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SUMMARY

Presently, wind turbines are being designed in accordance with deterministic design rules. These
rules concern the design of main components and the safety systems but neither facilitate the
quantification of the degree of conservatism in the applied safety margins nor explicitly address the
reliability and availability of the wind turbine. The wind power industry can take advantage of the
safety and reliability practices e.g. in aerospace, nuclear and offshore industry.

This project, performed by ECN in co-operation with Lagerwey Windiurbine and KEMA under a
joint contract of NOVEM and the CEC DG-XII, is to search for and to develop a methodology that
takes advantage of probabilistic reliability techniques, and that can be applied on a compiementary
basis to existing rules. The methodology implies: (1) to enable the industry to make a
well-batanced design; (2) to give the certifying bodies the opportunity to assess the safety and
reliability of wind turbines in addition 1o the deterministic design rules; and (3) to give insight into
the amount of conservatism of the present design regulations and of the prescribed safety margins.

In this phase of the project, a survey of safety and reliability analysis methods is presented.
Considering the objectives of this project and the particular characteristics of the analysis methods,
a suitable set of methods is selected for performing a case study on the Lagerwey 15/75 wind
turbine in the next phase of the project. The methods include: System Reliability (such as Safety
Audits, Failure Mode Effect and Criticality Analysis, and Fault Tree Analysis) and Swructural
Reliability.

System Reliability is a well developed and more and more standardized methodology which is
used in various kinds of industry. It can be applied in wind industry without many restrictions.
Structural Reliability is being applied successfully mainly in offshore industry. Structural
Reliability methods require more development 10 be more widely applied. A characteristic element
of the wind turbine has been selected to gain experience with the method and to demonstrate its
benefits.

The reliability methods will be applied in a case study on a carefully selected wind turbine. Based
on the results of that analysis it will be outlined to what extent the reliability methods can be
beneficial in addition to existing design and certification rules. Finally, a methodology will be
determined that could improve the reliability and safety of wind turbines. The area of application
and restrictions will also be addressed.
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1. INTRODUCTION

1.1 Background

The safety and reliability of wind turbines can be enhanced by adoption of techniques from other
branches of industry. Therefore a project is carried out under a joint contract of NOVEM and the
CEC DG-XII to determine a methodology that takes advantage of existing probabilistic reliability
techniques,

Presently, wind turbines are being designed in accordance with deterministic design rules. To
minimize the likelihood of structural failure of a wind turbine, these rules concem the design of
main components, such as the rotor and the tower, and the safety systems. As wind turbines
increase in size and power, these rules may not be adequate to ascertain a safe and well-balanced
design. The rules neither facilitate the quantification of the degree of conservatism in the applied
safety margins nor explicitly address the reliability and availability of the wind turbine. The lessons
leamed from operating experience are not systematically used during all phases of the lifetime of a
wind turbine, viz. during design, manufacturing, construction, and operation.

The wind power industry can take advantage of the safety and reliability practices in e.g.
acrospace, nuclear and offshore industry. These industries have a long-term experience with
systematic and standardized techniques to prevent accidents and to improve reliability.

1.2 Objectives

The objective of this project is to develop a methodology that can be applied complementary to
existing rules. This methodology should enable:

- the wind turbine industry to make a well-balanced design, and

- certifying bodies to assess the safety and to quantify the reliability of wind turbines, taking into
account the influence of quality assurance, inspection and maintenance procedures, and the
human factor.

The feasibility of applying probabilistic reliability-based methods in conjunction with existing
design and certification rules will be investigated. The extend to which the PSA methods could be
used in quantifying the degree of conservatism of the present design regulations and of the
prescribed safety marging will be investigated. Considering the state of the art of wind engineering,
the gaps will be indicated and recommendations for further development will be given.



1.3 Working Method

The project is performed by ECN in co-operation with Lagerwey Windturbine and N.V. KEMA,
The following subsequent project phases can be identified and will be reported separately:

1.

Survey and comparison of methods for safety and reliability analysis in order to select a
suitable set of methods for performing a case study.

Case study of the Lagerwey 15/75 wind turbine.
Due to proprietary information on the Lagerwey turbine, the documenis will remain
confidential and only the relevant results with respect to the applied method will be reported.

Development of a methodology including its area of application and restrictions.
Based on the experience and insights gained in the case study, a suitable and consistent set of
methods will be described, which could enhance the safcty and reliability of wind turbines. The
particular area of applications and its limitations and uncertainties will be given.

Verification of the methodology by means of case studics of two different wind turbine
designs. Presently this phase is not under contract.

This report contains the results of the first phase of the project.

A review committee will be consulted to obtain relevant comment from the scientific and technical
community. Separately, particular technical issues will be discussed with the technical specialists of
the committee. The committee is formed by the following members:

I.. Goossens, Delft University of Technology,

H.J. van Grol, ECN;

Th. van Holten, Stork Product Engineering;

H. Lapgerwey, Lagerwey Windturbine B.V ;

R.W. van Otierloo, N.V. KEMA;

K. Versteegh, NEDWIND B.V;

A.C.WM. Vrouwenvelder, TNO Building and Construction.



2. SCOPE OF RELIABILITY ANALYSIS

2.1 Objectives

Reliability analysis identifies the causes of failures, quantifies the probability of such a failure, and
assesses the way in which the failure probability of a component influences the failure probability
of the system itself. The scope of a reliability analysis also includes the assessment of the
availability and maintainability and is nowadays often referred to as RAM (Reliability,
Availability, and Maintainability) or RAMS when Safety is also assessed. Historically, reliability
analysis has focused on equipment failure and success. Nowadays, the human factor will be
included in the analysis as it appeared of vital importance, both in the design and manufacturing
phase of a system as in the operating phase (e.g. in test and maintenance procedures).

Objectives of a reliability analysis can be:

a. identification of weak points in the design;

b. assessment of the relative importance of identified failures;

c. optimization of the design by quantifying the safety margins, possibly resulting in a reduction
in costs but within the design regulations (cost/benefit analysis);

d. maintenance planning and optimization of expenditures (reliability-centered maintenance,
RCM); and

e. quantification to show compliance with safety goals or design regulations.

The question which information is relevant and which level of detail is needed, depends on the
objective of the reliability analysis. If it is desired to gain an understanding of the system’s
operation, to identify ways in which a system can fail, or to identify proper precautions like design
changes or maintenance procedures, a qualitative analysis method can be sufficient. With this
approach, safety requirements for controlling hazardous conditions can be refined, or adjustments
in the design phase can be made. A quantitative analysis will be necessary if a numerical estimate
of the system reliability and availability or risk to the public and personmel is required.

It is realised by the authors that reliability engineering concems not only the application of System
and Structural reliability techniques. Reliability engineering concerns also aspects such as testing
and inspection in its broadest sense (reliability testing, operational testing, non destructive testing).
These are tools for obtaining failure data of components and systems. Furthermore, reliability
engineering even deals with aspects such as incident and accident reporting, cost-optimization,
maintenance, quality assurance and management. However in the first phase of the project the
emphasis will be laid on the discussion of techniques for System and Structural Reliability. In a
later phase of the project, the scope will be somewhat extended and the aspects mentioned above
will be considered where necessary.

2.2 Failure Behaviour and Data

For a quantitative analysis, failure data are cssential. Sources of data are: reliability testing,
operating experience from the system considered, generic industry-averaged data, data books or
" engineering judgement (e.g. expert opinion). One of the most characteristic type of data is the
failure rate A, which is defined as the expected number of failures in a given time interval. Failure
information is also expressed as the mean time between failures (MTBF). In case of a constant
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Fig. 2.1: The bathtub curve

failure rate, this MTBF equals 1/A. The failure rate, also called the hazard rate, is often a function
of time and follows the ’bathtub curve’ in which three periods can be identified, see Figure 2.1:

I.  Early in life, the failure rate is high due to 'wear-in failures’ (also called ’infant mortality’ or
*debugging period’) or failures arising from a poor quality assurance. The betier the quality
assurance of design, assembly, and construction, the lower this part of the cutve starts and the
sooner this period ends. The reliability of the wind turbine cannot be quantitatively assessed
during this period: however, with a qualitative analysis and a quality assurance programme,
the reliability and safety during this period can be improved.

II: During the second period, the failure rate is generally small and fairly constant and represents
random failures. This period is normally considered in a quantitative reliability analysis.

III: In the last period, the failure rate increases again due to ageing and deteriorating of the
component. Actions influencing the level and starting point of the last part of the curve
include preventive maintenance and regular monitoring.

The bathtub curve provides a conception for distinguishing between different aspects in the lifetime

of a system or component. Generally the bathtub curve of a particular system or component cannot

be easily determined due to lack of sufficient statistical data. In industries where products are being
mass produced, e.g. automobile and computer industry, it is often worth while to determine the
bathtub curve of components or sub-systems by means of reliability testing. Figure 2.1 could

illustrate the curve for a typical electrical component, while a mechanical component does show a

slightly increasing failure rate during the normal use period.

Although these bathtub curves are usually unknown for wind turbines due to the limited amount of
operational experience, the concept of the bathtub curve is important for explaining the scope of a
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quantitative reliability analysis and to indicate the techniques to be used in the different stages of
the lifetime of the wind turbine. As already mentioned the level of the first part of the bathtub
curve can be lowered by applying the internationally accepted quality assurance system ISO 9001.
Presently more and more manufacturers are introducing this standard in their design, manufacturing
and maintenance procedures. In accordance with the Dutch certification criteria the manufacturers
are required to apply ISO 9001 in order to obtain a type certificate.

The level and the starting point of the third period of the bathtub curve can be influenced by
preventive maintenance and regular monitoring. Projects covering these aspects are ongoing e.g.
"Usage and Load Monitoring” and 'Operating Data of IPW-Windturbines’ [30].

2.3 Relationships Between Reliability, Availability, Maintainability and Safety

The aspects Reliability, Availability, Maintainability and Safety (RAMS) are closely related
concepts. The extent to which these methods can be applied to improve wind turbine designs will
be investigated. This study focuses mainly on reliability. Risk and safety will not be addressed in
great detail. Neither will a risk criterion be used or defined e.g. a bound on the expected number of
fatalities per year. Safety will not be addressed in terms of the environmental consequences in case
of a catastrophical failure e.g. a projectile generated by a fragmented blade, but in terms of the
functioning of the safety systems of the wind turbine. Furthermore, availability aspects will also be
addressed because of economic considerations. Reliable, safe and cost-effective operation of wind
turbines is essential for expanding the role of wind energy.

Although maintainability by itself is not a major goal of the project, maintenance in relation with
reliability and availability will be considered. It will be seen if reliability based methods are useful
for the optimization of maintenance. Reliability, Availability, Maintainability and Safety are
defined as follows:

Reliability is the probability that a product or a systemn will perform its intended functions
satisfactorily (i.e. without failure and within specified performance limits) at a certain time, for a
specified length of time when operating under the specified environmental and usage conditions.

Availability is the probability, that a product or system is operating satisfactorily at any point in
time, where the total time considered includes operating time, active repair time, administrative
time and logistic time.

Maintainability is the probability, that a product or system will conform to specified conditions
within a given period of time when maintenance action is performed with prescribed procedures
and resources.

Safety is the probability, that a product or system will operate satisfactorily and without
occurrence of accidents, when used under stated conditions.
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3. DESIGN REGULATIONS FOR WIND TURBINES

3.1 Introduction

During the introductory period of wind energy interim design rules were applied for approval of
the new wind turbine designs. As knowledge and professionalism increased in the emerging wind
energy sector, the need for a more elaborated guidance on the design approval was felt.

In the Netherlands this need was satisfied with the recently published document ’Regulations for
the Type-Centification of Wind Turbines: Technical Criteria® [1], which provides the technical
regulatory basis for the certification of wind turbines in the Netherlands. The Netherlands Wind
Turbine Certification Supervisory Commitiee (CBC) with representatives of the wind power
industry, the utilities, the licensing authorities and research organisations agreed on these rules
which contain the essential certification criteria for wind turbines. This certification is a
prerequisite for obtaining subsidies and a construction permit in the Netherlands. The regulations
have been adopted as a preliminary version of the new Netherlands standard for wind turbines
"NEN 6096/2°.

In the process of completing the certification criteria [1], the current national practices in the
leading wind energy countries have been reviewed to assure that the criteria reflect the state of the
art of wind turbine design regulations. A section of the document regarding load cases and loads
corresponds with the document: "Recommendation for a European Wind Turbine Design Standard;
Load Cases and Loads’ [2] which was prepared under contract of the CEC DG-XVIL

The International Electrical Committee (TEC) has created three working groups to establish an
international standard on the safety of wind turbines:

- working group 1: Safety Philosophy;

- working group 2: Engineering Integrity;

- working group 3: Installations, Operations and Maintenance.

The results of these working groups are in the form of so called committee drafts and are presently
being integrated into one document to be approved by the Technical Commitiee (TC-88).

Before proposing supplementary methods to further enhance the reliability and safety of wind
turbines the current regulations are summarized in order to obtain a comprehensive appreciation of
the present procedures. The Netherlands certification criteria will be used as a basis for describing
the applied design regulations. Where appropriate other regulations will be referred to. After
concisely presenting the scope, the design assumptions, the safety system requirements, and the
structural analysis procedure, the concluding section will address to what extend reliability analysis
methods can be applied complementary to the existing procedure.

3.2 Scope and Objective

The Netherlands certification criteria apply to factory-made, electricity-producing wind turbines,
connected to the electrical grid which have a horizontal axis and a rotor diameter larger than 5
meter., The criteria apply to a wind turbine including the tower and the connection between the
tower and the foundation, but excluding the foundation itself. The criteria do also cover the
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requirements to be imposed on the foundation insofar as these arise from the design of the wind
turbine.

The objective of the criteria is to ensure that wind turbines installed in the Netherlands will satisfy

these criteria, during their expected life:

- cause no danger, damage or nuisance to the surrounding area, as defined in the Nuisance Act,
and

- provide energy in an efficient manner.

3.3 Design Assumptions

The wind turbine design shall be based on the analysis (or analysis supported by tests) of its
resistance against events and conditions, such as operational modes and external conditions, which
may be expected during its service life.

The control and safety systems in combination with the structural strength shall maintain the wind
turbine within its design limits. The design limits shall be defined with the proper safety level.
This may include some wind turbine damage from events of low probability such as severe
earthquakes and lightning.

The structural design of the wind turbine shall be based on rules concermning the structural integrity
of the load carrying components. The ultimate strength and the fatigue life of the structural
components of the wind turbine shall be verified by calculation and if necessary by supplementary
testing for the defined load cases. The load cases consist of the combination of a design situation
and a set of external conditions. All relevant load cases and their probability of occurrence have to
be considered for the calculation of the design loads. Where several combinations of loads are
possible, the most unfavourable case has to be considered. Based on the design loads, it shall be
verified that structural strength and deformation remain within the design limits, with an acceptable
level of probability, during the service life of the wind turbine.

Dynamic response shall be considered because it leads to increased structural loading, deformation
or instabilities.

The required safety level of the structural components shall be obtained by the application of
partial safety factors (load and resistance factors) to the characteristic values of loads and resistance
properties.

Partial Load Factors take account of uncertainties in the calculation of loads and of uncertainties
in the conversion from loads to stresses. Furthermore these factors cover uncertainties in the
calculation of the fatigue life with the Palmgren-Miner rule.

Partial Resistance Factors, also called material factors arc applied 1o take care of possible
uncertainties in material properties and geometrical data. Resistance factors depend on the type of
material concemed and are separated into factors for the fatigue analysis and into factors for the
analysis of the ultimate loads.
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3.4 Safety Systems

In accordance with the Duich technical criteria a wind turbine shall be equipped with at least two
diverse safety systems which are actuated independently and operate independently. Each safety
systern separately shall be able to keep the wind turbine within its design limits for all design
situations. Hydraulically-, pneumatically- or electrically-powered components and rotational speed
detection for a mechanical brake must be fail safe, which means that a failed component does not
render the system into an unsafe sitnation.

In at least the following fault and overload situations the safety systems must be activated and

automatically bring the wind turbine to a safe condition:

- overload of the generator (including short circuits);

- exceeding of the maximum rotational speed;

- excessive vibration;

- loss of load other than as a result of electrical grid failure (grid failure must be considered as
a normal operational mode);

- failure of the control system,;

- abnormal cable twist.

After a comparison of the Netherlands regulatory requirements with the internationally accepted
standards on safety systems [3] it can be concluded that the Netherlands requirement on the
diversity of the safety systems is the most stringent in the world. The requirement on the fail safe
design of the safcty systems or components as well as the requirement with regard to the
independence of the safety systems appeared to be common principles in the several standards. In
most cases these requirements have been translated into simple design recommendations, based on
"design by rule’.

Furthermore, the Dutch certification criteria offer the possibility to design a safety system which
differs from the specific requirements, e.g. one safety system instead of two. In that case the safety

shall be demonstrated by means of a probabilistic safety analysis. The development of such a
probabilistic analysis method is a main result of this project.

3.5 Structural Integrity

3.5.1 General

The analyses to be carried out in order to demonstrate the structural integrity are presented
schematically in Figure 3.1. More details about these analyses are given in the following sections.
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Fig. 3.1: Procedure to determine fatigue and ultimate loads.
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3.5.2 External Conditions

The external conditions which the wind turbine will experience during its expected lifetime shall
be considered in the design. They are separated into normal and extreme conditions. The external
conditions have to be considered in terms of the frequency of occurrence and of their characteristic
values. The extemnal conditions relevant for the Netherlands wind energy industry to be considered

in the design process are presented in table 3.1.

Table 3.1: External conditions to be considered in the design process.

External Specifications
Conditions
Wind data - Annual wind speed distribution: Den Helder

Ice and snow

Hail

Lightning

Other
climatological

factors

Electrical grid

conditions

Off-shore

conditions

- Wind data in accordance with: "Dutch Handbook Wind Data for Wind Turbine Design' [4].

- Normal wind data are used to determine the fatigue loads between the cut-in and cut-out wind
speed,

- During failed operation wind data with a frequency of occurrence of 2 times a year shall be applied.

- Extreme wind speeds and gusts have to be considered with an estimated frequency of occurrence of

0.02 per year.

- A 20 mm thick ice deposit with a density of 900 kg/m® shall be assumed on the whole surface of
the blades during stand still.
- For the fatigue analysis a 1 mm thick ice deposit uniformly distributed over the whole area of one

blade, shall be assumed to occur once a year during 25 revolutions.

- The impact of hailstones with a diameter of 20 mm and with a falling speed of 20 my/s shall be

considered in the design.

- The frequency of lightning strikes depends on the location, on the height of the object and on the
construction material. The characteristic values of lightning can be found in the standard
NEN 1014,

Other climatological and environmental aspects such as humidity, and concentrations of moisture,

salt, sand etc. must be accounted for. The wind turbine must function properly within an ambient

temperature range from -20°C to +35°C.

The following grid failures must be considered in the wind turbine design:

* voltage abnormalities;

+ phase imbalance;

« harmonic distortion;

« failure of the electrical grid (normal event, 5 times a year, lasting half an hour);

= short circuiting in the grid.

- Off-shore conditions must only be considered if relevant.
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3.5.3 Operational Modes

The lifetime of a wind turbine shall be divided into modes of operation to perform design
calculations. Normal and abnormal operational modes shall be distinguished. In all normal
operational modes the wind turbine functions without defects and is controlled by the normal
functioning control system. Abnormal operational modes are generally initiated by component
failures.

The operational modes to be considered are presented in Table 3.2, based on [1].

Table 3.2: Summary of operational modes.

Normal Operational Abnormal Operational Modes
Modes
Failures Emergency Failed Operation Other
Simaticns
Energy production Gengrator Activation of first Failed parking Blocked state
short-circuit safety system
Start-up procedure Failed yawing system | Assembly
Other Activation of second
Stop procedure safety system Failed blade pitch Special tests
mechanism
Braked parking Resuiting sitnation
Failed control
1dling system

3.5.4 Load Cases

The relevant load cases are obtained by combining an operational mode with a set of external
conditions. Not all combinations need to be verified. However, special wind turbine designs can
demand additional load cases.

Normal operational modes shall be combined with both normal and extreme external conditions.
Abnormal operational modes do not have to be combined with extreme external conditions. As an
exception to this rule the emergency situations shall be combined with the extreme gusts, since
these gusts can cause an emergency situation.

A summary of all relevant load cases is presented in Table 3.3, also based on [1].
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Table 3.3: Load cases

F = FATIGUE EXTERNAL CONDITIONS
U = ULTIMATE
WIND
Normal Extreme ICE GRID
FAIL-
OPERATIONAL MODES < Vin > Vin > Vout | Vexir ex. URE
< Vout gusts
Normal Energy production F u F FU
Start-up procedures F U U
Stop procedures F 8] 8]
Braked parking F U U U
Idling F F 8] U
Abnormal | FAILURES
- Generator short- u
circuit
- Other 8] 1))
EMERGENCY
STTUATIONS
- Activation of F U U
first safety system
- Activation of second F u U
safety system
- Resulting sitmation F FU U
FAILED OPERATION
- Failed parking F FU 8]
- Failed yawing system F U
- Failed blade-pitch F U
mechanism
- Failed control F U
system
OTHER
- Blocked state u
- Assembly U
- Special tests U U
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3.5.5 Loads

Insofar as they are applicable the following types of load shall be considered for each load case:

- inertial loads;

- aerodynamic loads;

- operational loads (e.g. loads caused by generator characteristics and by mechanical brakes, loads
during start-up and shut down, and loads resulting from pitching and yawing);

- unbalance loads, resulting from mechanical and aerodynamic unbalance.

The dynamic behaviour of the structure shall be taken into account in the load calculations.
Dynamic response is caused by the excitation from various sources acting on the wind turbine
structure such as wind turbulence, tower shadow, gravity and actions of the control system and of
the protection systems.

The resulting structural loads are usually determined by means of computer codes, describing a
deterministic or stochastic model of the wind data and a dynamic model of the wind turbine
structure. The loads shall be determined for at least the following components: rotor, drive train,
nacelle, yawing mechanism and the tower.

The structural integrity of these components and their sub-systems shall be assessed by means of a
fatigue analysis as well as by analysis of the ultimate loads, resulting from the relevant load cases.

3.5.6 Fatigue Analysis

For the fatigue analyses the components in the wind turbine are classified in accordance with their
consequences of failure with regard to the safety and in accordance with the accessibility for
ingpection, maintenance and service. These component classes, 1 to 4, determine the value of the
load factor to be applied. The definition of these component classes in relation with the partial load
factors to be applied in the fatigue analyses are presented in Table 3.4,

Table 34: Component classes to be applied in the fatigue analyses.

Component Class Consequence of Failure Inspectability and
Maintainability
1 | severe poor
2 severe good
3 insufficiency of turbine poor
4 insufficiency of turbine good

The rotor components, the main shaft and the structural components of the protection system shall
be classified as having high consequence of failure (class 1 or 2).

The load spectra based on the relevant load cases of the components indicated in the previous
section shall be drawn up and load factors shall be taken into account for the fatigue analysis. The
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values of the load factors are based on standards, such as the standard for arc welding NEN 2063,
the EURQCODE 3, and on engineering judgement. The values are presented in Table 3.5:

Table 3.5: Partial load factors for fatigue calculations.

Component class Partial load factor, ¥y
1 1.35
2 1.30
3 1.20
4 1.10

With the resulting loads the mechanical stresses in and deformations of the structure must be
calculated. The stresses shall be compared with the fatigue life criterion. The assumed life shall be
at least 20 years. The damage shall be determined in accordance with the Palmgren-Miner rule. If
necessary supplementary experimental determination, e.g. full scale tests, shall be carried out. The
fatigue analysis is presented schematically in Figure 3.2.

3.5.7 Analysis of The Ultimate Loads.

The extreme loads shall not cause delamination, buckling, breaking, cracking, etc., nor may it
permanently reduce the serviceability of the components. For the ultimate loads the following limit
states shall be considered: strength, deformation, rigid body movement and stability.

Strength

The calculated stress shall not exceed the allowable material resistance. The design value of the
load is obtained by multiplying the calculated load with a partial load factor v,,. Since the failure
modes of plastically deformable materials (e.g. low alloyed steel) are different from those of non-
plastically deformable materials (e.g. Glass Fiber Reinforced Plastic, GFRP), the value of the load
factor v, is different for both types of material. The load factors and the characteristic material data
to be applied in the analyses are presented in Table 3.6.
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Table 3.6: Load factors and characteristic material data for the analyses of the ultimate loads.

Plastically Deformable Materials Non-Plastically Deformable Materials

- Load factor vy, = 1.5 - Load factor vy, = 1.0.

- For the characteristic value of the material - If the first ply failure (FPF) value is not
resistance, R,, the lowest of the following known then: R, = 0.4 * UTS (or UCS).
three values shall be applied:

a) the yield point - If the FPF value is known then the lowest of
b) Gy, the following two values must be taken:
¢) 6,/1.5 (if the ultimate strain < 12%) a) UTS/1.5 (or UCS/1.5)

b) FPF value.

- The maximum peak stress due to stress
concentration factors must be taken as the
design stress.

Deformation and rigid body movement
The sum of the rigid body movement of a component and its deformation shall have no
consequences for the safety and efficiency of the wind turbine.

Stability

Under extreme loads components and parts shall not kink or buckle. The stability shall be
demonstrated in accordance with the applicable industrial standards, viz. NEN 3851, NEN 3854,
NEN 1060 or equivalent standards.

The analyses of the ultimate loads are presented schematically in Figure 3.3.

3.5.8 Materials

In accordance with the Netherlands certification criteria the applied characteristic material data
must be determined as to establish a probability of survival of at least 97.7 %. In accordance with
the Netherlands arc welding standard NEN 2063, a probability of survival of 95 % and a
confidence interval of 95 % have to be used. Presently the certification criteria are being adjusted
t0 meet the requirements of the NEN 2063 with regard to the survival probability and the
confidence interval.

For the fatigue analysis to be carried out, the relevant S-N curves or Goodman diagrams shall be
applied. The design values of the material properties have to be reduced by the material factors
presented in Table 3.7.
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Table 3.7: Material factors for the fatigue analyses and the analyses of the ultimate loads.

Material Material factor (fatigue) Material factor {ultimate)
Steel ’Ym[ =1 ’Ymu =1
Glass Fiber Reinforced Plastic v, =C, * C, * (5 You = 1.2 (for unidirectional
C, = 1.25 (moisture) and continuous fibres)
C, = 1.0 (for unidirectional v, > 1.2 (for woven and
and continuous fibres) non-continuous fibres)

C, = 1.2 (for woven or non-
contimious fibres)
C; = 1.2 (general)

Laminated Wood Vo = 1.5 You = 1.2

3.5.9 Others

Other components, such as bolts and gearboxes, or sub-systems, e.g. hydraulic, pneumatic or
electrical systems, shall be designed in accordance with the relevant standards and regulations,
presented in [11.
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- 25 -

3.6 Personne] Safety

Because work has to be carried out on a wind turbine during construction, operation and
maintenance, adequate facilities on the turbine and a proper organization of the work shall assure
this work to be carried out without danger. Requirements for provisions and facilities relating to
personnel safety of wind turbines are given in the document 'Personnel Safety of Wind Turbines’,
drawn up by the Directorate-General of Labour. In 1983 required additions and clarifications to
this document have been included in the Netherlands certification criteria.

3.7 Quality Control

In accordance with the Netherlands criteria the manufacturer has to use a guality assurance system,
such as ISO 9001, to be able to guarantee the quality of the produced wind turbine. The standard
ISO 9001 lays down rules for aspects such as: responsibilities, design verification, control of
documents, purchasing, process conirol, inspection and testing procedures, corrective measures,
quality recording, training, and maintenance. Although complete compliance of the wind turbine
manufacturers has not yet been achieved, the main requirements for quality control are being met.

3.8 Conclusions

Presently, wind turbines are being designed in accordance with deterministic design rules for the
design of main components, such as the rotor and the tower, and for the safety systems in order to
minimize the probability of a structural failure of a wind turbine. The main components and safety
systems shall have a safe life of at least twenty years.

From the previous chapter, it is learned that quality assurance influences the reliability of the wind
turbine, mainly during the early period of its lifetime, as is illustrated in the bathtub curve, see
Figure 2.1. Although rules are given for quality assurance during design, manufacturing,
construction and operation, the present design rules do not consider quality assurance in relation
with safety and reliability of the wind turbine.

Maintenance and inspection procedures increase the length of the second period of the lifetime and
reduce the failure rate during the second and the last period. The influence of maintenance and
inspection on the lifetime and the reliability of a wind turbine are not addressed in the design rules.
The lessons learned from operating experience are not systematically being fed back into the
design process and certification procedure. Operating experience gives a good insight into the
reliability of the wind turbine and into the performance of the safety systems,

The reliability of systems can be quantified with probabilistic methods in which failures (including
human), operating experience, and test and maintenance procedures can be considered. In this
project these probabilistic methods will be applied to an existing wind turbine, the Lagerwey
15/75, in order to determine the extent to which they can supplement, or partially replace the
existing design regulations.
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4. RELTABILITY ANALYSIS METHODS

4.1 General

As is concluded in Chapter 3, reliability analysis techniques can be beneficial to determine the
degree of conservatism in the existing design procedure and to assess the safety and reliability of
wind turbines. Furthermore, these techniques offer the possibility to systematically consider aspects
like operating experience, maintenance, and human failures.

In this chapter a survey will be given of the most commonly used reliability techniques, which are
often probabilistic in nature. Experiences with these techniques in various industries will be
discussed. The various kinds of industries apply different techniques, because of different
objectives and different type of systems. Objectives could focus on qualitatively assessing the
malfunctioning of the system or the quantification of the safety level, as is sometimes required by
licensing authorities.

The techniques have been separated into two groups, viz. system reliability’ and ’structural
reliability’. In practice this separation is not very strict, since techniques from both groups may be
required. However this separation is very useful for the discussion, comparison and selection of the
different kinds of reliability techniques.

System reliability concerns the reliability and safety of systems which contain components such as
pumps, motors, bearings, switches, relays. Often the failure probabilities of the components
considered are known from operating experience or from manufacturers.

Structural reliability quantifies the faiture probabilitics of the load carrying parts. This technique is
often used for unique structures such as oil-rigs or other offshore constructions, where usually no
failure data arc available.

The most commonty used techniques will be discussed and compared.

4.2 Reliability Analysis Methods in Various Industries

In order to illustrate the application of reliability techniques in relation to the objective, an
overview is given of industries in which these techniques have been successfully applied for a
longer period. These industries are: nuclear, actospace, chemical, and offshore industry. System
failure might have severe consequences for these industries.

The applied reliability analysis methods in aerospace, nuclear power and chemical industries tend
to converge somewhat in their practices primarily due to the increasing use of quantitative methods
of analysis [5].

Some general objectives in these industries are finding answers o the following questions:
- What can go wrong?

- How likely is it?

- 'What are the consequences?
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Nuclear Industry

The nuclear industry has developed advanced risk assessment tools over the years as a result of a
publicly perceived risk potential and regulatory requirements. Traditionally, the safety level is
assessed by consideration of so-called 'design-basis-accidents’. This involves a deterministic, often
conservative analysis of thermal-hydraulic plant conditions following a spectrum of postulated
transients and loss-of-coolant-accidents. Since the Reactor Safety Study of 1975 [6], Probabilistic
Safety Assessment (PSA) has been used increasingly, complementary to the deterministic analysis,
and particularly after the accidents at Three Mile Island and Chemobyl. PSA provides a systematic
and integrative framework to assess the probability and consequences of a whole spectrum of
potential accident scenarios. Results are being used for design improvements and, more and more,
for showing compliance with risk criteria or goals. The procedures heavily depend on guantitative
methods of analysis. Basic modelling methods are Fault Tree Analysis (FTA) and Event Tree
Analysis (ETA).

Chemical Industry

The situation is different in the aerospace and chemical industries, see also [5]. In these industries,
much stronger experience base exists, especially for the chemical industry. Largely due to the
positive public relations accompanied with new technologies in this industry, risk to the public was
not an immediate issue. After major accidents such as at Seveso in Italy and at Bhopal in India, the
public became aware of the chemical industry as a potential risk.

For the chemical industry, safety decisions have been based on expert judgement and on extensive
expetience base. Today, chemical analysts sclectively use similar qualitative methods as in
aerospace industry. The principal tools employed are Failure Mode Effect and Criticality Analysis
(FMECA) and Hazard and Operability (HAZOP) studies. The FMECA work is hardware oriented
and assumes a failure mode for individual components. Compared to Preliminary Hazard Analysis
(PHA) in aerospace industry, HAZOP goes beyond identification of hazards; based on conservative
methods, it also establishes the likelihood and consequence of the events. HAZOP also identifies
the operability problems that could cause production loss, The chemical industry has also been
performing some Quantitative Risk Analysis on a selective basis as a rcsult of these economic
aspects and environmental and health impact regulations as for instance as required in the
Netherlands [12]. This has already resulted in quantitative analyses of the probability and
consequences of a toxic gas release or of an explosion.

Aerospace Industry

The methods employed in the aerospace industry is a qualitative FMECA and a Preliminary
Hazard Analysis (PHA). In contrary to FMECA, PHA goes beyond the hardware and identifies
undesired events, hazardous conditions, or accident scenarios, and it systematically identifies
hazard causes, effects and corrective actions.

The strength of the acrospace industry is the extensive qualification and testing procedures. Until
the Challenger accident, NASA had relied primarily on these procedures in addition to FMECA,
PHA, and extensive review procedures; NASA now recognizes these qualitative approaches alone
are not sufficient to ensure a good safety level.
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Cifshore Industry

Offshore industry is the branch of industry in which Structural Reliability techniques are applied
successfully in addition to System Reliability techniques, viz. FMECA, ETA an FTA. Examples of
successful application of Structural Reliability are presented in [18, 22, 23, 24, 25]. For instance in
connection with the design and construction of the surge tide barrier on the Qosterschelde (Easter
Scheldt), a complete safety and reliability analysis has been performed for the whole structure [22],
including Structural Reliability.

Wind Turbine Industry

Several attempts have been made in the past to apply reliability analysis methods for wind
turbines.

A detailed safety analysis deals with the MOD-2 siudy for the development of a 2500 kW wind
turbine, performed by NASA [7]. The MOD-2 wind turbine safety programme identifies, evaluates,
and either eliminates or controls all undesired system events ¢(hazards) with the potential to: cause
loss of programme objectives, as stated in the Product Development Plan; injure personnel; and
damage system or support equipment. These objectives are accomplished by instituting methods to
climinate hazards or reduce hazards to an acceptable risk level, and to verify implementation of
control measures in design, operating controls, and procedures for installation, test, and main-
tenance. This has resulted in safety regulations, Hazard Analyses and FMECAs, and safety reviews
for all disciplines in the wind turbine development phase, which is very much like the approach in
acrospace industry.

In the United States, a reliability analysis of three small wind turbines has been performed in 1981
{14]. Techniques such as FMEA have been applied. The determination of System Failure Rates has
been done with the use of a limited set of failure data from operating experiences. Due to the
insufficient empirical data and to unknown effects of maintenance it was concluded that the
validity of the reliability analysis was very limited.

Recently in Denmark, a reliability analysis has been performed to improve the economics of smalt
wind turbines [17]. For this analysis mainly the Fault Tree Analysis technique has been used. This
study also identified major points of uncertainty such as limited data about failure causes, outage
costs, and repair costs. The study recommended an improvement of the data collection.

These two latter studies emphasize the collection of failure data as an essential condition for the
application of probabilistic techniques for wind turbines.

In Sweden and the U.K. the possible consequences of blade failures have been analyzed in order to
quantify the danger to the environment [15,16]. This subject is outside the scope of this project.
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4.3 System Reliability Analysis

4.3.1 Introduction

In this section, several methods for system reliability will be discussed and compared. The scope
and level of detail of a system analysis depends on the objective of the analysis. Several objectives
of reliability analysis have already been given in Section 2.1. The following steps in the analysis
can be distinguished:

1. System Description, consisting of:
the relevant systems, required performance, modes of operation and the identification of
(sub-)system boundaries and components.

2. Reliability Modelling, consisting of:

i) identification of failure modes, hazards, and initiating events (both inside and outside the
system boundary) posing a threat to the system, and the evaluation of the impact of main
initiating events on the system performance;

ii) event sequence and consequence modelling ie. determination of the causal or
chronological relationship between the different events and consequences;

iii) system modelling, which includes the determination of the minimal combination of
component failures and external events resulting in direct system failure.

iv) quantification in order to determine the probability of failures and events;

v) structural reliability analysis for quantifying the failure probability of critical mechanical
components, which is described in more detail in section 4.4.

3. Evaluation of the results:
Appreciation of the results and feedback into the design to improve the system reliability,
availability, maintainability and safety.

4.3.2 Bottom-up Versus Top-down Analysis

Useful analytical methods for reliability modelling include both component failures as well as the
human factor, maintenance, and external failures. These methods are called event-based analysis.
The process of decisionmaking by an event-based analysis can be categorized in exactly the same
way as the process of thought employed in the human decisionmaking process. There are two
generic analytical methods by means of which conclusions are drawn in the human decision
making process, viz. by induction (bottom-up) and deduction (top-down). In many applications, a
combination of these two approaches is being used. Methods for identification of failure modes and
undesired events arc generally bottom-up (step 2.i en 2.ii in section 4.3.1), while system modelling
methods are generally top-down (step 2.iii).



-30 -

Bottom-up Analysis

Bottom-up analysis is reasoning from individual cases to a general conclusion. In such an analysis,
an attempt is made to determine the effect of a particular initiated fault or condition on the system
operation. Starting with possible component failures in a system, the analysis ends with system
failure.

A very appropriate application of the bottom-up method concerns the identification of harmful
bottlenecks in a system, for instance single failures of a components or sub-systems leading to
system failure, Reasoning from the lowest system level, consequences of all failure modes of
system units {components, subsystems) can be found. Therefore, a more complete system summary
can be obtained without neglecting important events. This is more difficult to achieve with a top-
down analysis.

In principle, the lowest appropriate system level (the level of detail) has to be determined in
relation to the stated objectives and the available information prior to this type of analysis. In
practice, the level of detail will be adjusted during the analysis. A disadvantage of a bottom-up
analysis is the possible emphasis on too much detail, which might hamper an overall appreciation
of the system performance, Examples of bottom-up methods are Event Tree Analysis and Failure
Mode Effect and Criticality Analysis.

Top-down Analysis

Top-down analysis is reasoning from the general to the specific. If a cerfain system failure is
assumed, an attempt is made to find out what modes of system or component behaviour contribute
to this failure. Thus starting with an effect on the system, possible causes are examined.

The top-down analysis provides a compact method to analyze one particular system failure (system
damage state). Starting with this most complex undesired event (top event), it is deductively split-
up in all other events which can cause the top event to occur. A top-down analysis can contain a
disadvantage; an arbitrary system failure cause can be overlooked.

Top-down methods are very appropriate for the follow-up of specific design phases. In the initial
phase of a system design, a proposal is made for the overall specifications. Afier the higher
complexity levels have been determined, further details are filled up, whereby the design of
subsystems and modules takes place in a later phase. For complex systems, top-down methods can
be very laborious. Therefore, they are often supported by computer programmes, or the analysis is
restricted to the most critical subsystems. Examples of top-down methods are Fault Tree Analysis
and State Space Diagrams.

4.3.3 Overview and Comparison of Mcthods

A survey and a comparison of existing methods for system analysis and reliability have been made.
The results for the considered methods are summarized in Table 4.1 in which the methods are
subdivided into three classes depending on the steps in the sysiem reliability analysis. Whether the
method is mainly qualitative or quantitative is denoted by "qual" and "quant®, respectively. All
methods are presented in more detail in Appendix A, while most of them are also extensively
described in references [9] and [10]. Other handbooks on the subject of reliability engineering and
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risk analysis are [11,26-30]. Short descriptions and conclusions of the comparison are presented
below.

(i) Identification of Failure Modes, Hazards, and Initiating Events

Before application of more elaborated and specific analysis methods, the operation of the system,
as well as of the operation of its components and the effects of their failure on system success,
have to be understood thoroughly. Such knowledge and understanding can be achieved through a
qualitative analysis, like Failure Mode Effect and Criticality Analysis (FMECA) and Hazard and
Operability Analysis (HAZOP). Potential hazards to the personnel and to the public can be
assessed with a Preliminary Hazard Analysis (PHA).

(ii) Event Sequence and Consequence Modelling

After the accident initiating events have been identified, it is necessary to determine the response
of the system to each initiating event with the potential to cause unavailability or damage of the
system. This causal relationship can be assessed by event sequences. The resulting models contain
elements that need further analysis into detailed constituents, often into more detailed system
models. The most usual element of a sequence model is a failure or success of a (sub-)system.
Methods for event sequence modelling are: Event Tree Analysis (ETA), Cause Consequence
Diagrams (CCD), and Event Sequence Diagrams (ESD).

Event Tree Analysis generally depicts the sequence of events according to the safety requirements
of each group of initiating events. It is less compact than Cause Consequence Diagrams and has
the advantage that the sequences can be quantified simply and systematically by assigning the
branching probabilities (i.c. success and failure probabilities) in case of independent events. In
Figure 4.1, an example is given of a simple event tree depicting two diverse safety systems of a
wind turbine. In case of an extreme-wind condition, the functioning of one of the systems is
sufficient to render the wind turbine in a safe condition, whereby the pitch control system is the
preferred system. If both systems fail, damage is done to the wind turbine if also structural failure
of the blades occur. This latter type of failure can be assessed by structural reliability methods, see
section 4.4,

Cause Consequence Diagrams are good compact methods for qualitative understanding, but the
complex branching (more than only success/failure branches as in Event Tree Analysis) and
grouping of branches, make a sequence-by-sequence review difficult.

Event Sequence Diagrams illustrate all possible success paths from a particular accident initiating
event to a fail-safe condition. These diagrams tend to include a significant amount of design and
operational information relative to the potential success paths. For most applications, these
diagrams are too comprehensive, but for complex systems they can be useful as an intermediate
modelling step prior (0 event tree construction.

For quantifying risk or reliability, all possible combinations of component failures and external
events resulting in system failure or unavailability must be known.
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(iii) System Modelling and (iv) Quantification

To determine the relevance of the events, or combination of events, and to find out whether design
modifications are improvements or not, quantification of the evenis is necessary. Therefore, system
models for quantification are necessary. The considered system modelling methods for
quantification are Fault Tree Analysis (FTA), Reliability Block Diagrams (RBD), GO-Charts, and
State Space Diagrams (SSD), all of which are top-down methods. These models can also be used
for a qualitative analysis.

Fault Tree Analysis is a widely used method for developing system models (for details, see
Appendix A). Although a fault trec does not directly resemble the flow diagram of a system, it is a
suitable and compact systems analysis model for supporting the event sequence analysis. In
addition, also other than hardware-related faults can be modelled. In the quantification of the
occurrence of a pre-defined undesired event (the so-called top event), the analysis also results in
the minimal combination of component (or subsystem) failures leading to the top event (the so-
called minimal cut sets). In Fig. 4.2, an example is given of a simple fauli tree depicting more
detailedly the yaw system of the cvent tree in Fig. 4.1.

Reliability Block Diagrams are a representation of the system as a series of interconnected
components. They are not very attractive in the case of complex systems, due to the fact that a
RBD reflects the whole system’s flow diagram and does not clearly show the successive system
responses 1o an initiating event. Functionally dependent relationships between components cannot
always be modelled in a reliability block diagram or may even be overlooked. Therefore, Fault
Tree Analysis may be more preferred, because the functional relationships can be both qualitatively
assessed as well as quantified because of the logical coupling of components. In Fig. 4.3, the
overspeed situation is modelled as a simple reliability block diagram, in which the yaw system is
partitioned into the mechanical yaw drive and into the electrical power to the yaw drive (compare
also with Fig. 4.2).

The GO-Chart is a representation of the system as a series of GO operators that depict the
operation of the system components. Like the Reliability Block Diagrams, the method becomes
extensive for complex systems by the use of many GO operator types. Another disadvantage of the
GO-Chart method is that it only contains failures documented in the system schematic.

State Space Diagrams represent the system as a sct of differential equations that describe
transitions from one system state to another. This makes the method inconvenient for a qualitative
understanding of the system behaviour with respect to the importance of different component
failures. In addition, computational extensive numerical or even simulation techniques are
necessary to quantify large, complex systems. However, the graphical depiction in a state-graph is
very useful for insight in the system’s operation e.g. for the transition between the different
operaticnal modes,

A disadvantage of the top-down methods is that subtle failures may be overlooked. A bottom-up
method like the well-standardized FMECA should be used in conjunction with e.g. Fault Tree
Analysis to gain a more complete understanding of the system,
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Table 4.1: Summary of considered system reliability analysis methods.

Method

Characteristics

Advantages

Disadvanlages

i. Identification of Failure Modes, Hazards, and Initiating Events

Lailure Mode, Effect
and Criticality Analy-
sis (FMECA)

Hazard and
Operability Analysis
(HAZOP)

Preliminary Hazard
Analysis (PHA)

All failore modes of every component, their
criticality and effect are 1abulated. Hardware

oriented. (qual)

An extended FMECA which includes cause
and effect of changes in major system vari-

ables, Relies heavily on experience. (qual)

Identifies the system hazards. (qual)

ii. Event Sequence and Consequence Modelling

Cause Consequence
Diagrams
(CCD)

Event Sequence
Diagrams
(ESD)

Event Tree Analysis
{(ETA)

Follows the causal order of events. Complex
branching; more than YES/NO logic. (qual)

It follows the causal order of events, It depicts
how successive safety functions can be
accomplished, explicitly showing all sequence

options considered, {qual)

Starts with initiating event and examines all

alternative sequences. {qual, guant)

iii. System Modelling and (iv) Quantification

Fault Tree Analysis
(FTA)

Reliability Block
Diagrams

{RDE)

GO-Chart

State Space Dizgrams
{SSD} and Markov
Analysis

Stasts with undesired event and finds the
combination of failures that causes it. (qual,

quant)

Similarly laid out to a flow diagram; com-
ponents as series of interconnecting blocks.

(qual, quant)

About 17 operator types are used for
modelling the process in parallel with the flow

diagram. (qual, quant)

Analytical description and solution of the
process, where systems change from one to

another. (qual, quant)

Useful for identifying all possible
failure modes. Standardized ap-

proach.

Suitable for large chemical plants.

Additional to FMECA,; goes
beyond the hardware; identifies
also environmental impact on

operations, Crew errors, etc.

Compact models by grouping of
parailel branches, by logical gates.

Capability to document the

assumptions uscd in an event tree.

Can identify alternative conse-
quences (system damage states) of
failure; lends itself to

quantification.

Well accepted technique. Lends
itself for quantification. Other
faults than hardware failures can
be included very easily,
Dependencies between

components can be modelled.

Hasily understood without training

in the technique.

Compact model which follows the

normal process flow.

Analytical solution of the process

but only for very simple systems.

Combinations of failures and
homan factors not considered:

onlty single components,

Technique is not welk
standardized. Only used in

chemical industry.

Not a detailed analysis of the

process or facility.

Inconvenient arrangement for
sequence by sequence

agsessment.

The diagram can be very
detailed (much design and
operational information

included).

Not suitable for detailed
analysis; for this purpose, it

needs an additional technique.

Large fault trees are not easily
understood. No resemblance to

system flow diagram.

Canses of failures are not

systematically identified.

Failure modes are not
explicitly modelled. Only
failures documented in the

systemn schematic.

Inconvenient for a qualitative
understanding with respect to
failure impornance of

components. Transitions only

depend on preceding state.
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4.3.4 Reliability Data

To perform a reliability analysis, the following data are essential:

- design specifications,

- frequencies of initiating events or accident initiators,

- component failure frequencies and its associated repair, test, and maintenance parameters,
- human error probabilities, and

- common cause failure probabilities.

Sources for reliability data are (ranked according to preference):

- reliability testing,

- system-specific data,

- generic industry-averaged data, and

- expert opinions, like engineering judgment,

For special occasions the failure probability of mechanical components can be determined by
means of Structural Reliability techniques.

Stochastic models and statistics are required to estimate the probability that a component will not
perform its intended function. The models depend on the mode of operation of the system to which
the components belong, Systems can generally be distinguished into two categories, viz. standby
systems and on-line systems. Depending on the mode of operation, test, maintenance and repair
procedures, specific parameters are required for the estimation of unavailabilities.

More about data collection and data processing will be discussed in the following phases of the
project, notably in the case study of the Lagerwey 15/75.
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4.4 Structural Reliability

4.4.1 Introduction

Many design processes of engineering structures are mainly based on assumptions as to the scatfer
in loads and material behaviour which in tum are based on experience previously gained with
similar structures. However, the size of uncertainties in material characteristics, loading conditions,
material degradation and fabrication processes was often not sufficiently reflected in design
procedures. The influence of uncertainties is only accounted for by the applicaton of safety
factors and load factors in order to obtain a justified margin between strength and load (cf. Fig.
4.4). However, this may lead to doubts about the integrity and safety of the structure and possibly
a less than optimal economic service life will be predicted. Therefore, in nuclear industry, offshore
industry, acrospace industry and especially in civil engineering the influence of uncertainties is
accounted for with the use of Structural Reliability (SR) techniques. A comprehensive definition of
structural reliability is the probability that the load does not exceed the strength for a specified
length of time. SR techniques have been applied for the assessment of the reliability of various
kinds of structures in above industries and disciplines.

);_(f)

Fig. 44: Safety factor approach for a fatigue analysis in which the underlying probability
functions are not taken into account. The design fatigue load F, = vy, F, must be smaller than
the design material strength R; = R/, hence it is required that R, > Y, Yy F, (for the
meaning of R, and F, see Fig. 3.2).

As part of the project "Probabilistic Safety Assessment for Wind Turbines” a study is done to the
possible application of Structural Reliability (SR) techniques for the assessment of the reliability of
the mechanical parts of wind turbines. The main goals of the project concerning SR are:

1. The formulation of a possible procedure 10 assess the reliability or the probability of failure of
a wind turbine component, due to exceedance of both the ultimate limit state and the fatigue
limit state.
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2. The qualification of all factors that affect the probability of failure followed by the
quantification of these effects.

3. To better underpin the safety factors.

4. The evaluation of the sensitivity of the result of the safety assessment to the variation in the
reliability of the factors that lead to failure.

5. The identification of the major gaps in knowledge and data, to be completed for an improved
safety assessment.

To obtain a better insight in SR techniques a wind turbine component will be selected and the
probability of fatigue failure will be determined. This choice of the component will be based on
several considerations conceming the complexity of the component, the effort to determine the
loads acting on the component, the available material properties and the interest of industry.

In this section a survey of the most common solution methods of SR problems is presented. More
details and examples are presented in appendix B.

The basic philosophy for assessing the reliability of an engineering system with respect to a certain
failure criterion is the stress-strength concept in which scatter is observed in two parameters § and
R [18,19]. The parameter S (the stress) comprises the loads acting on the system while R (the
resistance or strength) comprises the resistance to failure. The conception is that the system will
function as long as § < R. In probabilistic analyses the assessment of safety usuvally takes place
from the negative. Most of the times the safety is expressed in terms of the probability of failure.
The failure probability P is given by

P, = P{R < §) (5)

The failure probability can be expressed as

Pp = f_:(f_:fR‘S(r,S)dr)ds (6)

where f, (r,s) is the joint disiribution of R and §. The quantitative evaluation of the failure
probability often poses major problems. Firstly, the determination of the correct form of the
distribution functions may not be a simple task. Secondly, the integral in (2) might be hard to
solve numerically or to approximate. Since the load and resistance may be functions of multiple
variables, the reliability of an engineering system may also be dependent of a number of stochastic
variables. Thercfore, the stress-strength concept must be generalized and in this section the
generalization of the stress-strength model is discussed. In the application of SR a four step method
is used:

- the definition of the design model,

- the definition of the failure model,

- the definition of the SR problem, and

the solution of the SR problem.

More details and information about these individual steps is given in the following sections and in
Appendix B.
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4.4.2 Design Model

Every load that is applied to a system will call forth a particular response in the system. For
instance, a static force can bring about inadmissible elastic and plastic deformations and stresses,
varying loads may cause fatiguec damage, clevated temperatures may lead to a reduction of strength
and rigidity etc. For the reliability assessment of a specific structure basic parameters specifying
the material characteristics, geometry and environmental influences etc. have to be identified. The
combination of gcometry and material properties is called the capacity of the system. Some of the
parameters quantifying the capacity of the sysiem have a stochastic nature. These so-called design
variables and parameters must be selected and design functions must be specified, for instance the
strength of a system can be expressed in a design function R = R(X,,....X,,) where X, X,,.... X, are
the design variables.

4.4.3 Failure Model

The failure model addresses the identification of the failure modes and failure mechanisms during
operating conditions or at the design stage. An action is required to activate a certain failure
mechanism. In the Eurocode for Actions [3] the term action is defined. An action is:

- a force (load) applied to a structure {direct action), or
- an imposed deformation (indirect action); for example temperature effects or settlement.

Actions can be classified by their variation in time (permanent actions, variable actions, or
accidental actions) or by their variation in space (fixed or free actions). For more details see [20].

In the case of one failure mechanism the load can be expressed as S = S(X,, . X,)
where (X,,,,, . . . ,X,) are the loading variables. The reliability of an engineering system may be
defined as the probability to function the way it was designed. The level of performance will
depend on the properties of the system. In this context performance functions (or state functions)
can be defined [4]. Positive values of the performance functions denote proper operation (safety)
while negative valucs denote improper operation (failure). Accordingly, the limit state is denoted
by 0. The set of basic variables X = (X,, . . ..X,) (consisting of design and loading variables) for
which probabilistic information is given are called the primitive random variables and the
performance function is then cast as a function of the primitive varicties. Limit states can be
subdivided into ultimate limit states and limit states of serviceability. An example of an ultimate
limit state is fracture or the exceeding of the maximum load bearing capacity. A limit state of
serviceability can be inadmissible deformation or inadmissible cracking, excessive wear, elc.

A possible performance function is the reliability function Z(X,, . . .X,) = R(X,...X,) -
SX.1.--+X,0). When the imposed load exceeds the strength then Z < 0 and the system fails.

4.4.4 Structyral Reliability Problem

In the previous sections the stochastic nature of external influences and various forms of response

of a system were outlined. The limit statc of a system should be defined in a deterministic manner.
In theoretical sense the failure probability can be expressed as
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P, = fff %, x, (XXX, )dX, dX, . dX, (7
Zx)<o

where fi(x) is the joint distribution of the primitive varieties. Expression (3) is illustrated in
Fig. 4.5 in the case of only two stochastic variables.

ALY £(r)

Fig. 4.5: Determination of Pp in the case of two independent stochastic
variables X, = R and X, = §. In this case fo (r,s) = fp{r)fs(s) and Z = R - §.

It should be kept in mind that the model in equation (3) is an estimation of reality performed under
conditions of incomplete or inadequate information. Potential etrors of an imperfect prediction
model may contain two components: a systematic component and a random component. Consider
for instance the process of estimating the statistical parameters from a set of observed experimental
data. The mean value of a sample may be assumed 10 be close to the true mean value. Then the
difference (or ratio) of the estimated sample means and the true mean is a measure for the
systematic error, whereas the standard deviation of the collection of sample means represents a
measure of the random error. So in practise the determination of the reliability function Z and the
distributions of the design and load variables might be quitc complicated and can be hampered for
instance by lack of sufficient statistical information.

More information about the SR problem formulation in particular for ultimate load and fatigue is
presented Appendix B.
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4.4.5 Solution of The Structural Reliability Problem

In this section several techniques for performing the calculations in order to solve the SR problem
are outlined. Since large computation times remain a restricting factor with respect to practicability
much research was done over the past to develop suitable approximate methods. The Joint
Committee on Structural Safety has defined four levels at which SR problems can be solved,
intended for application in civil and structural engineering. It will be outlined here and illustrated
with the help of an example. The following is extracted from [18] and [19]:

Level O: This level is a deterministic analysis based on fixed data; a deterministic (high) load, a
deterministic (low) strength and an "overall- safety-factor”,

Level L This level is intended for routine design use. For each of the stochastic variables a
certain unfavourable value is chosen, the so-called characteristic value, usually based
on a 5% confidence limit. In addition, a set of partial safety factors is applied; these
establish the margin between load and strength for the various cases to be considered.

Level II: The analysis at Level II is an approximative analysis based on the so-called "first
order/second moment" principle. Briefly, what it amounts to is that only the mean
value and the standard deviation of each stochastic variable are taken into account,
linearization being applied if necessary. Level II approximations are used to provide a
basis for Level I procedures. By means of Level II studies it is objected to underpin
the partial safety factors of a Level I analysis as soundly as possible. Moreover,
Level II analyses are used for special and important structures for which an above-
normat standard of reliability is considered essential, e. g. offshote structures.

Level I This level comprises complete and exact analyses performed with the aid of analytical
or numerical integration procedures or Monte Carlo simulations. Level IIT analyses
generally demand too much computational effort to be practicable for dealing with
major problems, duec to the large number of stochastic variables to be considered in
most cases. The scope for applying them exists mainly in verifying and
complementing Level II approximations.

4.4.6 Conclusions

It is concluded that for most purposes reliability analyses on Level HI are impracticable for a large
number of stochastic variables, since excessive computation times are the limiting factor.
Reliability analyses on Level II are time consuming and complicated, but a reasonable accuracy
can be reached with Advanced Level II methods. Level 1 analyses are easy to use for standard
reliability analysis. In Table 4.2 the most important advantages, disadvantages and/or limitations
ate summarized.
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Table 4.2 Advantages and limitations of the calculation methods.

Level Method Advantages Disadvantages/limitations
1 Numerical Exact determination of the failure  Impracticable for a large number of
integration probability stochastic variables, large computation
times
m Monte Carlo Well defined error estimate, Large computation times
sirmulation results are independent of the
cheice of reliability function Z - for a large number of basic variables,
- for the calculation of small failure
probabilities
i1 Mean value Simple, easy to use for manual Unreliable: resulis are dependent on
method calculations the choice of the reliability function Z,
not useful for non-nermal distributions,
I Advanced Results are independent of the Time consaming, iterative process,
Level II choice of the reliability function not useful for non-normal distribution.
methods Z
1} Approximate Results are independent of the Time consuming, iterative process
Full choice of the reliability function
Distribution A
Approach useful for non-nermal distribution
(AFDA)
I Level I- Easy to use Not useful for an above-normal
method standard reliability analysis
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5. SELECTION OF RELIABILITY ANALYSIS METHODS FOR THE CASE STUDY

5.1 Introduction

The objective of this project is, as already stated in Section 1.2, to develop a methodology that can

be applied complementary to existing design and certification rules. These rules neither facilitate

the quantification of the degree of conservatism in the applied safety margins nor explicitly address

the reliability and availability of the wind turbine. The lessons leamed from operating experience

are not systematically used to further improve the wind turbine safety and reliability. The

methodology should enable:

- the wind turbine industry to make a well-balanced design, and

- ceriifying bodies to assess the safety and to quantify the reliability of wind turbines, taking
into account the influence of quality assurance, inspection and maintenance procedures, and
the human factor.

The methodology could also give insight into the conservatism of the present design regulations

and of the prescribed safety margins.

Therefore, this methodology should facilitate an analysis that meet the following objectives:

a. Identification of weak points to improve the design.

b. Assessment of the importance of identified failures.

c. Optimization of the design by quantifying the safety margins, possibly resulting in a
reduction in costs, but within the design regulations.
Maintenance planning and optimization of expendifures.

€. Quantification to show compliance with safety goals and design regulations.

With respect to objective ’c’, the presently required deterministic design rule that requires two
diverse safety systems may be overruled if with a probabilistic analysis can be shown that an
equivalent safety level can be met. Although in the current design regulations this safety level is
not defined.

The selected reliability methods for the case study are given in the next Section. In the course of
the project, the applicability of these methods for improving the performance of wind turbines will
be investigated.

5.2 Selected Methods

In order to assess the applicability of reliability methods a number of methods has been selected
with which the above stated objectives can be met. Although the subsequent case study will
emphasize the analysis of an existing wind turbine system with a fair amount of experience, (the
LW 15/75 is being produced for over 4 years) the applied methods also apply to an analysis during
the design process of a first-of-a-kind wind turbine. The following steps, distinguished in Section
4.3.1, are recommended for the case study:
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System Description.

The wind turbine design and operation has to be outlined clearly in order o carry out a

reliability analysis. The description should consist of the following:

- Performance and operation of the wrbine and its sub-systems. e.g. safety and conirol
systems. The operational modes of the turbine, manually as well as automatically,
together with the function of the sub-systems should be described in detail.

- Specification of the design limits of systems and components in accordance with their
operational modes, e.g. maximum wind speed, maximum power output, maximum
rotational speed.

- Procedures to be carried out during the operational life of the twrbine, e.g. test procedures,
maintenance and inspection procedures, and procedures for data collection.

Most of this information is contained in design documents and in design specifications from

the manufacturer. Many of this information is already documented for the certification

procedure. In case the documentation is not complete, the missing information will be
collected by means of audits with the manufacturer.

Reliability Modelling, consisting of;
{i) Identification of Failure Modes, Hazards, and Initiating Events

With a Failure Mode Effect and Criticality Analysis (FMECA), a very good understanding
of the system operation, as well as of the effects of failure of its components on the system
success, is obtained. First a structural breakdown into systems and sub-systems has to be
made. The identified level of detail of the analysis depends on the relevance of the system or
component and on the objective of the analysis, and is determined by engineering judgement.
For the case study, a more detailed FMECA will be performed for the safety sysiem
components. Failure modes of components for which the criticality cannot be directly
determined from the system layout will be obtained from interviews with the manufacturer
and personnel, in so called Safety Audits.

The initiating events that will be considered include not only component and system failures
but also external conditions and human failures. Initiating evenis arising from outside the
wind turbine system, e.g. external conditions and human failures, can be also determined
from Safety Audits and from design rules. After the initiating events have been identified, a
selection of events for further analysis will be made, based upon the severity of the
consequences and the probability of the event.

(ii) Causal Relationship Between Events

In addition to the FMECA, in which only one failure at the time will be considered, an
Event Sequence and Fault Tree Analysis will be performed. The causal relationship between
failures can be more easily determined with these techniques. The response of the wind
turbine to the selected initiating events will be determined with an Event Tree Analysis. A
Fault Tree Analysis will be used for analyzing the compound events in the Event Tree
Anatyses.

(iiiy System Modelling
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For the system modelling, mainly Fault Tree Analyses is proposed. Special attention will be
given to the following top events:

- power supply to the grid,

- normal stops, and

- emergency stops.

In case the number of components is limited, and no human failures are involved, a
Reliability Block Diagram can be sufficient. '

State Space Diagrams will be used to present the relation and the transiiion between the
different operational modes.

(iv) Quantification

In case adequate failure data are available, the probability of top events and of events
leading to hazardous situations will be quantified. By means of sensitivity analyses the
relative importance of basic events (or combinations of events) can be determined. These
analyses will also be used to determine the influence of modifications in the design or in the
maintenance procedures on the reliability and availability of the wind turbine.

The failure data are to be derived most preferably from turbine specific experience. Wing
turbine generic data are to be used in casc of limited operating experience or rare failure
mechanisms. The following sources can be applied:

operating experience, interviews with the manufacturer and maintenance personnel;
maintenance sheets (repair, inspection),

log-books;

reports of accidents and incidents;

literature (data books).

It might be expected that not all the required data is available. So special attention will be
payed to data collection methods. The relevant data, concerning the number of component
failures, the results of tests, the number of starts and stops, etc., will be specified. In co-
operation with the manufacturer specifications will be defined for a data collection system
applicable for wind turbine industry.

(v)  Structural Reliability

Structural reliability can be seen as a method for the determination of failure data. Since it
requires an approach, different from the collection of failure data mentioned above, it will be
dealt with separately. The method will be applied in the case study for load carrying parts of
the wind turbine structure. The failure probability of the entire wind turbine structure can be
determined by means of a quantitative Fault Tree Analysis. A complete analysis would
generally be too time consuming and within the framework of this project the extend will be
determined to which structural reliability methods could be successfully applied. Therefore it
is decided to analyze the structural reliability of the tower. The failure of the tower is one of
the basic events in the complete fault tree of the wind turbine structure.

Furthermore, the structural reliability analysis of a blade during an overspeed situation will
be performed. It will demonstrate the relation between structural and system reliability.
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The selected method concemns a so called Level 1T method that is based on the ’first order
and second order moments’ principle. It is ofien applied on off-shore constructions. This
method considers the mean value and the standard deviation of each stochastic variable and
applies linearization if necessary. The results of this method will be compared with the
safety factors used in the design rules. The influence of load variables, c.g. surface
roughness and variations in the wind direction, on the calculated fatigue damage will be
determined by means of a sensitivity analysis.

System reliability is a tool with which an analysis can be carried out to determine how and
with what probability a system can exceed its design limits. For instance, by means of a
fault tree analysis the probability can be determined of an overspeed situation. Since the
design limits are defined as the combinations of operating conditions (wind speed, grid
conditions, rotational speed, maximum pitch angle, etc.) in which the wind turbine should
operate satisfactory, structural reliability is a helpful tool to analyze the failure probability of
a component or system within its design limits. All combinations of operating conditions
considered in the design stage, are within the design limits.

3. Evaluation of Results

Based on the qualitative and quantitative results of the system reliability analysis, proposals

can be made for the improvement of reliability, availability, maintainability and safety.

These proposals may concem improvements or adjustments of:

- Hardware
The reliability analyses could lead to recommendations for the improvement of systems or
components. These recommendations could include improvement of the component
quality, a change in the design specifications or an adjustment of the construction.

- Operating procedures
The operating procedures and the control strategy are of great importance on the loads
and thus on the reliability of a wind turbine. The adjustment of the operating procedures
could be relevant for existing wind turbines, where an adjustment of hardware is not
always possible.

- Maintenance, inspection and testing procedures.

- Data collection

Additionally the results of the reliability analysis could lead to an adjustment of the design
and certification rules. Structural reliability for instance could lead to an adjustment of the
applied safety factors.

In the following phase of the project, the case study of the Lagerwey 15/75, the proposed
methodology will be described in more detail and will be applied. In the final phase the
methodology will be adjusted based on the lessons learnt in the case study and will be
documented, including its advantages and disadvantages, its gaps and its feasibility.
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6. CONCLUSIONS AND REMARKS

To minimize the likelihood of structural failure of wind turbines, they are presently being designed
in accordance with deterministic design rules. These rules concern the design of main componenis
and the safety systems but neither facilitate the quantification of the degree of conservatism in the
applied safety margins nor explicitly address the reliability and availability of the wind turbine.
The safety and reliability of wind turbines can be enhanced by adoption of techniques from other
branches of industry such as nuclear, aerospace, and offshore industry. These industrics have a
long-term experience with systematic and standardized techniques to improve reliability,
availability, maintainability and safety (RAMS). These techniques are mainly based on reliability
analysis methods.

Reliability analysis identifies the causes of failures, quantifies the probability of such a failure and
assesses the way in which the failure probability of a component influences the failure of the
system itself. The aspects availability, maintainability and safety are concepts which are closely
related to reliability. The analysis and improvement of these aspects require more or less the same
approach. Roughly, two major disciplines can be distinguished in reliability analysis methods:
system reliability and structural reliability. System rcliability is generally used for replaceable
components. Failure is accommodated by the design through fail-safe principles or applying
redundancy and diversity, Structural reliability will be focused on safe-life principles and concerns
usually large and unique constructions as bridges or offshore platforms.

From the existing methods for system and structural reliability analysis, a working method is
proposed to carry out the case study of the Lagerwey 15/75. The techniques which seemed suited
for wind turbine industry were selected after a comparisen of existing techniques.

Based on preliminary results of the project and on a meeting with the advisory committee, it was
concluded that the benefits on the shott term were expected to be larger from system reliability
than from structural reliability. The results of this project with respect to system reliability can be
put into practice on short term. Especially, qualitative analysis methods like FMECA, Fault Tree
Analysis and Event Tree Analysis will be beneficial for the wind turbine industry. Presently, not
enough wind turbine failure data is available for a detailed quantitative analysis.

With respect to structural reliability, it is expected that the method cannot be implemented on short
term. This is caused by insufficient knowledge and limited practical experience; the magnitude of
the uncertainties of the mechanical loads is unknown, and the fatigue data for structural parts are
inadequate. Therefore, the application of structural reliability analysis during the design will neither
lead to technically nor economically optimized wind turbines within the next 5 years. The benefits
of structural reliability in this stage are mainly to gain insight into important parameters.

Statistical and empirical data arc required for both system and structural reliability. In the next
phases of the project, much effort will be put in the development of methods for collecting and
analyzing these data systematically. These data concern field data, such as the number of failures
of systems and components, failure causes, repair time and data obtained from testing and
inspection. These data should be a starting point for further improvement of reliability, availability,
maintainability, and safety in a qualitative as well as in a quantitative way.



- 48 -



- 49 -

REFERENCES

[1]

(2]

(4]

[5]

[6]

[8]

(9]

(10]

[13]

[14]

[15]

Stam, W.J. et al.. 'Regulations for the Type-Certification of Wind Turbines: Technical
Criteria’, ECN--91-001, Petten, February 1991.

Van Hulle, F.J.L. et al.: 'Recommendation for a European Wind Turbine Design Standard;
Load Cases and Loads’, ECN-C--91-028, Petten, April 1991.

Van Hulle, F.JL.: 'Safety Philosophy FLEXHAT; phase 1: Comparison With Existing
Criteria’ (in Dutch), ECN-C--90-046, Petten, October 1990.

Verheij, F.J. et al.: 'Handbook Wind Data for Wind Turbine Design, version 3°,
TNO/INTRON/ECN, January 1991.

Garrick, B.J.: 'The Approach to Risk Analysis in Three Industries: Nuclear Power, Space
Systems, and Chemical Process’, in Reliability Engineering and System Safety 23, pp 195-

205, Elsevier Science Publishers I.td England, 1988.

"Reactor Safety Study, An Assessment of Accident Risks in U.S. Commercial Nuclear Power
Plants’, U.S. Nuclear Regulatory Commission, WASH-1400 (NUREG-75/014), Washington
D.C., Oct. 1975 (draft in 1973).

*MOD-2 Failure Mode and Effect Analysis’, USDOE, July 1979, NASA CR-159632.
"Fault Tree Handbook’, USNRC, January 1986, NUREG-0492.
'PRA Procedures Guide®, USNRC, January 1983, NUREG/CR-2300.

Fullwood, R.R. and Hall, R.E.: ’Probabilistic Risk Assessment in the Nuclear Power
Industry’, Pergamon Press, 1988.

Henley, E.J. and Kumamoto, H.: 'Reliability Engincering and Risk Assessment’, Prentice
Hall, Inc., Englewood Cliffs, N.J., 1981.

"Dealing With Risks' (Omgaan Met Risico’s; De risicobenadering in het milieubeleid),
Ministery of Housing, Physical Planning and Environment, D.G. Environment, The Hague,
Netherlands, March 10, 1989.

Alderman, J.A.: "Hazard Identification Techniques’, Energy Sources Technology Conference
and Exhibition, New Orleans, L.A., January 20-24, 1991.

Bollmeier, W.S.: "Applying Reliability Analysis to Small Wind Systems’, Proceedings Fifth
Biennal Wind Energy Conference and Workshop, Volume II, Washington, October 5-7,
1981.

Montgomerie, B.: ’Horizontal Axis Wind Turbine Blade Failure, Blade Fragment Six
Degrees of Freedom Trajectory, Site Risk Level Prediction’, Proceedings Internationat
Symposium on Wind Energy Systems, Stockholm, September 21-24, 1982,



(16]

{17}

(18]

[19]

{20]

[21]

[22]

[23]

[24]

{25}

[26]
[27]

(28]

[29]

(301

[31]

- 50 -
Turner, D.M.: 'A Monte Carlo Method for Determining the Risk Presented by Wind Turbine
Blade Failures’, Wind Engineering, Vol. 11, No. 1, 1986.

Petersen, K.E., Hjuler Jensen, P. et al.: "Reliability of Smaller Wind Turbines (in Danish)’,
RISO-M-2872, Roskilde, Denmark, May 1990.

Kraker, A. de, Tichler, J.W., Viouwenvelder, A.C.W.M.: ’Safety, Reliability and Service
Life of Structures’, TNO Building and Metal Research.

Vrouwenvelder, A.C.-W.M., Vrijling, J.K.: *Probabilistisch Ontwerpen’, Collegedictaat TU
Delft (in dutch).

'Eurocode No. 3: Design of Steel Structures; part 1: General Rules and Rules for Buildings’,
Commission of the European Communities, September 1989.

Ang, AH.S,, Tang, W.H.: 'Probability Concepts in Engineering Planning and Design, Vol

II: Decision, Risk and Reliability’, J. Wiley & Sons, 1984.

Schaik, H.H. van, Kooman, D.: ’Probabilistische Ontwerpmethode Stormvloedkering
Oosterschelde (Probabilistic Design Method for Oosterschelde Surge Tide Barrier)’, Cement,
1979

Swpoc V Final Report, ’Veiligheidsbeschouwingen en Risico-analyse voor Offshore
Constructies (Safety considerations and Risk Analysis for Offshore Structures)’, Published by
IRQ, P. O. Box 215, Delft, 1979

Vrouwenvelder, A.C.W.M.: ’Probabilistische Vermoeiingsberckening "Paal in Zec"
(Probabilistic fatigue analysis, "Pile in sea")’, Report B-78-442/62-6-0402, IBBC-TNO,
Delft, 1979.

Bouma, AL, Monnier Th. and Vrouwenvelder, A.C.W.M.: ’Probabilistic Reliability
Analysis’, BOSS Conference, London, Aug. 1979.

Shooman, M.L.: *Probabilistic Reliability: An Engineering Approach’, McGraw-Hill, 1968.
Green, AE, Bourne, A.J.: 'Reliability Technology’, Wiley & Sons, 1972,

Barlow, R.E., Proschan, F.: 'Statistical Theory of Reliability and Life Testing’, Holt
Rinchart, New York, 1980.

McCormick, N.J.: *Reliability and Risk Analysis’, Academic Press, New York, 1981.

Curvers, A., Schuurman, J.J: *Operational Data of IPW-Wind Turbine Projects: Phase 1° (in
Duich), ECN-C--91-041, Petten, June 1991.

ANSI/IEEE Std 352-1987: 'IEEE Guide for General Principles of Reliability Analysis of
Nuclear Power Generating Station Safety Systems’, IEEE, Inc 345 East 47th Street, New
York, NY10017 USA, 1987, ISBN 0-471-60205-1



-51-

DEFINITIONS

Annual average wind speed is the wind speed averaged long enough to eliminate annual
variations (i.e. many years)

Availability is the probability, that a product or system is operating satisfactorily at any point in
time, where the total time considered includes operating time, active repair time, detection time and
logistic time.

- Steady state availability is the expected fraction of the time in the long run that an item (or
system) operates satisfactorily.

- Transient availability (or instantaneous availability) is the probability that an item (or
system) will be operational at a given instant in time. For repairable items, this will converge
to steady-state availability in the long term.

Axial thrust is the force in a wind turbine rotor paraliel to its main axis.

Blade is the component of a wind turbine with an aerodynamic shape which converts wind energy
into rotational shaft motion.

Blade cone angle is the angle between the rotor plane and the blade quarter chord line.

Blade pitch is the angular setting of a blade measured at the tip as the angle between the chord
line and the rotor plane.

Chord line is the straight line connecting an airfoil’s leading and trailing edge.
Condition monitoring is monitoring which is facilitated by the use of built-in test-equipment.

Cut-in wind speed is the minimum wind speed at which the wind turbine starts to produce useable
power.

Cut-out wind speed is the maximum wind speed at which the wind turbine is designed to produce
useable power.

Design limits (or: Design envelope) is the combinations of operating conditions (wind speed, grid
conditions, rotational speed, pitch angle, environmental conditions, etc.) in which the wind turbine
should operate statisfactory.

Emergency shutdown is an automatic shutdown of the wind turbine triggered by a safety
mechanism.

Fail-safe is a design philosophy such that in the event of a failure of a component, the machine
will remain in a nonhazardous condition.

Failure is the termination of the ability to perform a required function.

- Catastrophic failure is a failure which is both sudden and complete.
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- Common cause failures arc multiple failures which are attribute to a common cause.
(Sometimes called *common mode failure’, but this term is becoming obsolete. )

- Complete failure is a failure resulting from deviations in characteristic(s) beyond specified
limits such as to cause comptlete lack of the required function.

- Degradation failure is a failure which is both gradual and partial.

- Gradual failure is a failure that could be anticipated by prior examination. (also called
Incipient failure)

- Partial failure is a failure resuliing from deviations in characteristic(s) beyond specified
limits but not such as to cause complete lack of the required function.

- Sudden failure is a failure that could not be anticipated by prior examination.
Failure rate is the expected number of failures of a given type, per item, in a given time interval.
(The failure rate of an item is often a function of time, although dependence upon number of

operations, environmental conditions, etc, may also occur.)

Feathering is the change of the blade pitch angle of rotor blades to a zero or near zero lift
condition. (Often used as a method of shutdown.)

Flapping is the blade motion in the out-of-plane of rotation direction.

Gust is a temporary change in the mean wind speed.

Lead-lag is the blade motion in the plane of rotation.

Maintainability is the probability, that a product or system will conform to specified conditions
within a given period of time when maintenance action is performed with prescribed procedures
and resources.

Maintenance are those actions necessary to retain an item in, or restore it to, an operable
condition. Maintenance includes: the determination of condition, servicing, repair, modification,
overhaul and inspection.

- Corrective maintenance is maintenance undertaken to correct a malfunction.

- Predictive maintenance is maintenance based on probabilistic methods. (Through proper
condition-monitoring failure-potentials can be assessed in probabilistic terms.)

- Preventive maintenance is maintenance undertaken to co prevent the occurrence of
malfunction. It includes systematic inspection, detection and correction of incipient failures,
adjustment and similar activities.

Mean Time Between Failure (MTBF) is the average, or expected value, of operating times
between failures of a repairable item.
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Mean Time To Failures (MTTF) is the expected life of a nonrepairable item. Also, the mean or
expected time to failure of an item.

Power coefficient (C,) is the power available from a wind turbine system (P) divided by the wind
power of the undisturbed flow of the rotor swept area:

C, =P/ (05-p+AV?)

Power curve is a graph which depicts the net power of a wind turbine as a function of the wind
speed.

Probability distribution function is the mathematical function that gives Prob (X < x), where X is
a random variable and x is a particular value of X.

Rated power is the power output which the wind turbine is designed to achieve under normal
operating conditions.

Rated wind speed is the lowest wind speed at which rated power occurs.
Reliability is the probability, that a product or a system will perform its intended functions
satisfactory (i.e. without failure and within specified performance limits) at a certain time, for a

specified length of time when operating under the specified environmental and usage conditions.

Rotor power coefficient (C,) is the power delivered by a wind turbine rotor (Py) divided by the
wind power of the undisturbed flow through the rotor swept area:

C, = P, / (0.5+p*AV?)

Safety is the probability, that a product or system will perform satisfactorily and without
occurrence of accidents, when used under stated conditions.

Sensitivity analysis is an analysis that assesses the variation in the value of a given function
caused by changes in one or more arguments of the function.

Stall regulation is the control of rotor power by utilizing aerodynamic stall of the rotor blade.

Structural reliability is the probability that the load does not exceed the strength for a specified
length of time.

Survival wind speed is the maximum wind speed a wind turbine in automatic, unattended
operation can sustain and remain operable.

Testing
- Religbility testing is testing with the objective to estimate life parameters of parts,

equipments or systems and to assess behaviour characteristics and modes of failure. (Often
called: confirmation testing) The following two categories can be identified:
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+  Research testing is testing which aims at developing insight and factual data for
reliability parameters, such as failure rates, lifetime patterns.

«  Reliability demonstration testing is testing with the objective to determine whether a
particular product, its prototype or a particular component is expected to meet the
specified reliability requirements.

- Operational testing is testing in order to verify the operability of the system and its
components on a regular basis. The test intervals selected must be adequate for the reliability

needs of the total system.

Test interval is the clapsed time between the initiation of identical tests on the same component or
system.

Tip-speed ratio is the speed of a blade tip divided by the wind speed.

Tower shadow is the wake in the wind velocity created by airflow around the tower.

Turbulence intensity is a measure of the variability of the wind speed from its mean value
expressed as the ratio of the standard deviation of wind speed to the mean wind speed, normally
taken over a 10-minute period.

Unavailability is the probability that an item or system will not be operational at any point in
time. Unavailability may be a result of the item being repaired (repair unavailability) or it may
occur as a result of malfunctions. Unavailability is the complement of availability.

Upwind is the direction to towards the wind.

Wearout period is the time interval, following the period of constant failure rate, during which
failures occur at an increasing rate due to aging effects.

Wind shear is the vertical gradient in the wind shear.



- 55 -

LIST OF SYMBOLS

T iy

|z o=
3

{E(lE)

P!
v

TS

Mg TUwES

>

Qe aF 0= ®N

event

complementary event

probability density functions

1. cumulative distribution functions

2. load

First Ply Failure value

performance function

mean value

central safety coefficient

number of samples

probability

conditional probability (probability of occurrence E,; given E,)
resistance

stress

Ultimate Compression Strength

Ultimate Tensile Strength

coefficient of variation

stochastic variable(s)

reliability function

safety index

partial safety factor

error

mean value

standard deviation

probability density function of the normal distribution
cumulative distribution function of the normal distribution

SUPERSCRIPTS

design value

SUBSCRIPTS

mzg—wwoe

%

-

=T [ R~

estimator
fatigue
failure _
characteristic
load

material
normal
reliability
resistance
stress
stochastic variable(s)
ultimate



- 56 -

OPERATORS
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A. METHODS FOR SYSTEM RELIABILITY

A.1 Failure Mode Effect and Criticality Analysis

Failure Mode Effect and Criticality Analysis (FMECA) are tabular approaches to reliability
analysis and may be applied in the design of a system, but also as a thorough qualitative analysis
of an operational system.

An FMECA works as follows:

- Make a diagram with all relevant components in it.

- Assign to all components all their failure modes.

- Detenmine for each failure mode of a component the effect and criticality on the system.
- Determine the failure frequency of the failure modes.

These steps can be schematically represented in a way as for the example of a flowmeter in table
AL

Table A.1: FMECA for a flowmeter, schematically represented.

Component Failure mode Effect Criticality Failure
frequency
Flowmeter Contamination Wrongly Critical High
dosed flow
Nearly blocked Instability Marginal Very low

The effect of a failure is very important; a failure may have disastrous economic consequences
or hazardous effects for humans, the environment and other technical systems. To account for
this, a categorization in failure criticality can be made:

o

. Negligible: loss of function that has no effect on the system.,

2. Marginal: this fault will degrade the system to some extent but will not cause the system to
be unavailable; for example, the loss of one of the two pumps in a redundant system.
Critical: this single failure immediately causes system failure.

4, Catastrophic: these faults will produce severe consequences which can involve injuries or
fatalities.

W

If an attribution to the component failure of a particular mode can be assigned it may seem that
a critical mode contributes for merely 5%. This value can be an estimate based on prior
experience with that type of component. This results in more realistically calculating the
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probability of system failure from single causes, considering now only those failure modes which
are critical. This is contrary to an analysis method called "Parts Count" that assumes that any
single component failure mode will produce system failure (that is far too conservative). In fact,
an FMECA has two objectives:

- screening of errors, especially for complex systems, and

- identifying strategies for error reduction

FMECA as part of the design process (¢.g. in a preliminary design phase) is useful for
identifying all possible failure modes, which can result in design changes to either prevent
serious failure modes or reduce their impact.

A disadvantage of the method is that an FMECA is only petformed on single items (components
or sub-systems); complete event sequences are not taken into account, and the total system
unavailability/reliability can therefore not be quantified.

A.2 Preliminary Hazard Analysis

Where an EMECA is for the most pait system oriented, i.c. the effects are faults on the system
operation, Preliminary Hazard Analysis (PHA) is a method for assessing the potential hazards
posed to personnel and the public, by the system.

The objectives of a PHA are to identify potential hazardous conditions inherent within the
system and to determine the significance or criticality of potential accidents that might arise. A
PHA should be conducted as early in the product development stage as possible. This will permit
the early development of design and procedural safety requirements for controlling these
hazardous conditions.

The first step in a PHA is to identify potentially hazardous elements or components within the
system. This process is facilitated by engineering experience, the exercise of engineering
judgment, and the use of numerous checklists that have been developed for other (similar)
systems, The second step is the identification of those events that could possibly transform
specific hazardous conditions into potential accidents. Then the seriousness of these potential
accidents is assessed to determine whether preventive measures should be taken. Summarizing
these successive steps, we have following steps:

- Component/subsystem and hazard modes.
- Possible effects.

- Compensation and control.

- Findings and remarks,

PHA is additional to an FMECA, in that it goes beyond the hardware. It identifies software
requirements, environmental impacts on operations, crew errors and procedural abnomalities.
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A.3 Hazard and Operability Analysis (HAZOP)
In comparison to PHA, HAZOP goes beyond identification of hazards; it establishes the

likelihood and consequence of the event. The HAZOP also identifies the operability problems
that, though not hazardous, could cause production loss.

In operability studies, assessment is made of all situations deviating from design intentions. A
set of keywords is used containing subsets of "Guide words” and "Deviations", with respect to
a particular component. An example is given in table.3.2.

Table A2: A set of "Guide words" and "Deviations", from [2].

Guide Word Deviations Component
flow no water
temperature less steam
pressure more air

level reverse nitrogen
concentration benzene
contamination

It is the intention to make all meaningful combinations of all three columns. For every
combination the question is raised whether this deviation could occur, whether it could lead to
a hazardous situation and if so, how the deviation could develop. So doing, a checklist, which
contains changes in component conditions, the resulting deviations from standard in certain
surrounding equipment, and the causes of the changes in component conditions, can be
composed. The content of the checklists is extremely comprehensive and is based on the
expetience of a large number of workers over many years,

The major disadvantage is that the method is only used chemical process industry, and that the
technique is not standardized.

A.4 Safety Audit

Supplementary to FMECA, PHA, and HAZOP, a need for a Safety Audit can exist. The Safety
Audit is a formal onsite examination of a facility. The audit may be conducted by a team or an
individual. The audit identifies conditions or operating and procedural problems that could lead
to an incident.
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The audit used to review existing systems or facilities includes interviews with operation, safety,
maintenance, engineering, and management staff. Other techniques such as a Checklist and
Prliminary Hazard Analysis can be integrated with this technique.

The advantages of Safety Review are (1) the actual equipment and operating procedures are
studied, and (2) the facility’s staff is involved in the analysis. The disadvantages of the Safety
Review are (1) the auditors must be senior level personnel knowledgeable in the process and
facility, and (2) the audit lacks a formal structure which provides limited hazard evaluation.

A.5 Event Tree Analysis

Event Trees Analysis use graphic models that order and depict events according to the safety
requirements of each group of initiating events. Events or "headings” of an event tree can be a
safety function’s status, system’s status, basic events occurring or human actions.

EVENT TREE
Pitch Control Yaw System Blades S@ctural Wind Turbine
System Integrity Damage?
Extreme
) success
Wind T No
Conditions
No

Leading to _
Overspeed l failure _ | ' No

: Yes

Fig A.1: Example of an Event Tree.

The event trees display some of the functional dependencies between the events or "headings”
of the tree; e.g., cases where failure of one system implies that another system cannot perform
its function successfully. Such dependencies result in omitting branch points. Omitied branch
points also occur if success or failure of a system does not affect the system damage state
associated with a given accident sequence.

The event tree headings are normally arranged either in chronological or causal order.
Chronological ordering means that events are considered in the same chronological order they
are expected to occur during the development of an accident. Causal ordering means that events
are rearranged in the tree so that the number of omitted branch points is maximized.
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An example of an event tree is shown in Figure A.1.; in this case the branching probabilitics arc
quantified by fault trees, and the quantification of fault trees is described in section Ad,

A.6 Cause Consequence Diagrams

Cause Consequence Diagrams differ from an Event Tree Analysis in a way that a Cause
Consequence Diagram is a logic diagram that follows the chronological and causal order of the
events. It can contain more information than an event tree because it allows for more complex
branching than on the YES/NO (success/failure) logical operator allowed in the event trees. In
relatively complicated cases it usually results in more compact models, because parallel branches
can be grouped together by logical gates and treated as a single entity.

The compactness of the Cause Consequence Diagram compared with event trees also has it
drawbacks. Grouping of the branches makes sequence by sequence review difficult and may
cause some dependencies overlooked. During quantification, the Cause Consequence Diagram
must be restructured into alternative, mutually exclusive branches (i.e. to an event tree) in order
to account for dependencies. Thus, the use of the method is typically limited to qualitative
analysis, or as an intermediate modelling stage prior to the event tree construction.

A.7 Event Sequence Diagrams

Event Sequence Diagram is a variation of the Cause Consequence Diagram. Event Sequence
Diagrams are developed for each group of initiating events. The method is an analytical tool
intended to facilitate the collection and display of information required for developing system
event trees. The objective of the method (as in cause consequence diagrams) is to illustrate all
possible success paths from a particular accident initiating event to a fail-safe condition. The
diagrams tend to include a significant amount of design and operational information relative to
the potential success paths,

In fact, the method describes how successive safety functions can be accomplished. In
accomplishing a safety function, the effectiveness of a particular success path noted on an Event
Sequence Diagram depends in general on what subsystems are operable in the system and on
whether or not the process variables are within the design range of the particular system or
subsystem. The method of accomplishing a safety function depends on the state of the system
at the time of an event, as affected by the event, the operator, and system actions. In the
diagram, possible alternative success paths are shown beside the safety function which has failed.
In Figure A.2 each block in the diagram represents a system performing a safety action, as
indicated by the description on the right. Each action is initiated by the signals shown in the
circles coming into the block from the left. Manual actuation of the systems is indicated by
"MAN" in the bottom of the action block. The line that branches of from the heavy line above
each block indicates an alternative success path given that the expected safety action has failed.
As many possible alternative success paths as are available are shown to the right of each
expected action. After the various alternatives are tried and none succeed, an oval is used to
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indicate special conditions like "failure to scram”. For the systems required to react on these
special conditions is referred to another sheet.
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Fig. A.2: Event Sequence Diagram for three safety systems in a nuclear plant.

A useful aspect of the Event Sequence Diagram is its capability to document the assumptions
used in an Eveni Tree Analysis. The diagram can be very detailed, explicitly showing all the
sequence options considered by the analyst. When simplifying assumptions are made in the event
trees to facilitate quantification and to render the logic more tractable, the Event Sequence
Diagram can be used to demonstrate why such assumptions are believed to be bounding
(conservative) or probabilisticly justified.
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A8 Fault Tree Analysis

Fault Tree Analysis can be described as an analytical technique, whereby an undesired state of
a system is specified, and the system is then analyzed in the context of its environment and
operation to find all credible ways in which the undesired event can occur. The fault tree itself
is a graphic model of the various paralle] and sequential combinations of faults that will result
in the occurrence of the predefined undesired event. The faults can be events that are associated
with component hardware failures, human errors, maintenance or test unavailabilitics or other
events which can lead to the undesired event. A fault tree thus depicts the logical
interrelationships of basic events that lead to the undesired event - which is the top event of the
fault tree.

There are two types of building blocks in a fault tree: gate symbols and event symbols. Gate
symbols connect events according o their causal relations. A gate may have one or more input
events but only one output event. Event symbols, depicted as rectangular boxes, denote a fault
event resulting from a combination of more basic faults acting through logic gates, see Figure
3,1. Whether a certain basic event results in system failure (the top event) is determined by the
Boolean algebra applied to the logic gates.

The probability of occurrence of basic events has its impact on the system failure. By Boolean
reduction the minimal cutsets are obtained. A minimal cutset can be defined as the smallest
combination of component failures, if they all occur, that will cause the top event 1o occur.

Fault trees are appropriate for safety analysis problems where exhaustive cataloguing of events
is required to identify primary and secondary faults and dependencies beyond those explicitly
present in a system schematic. Since the introduction of computer-based analysis techniques, the
use of Fault Tree Analysis has become widespread, having replaced the block diagram analysis
for many purposes.

A.9 State Space Diagrams and Markov Analysis

State Space Analysis, either with or without Markov-process solutions, can be a very useful tool
for modelling scenarios where system states change, cyclically with time. It may be used for
availability estimations particularly where systems are subject to periodic test and maintenance
as well as a failure and repair cycle. Figure A.3 shows an State Space Diagram representing the
standby state, the operational state, the failed state, and the in-repair state of a arbitrary system;
the transition rates from one state to another are not shown in the figure.
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Fig. A.3: State Space Diagram, representing the standby state, the operational state,
the failed state, and the in-repair state of an arbitrary system.

It is possible to represent a State Space Diagram by a system of simultancous differential
equations, representing the changes with time of the probability of being in any of the states.
However, for a general case, it is not possible to obtain a closed analytical solution to such a
system of equations. Simulation techniques would have to be used. In the case of systems with
a failure, repair, test and maintenance cycle it is possible to apply the special case of assuming
that the transfers from state to state follow a Markov process.

A Markov process is a process where in transition from state to state, the probability that a
system is in a particular state is dependent only upon the immediately preceding state. The
application of a Markov process allows major simplification in the simultaneous equations
describing the State Space Diagrams. The terms of the equations for each state are then only
dependent on the state itself, on the possible immediately preceding and on following states and
the transition rates. However, even these simpler equations may not be solvable in closed
analytical form if the rates of transfer between states are time dependent functions. Solutions
would have to be obtained by iterative numerical methods, and the solution for each state would
be a function describing the time dependance of the probability of being in that particular state.

The State Space Diagram method is inconvenient for a qualitative understanding of a system’s
behaviour with respect to failure importance of components, but it is useful to describe the
transitions between different operating states.
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A.10 Reliability Block Diagrams

A Reliability Block Diagrams while laid out similarly to a flow diagram or a piping and
instrumentation diagram (P&ID), represent the components as a series of interconnecting blocks
(thus the only way to distinguish pumps from valves is by labelling in the blocks) to indicate
which elements (blocks) of the system must operate successfully for the system to accomplish
its intended function. Each block represents an individual component, or a convenient grouping
of components of the system. It is usually convenient to arrange blocks on a Reliability Block
Diagram in the same sequence as that in which their functions are performed. Because the
Reliability Block Diagram is actually similar to a flow diagram, the method is more easily
understood, compared to Fault Tree Analysis, without training in the technique concerned.

Disadvantages of the method consists of the difficulty in adequately modelling support systems,
and the fact that causes of failure are not systematically identified, which is particularly relevant
for human errors and common-cause failures. Blocks representing redundant components are
shown in parallel, and the component failures that cause system failure are placed in series. The
unreliability equations for the Reliability Block Diagram are written such that the probabilities
of failure of blocks in series are combined in union (added probabilistically) and the probabilities
of blocks in parallel are combined in intersection {(multiplied).

Reliability Block Diagrams are a useful method for analyzing a system. For complex systems
Fault Tree Analysis, which uses special symbols for the operations of union and intersection, is
more preferred because dependecies are better taken into account.

Figure A.4 shows a Reliability Block Diagram for a cooling system. The cooling system pump
water from a tank into a cooling header. For successful operation V, and P; and V, should not
have failed, or V, and P, and V,, should not have failed.

Motar operated
supply vaive V1

Motor operated

High volume
g — discharge valve
V3

pump Pt

Water s | n

Maotar operatad
supply valve V2

High volume
purmp P2

Motor operated
discharge valve
Va4

Fig. A4: A Reliability Block Diagram of a cooling system.
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A.11 GO-Chart

The GO method is a success oriented system-analysis technique. The method parallels that of
the cause consequence diagram and the event sequence diagram in that it follows an inductive
success-oriented logic. In appearance, it resembles the flow diagram of a system or a wiring
diagram. A GO model represents the engineering function of a component, subsystem or system
through a serics of GO operators. Figure 3.5 shows the standard GO-operator types. It can
generally be constructed from engineering drawings by replacing system clements (valves,
switches, etc.) with one or more GO symbols. For representing the operational function of a
system, the operation of each component is analyzed and the GO operator type which most
closely represent the operation of the physical component is selected. The steps used for
constructing a GO-Chart are represented in figure A.6.
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Fig. A.5: The standard GO-operator types, from [1].

The GO operators consist of symbols which were developed to represent, in mathematical terms,
operations of physical components or logical relationships between components. They are of
three basic types: (1) independent, (2) dependent, and (3) logic. The independent operators are
used to represent components requiring no input, i.e. sources such as tanks or electric power., The
dependent operators require at least one input in order to have an output and represent such
components as valves, pumps, and relays. Logic operators combine the operators into the success
logic of the system being modelled; included are operators which represent “or”, "and" and "only
if" functions as well as logic functions that can be defined by the users. An example of a
dependent is a component requiring actuation, such as a motor-operated valve, which needs both
an input (flow) and an actuation (electric power) 10 pass the flow successfully. A GO computer
code quantifies the GO model for system reliability and availability, and identifies system fault
sequences.
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The GO method -is suited-for many-practical-applications-where-the-system-is-well-defined by -

a system schematic or other design documents. Compared to the Fault Tree Analysis, in the GO-
chart method failure modes are implicitly modeled; it can only evaluate failures that are implied
by the logic structure of the system as it is conveyed through the engineering drawings.

Inputs | Outouts

Tank LCV At
P LCV A2
ACT LCV B1
LCv B2
1. Daling system 2. Establish inputs/ocutputs 7 3, Draw funcrionsi gochan

4. Detine operator types 5. Datine operator kinds 6. Deline sugnet sequence

Fig. A.6: Successive steps in a GO model.
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B. STRUCTURAL RELIABILITY

B.1 General

Many design processes of engineering structures are mainly based on assumptions as to the
scatter in loads and material behaviour which in turn are based on experience previously gained
with similar structures. But the size of uncertainties in material characteristics, loading
conditions, material degradation and fabrication processes are often not sufficiently reflected in
design procedures. The influence of uncertainties is only accounted for by the application of
safety factors and load factors in order to obtain a justified margin between strength and load.
However, this may lead to doubts about the integrity and safety of the structure and possibly a
less than optimal economic service life will be predicted.

A more advanced approach to the considerations of service-life and safety are probabilistic
analyses. A probabilistic analysis can give guidance into the influence of all types of
uncertainties on the reliability of the structure. Structural reliability is a widely used technique
for the assessment of the reliability of structures. A comprehensive definition of structural
reliability is the probability that the load does not exceed the strength for a specified length of
time. Reliability measures for an engineering system may be derived from the reliability
measures of its components. In this report a survey of the most common solution methods of SR
probiems is presented.

In view of the application of SR the words structure (or system in a broader sense) and
component are interchangeable. After all, a component can be regarded as a system and in many
cases the word system is used rather than component in the succeeding sections,

The basic philosophy for assessing the reliability of an engineering system with respect to a
certain failure criterion is the stress-strength concept in which scaiter is observed in two
parameters S and R [1,2]. The parameter S (the stress) comprises the loads acting on the system
while R (the resistance or strength) comprises the resistance to failure. The conception is that the
system will function as long as S < R so the reliability Py is given by

P, = P{S<R) (1)

In probabilistic analyses the assessment of safety usually takes place from the negative.
Most of the times the safety is expressed in terms of the probability of failure. The sum of the
probabilities of failure and of non-failure is equal to 1, so the failure probability Py is given by

Py=1-Pg =P(R<S) (2)

The failure probability can be expressed as

P,=P{R<S8} =) P{R<SI|S =s}P(S =5} 3)

where P{ R < S | § = s} is the conditional failure probability. Suppose that R and § are
statistically dependent then
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s} % P{R < S}} @)
=r} # P{S <R}

= R
1

and the following relationship holds

P, = f:(f;f“(r,s)dr)ds . f_:(f;fms(r,s)ds)dr ()

where fz ¢(r,5) is the joint distribution of R and §. Suppose that R and § are mutually exclusive
(i.e. statistically independent) then fp o(r,s) = fo(r)(s) and

P{R<SIS =5} =P{R<S} (6)

When the distributions (or probability density functions) f(r) and fi(s), and therefore the
cumulative distribution Fy(r) and Fg(s) of the stochastic variables R and § are known Py can be
expressed in the form

Pe = [TF()f9)ds = (11 - Fy(Olfp(r)dr 7

The quantitative evaluation of the failure probability often poses major problems. Firstly the
determination of the correct form of the distribution functions may not be a simple task.
Secondly the integral in (5) might be hard to solve numerically or to approximate. Since the load
and resistance may be functions of multiple variables, the reliability of an engineering system
may also be dependent of a number of stochastic variables. Therefore, the stress-strength concept
must be generalized and in this report the generalization of the stress-strength model is
presented. In the application of SR a four step method is used.

Definition of the design model.
Definition of the failure model.
Definition of the SR problem.
Solution of the SR problem,

bl ol S

In the first step presented in chapter 2 a system is described and the design variables and design
functions are assessed. In the second step presented in chapter 3 the failure modes and failure
mechanisms in the system are identified and load variables and failure criteria are determined.
In the definition of the SR problem certain boundary conditions have to be taken into account,
the performance functions based on a certain deterministic physical model must be determined
and the distributions of the most important variables and parameters must be identified. In
chapter 4 the SR problem is presented. The last step, solution methods commonly used in
various engineering disciplines, are presented in chapter 5.

B.2 The Design Model

Every load that is applied to a system will call forth a particular response in the system. For
instance, a static force can bring about inadmissible elastic and plastic deformations and stresses,
varying loads may cause fatigue damage, elevated temperatures may lead to a reduction of
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strength and rigidity etc. For the reliability assessment of a specific structure basic parameters
specifying the material characteristics, geometry and environmental influences etc. have to be
identified. The combination of geometry and material properties is called the capacity of the
system. Some of the parameters quantifying the capacity of the system have a stochastic nature.
These so-called design variables and parameters must be selected and design functions must be
specified, for instance the strength of a system can be expressed in a design function

R =R(X X,,....X,) G

where X,, X,,....X,, are the design variables, For clarification consider a simple problem

of a cylindrical tensile bar loaded by a uniform force F (cf. Fig. B.1). The strength R of the bar
is determined by two design variables, viz. the diameter d (geometry) and the tensile strength
o, (material property) according to

p

R = R(d,0,) = " ©)
)
v g, F
d >
A

Fig. B.1: Cylindrical bar loaded by a tensile force.

B.3 The Failure Model

The failure model addresses the identification of the failure modes and failure mechanisms
during operating conditions or at the design stage. While lack of understanding of a particular
failure mechanism certainly contributes to failure statistics, the contribution from known or
understood mechanisms will be the major part of the total. Different causes of failure may exist
and dependencies of failure modes and/or the dominance of a particular failure mode must be
identified. In [1] a subdivision of influences that may activate a certain failure mechanisms is
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made: mechanical influences, physical influences, chemical influences and biological influences
are distinguished.

An action is required to activate a certain failure mechanism. In the Eurocode for Actions [3]
the term action is defined. An action is:

- a force (load) applied to a structure (direct action}, or

- an imposed deformation (indirect action); for example temperature effects or settlement.
Actions can be classified by their variation in time (permanent actions, variable actions, or
accidental actions) or by their variation in space (fixed or free actions). For more details see [3].

In the case of one failure mechanism the load can be expressed as

S = S(X, 1 X, 0 X,) (10)
where (X,,,;, « « - » X, are the loading variables. The reliability of an engineering system may

be defined as the probability to function the way it was designed. The level of performance will
depend on the properties of the system. In this context performance functions (or state functions)
can be defined [4]. Positive values of the performance functions denote proper operation (safety)
while negative values denote improper operation (failure). Accordingly, the limit state is denoted
by 0. The set of basic variables X = (X, . . ..X,) (consisting of design and loading variables) for
which probabilistic information is given are called the primitive random variables and the
performance function is then cast as a function g(X) of the primitive variates, Limit states can
be subdivided into ultimate Iimit states and limit states of serviceability. An example of an
ultimate limit state is fracture. Fracture occurs when subcritical defects or flaws become critical.
In this image the actual defect size in a system is compared with a critical defect size that would
lead to fracture [5,6]. This may take place because the defect considered has grown in course
of time (crack growth) or because the critical defect size has decreased (material degradation or
local stress concentrations). Another example of an ultimate limit state is the exceeding of the
maximum loadbearing capacity. Exceeding of the maximum loadbearing capacity of a system
is associated with elastic or plastic instability. The elastic properties, the yield stress, the tensile
strength and the possible time-dependence of these quantities are important in connection with
this failure mode. Furthermore, the changes in the structure due to wear and corrosion might
have to be taken into account. The material loss as a function of time must be determined in
those cases. A limit state of serviceability can be inadmissible deformation or inadmissible
cracking, excessive wear, ctc.

Suppose there are k possible failure modes then k performance functions g,(X) must be defined.
In many case the fajlure modes are correlated. Failure in mode j is defined by the event

E =[g(X)< 0], j=1,..,k (11)

In the case of k different failure modes the failure occurrence is given by E = E\VEJ..\VE,
while the non-failure occurrence is given by £ = E ,nE ,n..nE .

Turning to the example of the cylindrical tensile bar of the preceding section the load § can be
expressed as
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S =S8(F)=F (12)

and failure is defined by E = [R - § < 0] and the limit state by R - § = 0.

B.4 The Structural Reliability Problem

In the previous sections the stochastic nature of external influences and various forms of
response of a system were outlined. The limit state of a system should be defined in a
deterministic manner. In theoretical sense the failure probability can be expressed as

Py = J""ffx,xi-.x,,(xl Xy X, )X, X, A, (13)
g(x)<0

where fi(x) is the joint distribution of the primitive variates. It should be kept in mind that the
model in equation (13) is an estimation of reality performed under conditions of incomplete or
inadequate information. Potential errors of an imperfect prediction model may contain two
components: a systematic component and a random component. Consider for instance the process
of estimating the statistical parameters from a set of observed experimental data. The mean value
of a sample may be assumed to be close to the true mean value. Then the difference (or ratio)
of the estimated sample means and the true mean is a measure for the systematic error, whereas
the standard deviation of the collection of sample means represents a measure of the random
error. So in practise the determination of the performance function and the distributions of the
design and load variables might be quite complicated and can be hampered for instance by lack
of sufficient statistical information. A possible performance function is the reliability function

Z(X,,....X,) = R(X,,....X,) - S(X,,,1».-.X,) (14)

As has been previously stated the stress § comprises the loads acting on the system while the
strength R comprises the resistance to failure. When the imposed load exceeds the strength then
Z < 0 and the system fails (cf. Fig. B.2). Since the load and the strength

A, A Z2=>0 Z =0
lines of equal
probability
| unsafe state
I Z <0
Lol 5
{5,(.5‘) :

| ]
1]

Fig. B.2: Determination of the failure probability.
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are random the performance function is also random. The failure probability will be

Py = [of fuxx, sy, ) 4% 03, . dx, (15)

Z(x)<0

Generally, more than one failure mode is present caused by several failure mechanisms. The
failure probability in the case of k different failure modes is given by

Pp = J""ffxlxz...x,, (X3 %y 000X, A, A2y . dx, (16)
E

where the event E = E,UE,\...UE, is the failure occurrence. The reliability in the case of &
different failure modes is given by

PRE = J":ffxlxz...}f” (xl 7x2""’xn)dxl de"'dxn (17)
E

where the event £ = E ,nE ,n...nE , is the non-failure occurrence. Methods of evaluating this
integral are presented in the next sections.

Example 1: Ultimate loads

In the example of the cylindrical tensile bar the reliability function Z would be

nd’o,
Z = 2(d,0,F) =R(d,0,) ~ S(F) = — = - F (18)

and the failure probability can be expressed as

P, = f f f fo(d,0,) f,(F) dd do, dF (19)

Z<0

where fy(d,6,) is the probability density function of R and f(F) is the probability density
function of §.

Example 2: Fatigue

Some wind turbine components can fail as a result of fatigue which means that the material fails
before the load reaches the tensile strength. The load variations are responsible for the materiat
failure and it is assumed that every stress variation contributes to the damage of the material of
the component, In the case of fatigue the failure probability is associated with a planned service
life T, while the life L, of the component can be conceived as a stochastic variable. The reliability
function can be defined as Z(X;, . . ., X,) = L(X,, . . ..X,)) - T. In the case of steel components
the following procedure is followed [7]. For every load acting on the component the life L must
be determined. Consider an harmonic load () = 0.5 AS sin(cws). The number of stress cycles N
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with constant amplitude AS that a component can sustain before failure due to fatigue fracture,
is being determined experimentally. This number will show some scatter. For every stress -
amplitude a certain N-distribution can be determined and subsequently the resuits are put in the
well known Wohler curves. This means that the relationship between the stress amplitude AS
with the number of cycles N that the material can sustain can be approached with a characteristic
Wahler curve, for instance the line related to a probability of 5% that N is not exceeded
(cf. Fig. B.3):

N=Cs* (20)

In this expression C and k are material constants dependent on details of the material (e. g.
brittleness, notches, etc.) and these material parameters may show statistical variations.
Generally, the response of a component to a random load is not harmonic and the problem of
estimating the time to failure is more complicated. To little experimental results are available
to formulate an empirical theory. A useful approximation is the damage rule of Palmgren-Miner.
Suppose N, is the number of cycles of stress amplitude level AS, that the component can sustain.
The damage D; caused by n; cycles at a stress amplitude level AS; equals #,/N; and the total
damage D is given by

D=ZQ=Z% 1)

If D is equal to 1 then the residual lifetime of the wind turbine component is zero. It is assumed
that the damage accumulates proportional with the cycles and the loading order of the different
stress amplitudes does not play a role.

log A S N
X X X X X
XWX X XX X
X XX XX X X X
5% 50% 95%
-
characteristic Wohler—curve log NV

Fig. B.3: Determination of the Wohler-curves.

Suppose the expected frequency of the upward zero crossings of the load is equal to @,, then the
number of stress peaks in a period T is given by
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n=T (22)

The expected part of the cycles with stress amplitude between 5™ and s + ds” is equal to

£.(s s (23)

In many cases the stress peaks have a Rayleigh distribution

s:z

)

N
A,

f667) = a4

e

a,]

where o, is the standard deviation of the load s(#). The mean value of the number of peaks
between s* and 5° + ds” is equal to

n(s*) =nf (s*)ds” (25)

The contribution of one peak to the total damage equals 1/N(s") according io Palmgren Miner,
where N(s") is the number of peaks between s* and s* + ds” that the component can sustain. So
the expected value of all stress peaks with a height between s* and s* + ds” is
nst) LGS 26)
N(s™) N(s™)

So the total expected damage is equal to integral of all the contributions of all stress amplitudes:

o, f(sMds”

ED(T)] =T s (27)
2my  N(s™)

To evaluate this expression the probability density function of the stress peaks and the
experimental Wohler curve are necessary. Substitution of (20) into (27) and some elaboration
gives

[eY] k
D(TY] = T—°. J2 ¥ (L + = (28)
E[(D(T)] Tznc(zcs Y I( 2)

where T is the gamma-function. The result is the average damage that can be expected after a
time period 7. The average damage for one peak is given by
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- EID(T)] _

# Tcoe/?_'n:

1 ¢ k
— (20,42 * 29
=202 I'dd 5) 29)

while the variance of the total damage after one peak can be expressed by

a2z
°9

2 1 5% T 4 »
GIP = —_—_— I.L —_ ! dS
of C(2s7)* o5 (30)

2k
- 9_.({‘_,‘{_—2-)_(1“( 1 +b) - T%(1 + E)J
C? 3

In the case that every peak is independent of the previous peaks, the variance of the total damage
after n peaks can be approximated by
(31

2
Cup = ROgp
The expected life L of the component can be given by L = (1/D)T.

B.5 The Solution of the Structural Reliability Problem

In this section several techniques for performing the calculations in order to solve the SR
problem are outlined. Since large computation times remain a restricting factor with respect to
practicability much research was done over the past to develop suitable approximate methods.
The Joint Committee on Structural Safety has defined four levels at which SR problems can be
solved, intended for application in civil and structural engineering. The following is extracted
from [1] and [2]:

Level 0: This level is a deterministic analysis based on fixed data; a deterministic (high) load,
a deterministic (low) strength and an "overall- safety-factor”.

Level I: This level is intended for routine design use. For each of the stochastic variables a
certain unfavourable value is chosen, the so-called characteristic value, usually based
on a 5% confidence limit. In addition, a set of partial safety factors is applied; these
establish the margin between load and strength for the various cases to be considered.

Level I The analysis at Level 11 is an approximative analysis based on the so-called "first
order/second moment" principle. Briefly, what it amounts to is that only the mean
value and the standard deviation of each stochastic variable are taken into account,
linearization being applied if necessary. Level II approximations are used to
provide a basis for Level I procedures. By means of Level II studies it is objected
to underpin the partial safety factors of a Level I analysis as soundly as possible.
Moreover, Level II analyses are used for special and important structures for which
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an above-normal standard of reliability is considered essential, e. g. offshore
structures, nuclear power plants, etc.

Level IIT This level comprises complete and exact analyses performed with the aid of
analytical or numerical integration procedures or Monte Carlo simulations. Level
111 analyses generally demand too much computational effort to be practicable for
dealing with major problems. The scope for applying them exists mainly in
verifying and complementing Level Il approximations.

B.5.1 Level III Calculation

B.5.1.1 Numerical Integration

Although standard numerical integration methods can be used to evaluaie the integral in equation
(13) in the case of only a few basic variables (say less than 5), generally
these methods are not appropriate.

B.5.1.2 Monie Carlo Simulation

Another leading procedure for the calculation of failure probabilities is the Monte Carlo
simulation or numerical experimentation. In this procedure, many realizations of the system are
simulated using random number generation. For each realization an analysis is performed, the
system is determined to be either a success (Z > 0) or a failure (Z < 0), and a record of the
simulation is kept. After a large number of simulations the records are surveyed and the
estimator P, of the failure probability is obtained by:

P =_= (32)

where N is the number of realizations and N, is the number of failures. The advantages of
numerical simulation are that it is a convergent process with a well-defined error estimate.
Furthermore, the complexity of the definition of system failure does not affect the accuracy of
the results. However, Monte Carfo Simulation is usually a computationally expensive technique.

Monte Carlo simulation depends on the computer generation of random numbers. Most modern
computers have the ability to generate a sequence of values which appear to be independent and
random with a uniform distribution over the interval [0,1]. Of course, the sequence is not really
random; it is the product of a well-defined algorithm. In fact, the sequence generated is periodic
and will begin to repeat itself after a certain number of values are produced. If, however, the
number of values generated is less than the period of the algorithm, the sequence will behave
as if it were random and will be able to pass certain tests of randomness. Since most stochastic
variables are not uniformly distributed an extra operation is necessary. This operation which is
schematically depicted in Fig. B.4 is given by the transformation
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Fig. BA4: Random number generation with an arbitrary cumulative
distribution function.

where y is uniformly distributed over (0,1) and Fy is the cumulative distribution function of the
stochastic variable X, However, there are cases in which the cumulative distribution function Fy
is not a simple analytical expression.

For instance in the case of normal distributions a possible faster procedure could be the
following. Consider n basic variables Uy, . . . , U, uniformly distributed over the inierval (0,1)
by means of random number generation. For each sequence U; the first M values are taken and
the sum

M
B el > &
j=1

is taken. By the central limit theorem [8] it follows that the variate y; is standard normally
distributed. With the use of the transformation

Xpi =0+ Wy (35)

normal distributions X,,; are obtained with mean value ; and standard deviation o;.
According to [9] a value of M = 12 gives satisfying results. In this way random values X, ,, .
. s X3, are generated and substituted in the reliability function Z and if Z < 0 a "hit" is
recorded. The total number of hits is Ny and an estimate of the failure probability P, follows
from equation (32) if the size of the sample is N. The error € can be written as [2]:
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P -P, T 'F (36)

For sufficiently large N the error € is normally distributed with standard deviation

o(e) = NP,

It can be required that the error € with prescribed reliability is smaller than E by:

ko(e)<E (38)
If it is required that 26(g) < 0.1 the number of simulations N should be larger than

N > 400 Pi -1 (39)

F

B.5.2 Level II Calculation

B.5.2.1 Introduction

In the most simple case the strength R and the load § are normal distributions. Then it can be
shown {8] that the reliability function Z is also a normal distribution with mean value

R(Z) = W(R) = K(S) (40)
and standard deviation
6*(Z) = 6X(R) + 6*(S) (1)
The failure probability is given by
0 - pn(z
P, =P(Z<0) =, (_G(_;_(.)_ﬁ_).) = @, (-B) (42)

where B = WZ)o(Z) is the safety index and Py is the cumulative distribution function of the
standard normal distribution. The level of reliability is a function of the mean safety margin Li(Z)
and the degree of dispersion as measured in terms of the standard deviation ¢(Z). The safety
index B includes the effect of both these factors. In Table B.1 the quantitative relation between
B and the failure probability Pg is given
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Table B.1: Quantitative relationship between the failure probability Py and the safety

index P.

Py B

0.5 0

¢.25 0.67
0.16 1.65
0.10 1.28
0.05 1.65
6.0l 2.33
102 3.10
10 3.72
10° 425
10°® 4.75

B.5.2.2 Relations with Level 0 and I calculations

In Level 0 and I calculations safety coefficients are used with which a margin is reached
between the load and strength of a system. This margin is necessary to account for the effects
of:

- uncertainties in load;

- the schematization of the calculation model;

- the scatter in material characteristics;

- little deviations of the real structure from the design.

The central safety coefficient is defined as:

n = ,E‘(ﬁ (43)

The determination of this coefficient is based on statistical processing of data. In the last decades
the so-called characteristic safety factor v, defined in terms of the characteristic strength R, and
the characteristic load S,, is used. The characteristic safety factor in some degree quantifies the
uncertainties mentioned above. For the characteristic value of the load the value S, which has
a 5% probability of being exceeded is determined while for the characteristic value of the
strength the value R, which has a 5% probability not being exceeded is determined. It follows
from the table of the standard normal distribution dat ®,(u) = 0.95 for u = 1.64 and ®,(u) =
0.05 for u = -1.64 and therefore the characteristic load and the characteristic strength are given
by:
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S, = K(S) + 1.64 a(S)

(44)
R_= p(R) - 1.64 6(R)

The characteristic "overall" safety coefficient currently used in rules for building [2] is defined
by:

y = 45)

The following relationship between the characteristic safety coefficient and the central safety
coefficient can be easily derived:

1+ 1.6425)

n o=y Res) (46)
1 -1.649%)
h®)

B.5.2.3 Generalized Formulation and Refinements of Level II Calculations

The reliability of a system may be dependent of multiple variables. After all, the load and
resistance may be dependent of multiple variables and the formulation of the Level II calculation
must be generalized. As has been previously stated, all properties of a system can be expressed
in n independent basic variables X = (X,,X,, . . . ,X,). These basic variables are considered to be
stochastic properties. In the following the reliability function Z = g(X) is supposed to be a linear
combination of the » stochastic basic variables, in formula form:

Z=gX) =aX +a,X, +..+aX (47)

H

With elementary probability theory it can be proved [4] that Z is a normal distribution with mean
value

I'I'(Z) = all'l'(XI) + a2l'l’(X2) T anp’(Xn) (48)

and standard deviation

5(2) = la, 06X + [4,6X)P - ... + [a,0x) P @

Generally, the reliability function Z = g(X) is a non-linear function of the basic variables which
might not always be normally distributed. Some approximations can be made in order to employ
the properties mentioned above of the normal distribution. Firstly Z is being linearized and
secondly the distributions of the basic variables X are substituted by normal distributions. These
approximations are characteristic for Level II calculations and are called "First Order Second
Moment Approximations”. There are several possibilities to work out the problem. In the
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following section the "mean value approach” will be described which has the main advantage
of the possibility of manual calculations. However, more refinements will have (o be performed
in the cases where more accurate results are needed. These so-called Improved Level II
calculations are outlined in section 5.2.5.

B.5.2.4 The Mean Value Approach

In a fixst step the reliability function g(X) is linearized with the help of a Taylor series expansion
in x* which is cut off after the linear terms in order to assess the failure probability Pp = P{Z
< 0}

Z = g(x Xy Xy ) + Y (X - x,-*)aa—;(f) (50)
i=1 i

In the mean value approach the mean value m = (UW(X)),....(X,)) is taken for x" and the
distribution of the stochastic variables are replaced by normal distributions with mean value

Hy(X) = p(X) (5D

and standard deviation
GN(X.E) = G(Xl.) (52)

Since equation (50) is linear in the basic variables X the reliability function Z fulfils the
requirements that Z is normaily distributed with a mean value:

n(z) = g(m) (53)

and a standard deviation:

n ag (54)
o(Z) = —(m) o(X,
(Z) g; X (m) o(X,)
The safety index is given by p = ((Z)/c(Z) and the failure probability is given by
P F - N(“ B) (55)

This method has two important disadvantages, viz. the results are strongly influenced by the
definition of the reliability function Z and when the original distributions of the basic variables
are strongly deviating from normal distributions the mean value method is no longer applicable.
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B.5.2.5 Improved Level II Calculations

Two modifications are introduced in order to eliminate the disadvantages of the mean vaiue
method. The first improvement is the point that the reliability function will not be lincarized in
the mean value 2, but in the so-called "design point” x". In the case of two basic variables this
is the point where a circle with centre m would be tangent to the limit state Z=0.Asa
consequence the safety index B will be independent of the reliability funcuon Z that was
selected, The inconvenience of this method is the fact that the design-point x* can only be
determined iteratively. Calculations with this improvement are called "Advanced Level II
reliability analyses”. The second improvement is the substitution of the distributions of the non-
normal variates X; with normal distributions of which the function values in the design-point
of the probability density function and the cumulative distribution function are set equal to the
corresponding values of the given distributions ®; and ¢, (see Fig. B.5), in formula form:

in(x.'*)
fxl.(xi*)

q),'(xi*)
0,(x;")

(56)

A reliability analysis in which both modifications are implemented is called a "Approximate Full
Distribution Approach” (AFDA). In [2] it is stated that the accuracy of AFDA analyses
approximates a Level III calculation and in [10] the relation between the accuracy of AFDA
calculations as a function of the number of variables and distribution types is investigated. In
the following the modifications that have to be made as a result of the linearization of the
reliability function in the design-point x" are outlined. The reliability function can be written as

Z = g(x Xy yeunX, )+ z(x - X; ) (x ) (57)

The mean value of Z is given by

W(Z) = g(x k) + 3 (- aag @) (58)
=1l

while the standard deviation

| g, . | (59)
Z) = J5 X,
o(Z) _ aXi(g_)o( )

The failure probability is given by (51).
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equivalent normal cumulative distribution
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Fig. B.5: Substitution of the distributions with equivalent normal distributions.

Advanced Level IT Reliability Analysis

Tt is obvious that better results are obtained when the reliability function is linearized in the imit
state. Hence, the position of the design point is selected on the limit state where the probability
density function reaches its maximum. For the determination of the design point the following

steps must be done. Suppose the standard deviation of Z can be written as a linear combination
of the standard deviations of X

n ag )
o(Z) = Y o, —=(x") o(X) (60)
@ =3 g

where according to (59)

og , .
- X
3 (xM)o(X,)

: _ (61)
n ag .

Yo | == X,

2 aX.({ ) o(X)

7

By the combination of (58) and (60) and keeping in mind that x" should be in the limit state
g(x") = 0 the safety index P is given by
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n . ag
Y, (my = x) == (")
B h@ _ i oX; (62)
o, —2 (x ,
iR ‘
A little algebra yields the result:
~ 0% , . - }
P )m, - %" - @B, =0 (63)
Now a new estimator x° can be solved
(64)

x" =m, - o.po(X)

i 1

In formula (62) it is supposed that 2(x") = 0 in order to derive (64). However, as long as the
right design point has not been reached g(x") # 0 and for a good estimation of B it should be
added to the counter of (62). The calculation consists of two parts. In the first part a point X' is
determined by means of an iterative process for a chosen value of B. This iterative process
consists of the following procedure. As a first estimator x = mis selected and the first iteration
corresponds to a mean value approximation. Assuming a fixed value of B and after having
calculated the values o, an improved estimator x* can be achieved. If x* remains unchanged after
two subsequent iteration steps, it is considered to be stable. Generally this point x' is not in the
limit state, so the second part of the calculation aims to find a point X' that is being situated at
the limit state. This can be achieved by repeating the procedure for different values of B. In
practice a limited number of values with a large difference are selected for B in order to find two
points x* being situated at different sides of the limit state. The interval between two values B,
for which Z < 0 and B, for which Z > 0, is finely divided for the determination of the design
point x* for which Z = 0.

The Approximate Full Distribution Approach (AFDA)

Besides linearization of the reliability function in the design point the distribution of the basic
variables are replaced with equivalent normal distributions. These approximations fulfil the
following requirements. The function values in the design-point of the probability density
function f and the cumulative distribution function F are equal to the corresponding values of
the given normal distributions (see equation (56)). The parameters (X)) and Ou(X;) for the
equivalent normal distributions can be solved from this equation by the following process.
Firstly, determine
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X, - (X,
P = F (xy = o |5 D (65)
' 0,(X;)
Secondly, determine
k = @, (P) (66)
Now, the standard deviation is given by
Oy (k)
Oy(X;) = (67)
fx %)
while the mean value is given by
k(X)) = %7 = koy(X,) (68)

The calculation procedure is carried out with these new values for the mean value and

x A

design point _;X*

limit state
limit state
AFDA

Fig. B.6.: Approximate Full Distribution Approach.

the standard deviation. Various reliability functions can be investigated with a relatively simple
computer program. In cases with strongly non-linear reliability functions and distributions
strongly deviating from normal distributions Level II calculations might not be applicable. In
these cases it will not always be necessary to perform a complete Level I calculation. In many
cases Level III calculations will have to be executed just for one particular part. With a Level
H calculation one gains insight in the most important basic variables causing scatter in the
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reliability function. In the case of realistic structures with lots of uncertainties the qualitative
results offers the possibility for a more balanced design. The AFDA method is schematically
depicted in Fig. B.6.

The procedure described above for evaluating the failure probability is tacitly based on the
assumption that the random variables are uncorrelated or statistically independent. For random
variables that are correlated it is possible to transform the original variables to a set of
uncorrelated variables [4].

B.5.3 Level 1 Calculation

An important development in the Level I calculation rules is the separation of the safety factor
Y (46) into a partial safety factor for the strength v, and a partial safety factor for the load ;. In
this manner the influence of variations in load and strength are expressed more explicitly. For
the determination of the magnitude of these factors Y, and y; a relation with a Level II reliability
analysis is made. Suppose that the reliability function is a function of two basic variables viz.
the strength R and the load S then

Z=g(RS)=R-S (69)

In the limit state

Z=R-8=0 (70)

In particular the reliability function Z = 0 in the design point (R", ") so
R =5* (71)

and the probability density reaches its maximum in the limit state. This property enables the
formulation of a safety demand on Level I which can be coupled to a safety consideration on
Level II:

R*z2S" (72)

The partial safety or material factor 7y is defined by
R, (73

’YR—......_..

*

and the second partial safety or loading factor y; by

Y, = (74)

Now the safety demand will be
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R
= =S8, or: R_2 VY5, (75)
R

In the case that the characteristic strength has a 5% probability of not being exceeded and that
the characteristic load has a 5% probability of being exceeded the following formulas hold:

R, = WM(R) - 1.64G(R) (76)

S, = L(S) + L.645(S) (77)

The determination of the design values R* and §" is in agreement with the linearization procedure
of the Level II calculations in section 5.2, Formula {60) can be applied for the basic variables
R" and §* leading to

R™ = u(R) - ozBo(R) (78)

§* = n(S) - o,Ba(S) (79

and it is concluded that the design values are dependent of the safety index B. The o-factors
result from the linearization procedure. With the help of formula (57) it follows that

R
o = &) (80)

Jo(R) + 0(S)

ay = ——90) (81)

\/GZ(R) + 6%(S)

Hence, between these factors the following relationship exists

o:é + alzq =1 (82)

Substitution of formulas (76) and (77) for R, and S,, respectively and formula (78) and (79) for
R" and §”, respectively, into expressions (73) and (74) Ieads to the following expressions for the
partial safety factors

L(R) - 1.64G6(R)

(83)
R(R) - oBO(R)

Yo T

Ts = 18 + 1640(S)
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or
_ 1 - 1L64V(R)
L o, BV(R) (85
.- 1 - aBV(S) (86)
S T 71.64V(S)
where
vy = SR g vy =98 (87)
(R) n(S)

are the coefficients of variation for R and S, respectively. So for a given safety index [} the
material factor v, is determined by the coefficient of variation V(R) and the loading factor ¥, by
the coefficient of variation V(S). Both partial safety factors are not independent because the in
linearization coefficients o, and o according to (80) and (81) both o(S) and o(R) occur,
Complete independence is achieved by taking fixed values for the ai-coefficients. Doing so, these
expressions will be of an approximating kind. Values of 0.7 to 0.85 are usual. The procedure
explained above can be expanded to more basic variables leading to a corresponding number of
partial safety factors. The derivation of R™ and ™ in the previous section was closely related to
general theory. In the case of two basic variables a less complex derivation is feasible. Consider
again the reliability function:

Z=g(R,S)=R -8 (88)

a function of two basic variables viz. the strength R and the load § then

R(Z) = B(R) - W(S) (8%

0%(Z) = GX(R) + 6X(S) (90)

This last expression can be written in the following form

0(Z) = 0, 6(R) - t,G(8) (90

in which the o-factors are defined by
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o = 2B ©92)

\/GZ(R) + 6%(S)

o = %) 93)

Vo*(R) + (8)

The safety index can be written as:

ﬁ = I-.L(R) _M'(S) (94)
0, G(R) - 0, 0(S)

It appears that
W(R) - 0BG(R) = (S) - o BO(S) (95)

This equation expresses the equality of strength and load. The left part of (95) is called the
design strength R" and the right part is the design load §*. So the formulas (79) and
(80) are obtained again:

R*

1

KL(R) - a,PS(R) (96)

§* =un(8) - a,Bo(s) (97)
These expressions can also be found geometrically, In Fig. B.7 the normalized load § and
strength R (load and strength divided by their standard deviations) are put along the horizontal
and vertical axis, respectively. The cross-sections of the mutual probability density function with
planes parallel to the paper are concentric circles with centre (W(S), W{R)). In the figure the circle
is depicted which touches the straight line

Z=R-S5=0 (98)

describing the limit state. In the coordinate system (R, ) the equation of this line is

R=95) ¢ \ (99)
= sm 2
The tangent of this line is
- - O(S) 100
m = tan($) 50 (100)

It can be shown [2] that the distance MC in the figure equals the safety index
and C is the design point.
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Fig. B.7:

Direct derivation of design values R" and S’
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