to highlight the areas which are expected to have the greatest impact on quality. The quality scores are illustrated in Figure 9.25.
The ships are given low marks for materials, as HTS was relatively new
to ship construction and this shipyard. Construction quality was poor, as
mentioned earlier, so scores are low for constructwn - procedures and systems. The structure was not analyzed for fatigue, so both the structure and the
design - procedures and systems are given low scores. Personnel and management were typical of a U. S. shipyard, so construction - personnel and
management and design - personnel and management are given slightly below-average scores. Available technology (compared to foreign yards) was not
employed, so the technology score is low, Finally, financial resources, personnel resources, time resources and quality incentives are all given low scores
due to the climate at US shipyards at the time of construction.
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The figure shows that in all of the categories, the ship structure quality factors
were judged to be below “average.” The ship structures were obviously prone
to low quality excessively low durability. The material (HTS) is the area of
greatest concern. However, design, construction, and organization related issues lead to low quality scores. The provision of “below average” technology,
time, personnel, and financial resources is a critical issue that is reflected in
the low quality incentives. It is these key issues that will become the focus of
the second ptit of this example; the quantitative analyses.
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Figure 9.25- Quality Profiling for Example Tankers
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Example 1- Quantitative Analysis
The qualitative analysis and quality profile highlighted four factors in
design and construction which were major contributors to HOE. These four
factors, and their specific type of HOE, are listed in Table 9.4. Corrosion protection was not considered a major factor, although it is a case of HOE. It is
very similar to the CSD design, but its consequences were somewhat less immediate.
Table 9.4- Major factors and causes resulting in low durability CSD

Factor I - FATIGUE DESIGN ANALYSIS
Organ~zational Error, Communications
Organizational Error, Culture
Factor II - CSD CONFIGURATION
Human Error, Selection and Training
Factor Ill - CLIMATE OF SHIP CONSTRUCTION
Organizational Error, Culture
organizational Error, Planning and Preparation
Organizational Error, Structure and Organization
Organizational Error, Monitoring and Control
.-

Factor IV - SHIP CONSTRUCTION
Human Error, Ignorance
Human Error, Selection and Training
Human Error. Slim
Human Error; Planning and Preparation

~

-

Ori@d System

The example is first analyzed for the original conditions. Each of the
four factors is analyzed by an event tree. This required establishing baseline
error rates for each factor. The baseline error rate for Factor I (error in the fatigue analysis) is 10-2 Williams, 1988]. This rate has been selected because the
error occurred in the omission of proper communication of responsibility.
Factor II (error in CSD design) has an error rate of 10-3, as the design of
CSD for fatigue was not well developed at the time. Factor III has an error
rate of 10-3 also, as the state of US shipbuilding was the result of a confused set
of relationships and dependencies, where errors could occur without much
chance of being noticed. Factor IV has an error rate of 10-3, as the construction process was slightly more complex than usual (HTS), and there were time
and economic pressures.
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The probabilities of the situations to induce errors being present are divided equally in this analysis. In the analysis of the re-configured system,
these values may be reduced, as indicated by the “Multipliers for Performance
Shaping Factors” lltettedal, et al, 1994] and “Relative Strengths of ErrorProducing Conditions” Williams, 1988]. A large database of HOE would make
it possible to predict the probabilities of these situations with greater accuracy.
However, the main thrust of this report is to identify QA / QC efforts which will
reduce these probabilities, so the actual probabilities are not as important in
this report as the factor by which they ~ reduced.
The four factors are examined by event trees in the following figures.
The trees begin with the baseline error rate and then divide evenly for each
HOE situation.

.-

P (Error,Cornmnications)

I

I

2.5 X 10-3
P (Error,Culture)

Figure 9.26- Event Tree for Factor I
Figure 9.26 illustrates how the analysis will be carried out. A baseline
error rate is assumed for the error in fatigue analysis. The situations which
may exacerbate this error are added to the tree, and the probability of each situation occurring is given as 50 $ZO. The total probability of an error occurring
due to one of the given causes is found at the end product of each branch of the
tree.
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Figure 9.27- Event Tree for Factor II
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Figure 9.28- Event Tree for Factor III
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By the use of QA / QC measures the probability of occurrence of situations inducing HOE can be reduced. These measures are described for each
factor in this section, and then quantitatively evaluated in the following section.
Factor I can be ameliorated by several organization-wide shifts in emphasis. Establishing clear lines of communication and responsibility between
the various agencies at work in shipbuilding would greatly improve the problem and reduce the occurrence of conflicts of interest. An example of how responsibility can be defined is given below for the four agencies involved in ship
design, construction, and operation : regulatory bodies, classification and inspection groups, designers and builders, and owners and operators mea,
1994a]:
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Regulatory : Definition and verification of compliance with goals
and policies of quality.
Classification and Inspection : Development of classification rules
that will guide and verifi design, construction, and operation of
durable and reliable structures that meet regulatory and owner requirements.
Design and Construction : Designing and producing structures
with appropriate quality,
Owners and Operators : Design and maintenance of high quality
structures and the economic operation of structures.
However, this would be difficult to implement in the short-run.
Focusing on the life-cycle costs of the ship could be a better means of improvement [Bea, 1994b]. When the economics are examined for the life-cycle, the advantages of initially robust design versus design for light weight and low initial cost should be obvious, The benefit of regular maintenance versus unexpected repairs will also be made clear. Focusing on resource allocation and
accountability will also be beneficial.
Factor II can be improved by focusing on fundamentals and identification of failure modes. Ellingwood [1987] describes this type of error prevention
measure :
“Technical measures include independent reviews of fundamental design concepts and assumption, 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 fundamental 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 scenarios” or failure modes should be emphasized. As
Petroski pointed out, a designer can only design against failure modes which
he or she recognizes. Other failure modes maybe covered incidentally, but
this can lead to dangerous situations. QA / QC measures towards improved
designs would include licensing, verification and testing procedures, incentives, accountability, and job design.
Factor III presents a very complicated problem. The state of U. S. shipyards and the climate of construction in the U. S. is a product of many agencies. However, it is clear that U. S. shipyards have not kept up with modem
advances in ship construction. Although some of the lagging can be attributed
to lack of series ship orders and cost of equipment, much of the modernization
in foreign shipyards has been in the form of organization ~eiers, 1984]. A ba-
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sic reorganization of shipyard labor into more efficient units would greatly improve productivity.
There are four steps towards modem ship building practice which the
shipyard that built the example class of ships could implement to improve
quality and productivity
1) Modular construction techniques should be employed. This serves to
simplify planning and reduce interference between groups of outfitters.
2) Process lanes should be implemented [Salancy, 1994a]. These consist
of fixed workstations which process items or units of similar
construction, This enables workers to progress 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 tolerances necessary for
successful modular construction. It can serve as a basis for
implementing continual improvement and modern management
techniques such as work teams and participate management.
3) Zone outfitting should be executed. This consists of outfitting by module, block, or tit.
It has been estimated that outfitting by block saves
30% in labor, while outfitting by unit saves 70% over conventional outfitting lJVeiers, 1984]. This improvement is the result of simplified coordination and scheduling and less time moving material through
areas under construction.
4) Use standardized tested designs for subassemblies and units. This
would work well with process lanes and zone outfitting. If plans were
created and stored electronically, maximum utilization of CAD / CAM
and FEA could be obtained. There would also be benefits due to re-use.
Establishing goals of quality and good customer relations over low-bid
would go a long way towards improving the state of ship construction.
Construction should also be viewed in terms of life-cycle costs.
Factor IV is also a difficult problem. The example of foreign shipyards
could be followed for training, selection and organization. Reorganization
would bring about the greatest quality change. However, reorganization would
require workers with flexible skills. This would be a nroblem, as U. S. shi~y~ds are currently approximately 90 % unionized, ~th the ~ons being”
craft-based [Stabler, 1993]. Without flexibly-skilled workers, the advantages of
techniques such as zone outfitting cannot be fully realized.
Following the principles of design for constructability, inspectability,
and repairability would be beneficial mea, 1992].
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Based on the reconfiguration suggestions made in the previous section,
the system is again analyzed by event trees, with new probabilities of occurrence (but the same base error rates).
In Factor I (Figure 9.30), the Communications error probability has
been reduced by half. The awareness of communication problems should have
some immediate effect, but actually changing the way the various agencies interact will be difficult and take a great deal of time. Similarly, the Culture error probabili~ has been reduced by a factor of two. Putting emphasis on lifecycle considerations will have a good effect, but it will take a long time to overcome the existing economic pressures. Initial gains should not be difficult, but
substantial chage will be slow, hard work. -

EmTl

+,m
I
I

1

2.5 X 10-4

P (Error,Comrnnications)

6.25 X 10-5

P (Error, Culture)

Figure 9.30

Event Tree for Factor I, Re-cofigured

Factor II (Figure 9.31) would experience greater improvement through
QA / QC measures. Focusing on fundamentals and failure modes would give
designers a much better chance to detect large errors. Therefore, the probability of error due to Selection and Training has been reduced by a factor of five.
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Y
N

Errordueto
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0.1

5X1 O-5

P(Error,
Selection
and
Training)
Figure 9.31- Event Tree for Factor II, Re-con@ured
It is difHcult to assess the impacts of improved QA / QC for Factor III
(Figure 9.32). It is judged that focusing on life-cycle costs and quality would
improve the Culture problem, reducing it by a factor of two IBea, 1994bl.
Adopting modern shipbuilding methods of organization, selection, and training could have a similar effect on Planning and Preparation and Structure
and Organization. Implementing statistical control methods would have a
large impact on Monitoring and Control, reducing its probability of contributing to error by a factor of five.
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Factor IV (Figure 9,33) can be handled in the same manner as Factor
III. Improved Selection and Training can be expected to cut error probabilities
in half, if modern shipbuilding methods are employed. Probabilities of error
due to Ignorance and Slips should also be decreased by the same amount. The
greatest benefit would be in adopting modern methods of labor organization
and constnwtion planning. By using these methods, a reduction in error due
to Planning and Preparation of a factor of five could be realized.
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Figure 9.33- Event Tree for Factor IV, lie-configured

0b6emations&omQuantitative
AnalYws
Table 9.5 summarizes the quantitative results from Example 1. The
evaluations indicate that in the initial state the likelihood of experiencing less
than desirable fatigue durability in this class of ships CSD due to HOE problems was about 3 E-2. Given this less than desirable durability in the ships,
the likelihood of fatigue failures in the CSD was about 1 E-1 (for a 15 year operating period) [Bea, 1993a; Schulte-S@athaus, Bea, 1993]. This class of ships
were obviously a problem waiting to huppen.
The largest contributors to the CSD durability problem were due to construction related issues, both of which had their roots in organizational issues.
The construction related issues indicated a probability of durability failure of 2
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E-2 while the design related issues indicated a probability of durability failure
of 1 E-2.
As discussed, each of the four factors has means for improvement.
Addressing the design issues, Factor I would be the most important element to
concentrate improvement efforts on, as it has the highest baseline error rate of
the design related issues, Development of fatigue design guidelines and requirements would clearly address this factor.
In the other factors, a new QA / QC effort for hiring and training, for
both designers and yard workers, would have positive and sigdkmt
impacts
on quality. Some type of reorganization of shipyard labor will be necessary for
improved quality control in construction, which will be a difficult problem, but
is necessary to improve construction quality.
However, it appears the greatest problems are those which are classified
as organizational and cultural. Changing these categories would have the
best chance of changing the overall system from one which is considered error
prone or low quality inducing to one that is acceptable quality inducing, robust,
and error-tolerant. The positive interactions of the cooperating agencies
(owner / operator, regulatory, classification, shipyard) oriented toward achieving acceptable quality in the ship structures are perhaps the most important
change that could be made mea, 1994a].
Technical changes such as improved durability design guidelines are
less important than organizational issues such as requirements that they be
used and the provision of adequately trained personnel and other design resources. Similarly, it is organizational issues related to construction that are
the most important; most of these are rooted in provision of sufficient resources (persomel, time, money) to achieve adequate quality in the ship CSD.
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Table 9.5- Summary of results from Example 1

Baseline
Error
Rate

1.00E-02
As Configured

P Communications
P Culture
PError- Communications

AsRe-eon6gured
0.25
0.25

0.50
0.50

2.50E-03
6.25E-04
3.13E-03
58%

5.00E-03
2,50E-03
7.50E-03

P Error - Culture
Total P Error
Net Change

ACTOR II : CSD DESIGN
Baseline
Error
Rate

1.00E-03

& Re+on@ured

As Configured

PSeleetion
andTraining
PError- Selection
Total P Error
Net Change

0.50

0.10

5.00E-03
5.00E-03

1.00E-03
1.00E-03
80%

ACTOR HI : CLIMATE OF US SHIP CONSTRUCTION
Baseline
Error
Rate
1.00E-03
AsConfigured AsRe+otigured
P Culture
0.50
0.25
PPlanning
andPreparation
0.25
0.50
PStructure
andOrganization
0.50
0.25
PMonitoring
andControl
0.50
0.10
PError-Culture
2.50E-03
5SIOE-03
PError- Planning
2.50E-03
6.25E-04
PError- structure
L25E-03
1.56E-04
PError- Monitoring
1.56E=05
6.25E-04
TotalP Error
3.30E-03
9.38E-03
NetChange
65%

.

ACTORIV : CONSTRUCTION
Baseline
Error
Rate
PIgnorance
PSeleetion
andTraining
P slips
PPlarming
andPreparation
PError-Ignorance
PError- Selection
PEmor- slips
PError- Planning
TotalP Error
lNetChange

1.00E-03
Asconfigured As Re-configured
0.50
0.25
050
0.50
0.50
5.00E-03
2.50E-03
1.25E-03
6,25E-04
9.38E-03
I

I

0.25
0.25
0.10
2.50E-03
6.25E-04
1.56E-04
1.56E-05
3.30E-03
65%
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Example

2-Qualitative AM&&

The second example analyzed in this report focuses on the finite element
analysis (FEA) of the CSD developed in the fist example. The naval architecture firm responsible for this design utilized the then current ABS Rules for
Building and Classing Steel Vessels [ABS, 1991].
The goal of this example is to illustrate how HOE in FEA might be better
managed; specifically in the global and local FEA performed in fatigue analysis of CSD by ship designers.
The obsemations pertaining to FEA in this example are based on interviews conducted during this project with users of FEA applied to ship structures. The obsemations are meant to be generic, and will vary in details according to the specific FEA analysis package employed. The example is not
specific to a particular usage of FEA in design, rather it is an attempt to illustrate the potential problems stemming from the use of FEA in general, and
particularly to the analysis of ship structures.
Currently, there are no definitive guidelines for the usage of FEA in ship
structures, although some methods are under development [ABS, 1993; Ma,
Bea, 1994; Schulte-Strat.haus, Bea, 1993], However, by the use of efficient QA /
QC measures, it should be possible to gain acceptable and suiYwient consistency and accuracy in FEA analysis.

FEA is a numerical technique for physical responses of a structure to
imposed loads, moments, and stresses [Hughes, 1988]. The use of the finite element technique became feasible and economical with the advent of high-speed
computers which could carry out the thousands of equilibrium calculations
required of an FEA model in a reasonable amount of time. However, the potential of FEA is still limited by the speed of computers, so the use and accuracy of
FEA can be expected to increase in the future with increases in computing
speed.
FEA seeks to define a structure “as an assemblage of individual structural elements intercomected at a discrete number of nodes” ~ughes, 19881.
In a continuous structure, such as a ship, the choice of what to model as an
individual element can be diflicult to determine, as continuous panels must be
subdivided into separate tite elements for the modeling to work [Stear,
Paulling, 1992; Zilikotto, et al., 1991].
FEA proceeds through a series of analyses that are intended to zoom-in
on a particular CSD to determine the local hot-spot stresses [Hughes, 1983;
Sumd, 1994]. This process is illustrated in Figure 9.34- Figure 9.40.
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First a global analysis of the ship is performed to determine the distribution of loadings ‘through the length of the ship (Figure 9.34). Next, a section of
the ship is identified (e. g. one tank space either side of the area of interest) and
the boundary conditions / loadings to be imposed on the ship section determined from the previous step (Figure 9.35).

These boundary conditions are imposed on a coarse finite element model
of the ship section of interest (Figure 9.36) [Stear, 1993]. The loadings and displacements are analyzed to determine the loadings and displacements close to
the CSD of interest (Figure 9.37).
n

Figure 9.34- Global model of tanker developed based on boundary loadings imposed one tank space either side of the tank being analyzed

Di8tun&lnAP

Figure 9.35- Global loadings imposed on boundaries of global finite element
model
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Figure 9.36- Global finite element model

Figure 9.37- Local displacements induced at boundaries of CSD
These local loadings and displacements are then imposed on a section
that surrounds the CSD of interest and a gross finite element model developed
of the CSD (Figure 9.38) [Stear, Paulling, 1993; Xu, et al., 1993].
Next, detailed fine-mesh FEA are performed on the CSD to determine
the stresses (principal, crack opening) that are important to the strength and
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durability of the detail (Figure 9.39). The tial step is associated with determination of the hot spot stresses associated with each of the inmortant
loadirw
.
conditions (Figure- 9.40).

Figure 9.38- Wire frame model of CSD

Figure 9.39- Detailed FEA of CSD with boundary condition loadings and restraints
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Figure 9.40- Local hot spot stresses in CSD
At the local hot-spot level of the analyses, the choice of mesh size can
lead to problems in compatibility which are difficult to detect [Ma, 1994].
Another potential source of problems is the sheer complexity of FEA models
[Stear, 1992; Xu, et al., 1992]. Even simple models of structural details tend to
have thousands of individual elements, making a finite element model very
complex and, in almost all cases, too large to check by hand calculations.
FEA is commonly used in the analysis of ship structures to determine
the “hot spot” stress ranges in fatigue analysis of CSD [Schulte-Strathaus,
19931. These hot spots are the areas where the highest stress concentrations
are expected to occur, and therefore where fatigue cracking is most likely to
initiate. It is this level of FEA that will be addressed in this example.
FEA consists of the definition of: the type of elements, boundary/ restraint conditions, mesh compatibility, and mesh size / aspect ratio.
Individual human errors can be made in any of these determinations. The interviews documented by Noyes [1994] identified five important considerations
in performing FEA:
1) deihing geometry limitations - consideration of special methods required to model curved surfaces, to properly model stress gradients, and
to accurately describe the behavior of the portion of the structure under
consideration.
q,,.
,-
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2) choosing elements - there are several types of elements (e.g. plain
strfi, plain stress, 2-dimensional, 3-dimensional) and these types of elements must be chosen to adequately describe the stress -strain behavior
of the portion of the structure under consideration.

- thed3mn3) chooshg appropriateelementmeshesandcotititiea
sions of the elements must be chosen to accurately determine the stress
gradients and stress concentrations; the element meshes of different
sizes and perhaps geometry composing a particular structural detail
must be properly interfaced to prevent inaccuracies in the critical
stresses.
properties such as the
4) definingmaterialproperties- stress-strain
modulus of elasticity, yield stress - strain, and ultimate stress-strain (for
nonlinear finite element analyses) must be accurately defined; conservative nominal values frequently used in traditional design methods must
be replaced with expected or “best estimate” characteristics that will be
expected in the particular detail.
5) de~g
boundary conditions - the boundary condition restraints
antior loadings must be accurately determined from a “global” structural analysis. the loadings must be properly defined and include all of
the important sources of imposed or induced stresses and strains; the
global “coarse” structural analysis must have appropriate elements as
previously discussed and there must be adequate detail of these elements
in the vicinity of the fine mesh finite element analysis detail to permit
accurate determination of the boundary conditions and loadings.
Errors that occur in FEA of CSD am not as straightforward as they may
seem, due to the complex nature of FEA. Without a thorough training in FEA
and a good feel for the structure being modeled, errors can be very difficult to
recognize. Organizations can likewise make errors in FEA usage.
Insufficient FEA training, guidelines for FEA usage, and verification and
checking techniques for FEA models are all examples of organizational error.
QA / QC measures can be instigated to correct these errors.
The problems inherent in computer design, and FEA in particular, are
outlined in the following sections. A generzil analysis of FEA is then performed, using a generic organization typical of modern design and analysis
organizations. This organization is then re-configured with new standaxds
and QA / QC measures and analyzed again.

RisksofAutomatedI)es@I
There are several general problems associated with highly automated
design, some of which are outlined here. Although they are not examined in
detail, they provide a valuable background for understanding some of the potential problems of specific applications such as FEA.
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The finite element method, as well as other computer design applications, allows en@neers to economically design and analyze structures that are
much more complex than previously possible. However, this ability does not
come without its associated risks. Using computer techniques for design and
analysis has several inherent problems. It may also bring about new risks because of its abilities. This is both an individual and organizational issue. An
individual must be aware of the limits of the application, and the organization
must be willing to adequately train all users and must not promote the tool as a
panacea for all design problems.
Petroski [1985] points out many of the possible problems arising from the
use of computers in design of structures. Some of these are detailed in this
section. Pm-row [1984] discusses the phenomenon of “radar-assisted collisions”, an example of how improved technology can lead to lower safety and
control. This topic is presented as a loose analogy to FEA and to illustrate how
reliance on new technology can be harmful. Knoll [1986] pointed out:
“The computer is the ultimate fwl and we huve elevated it to the
ultimate authority. What is going to be the price?”

ComputerOptimization Complex structures historically have been intentionally over designed. This was done because design iteration was simply
too time-consuming to carTy out by hand, due to the many complicated calculations involved. Computer design and analysis of structures has changed this.
Now design iteration is possible and all aspects of a structure can be optimized
for the lowest required capacity to minimize cost, weight or another key characteristic.
This can lead to problems in several ways. The safety factors being used
in the designs are based upon experience with the over designed structures,
and may be low for thoroughly optimized structures. This can result in failures which would have been avoided without computer optimization. The optimized structures will also tend to be less robust, having more weak links,
which also makes them more susceptible to failure.
ComputerReliance. Engineers using computers extensively tend to lose
a feel for the behavior of the structure. They tend to believe implicitly in computer answers. This is due in part to the accuracy reported in computer answers, which is almost never a reflection of the accuracy of the input data.
A good sense of the structure in question will always be necessary to engineers. Computer applications fall short of being able to carry out a complete
design or analysis by themselves. It is still necessary for an engineer to be able
to identify the various ftiure modes which he believes a structure maybe subject to. Computers cannot be used for design, as they still cannot compute all
of the available options available in a design, so engineers must remain capable of using their judgment.

VerMcation. Possibly the greatest problem in computer design, FEA in
particular, is the fact that structures tend to be so complex that they can not be
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easily verified by engineers using hand calculations.

Even simple FEA models
of details tend to have hundreds or even thousands of elements, which is far
too many for hand calculation checking. This means that an engineer must
rely on simple calculation methods, such as a basic beam analysis, to determine whether or not answers are of the correct order of magnitude. There is
no means to ver@ specific stress values in a structure short of model and prototype testing.
Therefore, it is critical that engineers be capable of using good judgment
when interpreting computer output. An analysis may be carried out using
reasonable techniques, without triggering any alarms, and still contain incorrect answers by means shortcomings in the application. If an engineer does
not have an intuitive feel for what values are reasonable, he will not be likely to
catch these errors.

TechnologyReliance. Perrow [1984] describes a phenomenon of technology-reliance . “radar-assisted collisions” in marine traffic. Radar was meant
to solve the problem of marine collisions in the simplest manner possible : allow the crew of a ship to accurately “see” their surroundings, and thereby
avoid collisions with nearby ships, bridges, shore, etc. Radar was quite proficient at identifying these dangers. However, the collision rate did not go down
with the advent of radar.
●

Why did improved “sight” not lead ta a lowering of collisions? Because
the gain in vision was used to increase speed, not as an anti-collision measure.
Vessels previously proceeded slowly when they were nearly sightless, but with
radar, they could make full speed. This worked well as long as their radar
was in good operation and no other ships with radar were in the vicinity.
However, once radar became common, it was difficult to anticipate what
course another vessel would take based on its own interpretations of its surroundings. Radar also failed to reduce accident rates because it was a fairly
complicated tool to operate, and was not a universal answer to collision avoidance, as most people believed it to be. Finally, radar incorporates some automated features, such as “closest point of approach”, which can be fooled and
incorrectly interpreted. Features like this, when incorrectly interpreted, led to
“non-collision course collisions” and “radar-assisted collisions”.
Obviously, radar is not a direct analogy to FEA. However, FEA was developed as a tool to understand the behavior of a structure, and is being used to
minimize weight and cost by reducing strength to minimum necessary levels.
It is also a fairly complicated tool to operate, with features which are not always correctly interpreted. It is also viewed at times as a universal answer to
structural behavior, although it often falls short in several ways.
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The author conducted interviews with users of FEA packages and combined this information with existing literature to identify some common errors
which arise from the use of FEA in ship CSD, These errors are not specific to
a particular FEA package. The errors arise because of the variations in modeling techniques, the differences between finite element models and real threedimensional structures, and the problems inherent in checking complex computer calculations.
Some of these problems could be lessened by definitive guidelines in the
use of FEA. However, it is diflicult to define a “fixed procedure that gives consistent results for CSD. Initial comparisons of fatigue lives have differed by
factors of 10 to over 50 depending upon application and usage ]Bea, 1993].
In a study conducted under the auspices of the International Ship and
Offshore Structures Congress (ISSC) the results from FEA of the transverse
frame of a 350,0000 DWT tanker have been reported [Ziliotto, 1991]. The transverse frame drawings and loading conditions were supplied to nine FEA experts. These experts performed the FEA of the transverse frame and then
compared the results.
The maximum bending moments determined at the bottom transverse
in the wing tank differed by a factor in excess of 4. The normal force in the
transverse frame strut differed by a factor in excess of 2. The axial stress in
the flange of the bracket between the bottom transverse and the longitudinal
bulkhead differed by 40 %. These differences were due to differences in the assumptions made in defining the FEA models )mesh, boundary conditions,
types of elements) and in differences in the FEA solution procedures. The definition of boundary conditions was the assumption that had the largest affect
on the results [Ziliotto, et al., 1991].
A similar and later study of FEA of the ship global structure and local
FEA CSD has been reported by Sumi, et al. [1994]. This study, performed under the auspices of the ISSC, involved two stages of FEA of a CSD in an 88,000
DWT tanker performed by eleven FEA experts. The first phase was intended to
define the boundary and loading conditions of the CSD. The second phase was
intended to define the local hot spot stresses. Loading conditions were specified, but the assumptions and performance of the global and local FEA left to
the experts.
The first phase results indicated the critical stresses at the boundaries of
the CSD studied differed by factors in the range of 2.1 to 3.6 The Coefficient of
Variation in the fist phase results ranged from 23 % to 35 %.
The second phase results indicated hot spot stresses that differed by factors in the range of 1.6 to 2.0. The Coefficient of Variation in the second phase
results franged from 15 % to 20 %.
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In the Phase 1 analyses, the principal sources of the differences were
identified as the structural idealization in the vicinity of the supported boundaries, and the element types and mesh subdivisions used in the analyses. In
the Phase 2 analyses, the deformation modes applied on the boundaries of the
local CSD, the types of elements, and again the mesh types and subdivisions.
It was noted that the accuracy of the stress values at the hot spots could
be improved by using an adaptive meshing technique which is available in
some commercial codes [Sumi, 1994]. This recommendation has been used by
Ma and Bea [1994] in a recent study of hot spot stresses in CSD. The adaptive
meshing technique integrated into the FEA code was utilized in this study. A
major problem with mesh incompatibility was identified and eventually solved.
The mesh incompatibility had major influences on the FEA hot spot stresses.
This is a problem for verification of the FEA code which itself can contain significant error inducing routines or capabilities [Thompson, 1993].
Mesh Incompatibility.
For results to be accurate, the mesh of a finite element model must be compatible from element to element. Where discontinuities in the mesh exist, there are likely to be discontinuities in the stress distribution, which can tiect an entire analysis, even when the incompatibility occurs in a low stress area, far away from the point of interest.
The problem in mesh compatibility arises because it is necessary to define “fine” mesh over the area of interest and “coarse” mesh elsewhere.
Coarse mesh must be used to reduce computing time to reasonable levels,
while fine mesh must be used to obtain a sufficiently detailed analysis of the
hot spot area. The problems of mesh compatibility arise in the areas where
coarse mesh and fine mesh border. An intermediate mesh is required in these
areas. This intermediate mesh supplies comectivity between the fine and
coarse mesh nodes so that the stresses and strains determined at these nodes
are correctly interfaced. This concept is illustrated in Figure 9.41.

Fine
Mesh

Trcmi&al

INCORRECT

CORRECT

Figure 9.41- Automated adaptive meshing (incorrect) and correct mesh
connectivity
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Incorrect mesh connectivity is very difficult to detect. Most programs do
not have a feature which can detect this type of problem, so incorrect results
are returned without warning. Therefore, it is up to the user to visually examine the model for mesh incompatibility. This can be very difficult and time
consuming in a complex three-dimensional model. This problem is also inherent in the automatic mesh sizing features of some programs, making it
more difficult to detect. Training, attention to detail, care, and provision of incentives to ‘%e accurate” are critical in preventing errors of this type.

Realistic Modeling. Current FEA packages fall short of perfectly realistic modeling in several ways. FEA programs seek to model three dimensional
structures with one and two dimensional elements. This is done because three
dimensional elements would require enough nodes to slow down FEA applications to the point of being uneconomical. The use of one dimensional and two
dimensional models has drawbacks and risks, however.
Using two dimensional elements can result in a model that accurately
represents most aspects of a ship structure. However, some aspects cannot be
accurately modeled. Elements which overlap other elements, for example,
camot be accurately modeled. This is a problem in modeling CSD, as “locks”
are usually used. These locks are plates which overlap gaps in the CSD.
Another problem in the use of one and two dimensional analysis is the
degree of accuracy obtained. It is very difficult to determine how well a nonthree dimensional element models the behavior of a three dimensional element, as testing is not possible. It is also difficult for most engineers to anticipate how a one or two dimensional element will behave. This means that errors in the modeling are more difficult to detect.
A related shortcoming of FEA in CSD modeling is the problem of modeling welds and other non-standard shapes. It is relatively easy to model plates
and beams accurately, but welds are a different matter. Welds will have individual shapes and be of varying quality, as they are products of hand workmanship.
Welding also introduce residual stresses which are extremely difficult to
quantify, as well as being of indeterminate consistency. Residual stresses are
present in all welded structures. Residual stresses can be local to the weld and
global to the structural system. The global system residual stresses will be
highly dependent on the assembly, welding, and any pre-heating procedures.
The residual stresses can be at or close to yield in large areas of the structure
and CSD. Given additional loading, plastic strains are developed which can
dramatically affect the distribution of stresses.
All of these issues are a problem in FEA (most of which presume linear
material behavior) because the geometry, residual stresses, matefial yield,
and material consistency of the welded material are not considered when
stress concentrations are calculated in these areas. These limitations in FEA
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modeling puts a serious limitation on the accuracy which can be obtained in
FEA.
It is for these reasons that in industries that have developed very advanced FEA capabilities, such as the commercial airframe industry, do not
“believe” results from FEA until they have been calibrated and verified with
small specimen testing and large assembly testing [Bea, 1993]. Extensive laboratory and prototype testing provides the essential ingredient to being able to
use FEA in the design of commercial and combatant airframes.

Element Sizing. Thechoice of relative element size can have an effect on
the stresses obtained in analysis. This is due to the averaging effects of the finite element method, as illustrated in Figure 9.42. Smaller elements will tend
to give higher stresses than larger elements in the same area in regions where
stress increase with proximity to a discontinuity, such as a joint or angle. The
average stress for an element is indicated by a dotted line. It can be seen that
smaller elements will give higher stresses. Therefore, the engineer using
FEA must be aware of this problem and have an intuitive feel for what a reasonable stress level in the given type of detail would be. An engineer not familiar with this effect may not realize that stress concentrations are high if large
elements are used, and may believe stresses are deceptively high if small elements are used.

1

Stxess

Stress

Distance
toDiscontinuity

Distauce
to Discontinuity
LARGE
ELEMENTS

SMALL IaMEN-rs

Figure 9.42- Hot spot extrapolation stress levels and element sizes

Linear Analysis. Most FEA packages use linear approximations of the
stress-strain relationship for materials. As discussed earlier in this section,
this means that plastic deformation is not considered. This can lead to infinite
stress concentrations at singularities. This problem must be treated in the
same manner as mesh sizing : the engineer must be aware of the phenomenon to recognize it, and must have a feel for what the true stress value in
the area would be.
..
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In order to apply a quality profde to a
Table 9.6- FEA of CSD analyportion of a ship structure design analysis
sis quality profiling characsuch as FEA of CSD, it was necessary to
teristics
develop a quality profile for a design analysis
tool. This required identifying the properties
Accuracy / Correctness
of an analysis tool which indicate high or low
Consistency
quality and reliability. A list of characteristics
Innut
Racticalitv
indicative of the quality of analysis tools is
II
mltmutclarity
given in Table 9.6.
Jl
-.
Accuracy refers to how well the tool
represents the actual structure and its
behavior. Correctness refers to the lack of
faults or flaws in the procedures. Consistency
refers to the repeatability of results for similar
problems with different users.

Procedures Orgtization
Documentation

/

Input Practicality refers to the ease of
use of the tool and how dif6cult or simple it is
to model a structure or process. It also refers to the availability of input data.
Output refers to the clarity of the answers given by the tool and whether
problems are made evident.
Compatibility refers to the ability of the design procedure to be readily integrated into cormnon engineering and naval architecture procedures.
Simplicity refers to the degree of complication, intricacy, and difficulty of understanding and using in the context of common engineering and naval architecture procedures.
Intuitive Verification refers ta the ability of a user to tell whether answers appear reasonable or not by experience end general scientific knowledge. First Principles Verification refers to the ability of a user to check the
accuracy of results by independent and / or “hand’ calculations. Empirical
Verification refers to the ability to check the results given by the tool by model
or full-scale testing.
Procedures organization and documentation refer to the practicality and
clarity of the written procedures, the detail and correctness of their documentation and the effectiveness of the information transmission contained in the
written procedures.
A tool which has high marks for all of these attributes should give high
quality results, as users will understand its workings and recognize any problems, as well as knowing how accurately the tool represents reality. A tool
with an indicated low quality is likely to produce designs with undetected problems.
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A quality profile for the example FEA of the example CSD is given in
Figure 9.43.
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Figure 9.43- Quality Profile for example FEA of
example CSD

FEA is given an average score for accuracy. Although FEA can be very
accurate for plates and simple structures, it loses accuracy when welds and
other odd features must be included. Its accuracy is also somewhat deceptive,
as it (like most computer applications) reports many more significant digits
than is reasonable based on the uncertainties and approximations involved.
Consistency is given a low score because of the high dependence on
mesh sizing, which is a function of user judgment and will vary widely with
different users.
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Input is given a low score because some important points in input are often glossed over in FEA packages, particularly mesh sizing, shortcomings of
non-three dimensional elements and the effect of welds. Output is given a low
score because output is often too complex to check thoroughly, resulting in
users “drowning in numbers”. Problems can easily go unnoticed. Finally,
FEA will not identify all failure modes.
Compatibility / Simplicity is given an average score because the FEA are
merged reasonably with common engineering procedures.
Intuitive Verification is given a low score because users do not have a
feel for how a one- or two-dimensional structure will behave, Users are also
probably ignorant of exact stress values in details.
First Principles Verification is given a low score because it is nearly impossible to check even a small section of a structure by hand, as boundary conditions are not known. Simple beam analysis is usually the best method of
checking available, and this gives only an order of magnitude comparison.
Empirical Verification is given a low score because actual testing would
require a full-scale model and a very large number of strain gauges. Such
testing was not done, and in general, is a rarity in this industry [SchulteStrathaus, 1993].
Documentation is given a low score because of the absence of definitive
guidelines and procedures to perform FEA of CSD. The example FEA computer program documentation is a “nightmare.” Unnecessary complexity and
incorrectness in the documentation abound.
The overall Quality Profile of the example FEA of the example CSD is
that it may pass designs with undetected quality problems.

Exanmle

2- Quantitative Ads&s

The example FEA of the example CSD is examined in a similar fashion
to the first example, although the sequence of EDA is different. The example is
divided into four categories of HOE. These categories and their components
are summarized in Table 9.7.
Errors in mesh compatibility are judged to be the product of ignorance
(users who do not understand how to correctly form the mesh to pick up stress
concentrations) and slips (users who accidentally define a mesh with discontinuities).
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Realistic modeling errors are
expected to be due to organizational
ignorance (organizations which do not
realize the approximations and
assumptions implicit in modern FEA,
including dimensionality and welds,
and promote it as a universal tool for
design problems).
Element sizing errors are
expected to be due to ignorance (users
who do not understand how to properly
size for relevant concentrations) and
selection and training (users who can
not recognize a reasonable or
unreasonable stress concentration).

Table 9.7- HOE factors in example
FEA of CSD
L

MESHCOMPATl13~

HumanError, Ignorance
HumanError,Slips
IL lllMLISTICMODEIJNG
OrganizationalError, Ignorance
~

-MENT

S~G

HumanError, Ignorance
HumanError,SelectionandTraining
Iv.

LINllMt ANALYSIS

HumanError, Ignorance
Errors due to linear analysis
HumanError,SelectionandTraining
factors are also considered to be errors
of ignorance (users who are unaware of
the shortcomings of the specific FEA
package in approximating the stressstrain relationship) and selection and training (users whose background does
not give them a feel for what reasonable values are and what the implications
of a linear approximation of the stress-strain relationship can be).

Quantitative

halysis

- Original S@em

A baseline error rate must be established for each factor in the example.
All of the errors are ones that should not occur with good vigilance, but maybe
expected to occur under normal conditions. These errors fit the category of
“Errors of commission such as operating the wrong button or reading the
wrong display” [Rettedal, et al, 1994; Williams, 1988], and therefore have been
assigned a likelihood of 10-3 (for the FEA of the CSD design phase).
Errors in realistic modeling, an organizational error, are difficult to assign a base rate to. Organizational errors are difficult to assign rates in general, because the data simply is not available. However, the problem in realistic modeling seems to be less severe than the fatigue analysis organizational
error in example 1 which was given a base error rate of 10-2, so the use of 10-3
is internally consistent. It should be remembered that all of the baseline error
rates are approximations, and cover a range of values.
As in example 1, the probabilities of situations to induce errors being
present are divided equally in this segment of the analysis, and are altered in
the analysis of the system when re-configured, based on the effect of new QA /
QC measures, as described.
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The four factors are examined in the ETA - FTA summarized in Figure
9.44 through 9.47.
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Figure 9.44: Factor I analysis
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Figure 9.47 - Factor IV analysis

Quamtitativehalysis

- Re-codiguxed

System

The reconfiguration of the system to reduce the likelihood of errors in
FEA is based on two measures : increased QA / QC and an organizational
change in view of FEA. These measures are described for each factor in this
section, and are evaluated in the following section.
Factor I can be improved chiefly by concentration on training in the
proper usage of FEA. When users understand the issues involved in defing
mesh -- the problems of discontinuities, the calculation time involved in coarse
mesh, etc. -- they will be much less likely to create a model with mesh problems, as well as being more likely to catch errors in mesh in etisting models.
Defining a standard method for mesh creation would have a very good effect on
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consistency, It would also improve the effectiveness of checking, as all users
would be basing their mesh on the same principles. Development of standard
practices may not be easy, but it is of great value in improving quality.
Changes in Factor II would rely on an organization-wide change of view
of FEA. The shortcomings of FEA in modeling physical structures and behavior must be realized and incorporated into the use of FEA. Complete reliance
on FEA is unreasonable, and the organization must present this attitude to the
users of FEA. Making this change in stance will be difficult, but could be part
of the increased training effort required in work on the other factors.
Factor III would be improved by QA / QC focus on teaching FEA users
the shortcomings of FEA in representing details, particularly the relation between element size and stress concentration values. Users would also benefit
from a background on what are reasonable values and what are not. Standard
guidelines would be very helpful in reducing this problem, as guidelines could
detail how mesh should be handled in areas of importance where stress concentrations may be affected by element sizing.
Factor IV would be best handled in the same manner as Factor III, by a
concentration on teaching users what linear analysis problems look like and
how they can be recognized, avoided or circumvented.
The system is now analyzed with the reconfiguration suggestions made
in the previous section. The probabilities of occurrence have been changed,
while the baseline error rates have remained the same.
Factor I has been improved by a QA / QC focus on training in FEA mesh
definition (Figure 9.48). Users will be much less likely to define problematic
mesh, either by ignorance or mistake, and will also be more likelv. to catch errors in mesh defi-nition.
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Figure 9.48-

Factor I system evaluation
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Factor II would experience improvement through a design organization-wide education and training in the proper use and application of FEA
(Figure 9.49). Once the approximations and assumptions inherent in FEA are
widely known, users will be less likely to rely on it completely, and more verification will be done, thereby lowering the likelihood of errors in realistic modeling.
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1X104
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P(Error,
Ignorance)

Figure 9.49- Factor II re-con@ured

system evaluation

Factor III would be improved by QA / QC efforts focusing on proper element sizing of details and a set of established guidelines for FEA usage (Figure
9.50). An effort in hiring QA / QC to focus on engineers knowledgeable in first
principles would also reduce error probabilities, as misleading stress concentrations could be recognized.
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system evaluation
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Factor IV would benefit in the same wavs as Factor III from improved
QA / QC efforts in”training and hiring, as Wdi as from standard FEA ~sage
guidelines (Figure 9.51).
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Figure 9.51- Factor IV re-configured system evaluation

observations - Quantitative

halysis

Table 9.8 summarizes the results from the original and revised system
evaluations. In the original FEA design system, each of the four categories of
HOE have about the same likelihood of occurrence. In the original system, the
total probability of an significant error in the FEA during the design of the CSD
is equal to 3 E-3.
Each of the four HOE factors can be substantially improved by the use of
QA / QC measures and design organizational training in the applications and
limitations of FEA. The reduction in error likelihood achievable with each of
the improvements in the re-configured FEA system is identified in Table 9.8.
After the design FEA system reconfiguration and improvements, the probability of a significant error in the FEA during the design of the CSD is equal to 5
E-4. The improvements in the FEA CSD design system result in about an 80 %
reduction in the likelihood of a major error.
Factor II would probably be the most important element to concentrate
improvement efforts on, as it has the widest-reaching effects. Concentrating
QA / QC efforts on training in the proper use of FEA, establishing clear guidelines for FEA usage, and changing the organizational stance towards FEA usage would lessen the probability of an error occurring in FEA use.
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Table 9.8- Summary of results from Example 2

mmiiI : MESH COM PATIBILITY
Baseline
Error
Rate

1.00E-03

PIgnorance
P slips
PError-Ignorance
PError- Slips
TotalP Error
NetChange
ACTORII: DIMENSIONALITY
Baseline
Error
Rate
PIgnorance
PError-Ignorance
TotalPError
NetChange

AsConfigured AsRe-con6gured
0.50
0.10
0.50

0.25

5.00E-04
2.50E-(kl
7.50E-W

1.00E-04
2.50E-05
1.25E-04
83%

1.00E-03
As Configured

As Re+onfgured

0.50

0.10

5.00IWI
5.00E-04

1.00E-@l
1.00E-(kl
80%

ACTOR III : ELEMENT SIZING

Baseline
Error
Rate
PIgnorance
PSelection
andTraining
PError-Ignorance
PError-Selection
TotalP Error
NetChange

1.00E-03
As configured

As Reconfigured

0.50

0.10

050
5.00E-OLI
2,50E-04
7.50E-04

0.25
1.00E-(kl
2.50E-05
1.25E-@#
83%

ACTOR IV : LINEAR ANALYSIS

Baseline
13mor
Rate

1.00E-03

AsConfigured AsRe-configured
0.50
0.10
0.50
0.25
5.00E-(kl
1.00E-04
2.50E-04
2.50E-05
7.50E-04
1.251MM
83%

PIgnorance
PSelection
andTraining
PError-Ignorance
PError- Selection
TotalP Error
NetChange

These results are consistent with those identfied by the ISSC study cited
earlier [Sumi, 1994]. The following quotation is born the Conclusions of that
study:
“Some specifti guidance on how and where stresses are to be calculated would improve consistency in results. This should be included in finite element guidelines. Results from this study are
believed to be what is expected in current finite element analysis
and point to a need for a more well defined unified approach for
finite element analysis of ship structures. l%is is particularly
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important when the consequences of differences in stress are considered in fatigue analysis where the differences are multiplied
several times. ”

Summarv
This chapter has presented examples of qualitative and quantitative assessments of the quality characteristics associated with design of marine
structures. Two of the examples have focused on design of CSD in commercial
tankers.
The purpose of these examples has been to illustrate how HOE analyses
can be performed to identfi weak links and critical flaws in the design processes. The purpose of this identification is to then allow the assessment of
how best to improve the processes so that the desired quality/ reliability is
achieved.
The purpose of these analyses is to produce insights in how quality in
ship structures might best be improved and to promote communications
among those responsible for the quality of ship structures. The purpose of the
analyses is to encourage a comprehensive evaluation of the “system” including
its human, organization, hardware, procedure, and environmental aspects.
The purpose of these analyses is not to produce numbers nor to promote
paralysis by analysis. The purpose of these analyses is not to take power from
those responsible for the quality of ship structures. Rather. it is to better empower them to improve the quality of ship structures how, where, and when it
is needed. Results from the analyses are intended to help identi~ where and
how best to use limited resources to improve quality.
The fundamental problem in improving quality is not knowing what to
do. The fundamental problem is not doing what we know we should not do.
The next chapter in this report will summarize what has been learned
during this project about how best to promote quality in the design of the ship
structure, particularly as it is applied to the SSC reliability based ship design
procedures development efforts.
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GUIDELINES FOR SHIP
STRUCTURE DESIGN
Introduction
The objective of this chapter is to summarize the previous developments
documented in this report in the form of general guidelines that can be used to
improve the quality of ship structures during the design process. The guidelines are focused human error control and management before and during the
design process. The objective of this control and management is to help assure
that a defined level of quality is achieved with a given reliability.
These guidelines are cast in the framework of development of a new ship
structure design process that is based on a Loading and Resistance Factor
Design (LRFD) format ~ansour, et al. 1993]. The ship structure LRFD
guidelines are being developed under the auspices of the SSC as part of a longterm research and development effort.

0vem7iew
This project has identified five
primary interactive and related components that are involved in the human factor
related aspects of achieving acceptable
quality in design of ship structures (Figure
10.1):
1) individuals (members of the design
team),
2) organizatwns (functional and
administrative structures),
3) procedures (ways of doing things),
4) systems / hardware (physical
Figure 10.1- Human
equipment, facilities, structures),
performance factors
and
5) environments (complex of climatic
and bwtic factors; aggregate of social and cultural conditions).
.’ ,.:,.!
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Reason [1990] suggested that latent problems with insufficient quality
[failures, accidents) in technical systems are similar to diseases in the human
body
“Latent failures in technical systems are analogous to resident
pathogens in the human body which combine with local triggering factors (i.e., life stresses, toxic chemicals and the like) to overcome the immune system and produce disease. Like cancers and
cardiovascular disorders, accidents in defended systems do not
arise from single causes. They occur because of the adverse conjunction of several factors, each one necessa~ but not sufficient to
breach the defenses. As in the case of the humun body, all technical systems will have some pathogens lying dormant within
them.”
Reason [1992] developed eight assertions regarding error tolerance in
complex systems in the context of ships and aircraft:
1) The likelihood of an accident is a function of the number of pathogens
within the system.
2) The more complex and opaque the system, the more pathogens it will
contain.
3) Simpler, less well-defended systems need fewer pathogens to bring
about an accident.
4) The higher a person’s position within the decision-making structure
of the organization, the greater is his or her potential for spawning
pathogens.
5) Local pathogens or accident triggers are hard to anticipate.
6) Resident pathogens can be identified proactively, given adequate access and system knowledge.
7) Efforts directed at identifying and neutralizing pathogens are likely to
have more safety benefits than those directed at minimizing active
failures.
8) Establish diagnostic tests and signs, analogous to white cell counts
and blood pressure, that give indications of the health or morbidity of
a high hazard technical system.
During this project and during the six years of research that has been
associated with this project, a large number of cases have been studied in detail in which errors made during and in the design of the marine structure
lead to the “failure” (lower than desired quality] of the structure. Several of
these case histories have been detailed in Chapters 6,7, and 8. Table 10.1
summarizes the key “causes” of these failures.
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The single dominant cause of
structure design related failures has
been errors committed, contributed,
and / or compounded by the
organizations that were involved in
and with the designs. At the core of
many of these organization based
errors was a culture that did not
promote quality in the design process.
The culture and the organizations did
not provide the incentives, values,
standards, goals, resources, and
controls that were required to achieve
adequate quality.

Table 10.1- Key causes of structure
design related failures

Loss of corporate memory also
has been involved in many cases of
structure failures. The painful
lessons of the past were lost and the
lessons were repeated with generally
even more painful results.

new or complex design guidelines
and specifications
● new or unusual materials
● new or unusual types of loading
● new or unusual types of structures
c new or complex computer programs
● limited qualifications and experience of engineering personnel
● poor organization and nmnagement of
engineering persomel
Qinsuffmient research, development and testing background
● major extrapolations of past engineering experience
● poor financial climate, initial cost
cutting
● poor quality incentives and quality
control procedures
● insufficient time, matetials, procedures, and hardware
●

The second leading cause of
structure failures is associated with
the individuals that comprise the
design team. Errors of omission and
commission, violations
(circumventions), mistakes, rejection
of information, and incorrect
transmission of information
(communications) have been
dominant causes of failures. Lack of
adequate training, time, and teamwork or back-up (insufficient redundancy)
has been responsible for not catching and correcting many of these errors.

The third leading cause of structure failures has been errors embedded
in procedures. Traditional and established ways of doing things when applied
to structures and systems that “push the envelope” have resulted in a multitude of structure failures. There are many cases where such errors have been
embedded in design guidelines and codes and in computer software used in
design. Newly developed, advanced, and frequently very complex design technology applied in development of design procedures and design of marine
structures has not been sufihiently “debugged” and failures (compromises in
quality) have resulted.
In general, designer hardware and designer environments have not
played major roles in the majority of structure design failure cases. The application of modern building science and ergonomics in the work place have
been responsible for this condition.
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Based on the study of non-marine structure failures summarized in
Chapter 5, it is obvious that the same types and ordering of factors have been
involved in failures of onshore structures. The marine and the ship structure
design fields are not unique in this aspect.
Another important concept has developed from these failure 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, construction, 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).
Another key objective of the design process should be to make the ship
structure not invite or promote human errors. This is the development of design procedures and processes that will promote quality in the work to be performed by designers, constructors, and operators of ship structures (fault
avoidance). The design process should promote detection and removal of errors throughout the life-cycle of the ship structure (fault detection and removal).
This insight indicates the priorities of where one should devote attention
and resources if one is interested in improving and assuring sficient
quality
in the design of ship structures:
1) organizations (administrative and functional structures),
2) individuals (the design team), and
3) procedures (the design processes and guidelines).
This ordering will form the outline for the remainder of this chapter.
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Even though it maybe the most important, the organization aspects of
ship structure design quality are perhaps the most difficult to define, evaluate,
and modify. Because of their pervasive importance in determining the quality
which is achieved in the design of ship structures, some critical aspects of
quality in design organizations will be addressed in this section.
The ship structure design process should be viewed in the context of the
multiplicity of organizations that influence the quality of that process. The organizations and their activities form a “mega-system” ~enk, 1986] that
should be recognized and addressed. These mega-systems and their organizational components must be understood as “organisms, living systems that relate to each other.”
In Chapter 7, the section on Organization Responsibilities attempted to
identify the major components of this mega-system and their associated responsibilities.
The implementation of TQM in design organizations is a current example of efforts directed at the organization aspects associated with design of ship
structures. Chapter 2 of this report has summarized the foundations of TQM
and defied how the 1S0 design Quality Standards can compliment the general efforts to achieve quality in design organizations.

Critical flaws to avoid in implementing these approaches is development
of “minimum compliance mentalities” and making them an unnecessarily
burdensome “paper chase”.
Studies of HRO (High Reliability Organizations) [Roberts, et al., 19891994] has shed some light on the factors that contribute to risk mitigation in
HRO [Roberts, 1992]. 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
Trfic Control System have been studied.
The HRO research has been directed to define what these organizations
do ti reduce the probabilities of serious errors Roberts, 1989]. Reduction in
error occurrence is accomplished by the following
1) command by exception or negation,
2) redundancy,
3) procedures and rules,
4) iraining,
5) appropriate rewards and punishment
6) the ability of management to “see the big picture”.
,+..—---
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Command by exception (management by exception) refers 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 empowerment).
Redundancy involves people, procedures, and hardware. It involves
numerous individuals who serve as redundant decision makers. There are
multiple hardware components that will permit the system to function when
one of the components fails.
Procedures
documented, and
Adherence to the
rules themselves

that are correct, accurate, complete, well organized, well
are not excessively complex are an important part of HRO.
rules is emphasized as a way to prevent errors, unless the
contribute to error.

HRO develop constant and high quality programs of training. Training
in the conduct of normal and abnormal activities is mandatory to avoid errors.
Establishment of appropriate rewards and punishment that are consistent
with the organizational goals is critical.
Lastly, Roberts [1992] defines HRO organizational structure as one that
allows key decision makers to understand the big picture. These decision
makers with the big picture perceive the important developing EDA, properly
integrate them, and then develop high reliability responses.
In recent organizational research reported by Roberts and Libuser
[1994], they analyzed five prominent failures including the Chernobyl nuclear
power plant, the grounding of the Exxon Valdez, the Bhopal chemical plant
gas leak, the mis-grinding of the Hubble Telescope mirror, and the explosion of
the space shuttle Challenger. These failures were evaluated in the context of
five hypotheses that defined “risk mitigating and non-risk mitigating” organizations. The failures provided support for the following five hypotheses.
1) Risk mitigati~ 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 problems.
Safety drills would be included in this category as would be equipment
testing. Follow ups on problems revealed in prior audits are a critical
part of this function.
2) Risk mitigating organizations will have reward systems that encourage risk mitigating behavior on the part of the organization, its members, and constituents. The reward system is the payoff that an individual or organization gets for behaving one way or another. It is concerned with reducing risky behavior.
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3) Risk mit@ating organizations will have quality standards that meet
or exceed the referent standard of quality in the indust~.
4) Risk mitigating organizations will correctly assess the risk associated
with the given problem or situation. Two elements of risk perception are
involved. 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 minimized.
5) Risk mitigating organizations will have a strong command and control system consisting of five elements: a) migrating decision making, b)
redundan~, c) rules and procedures, d) training,
-. and e) senwr management has the big picture.
In conclusion, the foregoing
TQM, 1S0, and HRO strategies and
risk mitigating measures are
intended to develop a level of ship
structure design organizational
quality and reliability that will be
desirable and acceptable.
Organizational trust and integrity
are key aspects Nilson, 1992].
These measures are intended to
reduce the likelihoods of the
categories of organizational errors
identified in Figure 10.2 to
acceptable and desirable levels.
Responsibilities for implementation
of these measures hav~ been
defied in Chapter 7 Table 7.5.
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Figure 10.2- Sources of organization
errors
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Role ofHumanErrorInReliabili@ofMarineStictures

This section will address the
activities of the individuals that
are directly responsible for the
design of ship structures, The
activities of these individuals will
be placed in the context of the
structure design “team.”
Errors on the part of the
individuals have been classified
into the eight categories identified
in Figure 10.3. As indicated in
Figure 10.4, these errors can
potentially tiect any or all of the
five major components that
comprise the ship design process.
There are two primary lines of
defense to prevent and/or detect
and correct individual errors. The
first line of defense is centered in
the individuals performing the
design analyses; the design team.
The second line of defense is
identified as QA / QC. These are
activities of those outside the design team.
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I

Mistakes
aognitivs errors

Figure 10.3- Causes of individual human
errors

l?h’stl%leofDe&llse
The first line of defense is
to rnn~rwtlon
associated with prevention and
minimization of errors made and
Figure 10.4- Human factor influences in
not corrected by the individuals
that perform the design processes. the ship structure design process
The quality of the structural
design is a direct function of the
qud~ty of the design team that performs the design. Table 10,2 summarizes
the key factors that are need to be addressed to develop a high reliability ship
structure design team. Many of these factors relate directly to the attributes of
HRO and risk mitigating organizations.
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Table 10.2- Key factors in development of a high reliability ship structure
design team
Communications
Persomel selection
Training
Planning
Preparations
Discipline
Chmlitv resources

Procedures
organization
Leadership
Monitoring
Information seeking,
observations
Controlling

IInformation evaluation
Distributed decision
making
Appropriate operation
strategies
@mlitv incentives and
r~wards

Past problems associated with design of marine structures indicates
that effective comnmnications, personnel selection, training, provision adequate resources to achieve the desired quality, and provision of quality incentives and rewards are essential elements that determine the frequency and intensity of human factor related problems in structure design.
Communications has been identified as a major human factors problem
in many other individual and team situations. The way in which information
is presented, information distortion (biasing), and the formatting of the ifiormation can have dramatic tiects on the effectiveness of the communications
within the design team.
The two examples that addressed ship structure design problems clearly
identified personnel selection and training as key issues. Personnel
performance characteristics need to be matched to the job to be done. Attention
to the details of normal and unique structural requirements is an essential
performance characteristics needed in structural designers.
Training of design persomel must also match the job to be done. To enhance the performance of a specific task, the more repetition that occurs, then
the lower the likelihood of error. To enhance problem solving, experience in a
variety of tasks is needed.
Training of design persomel will be particularly important as an LRFD
ship structure design process is implemented. There will be a loss of “feel”
during the early phases of applying such a new design process. If errors are
to be prevented or caught and corrected, this intuitive feel must be quickly reestablished in those that will apply the new guidelines.
Training of design personnel to understand the effects of biases and
heuristics on their decisions is important. Decision makers involved in the
design of complex structural systems need to be taught about confirmation
bias; the tendency to seek new information that supports one’s cumently held
belief and to ignore or minimize the importance of information that may support an alternative belief. Rigidities in perceptions, ignoring potentially criti..,’
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cal flaws in complex situations, rejection of information, and minimizing the
potentials for errors or flaws result from confirmation bias.
While not a panacea, the importance of continued and effective training
of ship structure designers can not be over-emphasized, particularly as a new
ship structure LRFD design guideline is implemented into practice.
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 [Huey, Wickens, 1993].
Team-work can be responsible for interrupting potentially serious and compounding sequences of events that have not been anticipated. It is such teamwork that is largely responsible for “near misses.” And, it is for this reason
that there are many more near misses than there are accidents.
As a result of his work on human errors in the design of non-marine
structures, Melchers [1987] identified seven strategies that can be used to
manage the occurrence and effects of such errors:
1) Education - on-the-job and continuing professional education.
2) Work Environment - open-minded goal-oriented.
3) Complexity reduction - simplification of complex design tasks.
4) Personnel selection - the skills and abilities of the team members
must be appropriate for the type of design to be perfomned.
5) Self-checking - alertness to spot and correct significant errors made by
the individuals performing the design process.
6) External-checking - provision of independent reviews to detect significant errors not detected by the design team.
7) Legal sanctions - deterrence or sanctions to inhibit negligence and deliberate malpractice (violations).
Addressing the last strategy, Melchers observed [19861:
“There is evidence to suggest that sanctions may well be effective
for premeditated crime but that in general the effect is likely to be
most pronounced on those least likely to be involved. It is reasonable to suggest that few engiwers premeditate to perpetrate errors, so that the most likely result of excessive threat of legal sanctwn is inefficiency, over”caution, ad conservatism in”th~ execution of work. ”

seauldLiYleofDe&Klse
QA / QC in structure design have been discussed in Chapter 7, evaluations of their effects discussed in Chapter 8, and illustrations of how they can
improve the quality of marine structures developed in Chapter 9. Formalized
methods of QA / QC take into account the need to develop the full range of c@ity attributes in the ship structure including serviceability, safety, d~abil~y,
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and compatibility. These attributes have been defrned and discussed in
Chapters 1 and 2.
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
generation of papemork, waste of scarce resources that can be devoted to QA /
QC, and a minimum compliance mentality.
In design, adequate QC (detection, correction) can play a vital role in assuring the desired quality is achieved in a marine structure. Independent,
third-party verification, if properly directed and motivated, can be extremely
valuable in disclosing embedded errors committed during the design process.
In many problems involving insufficient quality in marine structures,
these embedded errors have been centered in fundamental assumptions regarding the design conditions and constraints and in the determination of
loadings. These embedded errors can be institutionalized in the form of design
codes, guidelines, and specifications.
It takes an experienced outside viewpoint to detect and then urge the
correction of such embedded errors. The design organization must be such
that identification of potential major problems is encouraged; the incentives
and rewards for such detection need to be provided.
It is important to understand that adequate correction does not always
follow detection of an important or significant emor in design of a structure.
Again, QA / QC processes need to adequately provide for correction after detection. Potential significant problems that can degrade the quality of a structure
need to be recognized at the outset of the design process and measures provided
to solve these problems if they occur.
Knoll’s study of structure design errors and the effectiveness of QA / QC
activities in detecting and correcting such errors lead to the checking strategies summarized in Table 10.3 [1986].
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Table 10.3- Design QA / QC Strategies

●WHATTOC HECK ?
- high likelihood of error parts (e.g. assumptions, loadings, documentation)
- high consequence of error parts
•~~C~K?
- before design starts (verify process,
qualify team)
- during concept development
- periodically during remainder of process
- after design documentation completed

● HOW!IWCHECK?
- direct towsrd the importsnt parts of the
structure (error intolerant)
- be independent from circumstances
which lead to generation of the design
- use qualified and experienced engineers
- provide sufilcient QA / QC resources
- assure constructability and IMR

●wHO(IUCHECK?
- the organizationsmost prone to errors
- the design teams most prone to errors
- the individuals most prone to errors

The structure design checking studies performed by Knoll [1986], the series of studies Derformed bv Melchers and Stewart [1987-19901, and the studies
performed d~ng this project on marine structures indicate ~at there is one
part of the design process that is particularly prone to errors committed by the
design team. That part of the process is the one that deals with the definition
of design loadings that are imposed on and induced in the structure. This
recognition has several implications with regard to managing HOE in design.
The first implication regards the loading analysis procedures themselves. This implication will be further detailed and discussed in the next section of this chapter.
The second implication regards the education and training of structure
design engineers in the development and performance of loading analyses.
Given the complexities associated with petiorming loading analyses, the complexities associated with the loading processes and conditions, and the close
coupling between the structure response and the loading environment, it is little wonder that loading analyses are probably the single largest source of
structure design errors. What is somewhat disturbing is that many designers
of marine structures do not understand these complexities nor have been
taught how to properly address them in structure design.
Again, given the development of an LRFD ship design process that will
involve new “loading factors” and new loading combinations associated with
these factors [Mansour, Thayamballi, 1994], training of ship structure design
engineers will be particularly important. This training requirement will be
made even more critical as advanced Dynamic Loading Analyses (DLA)
[Chen, et al., 1993] are implemented in very sophisticated computer based systems such as the ABS SafeHull System [Chen, et al., 1993]. The potential for
“radar assisted collisions” cited in the previous chapter should be recognized
and measures put in place to prevent such occurrences.
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It is noteworthy that formalized procedures have been developed for the
QA / QC process in software developments [Barnes, et al., 1993; 1S0, 1987;
Thompson, 1993; National Agency for Finite Elements and Standards, 19901.
These procedures need to be understood and implemented to avoid embedding
serious flaws in ship design software.
The third implication regards the need for independent (of the situations
that potentially create errors), third-party QA and QC “checking” measures
that are an integral part of the ship structure design process, This checking
should start with the basic tools (guidelines, codes, programs) of the structure
design process to assure that “standardized errors” have not been embedded in
the tools. The checking should extend through the major phases of the design
process, with a particular attention given to the loading analysis portions of
that process.
The intensity and extent of the design checking process needs to be
matched to the particular design situation. 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 as those that are “firstOHS”and “new designs” that may push the boundaries of current technology.

A specific objective of this project has been to address whether or not
HOE should be reflected in structure design procedures and criteria.
Specifically, this objective was directed at the development of a new LRFD procedure for ship structures.
A clear conclusion from this project is that HOE should be reflected in
the new LRFD structure design procedures and criteria. This then leads to the
question of how it should be reflected.
The results of this project indicates that there are three major ways in
which considerations of HOE should be reflected in ship structure design procedures. The first two ways have been discussed in the preceding sections.
The third way is directed at helping achieve adequate and acceptable
quality in the design procedures and processes themselves. The results from
this project indicates that there are three stra~gies that should be considered
●

Strategy

1- QA / QC the design procedures and processes (fauIt avoid-

ance),
●

Strategy 2- QA / QC is integrated as a requirement directly in the design procedures and processes (fauIt detection and correction), and

233

..

QStrategy 3- Measures are introduced into the design procedures and
processes that will minimize the effects of HOE on the quality of the
ship structure (fault tolerance).
Stmtegy 1
In Chapter 3, several examples were developed to illustrate how errors
that could lead to unacceptable or undesirable quality in ship structures could
become embedded in the development of an LRFD guideline, or any guideline
for that matter. The currently popular “calibration” approach to assure that
LRFD and the “old WSD procedures develop comparable or the same results
does not assure that ship structure quality objectives are met. Rather, it implies that the same quality problems inherent in the old WSD procedure are
translated into the LRFD procedure.
The author has participated for more than 25 years in the development
of design guidelines for offshore platforms, including both WSD and LRFD developments in the U. S. and overseas. 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.
In one of these developments, an objective that was defined in the development of the LRFD guideline was to achieve “a more efficient structure” by
balancing the reliabilities of the elements that comprised the structure. To the
LRFD developers, it did not make sense that some components in the structure
should have very low probabilities of failure while other components had much
higher probabilities of failure. It was only after the need for damage and defect
tolerance (robustness) in the structure was recognized, that the need for
‘“unbalanced” design became apparent. This recognition not only influenced
the design processes to assure adequate strength (capacity) in the structure,
but as well its ductility and fatigue durability characteristics. Recognition of
the needs for “fail-safe” design of the structures had major effects on the LRFD
developments.
Current experience indicates that if not properly developed and
documented, a design guideline can enhance the likelihood of significant
errors being made by even experienced structural designers. These errors can
lead to important compromises in the intended quality of the structure. The
errors arise primarily because of the dramatically increased complexity of the
design guideline, its similarly increased ““opaqueness” (frequently caused by
associated computer software), and the lack of sufficient training.
Research has shown that the difficulty of a particular task is influenced
by five primary factors [Huey, Wickens, 1993]:
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1) structure of the task,
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2) task goals and performance criteria,

I

3) quality, format and modality of
information,

mm

INCORRECT

INACCWYTE

5) characteristics of the input/ output
devices.

POOR

ORGANIZATION
dtsfunctlonsl
structurs or arrarmmnsnt

In the first strategy, the results of
this project suggest that a thorough and
independent, third-party QA / QC system
should be defined and implemented
during the development of an LRFD ship
structure design procedure. The QA / QC
process should parallel the development of
the LRFD guidelines. Due to the
importance of such a procedure, as much
effort should be devoted to QA / QC as is
devoted to the LRFD development itself.
This first strategy has two primary
objectives:

INCOMPLETE
lacking parts

isulty

4) cognitive processing required, and

The more difHcult a task is made,
then the more likely that there will be
errors. Those charged with development
of ship structure design guidelines should
be sensitized to these factors. Design
guidelines should be developed that will
minimize the difficulty of the tasks to be
performed and thereby enhance the
likelihood of high quality design results.
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Figure 10,5-

mm

EXCESSIVE
COMPLEXllW
unnecsssa~ Intrlcscv

&

POOR
DOCUMENTATION
Indfziva
Informstlon
Wsnamlmlon

Causes of errors in

procedures

Table 10.4- Structure analysis
procedure quality
characteristics
.—

~1 Accuracv

/ Correctness
Consistency

output clarity
Compatibility/ Simplicity
Intuitive Verification
First Principles Verification
~
Procedures Organization /
Documentation

k

1) help assure technical correctness,
accuracy, and completeness, and
2) eliminate unnecessary complexity, poor organization, and ineffective
documentation in the guidelines.
A procedures related classification of errors has been developed during
this project and is shown in Figure 10.5. In the last example developed in
Chapter 9, a qualitative profiling instrument that addressed the quality aspects
of a structure design procedure was proposed. The attributes of this instrument are summarized in Table 10.4.
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It should be one of the functions of the first strategy to enhance the
quality of the design guideline as much as is reasonable or warranted. The
objective is to help minimize design team errors that are caused by errors due
to procedures and processes.
In the first Strategy, the qualitative and quantitative methods developed
and illustrated during this project should be implemented into specific parts of
the LRFD design guideline to identify the specific parts of the guideline that
should receive additional attention. This project has resulted in definition of
technology that can be used to help improve the quality of the LRFD guidelines.
It should be used.

The second strategy is to embody QA / QC directly and explicitly into the
design guideline. In this case, requirements for assuring adequate quality in
the designers are spelled out. Checking procedures are defined that are appropriate for the particular ship structure. Explicit provisions are made for
the correction of errors committed during the design process.
The qualitative and quantitative methods developed and illustrated during this project should be implemented into specific parts of the LRFD design
guideline to identi~ the specific parts of the guideline that should subject to QA
/ QC.
Design procedure QA / QC approaches have been discussed in Chapter
7. The essence of the approaches is summarized in Table 10.3, Of particular
importance is the guiding principle of checking “high likelihood of error
parts” such as loading analyses, and checking “high consequences of error
parts” of the design process such as design documentation.
Also of importance is the need to be independent horn the circumstances
which lead to the generation of the design. This refers directly to the need for
independent, third-party verification to disclose embedded errors and flaws in
the design. Research and experience both indicate that given that it is done
properly, third party verification is the most effective way to detect potential
problems in the structure design process.
In the author’s experience as a marine structure designer, as a manager of marine engineering design groups, and as a third party verification
agent for a wide variety of marine structures (spanning 40 years), it unusual
that any serious checking of the structure design is performed. Checking, QA
/ QC, and verification of the structure design are more what we should do than
what we actually do. This is satisfactory when the designs are evolutionary,
the design processes well established and proven, the system is highly fo@vThis
is not
ing, and experienced engineers are at the helm of the design team.
satisfactory when the designs are revolutionary, the procedures are not well
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established and proven, the system is not forgiving, and experienced engineers
are not at the helm of the design team.
Recently, the author has been involved in investigation of the failure of a
major offshore platform. The failure occurred during installation of the
platform. The roots of the failure were imbedded in a design flaw; a failure to
address a critical phase of the platform installation.
The design process involved extensive QA / QC. Throughout the design
phase, there was a concerted effort to involve the constructor with the design
team. Weekly meetings were held to identify, discuss, and resolve design and
construction problems. There was extensive QA / QC documentation. A
leading Classification Society performed “independent” design and
construction reviews. Throughout the project, technical representatives from
several major oil companies also performed design reviews.

,-

Given the extensive QA / QC measures, the question was: how and why
did the critical flaw slip through? It is noteworthy that one engineer
apparently did identify the potential critical flaw. To this engineer, “it didn’t
look right”. But, the groups’ consideration of the potential critical flaw did not
confn-m that it was any problem. As one engineer involved in the checking put
it: “no one could prove that there was a problem”. The group was concerned
with other potentially more serious problems, and in the end, the concern for
the potential problem was dismissed. In addition, toward the conclusion of the
design phase, there were substantial pressures to complete the work on time
and on budget. Worry about “unimportant” details had to be sumendered.
Could the critical flaw have been detected before the accident?
Examination of the evidence by a group of experts clearly identified that the
flaw could have been detected, Close study of the of the evidence indicates that
the flaw was missed for three prima~ reasons. The first reason was diversion
of attention to “more important problems.” A high consequence factor was not
addressed. The second reason was that the verification and checking that was
performed was not “independent” from the circumstances that resulted in the
critical flaw. The attention of the checking efforts was diverted just as the
attention of the design and construction efforts were diverted. The third
reason was the pressure to complete the work on time and on budget.
Sufi%zientresources could not be made available to solve the problem even
though the potential problem could be relatively easily and cheaply solved.
This experience points out the importance of truly independent,
experienced, and thorough verification of potentially high consequence design
“details” (Table 10.3). The cost of such verification and the preventative
measures would have been much cheaper than the costs of solving the
construction problem. Every dollar invested in prevention could have saved
approximately 2,000 dollars in cure. Not many business investments have
such an attractive cost - benefit ratio.

237

Role ofHumanEmorInReliabili@ofMarineStn@mres
Note in Table 10.4 the design procedure quality attributes of intuitive,
first principles, and empirical verifications in a design procedure. Intuitive
verifications are derived from the designer “feel” cited earlier. Such feel is
based on adequate experience with the design procedures and analyses. This
feel is responsible for a majority of quality problems that are detected and corrected (design near misses).
First principles verification is needed so that complexity is not allowed to
over-shadow realism. This means first that design engineers need to be well
trained in these first principles, and second, that the design process must allow and encourage their use in verifying the results fkom the process.
Experience has indicated that results from simp~ed methods that
employ first principles can play an important role in identifying problems in
results horn complex methods. Yet, there is often little “respect” given to such
methods by engineers. They feel that complex methods are more reliable and
give more realistic results. Simplified methods can not be expected to develop
the details developed by complex methods. However, sophistication in
analytical design methods does not assure either reliability or realism in
results. There is an important need to further develop simplified design
methods that can be used to help verify the fundamental results from complex
design analyses.
Empirical or experimental verification is needed because of the inherent
inadequacies and limitations of most engineering analytical procedures when
applied to design of ship structures. This is particularly true when it comes to
loading analyses, but it also applies to most structure analyses. The question
is the extent of experimental verification that is required. This becomes a
problem in trading off the costs involved in providing the verification versus
the costs involved when insuf&ient quality is obtained due to the lack of the
verification.
The LRFD design guideline should encourage the use of all three verification procedures as wafianted. Particular emphasis should be given to the
requirements for independent, experienced, and thorough verification of “new
designs” of ship structures.

The third strategy that should be incorporated directly into the design
guidelines and their development regards design of the structure to be tolerant
or forgiving of human errors. These human errors can and probably will occur in design, construction and operation of a ship structure; even one that
has been designed by the most advanced technology available today.
It is rare to find explicit structure design guidelines that address the
need for obtaining human error tolerance in the life-cycle of any type of structure. Some have begun to appear, but more work is needed to develop such
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This is one of the most important areas for marine structures re-

The results of the MSIP project [Bea, 1993] indicated that there were four
general approaches that should be considered in developing human error tolerant structure design guidelines. These were design for:
1) damage or defect tolerance (robustness),
2) constructabilty,
3) inspectability, and
4) maintainability and repairability.
The first approach is focused on providing fault tolerance in the ship
structure system. The last three approaches are focused on providing fault
avoidance, detection, and removal in the ship design process.
Structure robustness can be achieved with a combination of redundancy,
ductility, and excess capacity in the structure system. lhbustness implies
much more than redundancy (degree of indeterminacy) [Das, Garside, 1991].
Fail-safe design is one aspect of this approach [~ea, 1992].

Jitobustnessneeds to be placed in those areas of the ship structure that
have high probabilities of damage or defects and high consequences associated
with such damage or defects. Such an approach has been used recently in design of several major offshore platforms [Bea, 1994c]. The approach had major
effects on the conjuration
of the structures.
Design for constructability is focused on configuration and proportioning the structure to promote / facilitate high quality materials, cutting and
forming, and assembly. Design for inspectability is focused on the same structure design activities, but this time the objective is to maximize the inspectability of the ship structure during its operation. Design for maintainability and
reparability is meant to direct the structure design engineers attention to the
long-term life-cycle phase of the ship structure. Corrosion management and
buckling and fracture repairs are key issues.
All of these design approaches are intended to minimize the incidence of
and effects of human errors that can occur in design, construction, and operation of a ship structure.
Explicit design guidelines should be developed that will adequately address the four major quality attributes of the ship structure including serviceability, safety, durability, and compatibility. In addition, structure design
guidelines need to be developed that will address the constraints and issues
associated with potential damage and defects in the structure, its construction,
its inspection, and its maintenance and repair.
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SUlnmary
This chapter has addressed the question of whether or not consideration
of HOE should be integrated into development of the new LRFD ship structure
design procedure being developed under the auspices of the S~C. The answer
is yes, consideration of HOE should be integrated into this procedure.
This chapter has addressed three ways in which such considerations
might be developed. These include organizational measures, design team
(individuals) measures, and design procedure measures.
Perhaps of primary importance to the future SSC efforts are the design
procedure measures. Three strategies have been suggested that involve:
●

QA / QC of the design procedures (fault avoidance),

QA / QC required as an integral part of the design procedures (fault
detection and removal}, and
●

LRFD design procedures intended to minimize the occurrence of and
effects of HOE (fault tolerance).
●

In a review of the processes used by the U. S. Coast Guard in certi&ing
the safety of marine vessels and structures, a committee of the Marine Board
of the National Academy of Engineering made the following recommendations
[Committee on Assuring the Safety of Innovative Marine Structures, 1991]:
● Persomel
and staffing - broad based mix of technical expertise and
practical experience in a professional working environment.

s Polices and Practices on the Use of Third Parties - use outside expertise and assistance as needed including collaboration with ABS.
● Development of Technical Criteria - procedures for establishing technical criteria for certification, development of a searchable and retrievable data base of applications, reviews, and decisions.
● Lessons to be Learned from C)ther Agencies - examine the FAA and
NRC data retrieval and feedback systems for applicability, consider the
use of expert panels in the review process.

Emerging Technologies - keep abreast of an understand the implications and applications of new and emerging technologies to the certification process, risk and reliabili~ engineering is one example.
●

These recommendations are embodied in the findings from this project
and the associated previous MSIP project lJ3ea,1993].
.,
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FUTURE DEVELOPMENTS:
STRUCTURE DESIGN GUIDELINES

Intiuction
This
future SSC
background
the quality

chapter identifies high priority developments that are suggested as
sponsored efforts. These developments are essential if the
developed during this project is to be applied in efforts to improve
of the design of ship structures,

The following parts of this chapter will address future developments in
ship structure design in two general categories:
s LRFD design guidelines, and
●

LEWD

HOE evaluation qualitative and quantitative methods,

Design Guidelin~

This project explored the implications of HOE as they related to development of a probability based LRFD guideline for ship structures. The study
concluded that the improved management of HOE in the design guidelines
should be developed using two approaches:
1) Quality Assurance and Quality Control (QA / QC) in the development
of the design guideline and incorporated explicitly into the guideline.
2) Provision of design guidelines to help assure defect and damage tolerance in the structure and to promote constructability, and IMR.
These two approaches are intended to help prevent design errors, improve the detection and correction of errors, and develop a structure that will
have sufikient tolerance of errors.
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This conclusion suggests four SSC sponsored efforts that are intended ta
recognize and help better manage HOE in an LRFD guideline for ship
structures:
1) QA / QC of the design guideline during its development,
2) Development of QA J QC provisions that would be incorporated into the
design guideline,
3) Development of design guidelines to assure adequate robustness in the
ship structure, and
4) Development of design guidelines to assure adequate constructability,
inspectability, maintainability, and repairability in the ship structure.
The majority of the required engineering and QA / QC technology exists
to help accomplish each of these efforts. The SSC has sponsored much of the
research and development that has resulted in this technology.
Background needs to be assembled from the marine and non-mtine
fields, work performed to “En in tie blanks” in the technology, and the results
focused in development of practical ship structure design guidelines.
These developments should be thoroughly tested in demonstration efforts that will help assure that the provisions, guidelines, and procedures are
practical.

Qualitative and Quantitative Methods
The results of this project indicate that there is a wealth of technology
available to allow engineers to explicitly address HOE in the design, construction, and operation of ships.
This technology needs to be further developed and applied if the profession and industry are to realize significant improvements in the quality of ship
structures. The results from this project have suggested two primary lines for
this development
●

●

Conduct of symposia, workshops, and meetings on human and
organization factors and their roles in the quality of ship structures,
Further development and testing of qualitative and quantitative instruments methods to address design of specific ship structures in the
context of LRFD procedures.
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chapter 11
Technology T!mndEx

A program of symposia, workshops, and meetings sponsored by the Wip
Structure Committee would further understanding of human factors and their
roles in the quality of ship structures. Technology and experience transfer is a
primary objective of this activity. The program needs to be international in
scope.
This activity would facilitate the education processes that must be undertaken if developments such as are represented by this project are to be improved, detailed, tested, and applied. These symposia, workshops, and meetings should involve protagonists and antagonists; researchers and practitioners; and those from outside the engineering disciplines that have expertise in
human factors related technologies.

k~pmeut

ofHOEEVdU3tiO11-UIW

This project has resulted in development and illustration of application
of qualitative and quantitative methods to enable engineers to address HOE
considerations in the design and construction of ship structures. These methods need to be fhrther developed as they can be applied to development of LRFD
guidelines for ship structures.
Four specific SSC sponsored efforts are suggested to address HOE
considerations in design and construction of ship structures:
1) Study of how best to integrate considerations of the four quality
attributes into a ship structure design guideline.
2) Identijlcation of the critical parts of the ship structure design processes, and evaluation of how QA / QC procedures might best be
deployed in the processes.
3) Study of where and how robustness (defect tolerance) and fail-safe
design should be integrated into the ship structure and the design
guidelines.
4) Continued development of the qualitative, quantitative, and mixed
HOE evaluation approaches defined during this prcject are needed as
they would be applied to specifi LRFD design guideline and design
processes. The mixed, Safety Indexing Method (Appendix C),
approach requires development and testing as applied to the LRFD
design guideline and design process. Development, testing, and
practical demonstrations of computer software to facilitate performing the quantitative and mixed HOE alternatives evaluations is
needed.
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Future SSC sponsored efforts have been defined to apply the results from
this project in improving the quality of what is integrated into a ship structure
design guideline. These efforts address the following HOE considerations:
technical aspects of ship structure design (e. g. defect and damage

tolerance),
development of ship structure design guidelines (e. g. QA / QC in the
design process),
development of qualitative and quantitative methods ta address HOE
management alternatives in ship structure design, and
education in how human, organization, procedure, and hardware
factors can affect the quality of ship structures.
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summary
Quality is freedom from unanticipated defects. Quality is fitness for
purpose. Quality is meeting the requirements of those that own, operate, design, construct, and regulate ship structures. These requirements include
those of serviceability, safety, compatibility, and durability.
There are three primary aspects that should be addressed in achieving
quality in ship structures: designers, constructors, and operators of the
structure (humans), the groups that are responsible for the management of
the systems (organizations), and the physical elements (system including
structure, hardware, and software), A thorough understanding of ship
structure “systems” indicates that there literally are no separate parts. There
are only relationships and interactions. This understanding is at substantial
variance with the historical separation and compartmentation of ship
structure design, construction, and operation.
High consequence compromises in quality of ship structures result from
a multiplicity or compounding sequence of break-downs in the human, organization, and system; often there are “precursors” or early warning indications of the break-downs that are not recognized or ignored.
The physical components of “systems” are generally the easiest of the
three components to address; design for human tolerances and capabilities
(ergonomics), provision of redundancy and damage/ defect tolerance, and effective early warning systems that provide adequate time and alerts so that
systems can be brought under control are examples of potential measures.
Error inducing systems are characterized by complexity, close coupling, latent
flaws, small tolerances, severe demands, and false alarms.
Humans are more complex in that error states can be developed by a
very wide series of individual characteristics and “states” including fatigue,
negligence, ignorance, greed, folly, wishful thinking, mischief, laziness, excessive use of drugs, bad judgment, carelessness, physical limitations, boredom, and inadequate training. External (to the system) and internal (in the

system) environmental factors such as adverse weather, darkness, smoke,
heat provide additional influences.
Selection (determination of abilities to handle the job), training
(particularly crisis management), licensing, discipline, verification and
checking, and job design provide avenues to improve the performance of frontline operators. The formation of motivated and cohesive design and
construction “teams” can do much to improve the quality of ship structures.
While the human and system aspects are very important, the organization aspects frequently have over-riding influences. Corporate “cultures” focused on production at the expense of quality, ineffective and stifled communications, ineffective commitment and resources provided to achieve quality, excessive time and profit pressures, conflicting corporate objectives, and counterquality and integrity incentives are often present in “low reliability”
organizations. Generally, these aspects are the most difficult to address.
Experience indicates that high reliability organizations tend to improve, while
low reliability organizations do not improve rapidly, if at all.
The most important part of the HOE evaluation process is qualitative; a
realistic and detailed understanding of the human, organization, and system
aspects and potential interactions must underlie the entire process.
Quantitative aspects provide an important framework in which to evaluate the
potential effectiveness of proposed “fixes” and to examine the detailed interactions of human, organization, and system components.
The results from this project indicate that we should change our
thinking away from a concept of ship structure systems as elements,
components, and separate structures and understand them as integrated
systems that intimately involve individual and collective (organizations)
human beings. We need to understand these systems as organisms, living
systems, that can harbor latent pathogens [fiason, 1991].
There is no ship structure design and construction quality database that
can be relied upon to give accurate quantitative indications of the frequencies of
contributors to unacceptable quality, in the case of specilic accident scenarios,
existing databases frequently give misleading indications of causes and
consequences. Complex interactions are frequently not determined or lost in
the reporting. Study of past high consequence accidents can provide important
insights into the complex interactions of humans, organizations, and systems
and can provide the basis for development of generic “templates” for evaluation
of other similar systems. Study of “near misses” can show how potentially
catastrophic sequences of actions and events can be interrupted and brought
under control. There is no generally available database or archiving system
for “near miss” information. This state of affairs needs to be improved; such
databases need to be developed and there are existing models for such
developments.
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An adequate and understandable, but complex, quantitative analysis
system exists’to $issist evaluations of HOE. PRA has proven to be able to show
the complex interactions and influences and efficiently produce quantitative
indices that can indicate the effectiveness of alternative HOE “&es.” Because
of the lack of accurate and definitive objective data to serve as input to such
quantitative models, structured “index” models have been developed to allow
encoding subjective judgment into the evaluation of probabilities. More work is
needed to develop both the qualitative and quantitative methods so that they can
be applied to improve the quality of ship structures.
The primary objective of QA / QC assessments and HOE evaluations
should not be to produce numbers. The primary objective of the assessments
should be to provide a disciplined and structured framework that is able to
produce insights and information that can lead to improvements in QA / QC
activities to achieve desirable quality in ship structures. Prediction is not the
objective of this effort. Improvement in quality is the objective. The analyses
should be performed to provide the insights that can help define how best to
develop acceptable and desirable quality in ship structures.
Some of the parameters and variances, and in many cases, the very
important ones can not be quantified with a high degree of reliability. In most
cases, these are the parameters and variances that address the interrelationships of individuals and organizations. Perhaps the most important
figures that one needs for quality management and quality engineering are
unknown or unknowable.
To take any action with a ship structure design, construction, or
operation system without an intimate and thorough knowledge of that system
is “tampering.” Deep knowledge of a system includes a detailed
understanding of the system, an understanding of qualitative and quantitative
evaluations, a knowledge of psychology (individuals, organizations), and an
understanding of the limitations of our abilities to describe and analyze
complex systems. Without a deep knowledge of the system, one can be
seriously mislead.
The primary responsibilities for determining and achieving desirable
and acceptable quality in ship structures rests with the owner and operator of
the ship. The owner and operations segments play a pivotal role in the
organization for quality. The owner and operator are substantially responsible
for the quality of any ship. They are responsible for establishing the system
requirements and objectives and communicating them to the other
organizations. The owner / operator is responsible for consideration of the
relationships of cost and performance and function.
The regulatory authorities should be responsible and accountable for
definition and verification of compliance with the goals and policies of acceptable quality in ship structures.
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Classification authorities should be responsible and accountable for
development of classification rules that will guide and verify design,
construction, and operation of acceptable quality ship structures that meet
regulatory and owner requirements. Surveying during the construction and
operational phases is an essential part of this responsibility. Independent
third-party verification of designs is another essential component.
The manufacturers of ship structures should be responsible for
designing and producing marine structures that will have appropriate and
desirable levels of quality.
Specific approaches and examples have been developed during this
project to illustrate how human factors might be integrated into the ship
structure design process. This work needs to be continued and extended inta
constmction and operation of ship structures if we are ta realize dramatic
improvements in the quality of these structures.

Conclusions

The author contends that:
“most engineers are very uncomfortable with two things:
uncertainty, and people. ”
The challenges of design, construction, and operation of ship structures
involves both. Neither can or should be avoided.
Engineers have much to learn about how to improve their role and
activities in helping develop engineered systems that will have desirable and
adequate quality. A vast field of human factors related technology has
developed. The analytical thinking and processes of engineering needs to
absorb the technologies of human psychology, management, and cognitive
psychology.
The analytical thinking and processes of engineering need to shift from
the objective of prediction to the objective of evaluation, assessment, and
improvement of the processes that are used to design, construct, and operate
ship structures.
If their work is to be meaningfi.d, engineers must learn as much about
people as they presently know about the physical and mechanical aspects of the
elements that comprise and affect engineered systems. Recognition of and
education in human factors are two of the primary obstacles to integration of
human factors into engineering.
The historic development of LRFD guidelines has had as one of its
foundation probability methods that attempt to address some of the
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uncertainties. In almost all cases, this historic development has fallen short
of explicitly addressing one of the primary sources of uncertainty and hazards
to quality people.
Many of the experienced engineers that have objected to probability based
LRFD developments have objected to this development primarily for this
reason. They sense that something important is missing, and it is. But, the
same thing is also missing from the more traditional methods. And, in the
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 firrrdy rooted in HOE.
This project has attempted ta start development of a bridge between
where we are and where we can be in recognizing human factors in design of
ship structures. HOE recognition can and should be integrated into our future
developments to improve the quality of ship structures. The basic tools etist.
They need to be further developed, tested, and wisely used.
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DEFINITION

Am

American Bureau of Shipping

ACI

American Concrete Institute

ASCE

American Society of Civil Engineers

CAIP

Critical Area Inspection Plan

CSD

CriticaI Structural Details

DOC

Document of Compliance

DPL

Decision Programming Language

EDA

Events, Decisions, and Actions

ENR

.

OF ACRONYMS

Engineering News Record

ETA

Event Tree Analyses

FAA

Federal Aviation Administration

FEA

Finite Element Analyses

FLAIM

Fire and Life safety Assessment Indexing Method

FMEA

Failure Mode and Effects Analyses

FTA

Fault Tree Analyses

GRT

.

Gross Registered Tonnage

HazOps

.

Hazard and Operability analyses

HESIM

.

Human Error Safety Index Method

HOE

- Human and Organization Errors

HRA

- Human Reliability Analysis

HRo

- High Reliability Organization

HRO

- High Reliability Organizations

HTs

- High Tensile Steel

IABSE

- International Association of Bridge and Structure Engineers

IACS

- International Association of Classification Societies

ICAM

- Integrated Computer Aided Manufacturing

ICS

- International Chamber of Shipping
,.-!
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IDA

Influence Diagram Analyses

.

InDia

Influence Diagraming

(computer program)

IDEF

ICAM Definition language

IMO

International Maritime Organization

IMR

Inspection, Maintenance, and Repair

ISM

International Safety Management

1S0

International Standards Organization

ISSC

International Ship and offshore Structures Congress

LER

Licensee Event Report

LRFD

Load and Resistance Factor Design

MSIP

Marine Structural Integrity Programs

NRC

.

Nuclear Regulatory Commission

NC

.

Norwegian Contractors

OPA

.

Oil Pollution Act

POD

.

Probability of Detection

PRA

.

Probabilistic Risk Analyses

QA

- Quality Assurance

QC

- Quality Control

QMS

- Quality Management System

QRA

- Quantified Risk Analyses

SIM

- Safety Index Method

SMC

- Safety Management Certificate

SMS

- Safety Management System

SOIAS
SW

- Safety of Life at Sea (Convention)

SS11S

- Ship Structural Integrity Information System

THERP

- Technique for Human Error Rate Prediction

TQC

- Total Quality Construction

- Ship Structure Committee

- Total Quality Engineering
TQM

- Total Quality Management

TQo

- Total Quality Operations

ULCC

- Ultra Large Crude Carrier

USCG

- United States Coast Guard

VLCC

- Very Large Crude Carrier

VTS

- Vessel Traflic System

WSD

- Working Stress Design
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APPENDIX

HESIM & FLAIM
SAFETY INDEXING METHODS

Safe@ Indexing Methods
Safety Indexing Methods (SIM) have been used successfully in a variety
of marine and non-marine applications as a means of identifying potential
quality / reliability problems and then identfing means to improve the
reliability and quality characteristics of the systems. SIM represent a logical
and disciplined way to bridge the gap between the lack of definitive information
on HOE and the need to improve the quality of engineered systems.
The core of these methods is formed by professional judgment based on
qualified experience and training, historical records, and in some cases,
hazard evaluation techniques such as Hazard and Operability Studies
(H=Ops) and Event TmeAnalyses(ETA). This core is used to identify, select,
and define key variables that are risk contributors and risk mitigators. These
variables are then combined by using various algorithms to yield risk indices
indicative of the state of the system. An overall risk index can be generated to
compare different facilities and options to improve their quality
characteristics. This risk index can be calibrated to quantitative quality reliability - probability of failure evaluations. Cost-benefit evaluations can be
based on the results from Safety Indexing Methods.
Given accident and near-miss investigations databanks that are
designed to supply information required by the SIM and the long-term
implementation of these reliability databanks, the subjectivity involved in the
methods can be gradually replaced by objective information.
During the past five years, two such methods have been developed from
research performed under the auspices of the Marine Technology
Development Group at the University of California at Berkeley. One system
developed during the Doctoral research performed by Dr. W. H. Moore was
developed for the evaluation of HOE in the operations of marine systems
[Moore, Bea, 1993]. This system is identified as HESIM - Human Error Safety
Indexing Method.

The second method was developed in the Doctoral research performed by
Dr. W. E. Gale Jr. for the evaluation of HOE in fires and explosions on offshore
platforms [Gale, Bea, Williamson, 1993; Gale, et al, 1994]. This system is
identified as FI.AIM (Fire and Life Safety Assessment Indexing Method.
Because of their potential future applications to evaluations of HOE in
the design and construction of ship structures, these two methods are
summarized in this appendix.

HESIM
HESIM was developed to allow the encoding of judgment regarding the
occurrence of HOE in ope~ations of marine system-s in-a probabilis-tic
framework. HESIM integrates error inducing parameters (error solicitors)
that can lead to an operating accident event. The error solicitors are
organizational, human, task, system, and environmental factors.
HESIM incorporates error factors from four categories of primary
contributors: (1) organizational, (2) human, (3) system, and (4) the operating
environment. Table C.1 defines the contributing factors in each of these
categories.
Table C.1 - Categorization of contributing factors to HESIM
OMAA-ON

HUMAN

Top-level
Management
Middle - Frontline
Management
Regulatory

Stress

G
ENVIRONMENT

Complexity

Routineness

External
Internal

HESIM is a consolidation of heuristic approaches and the development
of an accident database. HESIM provides the framework for development of an
accident and near-miss database [Moore, Bea, 1993]. As detailed accident data
becomes more available for particular accident classes, the risk indices are
refined to correlate with the casualty statistics. The conditional human error
index is used as a quantitative measurement for IDA. It is not a probabilistic
measure, but a means by which to systematically quantify hunian errors.
These measures form a basis from which future error index refinements,
modifications, and verifications are made until sticient data is available to
use probabilistic measurements.
-J.,,,

J,,

. .
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Equation C.1 is the generalized equation integrating contributing HOE
factors.

Each safety index S1, lies between O and 1 and kij is a factoring constant
for human error i and organizational error j: 0< S1<1.
The overall human error index is the quantitative measurement of
human and organizational errors, human factor, system, and environmental
factors occm-ring for a specified event, decision, or action. The overall human
error safety index (SIHEi,OEj,HF,EnV,sySt,EDAq)
is the product of five safetY
indices:
(I)human error safety i?zdex (SIHEi10Ej,HF,Env,Syst,EDAq)
,
(2) organizational error index (SIOEj,EDAq),
3) human factor idex (SIHF,EDAq),
(4) system indac (SISy.@DAq), and
(5) ewimnm@al idex (SIEm,lIDA~).
As show-n in Equation C.2, the measure of the overall human error
safety index is a weighted frequency of the factors for a speciiied class of
accidents (e.g. tanker collisions or grounding, offshore productionmaintenance explosions, and tires).

(C.2)

[

Ono relation

~ “low” certaintyof relationbetweenHEi andMOEj
.
CHE.
= 1
1,MOEjEDA~,TLM
“moderate”certaintyof relationbetweenHEi andMOEj
IIF,Syst,Em
T
1“high” certaintyof relationbetweenHEi andMOEj

1I

where k is the consequence level of the casualty, and m is the total number of
operations per measurement of time for that consequence level.
Weighted values are assigned that depend upon the certainty of that
factor being a contributor to a casualty-near miss sequence. The error
fkequency is determined by averaging across the weighted frequencies of joint
occurrences between the five categories under all external operating

273

-.

Role ofHumanErrorInReliabilityofNIarineStru~
conditions, human factors, and system complexity. For each casualty-near
miss, the associated human, organizational, human factor, system, and
environmental contributor is defined. The certainty values are placed in the
proper location for the joint occurrences as shown in Table C.2.
The human error index is the quantitative measurement of human
error conditional upon a set of organizational errors, human factors, system
and environmental factors for a specified sequence of Events, Decisions and
Actions (EDA). By solving for the human error index of Equation C.1 to arrive
at Equation C.3, one is able to use these values as quantitative measurements
of human errors under varying organizational, human factor, system, and
environmental conditions. Again it should be noted that the human error
index generated by this technique is not a probability, but an index value
conditional upon any number of error solicitors. These are the conditional
safety indices that are used in the IDA.

S1
HEi,OEj ,HF, Syst,Environ,EDA

(C.3)

qk}

{

kij* S1
* ‘lHF,EDAq
0~~
,EDA~

*

SI~Y~,DA~
* SIhv,mA
q

The next step is to provide a methodology for measuring the safety
indices in the denominator of Equation C.3. The organizational error safety
indkx (S1~Ei.ED~) shown in Equation C.4 is a measure of the impact of toplevel management upon mid-level management and operator level
management errors (MOE) effects upon human errors (HE) at the operator
level. A matrix representation of Equation C.4 is shown in Table C.3. The
index is assumed to be relatively static over short periods of time for an
operation [Reason, 1992].
S1

OEj,EDAq

= S1MOEj
* S1
ITLM
MOEj
,EDA~

As shown in Equation C.7, the organizational error index
differentiated into two categories. First, the top-level management
I TLM]
measures
the level
of Top-Level Management (TLM)
commitment to safety and resource allocation for safety measures.
commitment to safety and resources has varying degrees of impact
MOES.

(C,4)
is
index

(sIMoEj

The TLM
upon

is the safety index of TLM’s impaCt
In Equation C.5,
upon MOE” Varying degrees of impact are measured by weighing the impact
of five TL d factors:
SIMOEj

I TLM
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(I) overall commitment to safety (Ql),
[21 commitment to long term safety goals (Qsl,
(3) cognizance of problems (Qa),
(4) competence to correct the problem (Q4), and
(5) sufficient resourcesto correct problems (Q5)
such that,

SI~O~ ,m~ = mm $IIQI + $21Q2+ Q31Q3
+$41Q4
+ @51Q53
(%E,ITLM)J
1
{
S1

MOE2ITLM = IIMX

$12Q1
+422Q2+ @32Q3
+042Q4+ $52Q57
~1MOE21TLM)o
{

.
.

.

SIMOE,mM = rn~
9
SIMOE

{
,mM

$lgQ1
+$29Q2
+039Q3
+04gQ4
+059Q57
(%3E91JJ

= 1

10

(C.5)

where,
1 if “high” or “sufllcient”
QC=

{ -1

~Qaj =1

if “low” or “insufficient”
Vj

a

If the TLM factor is “high’ or “sticient”, it adds to the safety index,
however if “low” or “insuflkient”, it reduces that safety index. The weights
can be thought of as the percent of impact upon MOES by TLM factors. Since
MOEIO represents no organizational errors, there is no impact of TLM on
MOEIO thus the safety index is unchanged.
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Table C.2 - Documentationformatof humanerrors and associatedorganizationalerrors
for accidentclassn, consequencenk, ED%, humanfactors,systemfactors,and environment-dfactms
morale/

knowf
~wn

Braining/

Errors

maintenance

violation
(MOE3)

incentive
(MOQ)

regul/
job design policing
(MOE5)
(MOE~

operating
policy
(MO%)

comnd
info
(MOEg)

manning
(MOEg)

none
(MOE1~

(%r;l)

(MOM)

~llkq

h2kq

t13kq

h4kq

bq

t16kq

Elm

~18kq

Q9kq

h,lokq

eqer (HEz)

~21kq

tzmq

k23kq

~24kq

E25kq

G26kq

~27kq

~28kcl

~29kq

b,lokq

mntl/phys
lapse (HE3)

~31kq

&32kq

~33kq

E34@

&m

b6kq

b%

&38kq

&39kq

Cg3,10kq

g41kq

G42kq

~43kq

&kq

&15kq

&46kq

b74

Wkl

b9kq

b,lokq

~52kq

<53kq

%4kq

b5kq

‘%6kq

&7kq

%8kq

b9kq

&,lokq

~62kq

~63kq

hkq

b5kq

%6kq

b7kq

&8kq

b9kq

b,lokq

(HE~

hum/sys~
interface
(ml)
lmow/train/

violations
(HE4)

job design

~51kq
5)
comrn/-ingo ~61kq
(~b)
where.
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Second, the middle-operator level management safety index
(S1~i I MOE,EDAJ is the sum of each organizational emor’s effect upon a
particular human error “i” (HEi). Each index associates the organizational
error’s effect upon human errors at the operator level. The minimum value of
the impact of top-level management

[

is provided by the user and
S1
MOE,TLM];

should be established such that

( m,,+
S1

To determine the safety index for a particular HE as a result of the
organizational errors (OES), the safety index is determined by providing
estimates of the relative effect of ‘“good’, “fair”, or “poor” organizational error
management. Figure C. 1 is a graphical display of how routine a safety index
is obtained through a linearization technique and described in Equation C.6.

FIUL

Si
lG

.-—.

—-.

—-—-

I
I
—.— I —-—-

Good

.——
Pmr

Fair

Figure C.1 - Linearized measurement of middle-front line management index

MOEj,EDA

I

= 1/2+1/2(1/

S1

q

if “high”

1

pj) if” moderate”

(C.6)

if “low”

llpj

where rj is the maximum degree by which MOEj is judged to be increased for
EDA~.
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The human factor index described in Equation C.1 is categorized into the
product of a stress ‘index (SIStre~@DAq) and a routineness index
as shown in Equation C.7. Stress and routineness are
(SIROutti~n~S@@
measured to assess the relative effect upon the safety of the system. The user
judges the relative effect of “high’ stress or routinene~s. Figure C.2 is a
graphical display of how the stress safety index is obtained through a
linearization technique and shown in Equation C.8. The index measuring
routineness of the EDA~ is linearized and shown in Figure C.3 and the
formulation is described in Equation C.9.

(C.7)
1
S1

if” low”

= l/2+1/2(1/a)

5hesslEDAq

I/a

[

(C.8)

if ’’moderate”
if “high”

where a is the maximum degree by which stress is judged to be increased for
-- .

s

Str=s

1’

1/2+1/2

+

–

——.

. ____

___
I
I
I

1

--.—-

-----

__

F
Low

I

I

Moder~e

High

Stress
Level

Figure C.2 - Linearized measurement of stress
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RoUineness

1

/2+

-

l/2—

--.

—--—

—---

;

I
1

1

——--—

—---—

—.

T
High

Moderate

Lav

Routineness
Level

Figure C.3 - Linearized index measurement of routineness
K Ilhigh!,

1
S1

= 1/2+1/2(1 /jl)

RoutinmcaslEDAq

llfi

[

if “moderate”

(C.9)

if “low”

where b is the maximum degree by which routineness is judged to be
increased for EDA~.
The system safety index (SISYSt~~,EDA~)
of Equation C. 1 measures the
ability of the operator ti properly acquire, assess, and act on information
provided by the operating system. Similar to the quantitative calculation of
stress and routineness, judgments are made as to the impact of system factors
upon the overall safety index. The linearization is shown in Fimrre C.4 and
f~rmalized in Equation C.1O.

[
SI

SystlEllAq

1

= 1/2+1/2(1/~)
1

I/y

if “low”
if “moderate”

(C.lo)

if “high”

where g is the maximum degree by which system complexity is judged to be
increased for ED%.
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SI
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1

1,

/2+1

/2+

-
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—---

-———1
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1
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---

T

law

I

I

Mode tate

High

*tun
Cunld=ity

Figure C.4 - Linearized measurement of system complexity

.—

The environmental safety index (SIEn~rO*,ED&) in Equation
C.11 is the product of two indices: the external operating condition impairment
and internal operating c;nditio; impairment index
ideX (SIEx~ernal,ED&)
(%ternal,EDAq).
(C.11)

The impacts of environmental factors in HESIM represent external and
internal impairment contributors. Environmental factors impair the
individual operator’s ability to think and perform actions. Any combination of
environmental factors may affect the abilities of the operator. However, any
number of environmental factors may be the dominant contributors to errors.
For example, fire and smoke may be impairing the abilities to evoke
mitigation procedures. However, smoke may be the dominant enviromnental
factor leading to errors by the operators due to the operators inability to breath
correctly. It is at the discretion of the user ta determine degree to which a
single environmental factor, or any combination of factors, affects the
environmental safety index. This may be performed by a linearization method
similar to the safety indices developed for stress, routineness, and system
complexity factors developed above. As shown in Figure C.5, “high”,
“moderate”, and “low” environmental impairment severity affect the accident
contributors. Equation C. 12 is the linearization equation used to determine the
environmental safety indices.
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if IIlowf,

1
SI
Eminm

= [ 1/2+1/2(1/
Il.- \
;;” ,EDAq
1/ E.,v
[

H

v

EUV)
—,

if

(C.12)

“moderate”
if” high

where e is the maximum degree by which external environmental factor u (eU)
or internal environmental factor v (ev) is decreased for ED~.
The final stip in the model development procedure is to relate the safety
index evaluation h-the overall reliability of the-operating system. Figure C.6 provides an overview of the HOE evaluation procedure. Step 1 entails the
system analysis procedure used to define the particular human,
organizational, system, procedures, and environmental contributors to an
accident scenario. The modeling procedure described was to use influence
diagrams to develop an accident template that retains the primary causative
mechanisms to an accident scenario yet does not entail many of the unique
characteristics of the casualty being modeled
For Step 2 HESIM is used as a quantitative measuring procedure that
incorporates both available accident data and heuristic judgments. As data
becomes more available, there is a reduction of reliance upon judgments and
experiences and a greater reliance is placed upon objective data to generate
human error related probabilities.
Step 3 entails using the safety index evaluations for both calibrating and
confirming the HESIM procedure. Historical failure rates for catastrophic
events are used for confmmation of the modeling procedure and the HESIM is
used to ensure that the quantitative modeling procedure is consistent with case
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study analyses. Once the safety (or risk) indices are evaluated for the HOES
using the “H13SIM,they are input into the influence diagram template model.
An overall safety index is calculated for the target failure event being modeled
(e.g. grounding or collision for a tanker, loss of fuel containment on production
platform) such that:
Pf = Probability of “Activity” results in undesirable outcome
As shown in Figure C.6, the safety index is then compared to the
probability of failure for that particular accident event. This procedure is then
repeated for a sufficient number of cases to determine a general range for the
fu~ctional relationship between the safety indices and th~ failure ev=nt
probabilities (Figure C.?).
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Figure C.6 - HOE analysis procedure based on HESIM indexing method
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Figure C.8 - Safety index-reliability curves
As shown in Figure C.8, a risk meter can be developed that compares
the safety index and the reliability of the operational system. The risk of
ftilure can be categorized into “low”, “moderate”, and “high” intervals. The
threshold values between high, moderate, and low (or unacceptable, marginal,
and acceptable) risks are dependent upon the failure event, the consequences
of that failure, and society’s willingness to accept the risk.
,“
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Comparison between the safety index-reliability curves and probabilityconsequence curves for undesirable outcomes is performed to determine the
relative risk to the undesirable outcome being modeled. This is expressed
diagrammaticallyin Figure C.9 where the risk index-reliability curve is
compared with the reliability-consequence curve.
Further evaluation of the models are performed to assess management
alternatives to prevent and mitigate the impacts of HOE related factors. This is
performed to determine if the impact upon the system will increase the
reliability of the system such that the risk becomes acceptable. This can be
expressed diagrammaticallyin Figure C.9 where the risk index-probability
curve is compared with the probability of ftilure acceptability curve.
There is a six step approach to confirmation of the modeling procedure
and the HESIM to both assess the risk of a particular undesirable target event
and generate the safety-reliability curves shown in Figure C.9. The approach
is as follows:
(1) Determine the threshold probabilities between acceptable,
marginal, and unacceptable risks for the operation being
modeled. These can be done through judgments, historical data
comparison, financial settlements for prior casualties, etc.
(2) Determine the probability of the target event being modeled
through judgment or historical data.
(3) Using the post-mortem study data, calculate the human error
safety indices (risk indices) under the specific operating
conditions using HESIM. Input the human error indices into the
influence diagram template model representing the particular
characteristics of the scenario being modeled.
(4) Calculate the risk index for the undesirable target event by
reducing the IDA.
(5) Compare the results of the risk index with the target event
probability. If the risk index and probability of the target event are
consistent with case study implications, continue.
(6) If the safety index and probability of failure are inconsistent,
calibrate the HESIM to attain consistency of results. This can be
conducted by reexamining the impact of error contributors or
further detailing the model.
(7) Repeat Steps 1-6 for other case histories to develop more reliable results.
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curve comparisons for

Status
User interactive, windows oriented, spreadsheet based software has
been developed to facilitate performing HESIM operations evaluations and risk
index calculations. Extensive documentation including example applications
has been developed to guide evaluations of operations related hazards
associated with ships and offshore platforms [Moore, Bea, 1993].
A field testing and development project was initiated during 1993. The
objectives of this two-year project are to further develop and verify the HESIM
algorithms, to demonstrate its application to loading and discharge operations
associated with commercial crude carriers, and provide initial calibration of
its quantitative results.
This project also involves review and assessment of existing databases
that contain information on tanker loading and discharge accidents, This”-’.,
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review is expected to lead to definition of improved database formats that can be
used to supply quantitative and qualitative information for HESIM evaluations
of this type of ship operation.

FLAIM
FLAIM (Fire and Life safety Assessment Indexing Method) can be
described as a quantitative SIM in which selected key factors relevant to fire
safety and life safety are identified, assessed and assigned numerical
(weighting) values [Gale, et al. 1994]. Risk contributing factors are indexed
and ranked using a weighting system algorithm, keyed to relative
(comparative) risk, to yield a set of risk indexes, and an overall risk index for
topsides facilities. For familiarity and ease of use, an academic letter grading
scheme (A, B, C, D, F) based on a 4.0 grade-point scale was selected as the
fkrnework for assessing risk contributors.
Key topsides risk factors, identified on the basis of scenario analysis,
expert opinion, and historical records, are selected and evaluated by the user
together with provided or planned-for risk reduction measures. Life safety is
assessed independently from frre safety, using risk factors specific to each, but
accounting for their close interdependence . The adequacy of risk reduction
measures and the overall platform Safety Management System (SMS) can be
assessed by calculating the RIRA (Risk Reduction measures Assessment) and
SAMSA (SAfety Management System Assessment) indexes. These indexes
reflect provision of risk mitigating and safety management status of the
facility. They are combined with fire safety and life safety indices in order to
arrive at an overall topside risk assessment index.
The FLAIM assessment procedure is outlined in Figure C. IO. There are
eight separate risk assessment modules, each of which yield individual risk
indices used to calculate an overall Topsides risk index, drive FLAIM’s
algorithm. The titles of the modules are summarized in Table C.4
Table C.4 - FLAIM’s risk assessment modules

●

General Factors Assessment

●

Operations and Human Factors Assessment

(GEFA)
●

(OHFA)

Loss of Containment Assessment

●

Risk Reduction Measures Assessment

(LOCA)
●

●

Vulnerability

to Escalation

(RIRA)
Assessment

●

Life Safety Assessment

Layout and Conf iguration Assessment

“ Safety Management Systems Assessment

(LACA)

(SAMSA)
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Figure C.1O - FLA.IM assessment procedure and

Two of the FLAIM modules are of particular interest to this project. The
Operational / Human FActors Assessment (OFHA) module and the Safety
Management System Assessment (SAMSA) module. These modules attempt
to capture the essence of HOE as they tiect offshore platforms. These will be
defined in the next two sections.
Operational HumanFactimAssessment(OFHA)
Errors involving operational activities are considered to constitute the
single most important class of risk contributors leading to platform fires,
explosions, and loss of life. Many individual factors contribute to this problem
including fundamental deficiencies in organizational aspects of the
management structure. In OFHA, FLAIM seeks to identi~ those normally
encountered production activities which may involve either an inordinate
reliance/dependence on human judgment to avoid serious consequences
(direct-link couplings), or activities in which the risk of error is compounded
by the complexity or multiplicity of the tasks involved, e.g., multiple
simultaneous operations such as drilling, producing and maintenance
involving hot work or startup of equipment.
The OFHA risk assessment module contains approximately 167
questions covering five subcategories (Figure C.11):

●Maintenance and Repair Work (MARW),

●Multiple

Operations Assessment (MULOPS),
QOperational Management Of Change (MOCOPS),
●Assessment Of Operator Dependence And Response (OPSDAR), and
● Operational History (OPHIST).

P

Operational & Hunmn
Faotors A~ssment
(OHFA) Risk thiuk

1
Malntenanoe and
Repslr Work
(MARW)

1

I

I
Operational Management
of Change
(OPSMOC)

m

I
Operator Dependence
and Response

Figure C.11 - Components
of the operational human factors assessment —
OFHA
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MA.RW addresses operational risks during times when maintenance
and repair activities are taking place on the platform -- a time when many
accidents happen. These activities include:
● major renovations/additions,
t turnarounds
● routine maintenance/repair
work involving equipment entry, linebreaking, and hotwork
●pipeline pigging/scrapper work
● downhole wireline work such as removing and testing storm chokes
● workover operations
● specialty work, such as pipeline riser retrofits/additions,
control
system modifications necessitating temporary bypass of safety shutdown functions, fire protection system work causing temporary
impairment of the protection systems

Often times MARW activities involve “line-entry” or “vessel-entry”
procedures whereby the risk of an 10SSof containment event is increased.
Normal process control elements, pressure relief valves, emergency shut
down valves, and other control and safety provisions may be placed in a bypass
mode or be removed from the system, thereby increasing the potential
vulnerability to an initiating event. Hot work involving welding, cutting,
grinding, etc. is also commonly included, resulting in increased ignition risk.
During MARW, reliance on human intervention and judgment is
greatly increased over that required for normal operations -- both from a
preventative and a response standpoint. More things can go wrong, and there
is a greater dependency on worker judgment to make the correct decisions.
However, there is also a greater risk of error during such activities, especially
so when non-routine operations are involved, job complexities are increased,
and work crews may be diverse and unfamiliar with the facilities or
inadequately trained in the particular operations taking place.
The criticality of any particular MARW activity has been distinguished
into four major categories:
c process critical,
“ process non-critical,
● non-process
critical, and
● non-process
non-critical.
Process critical operations are considered to be those activities that
involve vessel and/or line entry into hydrocarbon handling systems and
equipment, e.g., operations posing an immediate risk of Loss Of Containment
(LOC). This includes all topsides process systems in which crude oil, natural
gas, natural gas liquids (condensate) liquefied petroleum gases, and imported
flammable liquids (methanol, glycol, aviation gasoline, etc.) are either
processed, treated or otherwise handled/stored.
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Process non-critical operations are considered in FLAIM to involve
equipment and systems that handle non-volatile, combustible liquids (flash
points above 140”F) at or near atmospheric pressure, such as fuel oil, diesel
fuel, and lubricants.
Non-process critical operations are those activities that impact a
platform’s ability to respond to an LOC event, including fire and explosion, or
that increases the risk of ignition should an LOC event occur. Any hot work
activity not involving process critical activities would fall into this catego~. In
addition, work that would require deactivation of any safety system, such as a
fire or gas detection (as maybe necessary during hot work), a fire pump, or a
deluge system, is included herein.
Non-process non-critical work are considered in FLAIM to include those
routine maintenance and repair activities, e.g., chipping and painting, that do
not directly increase LOC risk, but by their very presence onboard, may add to
platform supervisory and manpower demands, thereby contributing to overall
increase in platform risk during simultaneous operations.
In OFHA, FLAIM recognizes that platform operational risk levels are
time dependent, varying in both the long term, e.g., emerging safety
deterioration trends, and in accordance with the nature of daily operations.
MULOPS assesses the frequency and nature of those simultaneous activities
that produce short periods of high operational risk.
—

Simultaneous operations are, in general, significant risk contributors
depending on the nature and number of simultaneous operations occurring;
this is especially true whenever downhole work is in progress on live (capable
of flowing) wells. Large platforms may have several contractor crews engaged
in different constructiordmaintenance activities at the same time, and while
normal production and drilling activities are also taking place.
MULOPS seeks to evaluate the relative risk of simultaneous multiple
operations by establishing their nature, relative proximity to each other, and
the frequency of their occurrence. Simultaneous operations during production
may include drilling, workovers, wireline operations, refueling of onboard fuel
supplies, o~onloading bulk supplies, pig launching and receiving, and
various construction and maintenance activities, such as installation of riser
safety valves.
The extent to which operational safety and the control of emergeng
situations depends upon operator response is an important risk consideration.
Platform process systems designed with protective systems that automatically
sense and initiate corrective actions to developing emergency situations are apt
to be less vulnerable to errors in human judgment or lack of prompt operator
response. OPSDAR seeks to evaluate the extent to which the platform design
and operational scheme places reliance on operator response and judgment in
order to safely shutdown topside systems and respond to LOC events.
‘L.- .,,,
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Cognitive and sensory limits of operator response becomes increasing
important in accident causation as the demands placed on operators increase.
This problem is much the same faced by military fighter pilots who, compared
with their immediate predecessors, have both a much greater array of sensory
itiormation to deal with as well as a much short time in which to arrive at
correct decisions (due to higher flying velocities). The 1979 Three Mile Island
nuclear plant accident was largely a result of a failure to properly sort out and
recognize critically important information during the developing crisis
scenario.
OPSDAR uses a what-if scenario based approach to determine if
emergency response plans are inadvertently placing too much reliance on
operators performing critically important tasks or otherwise (overburdening)
platform personnel to ensure safety. For example, OPSDAR asks if platform
blowdown system valves are automated or if operators must manually open
them to depressure system piping; are platform deluge systems automatically
actuated or must operators manually open local control valves; are deluge
systems provided or are operators expected to fight fires manually with handhose lines, etc.
FLAIM includes a component intended to identi~ endemic operational
problems as maybe evidenced by reoccurring accident events. OPHIST
addresses the operational history of the platform and seeks to determine if
certain types of operational related events are more prone to occur. This
information is intended to distinguish between appropriate changes that may
need to occur and those that may have already been implemented to rectify the
root cause of such events.
Safety ManagementSystemAssessment@NISA)
The SAMSA module contains those factors identied as being most
prevalent in failures of the Safety Management System. SAMSA seeks to
assess the adequacy of management’s ability to identifj and respond to rootcause errors stemming from human and organizational factors. Thirteen
error classifications have been identified in the HOE taxonomy developed by
Moore and Bea [1993]. These classifwations have been subdivided into four
general categories, all of which are subject to external environmental
influences.
In FLAIM’s SAMSA risk module, factors identified in the HOE
taxonomy are accounted in the four subcategories:
1)
2)
3)
4)

Management Systems (MASA),
Fire (Emergency) Preparedness (FIPA),
Safety Training (SATA), and
Management of Change Management Program (MOCMAP).
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The components of the SAMSA risk evaluation module are illustrated in
Figure C.12.

Safety Management
System Assessment
(SAMSA)

I

I

I

I

Figure C.12 - Safety Management System assessment module components

MASA is further subdivided into four separate risk assessment sections:
1)
2)
3)
4)

Management Systems Safety Culture Assessment (SCULA),
Organizational Responsibility & Resources (OR&R),
Company Policies and Procedures (POLPRO), and
Accountability & Auditing (ACAU).

Each of these components of SAMSA are considered to be interdependent
and essential to achieving fire and life safety operating goals.
The four MASA components component of SAMSA form a synergism
that are, in fact, a compilation of the (fourteen) essential elements of Total
Quality Management (TQM) as expounded by Deming. These elements are the
sole responsibility of top management and can only be carried out by top
management; they serve as direct indicators of management’s awareness of
and commitment to continued safe operations.
The most essential element stressed by Deming in his fourteen point
approach to TQM is his last program element -- creating a structure and
environment in top management that is conducive to continually cultivating
and building upon on the other thirteen points, e.g., develop a “corporate
culture” of quality that permeates down and throughout the entire
organization. Deming believed in the need to develop a “constancy of purpose
towards improvement” in which management’s philosophy embraces bold
(new) concepts aimed at empowering the worker, creating organizational
incentives encouraging and rewarding self-improvement, eliminating worker
fear (to do the right thing) and removing barriers to improving quality and
safety, e.g., imposed production quotas.
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The SCUM section of MASA, together with OR&R and the other
Management System components, identi~ and assess key indicators of
management’s awareness and commitment to these ideals.
Organization Wsponsibility and Resources (OR&R) seeks to identify
weak safety culture environments by asking questions about: the company’s
safety and loss prevention stsdf relevant to the number of platforms
beiinstructions on how to achieve those goals, the course of platform safety
goes uncharted. Company Policies and Procedures (POLPRO) asks if the
platform operator has a written policy establishing definitive safety objectives,
goals, practices and the means to monitor, measure, and improve meeting
safety targets.

The POLPRO element of MASA accounts for the status of written, up-todate operating instructions for all topside systems and process components,
including startup procedures, normal and temporary operations, emergency
operations including emergency shutdowns (for each level of shutdown), and
black-start restarts from complete shutdowns of all platform operations and
power sources. Individual startup/shutdown and operating instructions for
pumps, compressors, fired heaters, should be explicit to the machine in its
“as-built” (as-installed) condition.
A written Safe Work Practices (SW?) Manual should cover many
routine tasks including line and vessel opening/entry operations, lockout and
tagout procedures, confined space entry, hot work and cutting operations,
inerting and purging practices, heavy lifts and crane operations, sampling
and sample comections, opening of drains and vents, use of personal
protective clothing and gear, etc. The Permit to Work procedure should be
clearly explained both in concept and in explicit requirements. In addition,
accident investigation instructions and forms may be included in the SWP
manual or provided as a separate document in the emergen~ response plan.
These issues are addressed by the POLPRO component of MASA.
Emergency Response Plans are also another important element
included in POLPRO. Most platforms will already have written plans for oil
spills and for emergency evacuation as required by MMS and the USCG.
POLPRO seeks to assess the adequacy of these procedures and asks about the
frequency of emergency response drills and the provision of improving written
plans based on feedback from lessons learned in rehearsals.
Successful implementation of the platform’s safety management
program depends to a large extent on the means used to measure progress in
meeting safety goals and to effect improvements in program execution.
Accountability is required to effect change and realize improvements. The
ACAU element of MASA seeks to determine if the safety program is being
effectively carried forward with the requisite level of management support and
accountability necessary for meaningful implementation. This includes
auditing of the safety assurance and written reports to management.
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An important risk indicator in MASA is an operating company’s
“lessons-learned” program. ACAU asks the operator about the disposition of
information collected in near-miss and accident reports. A pro-active
approach taken in analyzing and learning from operational experiences, and
then following through by communicating this information and revising
company practices accordingly, is one indicator of a strong safety culture.
Conversely, compliance with accidents report requirements as mandated by
MMS OCS Orders and committing the information to a file cabinet without
further thought is clear evidence of a “compliance mentality” as described by
the CAI.
The FIPA component of the SAMSA risk assessment module seeks to
measure a operating crew’s preparedness and ability to effectively deal with
developing emergency situations. FIPA does not address hardware aspects of
preparedness; these are accounted for in RIRA, FIPA is the complementary
component to RIRA and evaluates the human and organizational factors
deemed critical to controlling a developing fire scenario.
The extent of human intervention necessary to successfully control a
developing situation depends to a large extent on the platform design, its
susceptibility to loss of containment events, provisions for automatic detection,
control, and shutdown, and the platform’s inherent vulnerability, or
conversely, its robustness to resist thermal impact. There are two terms in
“the equation” for assessing fire preparedness, each containing several
variables.
The fist term evaluates management’s understanding of exactly what
role the crew is expected to play in any given emergency situation. The
assessment seeks to address issues of response expectancy with a view to
determining whether or not an unrealistic reliance and dependency has
developed on a crew’s ability to respond.
For example, identification of critical manual tasks necessary for
successfd fuel-source isolation in a LOC event, when compared to concurrent
demands for fire-fighting, communications, and general platform shutdown,
may show an inordinate dependence on human response in some scenarios.
Quite often, emergency demands placed on crew members tend to evolve and
change in response to platform modifications and expansions. The
cumulative effect may exceed reasonable response expectancies, but go
unrecognized for lack of an emergency operability study.
The second term in the fire preparedness equation addresses the crew’s
preparedness and capability to carry out those essential demands placed on it
under various emergency scenarios, assuming the demands are reasonable as
evaluated above. This requires and assessment of the crew’s knowledge and
understanding of what is expected for a given situation, their ability and
willingness to effect their duties, and the capability to demonstrate this
through hands-on hypothetical training exercises for emergency situations.
1,!,!,l.. ”).+,,
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The Safety Training Assessment (SATA) component of the SAMSA risk
module is intended to evaluate the overall level of formal personnel training
and operator qualifications. Recognizing that human and operational error is
the primary cause of offshore accidents, the adequacy of training at all levels
throughout the organization is assessed -- both from an operational standpoint
and from a risk aversiordcultural standpoint.
In the Management of Change Management Program (MOCMAP)
section of the SAMSA risk module, FIXM asks if the prerequisite elements of
a MOC management program, as identified by accepted codes of practice for
the operations of offshore platforms are established and implemented in
written procedures. This should include the requirement for a hazards
analysis of the safety, health and environmental implications of the proposed
change, including its direct local impact and global ramifications to the overall
risk level of the platform Such an evaluation maybe performed by using
FLAIMs methodology to assess these impacts.

The I?IAIM Algorithm
FLAIM’s input data is requested in one of three primary forms: (1)
binary, (2) qualitative letter grades, and (3) numerical values. The following is
an explanation of these input values.
Binary InputData. Thebinaqy value system (~j) is presented by
answering ‘Yes” or “No” (or “Good’ or “Bad” ) to the presented questions.
The input value returns a value of O or 1 dependent upon the assignment of
the value to the answer (Eqn. 1). Any question that is to be answered “Yes” or
“No” in the FLAIM spreadsheet program is followed by - “(Y/N).”
Oif “Yes”
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(C.13)

for question i, assessment j.

Letter Grades. The grade point structure follows along the line of the
grade point structures used in academia. The grade points range from “A’
to “F” and are assigned numbers based upon the same 4.0 point grading
system used in many academic grading schemes. The algorithm
automatically assigns a numeric value to the grade point input provided by
the user in the spreadsheet (Table C.5). Questions that directly use the grade
point scheme in the spreadsheet are provided with a short description of
what constitutes the selection of that grade. The grades are represented by O
<~ij~ 4 (risk assessment i, question j).
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Table C.5 - Grade point scheme for platform risk factors and corresponding
numeric values

A - “Excellent” condition of the risk contributing factor upon the platform fire
and/or life safety (4.0)
B - “Good” condition of the risk contributing factor upon platform&e
ardor life safety (3.0)
C - “Fair” condition of the risk contributing factor upon platform fire
and/or life safety (2.0)
D - “Poor” condition of the risk contributing factor upon platform fire
and/or life safety (1.0)
F - “Bad condition of the risk contributing factor upon platform fire
and/or life safety (0.0)

Numerical Values. Quantitative values (such as barrels of oil per day
(BPD), millions of standard cubic feet of gas produced per day (mmscfd), size
of operating crew, etc.) are numeric value inputs. The units prescribed for
each input value is provided at the end of each question. This information is
used in the assessment of the relative overall consequence level of the
platform, as well as for evaluations of specific risk contributing factors.

Weighting Structure. To maintain consistency with the grade point
scheme, all default input values are considered to range between 5.0 and 1.0.
This is equivalent to the concept of the number of “units” that an academic
course is worth. The greater the unit value, the greater the relative
importance of that factor to the grading scheme.
The weighting structure of FLAIM’s algorithm has two types of value
inputs (~) (risk assessment i, question j): (1) direct input value assessment
of weighing values, and (2) indirect input value assessment, e.g., values
generated as part of the algorithm. Direct inputs are provided by the user’s
assessment of the relative importance of that particular factor to fire and life
safety on any given platform.
Indirect value assessments can be made through summi ng the binary
which are made up of sets of sub-questions. There can be
input values
between 2 and 23 sub-questions dependent upon the importance of the factor
in question to fire and/or life safety.
(&jk)

Indirect value assessments are also functions of the numeric input
values. These values are used to weigh the relative importance of fire and
life safety risk. For example, if there is a small crew contingent aboard the
platform, there is a smaller overall risk of injury or loss of life to personnel
than if there was a large operating crew. Or, for example, production rates
(high Or low) may have a great impact upon the loss of containment risk.
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Value Structure. The primary algorithm structure is in the form
shown in Equation C.14. This general algorithm structure is similar to that
of the academic grading scheme shown in Equation C. 13. The grade point
average (GPA) is determined by summing the product of the grades and
credits for each course (total of p courses) and dividing by the total number of
credits. This value is the GPA.

llj=

‘~

(C.14)

z
i

0)..
lJ

Numeric Value Range Assignments. The numeric value assignments
have a pre-defined “value range” that determine the grading structure.
Single-question numeric value assignments have direct value assignments.
Multiple-question numeric value assignment questions use an averaging of
values obtained from each sub-question. As already explained the user is
asked to determine the range values that determine the grading structure
based on the particular platfomn design and operation circumstances under
scrutiny; FLAIM has been intentionally designed to allow either the user, or
the consensus of a user’s group, to “calibrate” the risk assessment process.
Binary Value Assignments. The binary input value assignments are
given dependent upon whether the question has a positive or negative impact
upon fire and life safety values. Multiple-binary value assignments are
averaged over the sub-questions to provide an overall grade for that particular
question.
Grade Value Assignments. Single grade value assignments are based
directly upon the A-F structure described in Table C.5. The multiple subquestion value assignments use the A-F grading scheme. Similar to the
numerical and binary multiple sub-question value assignments a mean
grade value is used by averaging the grade over the number of sub-questions.
QuestionWeightingAssignments. In accordance with Table C.6 default
values are assigned to the weight of each question dependent upon the level of
the assessment. Certain FIAIM questions have already been pre-determined
as suggested red-flag or “red-level” questions. These questions have been
deemed to be particularly important to the safe operations of any offshore
platform. Weighted value assignments for these factors are assigned by the
user; those questions identified of particular importance may be assigned
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,.,/..,.,
-%
‘‘.
/

298

,,,+..~”
.,r.
,.
,$-’

>#t,“ I,,’,::fi .
>,
“%,,,-..<”
“$$’‘ “’’”“’‘‘“

weighting values greater than those assigned at the Tiers 1-3 levels. However,
FLAIM also allows the user to reassign the suggested default value of any
selected question. If the assigned value exceeds the Tier 1 level value of 5,
FLAIM automatically designates the question to a “red-level” status.
Factors from Tier 1 (initial screening) assessments are assigned the
highest weighted values since they account for the most important
contributing fire and life safety factors specific to the platform being assessed.1
More detailed Tier 2 and Tier 3 questions are weighted correspondingly lower
to reflect their relative importance to overall fire and life safety.

?able C.6 - Value Weighting Assignments According To Relative Importance
Relative Importanceof
&sessmentto Fireor Life
Safety

AwessmentLevel
Assignment

Red-Level
High
Moderate
Low

Initial
Tier 1
Tier 2
Tier 3

* Values in parentheses

Default*
WeightingValue
~si~ment Assigned by users
5 (54)
3 (3-2)
1 (2-1)
~j

are value assignment ranges for each assessment level.

Though default values are assigned, FLAIM allows users to modifi the
value to reflect their preferences and experiences. Should a Tier 2 or Tier 3
factor be assigned a higher weight value comparable to that at a level higher
than originally assigned, the user may reevaluate whether that contributing
factor should be reassigned to a higher Tier level. At the user’s discretion,
these values may be changed to account for the relative importance of the
question as determined by a consensus of the user group performing the
analysis.

IndividualFLMNlAssessmentGrades. Equation C.16 is used to
determine the GPA for any assessment j (qj). As shown in Equation C.18, the
grade value is assigned according to the question type. Each question is
weighted according ta its Tier level assignment except for the critical level
where the weighted value is assigned by the users (qj).

1 The basic difference between red-level end Tier 1 auestions is that the former are considered
to be questions which are generally important to the”operations of w offshore structures,
whereas Tier 1 level questions maybe_
to the platform being analyzed
3x%: pre-defined range value for questioni, assessmentj, and range value t
4ytij

pre-defined range value for question i, assessment j, sub-question k and range-value t
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ij

if question i, assessmentj is single question numeric

~ij if questioni, assessment
j is sub- questionnumeric
~ij

=

~..

if question i, assessment j is single question binary

~“

if question i, assessment j is sub-question

II

ij
e ii

7;

Ovemll

(C.17)

if question i, assessment j is single question grade value
if question i, assessmentj is sub - question grade value

OJti
=

F’IAIIWs

binary

I

“Red- Level”

T@

if

5

~ Tier 1

3

~ Tier 2

1

~ Tier 3

(C.18)

Fire andI&e Safety Index

To determine the platform’s overall Fire and Life Safety Index a
weighted sum of all risk assessment modules is made to determine the index
value. Equation C. 19 is the weighted assessment used to calculate the overall
Fire and Life Safety Index. The weighted assessment procedures allows the
user to take into account the overall relative importance on any single risk
assessment module relative to each other, e.g., how GEFA, LOCA, VESA,
LACA, OHFA, RIRA, LISA and SAMSA should be considered on a
comparative basis.
GPAov.~= OverallFire andsafetyIndex= ~ Oj ~j

(C.19)

j=l

where
5
z
j=l

0. ,=1.
J

FLAIM calculates the overall Fire and Life Safety Index using
equal weighting among all risk assessment modules as a default condition.
This is in recognition of the need to assess each module’s relative weighting
value based on the particular platform under consideration; not because of any
.ke-
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implied level of equivalency. For example, on newer platforms the risk of LOC
events due to mechanical failure maybe judged to be relatively low, while the
likelihood of a human error caused accident maybe high due to simultaneous
drilling, production, and construction activities. In this regard, it is
important for the user to establish a uniform application of weighting values
among groups of similar platforms in order to derive meaningful results from
this procedure.
Status
User interactive, windows oriented, spreadsheet based software has
been developed to facilitate performing FLAME evaluations and risk index
calculations. Extensive documentation including an example application has
been developed to guide evaluations of fire and explosion hazards on offshore
platforms [Gale, Bea, Williamson, 1993].
A field testing and development project has been proposed (1994). The
objectives of this project are to further verify the FLAIM algorithms, to
demonstrate its application to assessment of a variety of offshore platform
operations, and provide initial calibration of its quantitative results.
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EXAMPLE: PRA OF HOE IN DESIGN
OF AN OFFSHORE PIATFORM
Introduction
This example was developed during the
research project performed and reported by Pat&
Cornell and Bea [1988, 1992]. The example
addresses HOE in design of the structure for a
conventional, steel, template-type, pile supported
offshore platform (Figure D. I). It primarily
addresses the organizational influences on the
human related aspects of the reliability of the
platform structural system. Design,
construction, and operation life-cycle phases of
the platform are evaluated with an emphasis on
the design phase. The effects of checking in the
design process are illustrated together with the
effects of improvements in the QA / QC
processes.
Three functions have to be performed by
the platform structure: the anchoring provided
by the foundation, the support from the jacket,
and the drilling and production activities
conducted on deck(s). The potential initiating
failures are: failure of the foundation (0), failure
of the jacket (A), and failure of the deck (E)
(Figure D.1)
External loads such as waves are applied
to the whole structure. Note that an initiating
I
1
I
❑
failure means that one of the subsystems fds
before the others under external loads of given
type and magnitude. The fact that the foundation Figure D.1 - Analysis of
failure constitutes an initiating failure under a
components, functions and
particular level of wave load means that the
external events for an
capacity of the foundation is lower than this level offshore platform
of wave load, and that the capacities of the jacket
WAVSS,
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and the deck exceed that of the foundation. Therefore, initiating failures are
mutually exclusive events.
Let w be a particular level of wave loads and p(. Iw) the ftilure
probability of a given system conditional on w. The ftilure probability of the
platform is therefore:
P(FIw)=

P(OIW)+ P(AIW)+P(EIW)

(D.1)

The annual probability of failure of the structure subjected to these loads
can be computed as the result of the hazard analysis (e.g., probability density
function for the annual maximum wave height M(w)), and the fragility
analysis above that reflects the capacities of the different subsystems to
withstand these loads and is described by the probability of failure conditional
on a given wave height (p(F Iw)).
The overall failure probability can be written:
P(F)=~ %(W)

(D.2)

X I)(F IW) dw

Typical results of a PRA for a whole structure can be, for example: p(F)
= 10-s/yr. Explosions, blowouts, and fires cause approximately 80% of all
failures. Within this class of external events, typical results show that the
deck may fail first in two thirds of the cases, while, for the remaining third,
the foundation and the jacket are equally likely to fail first. The rest of the
failure probability is mainly due to excessive wave loads and can be allocated
among failures of the jacket (=15%), failures of the foundation (=10%), and
failures of the deck (=5%).
Typical final results for annual failure probabilities based on a total
failure probability p(F) = 2 x 10-s areas follows:
p(Deck)
p(Jacket)
p(Foundation)

=@
=6x10A
=4 X1O-4

The approach in this PRA evaluation of HOE in design of the platform
structure is to compute a probability distribution for the structure system
capacity based on an analysis of the occurrence, detection, and correction of
HOE. The structure of the aggregation model is based on an ETA including
the probability and the nature of errors in WTerent subsystems, the reliability
of the review process as a sequence of error signals that can be observed or
missed, and the effectiveness of corrective actions.
This analysis yields a probability distribution for the capacity of the
structure to withstand loads given its final state. PRA then allows
computation of the probability of failure for each scenario of capacity and loads,

304

Aual@.s

of PlatformDesign

The first step is the identification of an exhaustive set of possible errors
in the design, or the construction, or the operation of a platform and the
assessment of the probability of each particular type of error. The second step
is the computation of the failure probability of a particular member or
subsystem given the occurrence of each type of error. This characteristic
determines the level of error severity. The third step is the integration of this
new failure probability (example, a particular member of the jacket) in the
general PRA model in order to compute the effect of the design error on the
overall reliability of the platform.
In this example the errors are combined into classes of severity. Their
probability of occurrence and the probability of failure of the platform
conditional on different combinations of errors are obtained, in this section,
through encoding of expert opinion on the basis of several data sets. These
data sets provide statistics about failure types and failure causes. Expert
opinion is used to relate the error types (as defined in the taxonomy presented
above) to the failure of the different subsystems and, therefore, of the whole
platform.

In this example, the classification of HOE is divided into two basic
categories of errors: gross errors and errors of judgement (Figure D.2).

(ORGANIZATIOML

ERRORS)

>-{/F&,ND,,,:~’o
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JUDGMENT

SLIP

INFORM.
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GENUINE
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RECKLESS MISUSE
BEHAVIOR OF INFO
WRONG
LEARNING

REFUSAL
OF INFO

JUDGMENT

MISUSE

OF GOALS

VIOLATION
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BAD
GOALS

WRONG’RIS
ATTITUDE

MISUND.
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Figure D.2 - Classification of HOE used in PRA
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Gross errors are defined as those that develop uncontroversial problems
that come from a temporary or permanent lack of knowledge and
understanding of a situation, or inability to respond under specific
circumstances. A distinction is made among communication problems
(either of goals or of information), cognitive problems, and problems due to
human limitations.
Gross errors (as well as errors of judgment) can also be caused by
human physical and psychological limitations. These errors may look like
accidental slips or even “reckless behavior”. The basic cause can be a
combination of severe circumstances and/or physiological limitations and
incapacity to deal with an unusual environment.
Errors of judgment are those that are open to interpretation, for two
categories of reason: uncertainty about facts, and diversity of preferences in
the face of uncertainty. Contrary to gross errors, they cannot be easily defied
by a violation of a deterministic truth. Assessment of a probability or a
probability distribution to describe, for example, uncertainties due to a lack of
fundamental knowledge about a phenomenon generally requires a subjective
input to interpret the evidence. As for risk attitudes and preferences in the
face of trade-offs, they obviously vary among individuals and there is in
principle nothing right or wrong about a particular risk attitude.
Bad judgment can occur in several ditierent ways. First, the humans
and organizations may simply violate the laws or the traditions of the
profession or of society at large when making its safety decisions.
Second, the humans and organizations may be inconsistent in its risk
attitudes across a spectrum of decisions under uncertainties involving
comparable risks in different parts of the organization, for example, financial
risks involved in technical failures versus economic risks due to market
fluctuations.
Third, the humans and organizations may refuse to consider relevant
available ifiormation and misestimate the risks which may result in a
decision that appears risk prone. This may occur due to information problems
such as inability of communicating incomplete information and resulting
uncertainties; or it may be due to a “group think” phenomenon where the
members of the group converge in their opinions because they simply neglect
dissonant information.
Errors of judgment can thus be analyzed as a problem of divergence between the organization and the individual regarding
(1) the interpretation of data (thus their assessments of risks and
uncertainties), and
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(2) preferences and risk attitudes that result from the inherent

behavioral tendency of the individual and the organization’s reward
system.
In the analysis of errors of judgment, two categories are defined (Figure
D.2): bad judgment at the individual level (either in interpretation of information or in preferences), and good individual judgment (given the constraints imposed on the employee and his own risk attitude) leading to individual decisions that go against the interest and preferences of the organization and thus appears as bad judgment at the corporate level. The first
category (bad judgment at the individual level) is divided further among.
reckless behavior, wrong learning mechanisms, refusal to believe or to use
available information about uncertain quantities, and rnisunderstanding of
goals or violation of the organization’s rules.
Errors of judgment (as well as gross errors) occur at different rates in
the different subsystems --according, for instance to the uncertainties involved.
The probabilities of detection of these errors vary with their nature and their
severity. In addition, their effect on the probability of system failure also
depends on their nature and their severity.
The relevant parameters for the analysis of the platform structure
system failures are thus the following
a) The global base rate of errors.
b) The probability that an error occurs in a specific subsystem
conditional on its occurrence in the system as a whole. It is assumed
here that, as a first approximation, the probability that errors occur in
more than one subsystem is negligible compared to the probability of
occurrence in only one of them.

c) The probability of different types of errors in each of the subsystems
conditional on error occurren~e in that subsystem. The analysis of
error types is reduced here for simplicity to gross errors (GE) and
errors of judgment (EJ). This distinction is important because
reduction of their probabilities of occurrence relies on different types of
management improvement measures.
d) The probability of different levels of error severity. For simplicity, only
two levels of severity are considered here: high severity (HS) less
frequent but more easily detectable, and low severity (LS) more
frequent but more likely to pass undetected through the filters of the
review process. When undetected or uncorrected, high-severity errors
are more likely to lead to system failure than low-severity errors.
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HS:O.2 ;LS:O.8

EJ
0.5

GE

EJ

0.2

0.8

(assumed constant for all types)

Figure D.3 - Error analysis for design of a jacket-type
offshore platform
Figure D.3 shows a set of illustrative values for a jacket-type offshore
platform (Figure D. I). The overall base rate of design errors for all jacket-type
structures is estimated at 20%. These errors are further allocated among the
different subsystems. Errors across subsystems may well occur. This can be
the case, for example, if the design relies on a bad theory of the waves and their
annual probabilities, therefore affecting the design of all subsystems.
The simple allocation used here relies on a “dominant error” concept,
i,e., that which is most likely to cause an initiating failure. Errors associated
to the interface between the deck and the jacket have been attributed hereto the
jacket. For example, the deck may be too low causing the jacket’s joints to be
subjected to severe wave loads.
Note that the conditional probability of gross error for the foundation is
0.2, that the probability of error of judgment is 0.8 and that these probabilities
are reversed for the deck. This assessment is based on the knowledge that
there are more uncertainties and more subjectivity in the design of the foundation than in the design of the deck. The design of foundations that are located
in variable and inhomogeneous soils is more likely to rely on “judgement”
than the design of the deck.
As an illustration, the conditional probability of high-severity vs lowseverity error was chosen to be 0.2 (VS0.8) across the different types of errors
and the different subsystems.
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Checking

The design review process developed in thies example is sequential. The
first review is performed by the lead engineer, typically competent and
knowledgeable, but not necessarily someone who has had a long experience in
the field. He is thus more likely to detect gross errors than errors of judgment.
Also, high-severity errors are more visible than low-severity ones and are
therefore more likely to be detected at all stages of the review. If he detects an
error (Signal 1), it is assumed that the correction process will take place with a
rate of success that depends on the nature of the erro~ a gross error is more
likely to be corrected than an error of judgment that the author of the error
may seek to defend even if it is detected.
The second review level is performed by the engineering manager,
generally a person of experience who may not check the detail of all
computations but will detect errors of judgment more easily than the lead
engineer (Signal 2). Finally, the constructor may detect an error when
actually doing the work on the field (Signal 3). At this late stage and given the
constmctir’s experience, it will be easier to detect gross errors than errors of
judgment about which he may have little to say.
It is assumed that the review process is the same for the different
subsystems (foundation, deck, and jacket) although the details of the procedure
obviously Vary.
Figure D.4 shows a schematic representation of the probabilistic
analysis of the review process with illustrative numbers corresponding to the
case of gross errors of high severity in the design of the foundation. The
foundation can start with a gross error (GE), an error of judgment (EJ), or no
initial error (NIE). Errors of high or low severity can be detected or missed by
the successive reviewers. It is assumed that following corrective action (CA),
the system is returned to the capacity of the structure had no error occurred in
the first place.
Table D.1 presents illustrative numbers for the probability of detection
and correction of design errors assuming for simplicity that the review process
and the probabilities of signal observation are the same for the different
subsystems.
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TYPE OF
ERROR

SEVERITY

LEAD
ENG.

ENG. CONSTR. C.A.
MAN.
Y.9

GE

.UL

G

.-l

a

LS

NIE

.9

Hb .2

.08

LS .8

EJ

Y.9

\

S3 .7 r

.33
.2

\

NS3

N1

.3
Figure D.4 - Probability of detection of errors in the design
of foundations (illustrative valuesfor Gross Errors, GE, f
High Severity, HS)

Table D.1 - Probability of detection and correction of design errors
by the different levels of retiew
Engineering
Manager

Constructor

Engineer

Corrective
Action

GE, HS

0.45

0.80

0.70

0.90

GE, LS

0.20

0.65

0.40

0.60

EJ, HS

0.20

0.50

0.10

0.60

EJ, LS

0.05

0.30

0.01

0.20

,Type

of Error

*Probabilityy that successful correction occurs given that an error has been
detected at one of the review levels.
GE: Gross Error; EJ: Error of Judgemen~
HS: High Severity; LS Low Severity
In this model, the probability that corrective action actually occurs
conditional on error detection does not depend on who discovered the error but
on its nature and degree of severity. The probability of successful corrective
action conditional on an error of judgment of low severity has been assumed to
be low because it is more difficult in this case to argue in favor of slowing down
for correction. If a corrective action is successful, it is assumed that the
system is back to a no-error state. If it is not successful, it is assumed that the
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status quo prevails and that the system is neither stronger nor weaker than if
the error had not been observed at all.
At the beginning of the review process, the system can be in three
different states: no initial error (NIE), low-severity initial error (LIE), or highseverity initial error (HIE). At the end of the process, there maybe no final design error (NDE) (either because there was no error in the first place, or because initial errors were detected and corrected), undetected design error of
high severity (HDE), or undetected design error of low severity (LDE).
No distinction is made here among errors of the same severity
regarding their nature (GE or EJ) because it is assumed that this
characteristic does not influence the probability of failure. The different levels
of errors in the final states are the result of the logical analysis of the sequence
of errors occurrence, detection, and correction.
The occurrences of NDE, LDE, and HDE can be written
NDE = NIE + EJ x observation x correction + GE x observation x
correction
(D.3)
LDE = GE x LIE x (no observation + observation x no correction) + EJ x
(D.4)
LIE x (no
obsemation + observation x no correction)
HDE = GE x HIE x (no observation + observation x no correction) + EJ x
HIE x (no
(D.5)
obsemation + observation x no correction)
Observation = S1 + (NS1 x S2) + (NS1 x NS2 x S3)

(D.6)

Given the data described above, this implies for the foundation the
following distribution for the final error states:
P(~E) = 0.92241
p(LDE) = 0.0676
p(HDE) = 0.0104
Note that, in relative terms, the review process increases little the
probability of no design error (from 0.9 to 0.922) but decreases considerably the
relative rate of high- severity errors (from 0.02 to 0.01).
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The effect of the error detection and correction process is a variation in
the capacity of the system to withstand loads such as waves.

Failureof theFoundation
Focusing for the moment on the possibility of ftilure of the foundation
(0), assume the following annual failure probabilities for each of the final system states:
P(O I NDE) = 3.5 X 10-5
I@ I ~E) = 3.5 X 10-4
P(O I HDE) = 3.5 X 10-2
Failure of the foundation given no final design error corresponds either
to errors in other project phases (construction or operations) or to inherent
randomness in the occurrence of the loads. The former is the most frequent
case as shown below. The latter represents the rare instances where the
external loads exceed the design level (and implicit safety margins) that had
been chosen in the first place.
Generally defining as S the level of error severity, fs(s) its probability
density function, and p(O I s) the conditional probability of failure of the foundation given an error level s, the probability of foundation failure can be
written:

P(O)=j fs(s)

(D.7)

X p(~ I S) ds

In the simple case of three error levels considered here, the probability of
foundation failure is:
(D.8)

p(o) = P(O, N’DE) + I@, LDE) i- I@, HDE)
P(O)= P(NDJ3 X I@ I NDE) + P(LDE) X I@
+ p(HDE) X p(o I HDE)

I LDE)

(D.9)

Given the probabilities of final error states computed above (e.g.,
undetected low-sevetity design error) and the failure probabilities in each case,
the annual probability of failure for the foundation is thus:

p(o) = P(O I N’DE) x P(~E)

+ P(O I LDE) x P(LDE)

+ p(o I HDE) X p(~E)

(D.1O)

Thus,

,..~

“

312
i.,,,,
,,

!..,,

,4/,/,

).,

Example:Analysisof PlatfomnDesign
P(O)= 0.9220 X3.5 X10-5 +0.0676

X3.5

X10-4

+().()1()4 x3.5 x10-2

and, I@)= 4.2 X 10-4,
Of this total foundation failure probability per year, 86% are attributable
to undetected design errors of high severity, 6% to undetected des~n errors of
low severity, and 8% to no design error situations. Although high-severity
errors are rare, the resulting probability of foundation failure is large, hence
their high contribution to the overall failure probability for the foundation.
As it will become clear in the second phase of the computations
(cumulation of errors), this is due to the fact that design errors were found to
be a major source of foundation failures, whereas construction errors are less
critical and operation errors are still less likely to affect the foundation.

Failureof theJacM
The only change in the data with respect to the previous computations
are assumed to be the overall probability of occurrence and the rates of gross
errors (50%) and errors of judgment (50%) given design error for the jacket.
Conditional observation of signals and effectiveness of corrective actions are
assumed to be the same.
,, -.

On the basis of these data, the probabilities of the different states of the
jacket at the end of the review process are the following:
P(NDE)= 0.9547
p(LDE) = 0.0401
p(HDE) = 0.0052

(from 0.93 initial no error rate)
(from 0.056)
(horn 0.014)

Again, in the case of the jacket, the design review process increases
little the probability of no design error and mainly reduces the probability of
high-severity errors. The probability of failure of the jacket conditional on
different structural states (due to the occurrence of design errors) can be the
result of a detailed PRA taking into account the specific types of errors and
their effect on the structure, as well as the loads’ distribution. Estimates of
these probabilities are the following
P(A I NDE) = 3 X 104
P(A I LDE) = 5 X 10-3
P(A I HIDE) = 2 X 10-2
The total annual probability of failure of the jacket is then
P(A) = P(A I ~E) x P(~E) + P(A I LDE) X p(LDE)
+ p(A I HDE) X p(HDE)

(D.11)

p(A)= (3x10A X 0.9547) -i-(5X 10-3X 4.106X 10-2)+(2X 10-2X 5.22X 10-3)
,,.,,,
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P(A)= 6.06 X 10~

Accounting for all possible states of the structure resulting from the
occurrence of errors, the probability of failure of the jacket itself is about 6 x 104, of which 47% can be attributable to situations in which there was no error in
the final design, 33% to undetected low-severity design errors, and 20% to
undetected high-severity design errors. The contribution of the no-designerror scenario to the overall probability of failure is much larger than for the
foundation because, as it is shown later in this paper, the jacket is also
vulnerable to construction errors and, to a smaller extent, to operations errors
which contribute a large part of the overall failure probability without
necessarily involving design errors.

Faihmeofthe13e&
In the case of failure of the deck component, the same method is applied.
The main changes are the base rate (3%) and the rate of gross errors (80%) as
opposed to errors of judgment (20%). Given the high rate of more easily
detectable gross errors in the design, the probability of undetected errors is
smaller than for the rest of the platform.
Given that only 3% of the platforms are assumed to experience any error
in the initial deck design, the probability distribution obtained through the
model for the different states of the deck after review of the design is the following:
p(NDE) = 0.9845
p@DE) = 0.0141
p(HDE) = 0.0014

(from 0.97 before the review process)
(from 0.024)
(born 0.006)

The probability of failure of the deck depends in large part on the occurrence of external events such as fires and blowouts that are not as dependent of
the deck design (in occurrence and consequences) as the effects of external
loads on other subsystems. It is thus less sensitive to errors in the structural
design than the jacket or the foundation that are subjected regularly to wave
loads. The annual probability of failure of the deck conditional on the different
states corresponding to the levels of severity of design errors are estimated to be
the following:

The overall annual probability of failure of the deck is thus:

P(E)= P(E

I NDE) x P(~E) + P(E I LDE) x P(LDE)
+ pm I HDE) X p(HDE)
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= (10-3x 0.9845)+(3x
10-3x 1.4 I.X1O”2)+ (lo-2 x 1.4XI0-3)
= 9.8X 10A+ 5.16X 10-s+ 2.24X 10-s
= 1.05x lo~

The probability of failure of the deck, which is about 10-s, is thus the
dominant element of the overall failure probability for the platform. The percentage of failures that occur without design errors (but maybe caused by
other types of errors and external events due to production activity on the deck)
represent 93% of the overall failure probability, low-severity and high-severity
errors in the final design account only respectively for 5% and 2% of the
probability of failure of the deck.
The results are presented in Table D.2. They show the contribution of
each of the subsystems to the overall failure probability, and also the
contribution of the types of error given their nature and their severity. Further
analysis of the different types of organizational errors can then be used to
compute the reduction in the global failure probability that can be expected
from the reduction of the rate of errors of different types.
Table D.2 - Annual probability of failure of an offshore platform for
contribution of gross errors and errors of judgement in the design phase
Foundations

DesignErr. ~

Himim
Gross

Er.

Er. of

Judg,

3.6 x 10-4
7.2X 1@5
2.9X 10-4

Whole slructure
Failure Prob. I Penxntage

Jacket

5 x 1CL5
5 x 10-5

10-4

10-5

X

4.8

X

10-6

1.9x 10-5

2 x 10-4

1.4 x 10-4

7%

3.4 x l@4

18%

X

10-6

5.2 x 10-5

I

10-4

4.2

10-4

10-5

X

10-5

2.9

II

X

10-4

YQt4fl

I

15%

1.5x 1(L4

8%

1.3x 10-4

7%

,

I

25%

1.sx 10-5
I

2.4

(30ss
Er.
Er. of Judg.

X

4.4

I

Low Sev=

4.8

2.2 x 10-5

10-4

1

3.2 X 10-5

2.9

X

10-4

9.8 x 10-4

I

1.3 x 10-3

I

4.1 x 10-4

6.1

X

10-4

10-3

I

2.2

I EJ:2S%

60%
GE:

x

10-3

15%

,.

~,

+4,,,
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Historical analysis of failures shows that failures often occur when
several errors contribute to weakening a platform. In cases where no design
error has occurred, errors in construction or operations phases can cause a
platform failure. The following analysis allows extension of the previous computations to include not only design errors but also construction and operations errors.
Note that the probabilities computed so far include implicitly the
possibility of additional errors in the estimate of p(F’) conditwnal on the
different levels of design error. In this section, the cumulation is considered
explicitly. The annual probabilities of construction and operation errors are
assumed to be the results of a process analysis similar to the one developed in
the previous sections for design errors. The results are the probabilities of errors of different severity levels in the different phases. It is assumed here that
design errors, construction errors, and operation errors are independent
among themselves and independent across subsystems.
For illustrative purposes, the distributions of undetectedhmcorrected
construction errors for each of the subsystems were assumed to be similar to
those of design errors.
Construction errors in the foundation:
●
●
●

No Error (NCE):
Low severity (LCE):
High severity (HCE):

PO(NCE)= 0.9220
Po(LCE) = 0.0676
po(HCE) = 0.0104

Construction errors in the jacketi
●
●
●

PA(NCE) = 0.9547
PA(LCE) = 0.0401
pA(HCE) = 0.0052

Construction errors in the deck:
●
●
●

PE(NCE) = 0.9845
PE(LCE) = 0.0141
PE(HCE) = 0.0014

The annual distribution for operations errors is assumed to be the same
for the three subsystems and was estimated as follows:
●
●
●

No error (NOE):
Low severity (LOE):
High Severity (HOE):

p(N~E) = 0.85
p(LOE) = 0.10
p(HOE) = 0.05
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E&cts of Error Culmination
The probabilities of failure of the different subsystems (foundation,
jacket, and deck) are entered in this model as conditional probabilities given
the possible combinations of errors of diHerent types (ex: construction) and different severity levels (ex: high severity). These probabilities of failure are
treated here as data based on expert opinions.
These failure probabilities for each scenario of error combination can
also be obtained as the results of detailed PRAs, in which the nature of the different types of errors are specified, and the couplings of their effects are explicitly considered in the computation of the failure probability.
The cm.ditional probabilities of failure for each subsystem X given a
particular level of design error (DE) is the sum for all severity levels of
construction errors (CE) and operations errors (OE) of the joint probability of
failure and errors divided by the probability of the design error after the review
and correction process has taken place, Because the occurrence of errors of
different types are assumed to be independent events, the joint probability of
errors is the product of their marginal probabilities.
P(X

I DE)= II(X,DE) / P(DE)
= [~

~P(x,
CE OE

(D.13)
(D.14)

DE, CE, OE)] /P(DE)

(D.15)

~ P(X I DE>CE, OE) P (DE, CE, OE)] /P(DE)
CE OE

= [~

=z

(D.16)

z [P(X I DE, CE, OE) II(CE)p(OE)]

CE OE

The assembly model (from initial errors to review, correction, and final
error levels in design, construction, and operations) is an ETA that is
described and processed here as an IDA. One IDA was developed for each of
the subsystems. Figure D.5 shows a global IDA for the foundation.
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Figure D.5 - IDA for the design, construction, and operation life-cycle phses of
the foundation
The severity that characterizes a cumulation of errors is taken as the
highest severity level in the error combination for instance, a situation such
as {no design error, high-severity construction error, no operation error} is
classified in the end as a high-severity error situation. The results of the
analysis include first a probability distribution for the failure/no failure situations allocated among the different levels of dominant errors (square box)
.“, .,
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and second, the joint distribution of failure states and error severities for each
phase of the platform lifetime (design, construction, and operation) shown on
the influence diagram in the oval double boxes.
Table D.3 summarizes the final results allocated among subsystems
(e.g. jacket) and severity of the dominant error in each combination (e.g., highseverity construction error in the scenario: LDE, HCE, NOE). Note that the
percentages shown in Table D.3 reflect the contribution of the dominant error
alone. Yet, low-severity errors can act as “catalysts” in such scenarios because they worsen the effect of a concurrent high-severity error. Their contribution to the overall failure probability (17%) is thus underestimated by this
method.

Table D.3 - Probability of failure of example platform with cumulation of errors
in design, construction, and operations
Subsystem
~

o

E

Fdn.

Jacket

Deck

Whole
Structure

Percent
of Total

Hs

3.9 x 10-4

4.1 x log

8.0 X 10~

1.6 X 103

79%

Is

1.7 x 10+

1.7 x lo~

1.7 x lo~

3.5 x lo~

17%

NE

7.2 X 10~

3.1 x lo~

4.1 x 10+

7.9 x 10+

4%

Total

4.1 x lo~

6.1 X 10~

1.0 x 10+

2.0 x

lo~

100%

HS: High Severity Errors; LS: Low Severity Errors; NE: No Errors
The annual probability of failure can no longer be attributed in a simple
manner among design, construction, or operations since all combinations ‘we
assumed possible and each type contributes to the overall failure probability.
In particular, errors of different types but of the same severity maybe
dominant in the same combination (e.g., high severity construction error and
high severity operations error). Note that the probability of failure and no error
has considerably decreased compared to the previous analysis of failures due
to design errors alone because it means, in this phase of the computations,
that no error occurred at all neither in design, nor construction, nor
operations (as opposed to no error in design alone).
The results also include the joint probability of failure for each of the
subsystems and a given level of error of each type (design, construction, operations) as well as the corresponding conditional probabilities of failure given a
particular level and type of error, For each type of error, these results show
the corresponding allocation of the subsystems’
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among the diiTerent levels of error severity for each error type. The spread of
the conditional distribution characterizes the sensitivity of the system to errors
of the corresponding type.
For the foundation, design errors are the most critical, and highseverity design errors clearly dominate the joint distribution. The conditional
distribution of failure given error severity shows a wide spread (three orders of
magnitude) and a large increase (two orders of magnitude) between effects of
low- and high-severity errors. Construction errors are less critical, with a
joint distribution (failure and errors’ severity) dominated by “failure and lowseverity errors”.
Note that this is one of the cases where low-severity errors become dominant because they are more frequent than the high- severity ones but decrease
the system’s capacity sufficiently ta make operations errors more dangerous
and external events (e.g., blowouts) more damaging. Finally, in general,
operations errors are not very critical: failure and no operations error
dominates the joint distribution (failure and severity of errors). Accordingly,
the conditional probability of failure given operations error levels is tight and
ranges over less than one order of magnitude.
For the jacket, design and construction errors are equally critical with
conditional distributions spread over two orders of magnitude between failure
given no error and failure given high-severity errors. Operations errors are
less critical although they tiect the jacket a little more than the foundation
(over one order of magnitude in the range of conditional failure probability).
For the deck, operations errors are the most critical, with failure given
no error on the order of 10-s and failure given high-severity errors on the order
of 10-2. In the joint distribution of failure and errors of different levels of
severity, the dominant term is due to high-severity errors (8x10-A) with a non
negligible contribution of failures and low- severity errors. Design and
construction are less critical but still affect the deck to the extent that they
amplify the effects of operations errors (e.g., poor design against fire) or that
they make the deck more susceptible to high levels of wave loads.
Note that the results are annual probabilities of failure. For operations
errors, it is assumed that the rates of errors and their effects on the platform
remain invariant. In design and construction, errors occur once and for all.
It is assumed here that the annual failure probability does not vary given the
occurrence of errors of different severity levels, In fact, this may not be the
case: if failure has not occurred at any given year, it maybe that the probability
that it occurs the following year decreases.
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Results of Improvement in Design Review
Improvement in the design review process can be achieved by the
intervention of a certified veri~ng authority. A high-quality verification
process could modify the probabilities of undetected gross errors and
judgmental errors, of low and high severity, in the foundations, the jacket, and
the deck.
Table D.4 summarizes the variations of design error probabilities with
improvements of the review process. The following estimates reflect the possible reductions in probabilities of failure of the platform components that can be
achieved by an improvement of the review process:
P’ (~)= 0.96x 3.5x 10-s+ 0.035X 3.5x 104+ ().()()5x 3.5x 10-2
= 2.21x 10A (from p(0)= 4.2x 10~)
P’(A) = 0.97x3x 10~ + 0.028 X 5 x 10-3+ 0.()()2x 2 x 10-2
= 4.71x 10~ (from p(A)= 6.06x 10~)
P’(E) = 0.99x 10-3+ 0.009x3x 10-3+ 0.001x 10-2
= 1.027x 10-3 (km p(E)= 1.05x 10-s)
P’(F)

= 2.21x 10-4+ 4.71x lo~ + 1.027 x 10-3
= 1.72x 10-3 (from p(F)= 2.2x 10-3)

Note that this improvement of the review process reduces mostly the
probability of failure of the foundation (approximately by a factor of two), to
some extent the probability of failure of the jacket (by about twenty percent),
and reduces little the probability of failure of the deck that is more susceptible
to operations errors than design errors. Because the major contributor to the
platform failure is the deck, the reduction of the overall failure probability is
only 22%. If in addition to correcting errors in design, the design of the deck is
also modified to decrease the consequences of operations errors (for example,
preventing fire propagation), major gains can be achieved by design changes
alone.
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Table D.4 - Estimated variations of design error probabilities
with improvements of the review process

I

Errors

From

No Error

0.922

Low Severity
High Severity

To

Deck

Jacket

Foundation

From

To

From

To

0.96

0.955

0.97

0.9845

0.99

0.0672

0.035

0.041.

0.028

0.0141

0.009

0.0104

0.005

0.0052

().()()2

0.0014

0.001
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