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Preface

This book investigates safety and risk assessment methods for aircraft systems,
structures, and engines.

The chapter “Risk Assessment of Civil Aircraft during Operation” categorizes
probability levels for assessing aircraft system as “Probable,” “Improbable,”

or “Extremely Improbable,” while it categorizes hazard levels of the failure
condition as “Minor,” “Major,” or “Catastrophic.” In this chapter, the risk level for
aircraft systems is determined using Weibull analysis and Bayesian methods to
analyze aircraft operation data. The chapter also assesses aircraft structure risk
via the probability fracture mechanics approach based on material properties,
environment, inspection, and so on. For assessing engine risk, the chapter gives
methods for classification of failure risk level, determination of hazard ratio,
and calculation of risk factor and risk per flight. The chapter also presents a risk
assessment process for aero-engine multi-failure modes based on the Monte Carlo
simulation to predict the occurrence of failure and assess failure risk.

The chapter “Risk and Economic Analysis Methods of Commercial Aero Engines”
outlines the results of risk analysis and economic analysis of commercial aero-
engines during aircraft operation. Risk analysis is the procedure for identifying
risk factors and assessing their significance, that is, analysis of the likelihood that
certain undesirable events may occur and, as such, adversely affect operation. Risk
analysis includes risk assessment and methods to reduce risks or reduce adverse
effects associated with it. Furthermore, economic analysis is a scientific way of
understanding the essence of economic phenomena and processes, which in turn
are based on dividing them into their constituent parts. In doing so, the variety of
relationships and dependencies aimed at improving the associated work through
the development and implementation of optimal solutions is studied. The purpose
of the economic analysis is to give management of the actual state, and for persons
who are not directly working with it but are interested in its financial condition,
the information necessary for an impartial judgment.

The chapter “Safety and Risk Assessment of Civil Aircraft during Operation”
provides a review of some methods and models for civil aviation risk and safety
assessment. The key findings provide insight into the efforts already made to
improve such methods and models, their inherent difficulty and lack of sufficient
versatility, lack of available data for calibration and testing, and lack of sufficient
predictive capabilities to encourage the implementation of new technical,
procedural, and operational concentrations to assess risk and safety.

The chapter “Design Approaches for Safety Increasing and Risk Decreasing for the
Civil Aircraft’s Operation” presents reasons and approaches for “rational” aircraft
structure. Design solutions are divided into groups by some common features and
requirements. These groups include maintainability, serviceability, accessibility,
labor effort, weather requirements, transportation, and so on. All these groups
depend on engineers’ structural solutions and, as such, they are interdependent
and often contradictory. In other words, if one feature improves, another feature



may worsen at the same time. It is important for aircraft designers to keep this in
mind and try to find a compromise among the different requirements. A successful
commercial aircraft is a set of rational design solutions for these specific tasks.

The chapter “Theories and Models of Human Errors Occurrence. Simulation of
Aircraft Maintenance Processes” considers general issues of error occurrence by
technical personnel. It presents classifications of errors based on an ergonomic
understanding of their nature as well as on the results of an engineering-
psychological analysis of operators’ activity. Much attention is paid to the methods
used by the International Civil Aviation Organization (ICAO) to classify errors
and violations. The chapter uses SHELL and James Reason models, and presents
their adaptation for analyzing the impact of technical maintenance quality on the
flight safety of aircraft. The chapter focuses on assessing the impact of technical
personnel errors on flight safety. It also presents a wide range of existing methods
and models that allow for obtaining a qualitative and quantitative assessment of
this effect in order to prevent errors by technical personnel and mitigate their
consequences.

The chapter “Air Traffic Controllers’ Attitude to the Mistakes Hazards during Their
Professional Experience” examines the work process of air traffic controllers as

an uninterrupted set of decisions. These decisions occur and are implemented

in both clear and stealth forms. Determined and stochastic risks are especially
important in this process. Human factors that affect flight safety are considered
through operators’ attitudes towards unsafe acts and conditions. This seamlessly
integrates into the ICAO safety paradigm. The chapter also discusses air traffic
controllers’ preferences systems in regard to typical professional mistakes set.
Using paired comparison, the normative and differentiating parts of summary
hazard determines the preferences systems of air traffic controllers. For the first
time, mistakes pair summary hazard is determined on the unique qualimetric
100-point scale. Systems pair has a high correlation level according to the Spearman
coefficient (R = 0.9727). The proposed Kendall rank coefficient outweighs the
traditional one by twice as much (Wtraditional = 0.2722, Wproposed = 0.55237).
Significance level for all cases is equal to 1 percent. A multistep procedure of
marginal opinions separation is implemented and results show that it increased

the Kendall rank coefficient value up to Wproposed = 0.7. A survey procedure
influenced positively on the ability of mistakes memorization, recognition, and
avoidance during simulation training.

Matrix cracking affects the reliability and safety of fiber-reinforced CMCs during
operation. Cracking is divided into two types: steady-state cracking and non-
steady-state cracking. The chapter “Non-Steady First Matrix Cracking of Fiber-
Reinforced Ceramics” covers the non-steady stable cracking of fiber-reinforced
CMCs. It analyzes the micro stress field of fiber, matrix, and interface shear stress
along the fiber direction using the shear-lag model. It also derives the relationship
between the crack opening displacement and the crack surface closure traction, as
well as predicts the experimental first matrix cracking stress of different CMCs.

The chapter “The Effect of Random Load on Life Prediction of High-Temperature
Ceramic Matrix Composites” investigates and predicts the fatigue life of fiber-
reinforced CMCs using micro-mechanical methods. It compares and analyzes the
effect of random loading on fatigue life with constant peak stress fatigue life. The
chapter also discusses the influence of composite constitutive properties on fatigue
fracture.

XIvV



The chapter “Multiple Matrix Cracking of Fiber-Reinforced Ceramic-Matrix
Composites during Operation” investigates the damage models for multiple matrix
cracking of CMCs during operation. It considers the effects of materials properties
on multiple matrix cracking of CMCs.

The chapter “Finite Element Analysis of Fiber Pull-Out of Ceramic Matrix
Composites” based on the fiber pull-out experiment, using the cohesive zone
model as the interface element model, establishes and simulates a two-dimensional
axisymmetric fiber pull-out finite element model. The results show that within

a certain range, greater interface bonding strength and interface fracture energy
increase the maximum debonding load during fiber pull-out and enhance the
material’s bearing capacity.

The chapter “Modeling of Damage Evolution of Fiber-Reinforced Composite
Structure” gives a comprehensive overview of existing approaches for modeling
damage in composite structures. It pays particular attention to robust and reliable
constitutive models that enable a uniform prediction of the fault triggering and
the fault history in composite laminates.

I hope this book will improve engineering designers’ knowledge of safety and risk
assessment of civil aircraft during operation.

Dr. Longbiao Li

College of Civil Aviation,

Nanjing University of Aeronautics and Astronautics,
China
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Chapter1

Risk Assessment of Civil Aircraft
during Operation

Longbiao Li

Abstract

In this chapter, the risk assessment methods for aircraft system, structure, and
aeroengine are investigated. For the aircraft system risk assessment, the probability
level is divided into probable, improbable, and extremely improbable, and the
hazard level of the failure condition is divided into minor, major, and catastrophic.
Using Weibull analysis and Bayesian method to analyze the aircraft operation data,
the risk level of aircraft system can be determined by combing methods provided in
AC 25.1309-1A. For the aircraft structure risk assessment, the probability fracture
mechanics approach can be used to determine the structure failure risk based on the
data of material properties, environment, inspection, and so on. For the aeroengine
risk assessment, the methods for classification of failure risk level, determination
of hazard ratio, and calculation of the risk factor and risk per flight are given. The
risk assessment process for aeroengine multi-failure modes based on the Monte
Carlo simulation is presented to predict the occurrence of the failure and assess the
failure risk.

Keywords: civil aircraft, risk assessment, aircraft system, aircraft structure,
aeroengine, operation, fault tree analysis, Weibull analysis, Monte Carlo simulation

1. Introduction

Although the civil aircraft has obtained type certificate (TC), due to unknown
changes in standard formulation or standard compliance, or unpredictable com-
prehensive failure caused by design defects and manufacturing defects, as well as
unexpected operating conditions or environmental conditions and other factors, it
will encounter various failures or failure conditions during operation. The avia-
tion operator shall report various faults and failures to the aviation agency and the
aircraft manufacturers. The aviation agency and the manufacturers will analyze the
collected failure conditions to determine whether the aircraft or the fleet is unsafe.
If it exists, corrective measures must be taken within the specified time limit, so
that the aircraft or the fleet can return to the proper airworthiness safety level.

Boeing, Airbus, and other civil aircraft manufacturers can timely analyze and
study the unsafe conditions of the aircraft they produce, formulate corrective mea-
sures, notify users to complete within the specified scientific and reasonable time
limit, and ensure that the airworthiness safety level of the aircraft is maintained
within an acceptable range. When an aircraft fails, it is necessary to assess the risk
that may be caused.

3 IntechOpen



Safety and Risk Assessment of Civil Aircraft during Operation

Risk assessment is to assess the expected loss of the system or subsystem and
equipment and the effectiveness of measures from the possibility and consequences
of the occurrence of a dangerous event. In the continuous airworthiness stage of
civil aircraft, the failure, fault, or defect of aircraft or parts is actually observed in
service before it becomes an event. Through risk assessment, one can determine the
occurrence probability and consequence severity of the event, judge whether the
impact of the event on the aircraft exceeds the specified airworthiness risk level,
and provide decision support for risk mitigation measures and corrective measures.
The higher the risk, the shorter the time needed to take corrective measures; the
lower the risk, the longer the time allowed to take corrective measures.

Risk assessment is divided into three processes: risk identification, risk analysis,
and risk assessment. The risk assessment method of events can be divided into
qualitative risk assessment and quantitative risk assessment; the level of risk assess-
ment can be divided into aircraft risk assessment and fleet risk assessment; and
the category of events can be divided into aircraft system, aircraft structure, and
aeroengine risk assessment. In this chapter, the risk assessment methods for aircraft
system, aircraft structure, and aeroengine are given.

2. Aircraft system risk assessment

The airworthiness standard of transport aircraft, such as Article 1309 of Part
25 (FAR 25) of Federal Aviation Regulations of the United States [1] and Part 25
(CS 25) of European type certification specification, puts forward the top-level
requirements for the safety of civil aircraft system. It is stipulated in 25.1309 (b) (1)
and (2): the probability of any failure state impeding the continued safe flight and
landing of the aircraft is extremely impossible; the probability of any other failure
state reducing the ability of the aircraft or the crew to handle adverse operating
conditions is impossible.

AC 25.1309-1A [2] is the Advisory Circular prepared by the Federal Aviation
Administration (FAA) for FAR 25.1309. The Advisory Circular provides guidance
and method description for airworthiness compliance verification and certification
of FAR 25.1309.

The failure probability of an occurrence in AC 25.1309-1A is classified as
probable, improbable, and extremely improbable, which are defined as:

1. Probable failure conditions are those having a probability greater than on the
order of 1 x 107

2.Improbable failure conditions are those having a probability on the order of
1 x 107 or less but greater than on the order of 1 x 10™°.

3.Extremely improbable failure conditions are those having a probability on the
order of 1 x 10~ or less.

The failure condition of an occurrence in AC 25.1309-1A is classified as minor,
major, and catastrophic, which are defined as:

1. Minor: Failure condition which would not significantly reduce airplane safety
and which involves crew actions that are well within their capabilities. Minor
failure conditions may include, for example, a slight reduction in safety
margins or functional capabilities, a slight increase in crew workload, such as
routine flight plan changes, or some inconvenience to occupants.
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Figure 1.
The relationship between probability and failure condition.

2.Major: Failure conditions which would reduce the capability of the airplane or
the ability of the crew to cope with adverse operating conditions to the extent
that there would be. For example, a significant reduction in safety margins or
functional capabilities, a significant increase in crew workload or conditions
impairing crew efficiency, or some discomfort to occupants.

3. Catastrophic: Failure conditions which would prevent continued safe flight
and landing.

Each failure state has a probability that is opposite to its severity. Figure 1 shows
the relationship between probability and failure condition.

The qualitative and quantitative assessment methods are suggested in AC
25.1309-14, including, failure modes and effects analysis, fault tree, or reliability
block diagram analysis.

Using Weibull analysis and Bayesian method to analyze the aircraft operation
event data, the failure probability of accidental event, hidden event, aging component
failure event, and multiple factor failure event can be determined by combining the
methods provided in AC 25.1309-1A, and the failure risk can be determined to provide
input for the formulation of corrective/improvement measures and compliance time.

3. Aircraft structure risk assessment

Fatigue and corrosion are the main causes of aircraft structural failure during
operation. The initial defect, crack size, residual strength, load spectrum, and
maximum load of aircraft structure change with operation time, service environ-
ment, and service stage. In the risk assessment of aircraft structure, it is necessary
to consider the above factors to calculate the risk of structural failure. Fatigue cracks
may originate from defects in the material, such as holes or inclusions, or from dam-
age during manufacturing and processing, or from environmental corrosion during
aircraft operation. The risk of aircraft structure failure can be reduced by inspection
and maintenance. However, the inspection interval and maintenance measures will
affect the number and size of cracks and then affect the risk of aircraft structure
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failure. At present, during the operation of civil aircraft, aircraft structural risk
assessment and analysis methods have been widely concerned in the field of aircraft
structural integrity design and aircraft fleet management. When the aircraft enters
into operation, the actual service life of the fleet will no longer depend on its design
life at the time of certification but on factors such as maintenance cost, reliability,
safety, and risk of fleet operation.

In the 1980s, the U.S. Air Force put forward a probabilistic fracture mechanics
method (PROF) to calculate the risk of structural failure in the service of aircraft
[3-5] (Figure 2). The input of this method includes: the distribution parameters of
probability distribution (such as normal distribution, lognormal distribution, or
Gumbel distribution) that the initial defect size or the defect size at a specific time
obeys; the normal distribution parameters of fracture toughness; the distribution
parameters that describe the inspection probability; the distribution parameters
that the maximum stress obeys the probability distribution during the flight of the
aircraft; and the data related to the aircraft, for example, the position and number
of each aircraft, the number of hours per flight, the time interval, times of flight
inspection, etc. The probability fracture mechanics method can be used to calculate
the relationship curve between the aircraft instantaneous risk and flight time, and
the cumulative probability distribution curve of aircraft structure crack size, which
can determine the effectiveness of the inspection method and the distribution of
defect size in each inspection interval.

FAA, together with aircraft manufacturers and aircraft operators, proposed a
risk assessment method for wide-body aircraft, namely, SAIFE (Structure Area
Inspection Frequency Evaluation, referred to as SAIFE) method [6], which is
mainly to improve the structural integrity and inspection effectiveness of the oper-
ating aircraft. The SAIFE method considers the following factors: aircraft design
analysis, aircraft full-scale fatigue test, manufacturing, service and corrosion
defects, crack and corrosion inspection probability, aircraft modification economy,
etc. Taking the above factors into account by Monte Carlo simulation method,
SAIFE method obtains a safe and economic aircraft operation scheme. The main
purpose of SAIFE method is to evaluate the inspection interval of aircraft. It is suit-
able for wide-body aircraft, such as Boeing 747 aircraft and aircraft components.

It can analyze the number of defects caused by cracks, corrosion, manufacturing
damage, and operation during the use of aircraft.

Detection Capability Times Between Inspections

P Inspection
o Times
(AT)

Initial Quality and D
Repair Quality f a Hazard Rate = F(t) =1-
Distributions \ \ SFPoF = h(t) exp[- | h(t) dt]
a
?Ii_“gb CP) Interval
g
Crack PROF /V F
Growth a —>| PRobability ,fl, =
Curve
t of Fracture
/ AT AT
Crack K E—
Geometry - \ Time Time
SIFC = Single Cumulative
—\ Flight Risk
Number of Locations P g Risk
per aircraft m
Number of Aircraft Tmar =
Flight Hours per Flight Loading Fracture Toughness

Figure 2.
The probability fracture mechanics approach.
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Southwest Research Institute of the United States proposed a Probabilistic Risk
Assessment (PRA) method [7] for aircraft structure, which is used to assess the
structural risk during the use of aircraft, determine the inspection and mainte-
nance intervals, and establish a balance between aircraft safety and operating costs
to provide opinions and suggestions for decision makers. Many analysis tools are
used in this method, such as the Probability Fracture Mechanics (PROF) method
of the U.S. Air Force, the aircraft engine probability risk assessment software
DARWIN (Design Assessment of Reliability with Inspection, DARWIN), and
Weibull analysis. The influence of load, material properties, fatigue and fracture,
defect size, inspection interval and inspection method, as well as uncertainty on
aircraft structure risk are analyzed. This method analyzes the risk assessment of
T-38 aircraft wing surface crack damage tolerance, T-37 aircraft fatigue critical
area risk assessment, A-10 aircraft risk assessment, etc. In addition to the above
analysis methods and software, there are FEBREL software [8] of Boeing company,
PROMISS software [9] of Martec company, PRISM software [10] of Bombardier
company, etc., which are used for structural risk assessment of the aircraft
operation stage.

4. Aeroengine risk assessment

The components whose primary failure can cause the harmful effect of aeroen-
gine are defined as Engine Life Limited Part (ELLP). In the design of aeroengine,
the main purpose is to improve the safety of the whole aeroengine by reducing
the failure probability of ELLP. The U.S. aviation industry proposes to adopt the
component life management method based on Probabilistic Risk Assessment (PRA)
to further reduce the failure probability of ELLP [11, 12], and the Federal Aviation
Administration (FAA) also puts forward relevant requirements in airworthiness
regulations [13]; after the ELLP is determined through system safety analysis [14]
in the joint definition stage of the engine, the risk assessment must be conducted to
show that the failure probability risk of the ELLP within the expected service life
is less than 10*/flight hour so that the engine can obtain the final type certificate.
Therefore, it is one of the key technologies and implementation steps to evaluate the
probability risk of the failure of ELLP in the service life.

In view of the great advantages of Probabilistic Risk Assessment in improv-
ing engine safety, the aviation industry departments have actively researched
and developed a batch of highly integrated software, some of which have passed
the certification of FAA; for example, the Southwest Research Institute (SWRI)
in combination with Honeywell, Roll-Royce, P & W (Pratt & Whitney), and GE
General Electric (GE) company developed the Darwin software [11, 12], which are
mainly used to deal with the problem of low-cycle fatigue failure probability caused
by hard « defect of titanium alloy turbine disk [11] and with the problem of fracture
failure caused by other material defects and processing-induced defects [12]. Using
DARWIN software to evaluate component design is not to replace the traditional
safety life method but to provide a probabilistic risk prediction and management
tool for aeroengine manufacturers. The risk assessment process and method
adopted in DARWIN software basically integrate the main research contents of the
above risk assessment method. The DARWIN software integrated the defect char-
acteristics and material properties of components provided by four major engine
companies and certified by FAA (Figure 3).

The working group of the Aerospace Industries Association (AIA) proposed
aresearch achievement for the Federal Aviation Administration (FAA), aiming
to develop more effective methods to identify and solve unsafe events on civil
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Figure 3.
The risk assessment flow chart in DARWIN software.

aircraft engines. The working group is the research committee of the Continuous
Airworthiness Assessment Methodology (CAAM). Its members are mainly com-
posed of GE, P & W, Airbus, Boeing, Honeywell, Roll-Royce, and other companies.
The study of Continuous Airworthiness Assessment Method covers all kinds of
unsafe events related to the propulsion system and auxiliary power plant unit, gives
the frequency and hazard level of aircraft level accidents caused by the above sys-
tem faults in history, and establishes the risk level and risk criteria. The FAA engine
propeller certification center uses this information to identify and prioritize the
risk of failure for each engine, propeller, and APU. In September 2003, FAA issued
Advisory Circular AC 39-8 [15] on the Continuous Airworthiness Assessment of
power units and auxiliary power units of transport aircraft and gave the acceptable
standard of flight risk level in the aviation industry. AC 39-8 points out that the risk
analysis and evaluation of aeroengine failure is a management process of identify-
ing, evaluating, controlling, or reducing risks and accepting risks. The potential
damage of risks is measured by the probability of occurrence, exposure of risks,
and the severity of consequences. At the same time, implementation decisions are
made to minimize the negative effects and economic losses caused by risks. The
basic steps are as follows:

1. Define the failure risk and find out the risk factors.

2.1dentify the hazard level of the failure risk and obtain the risk coefficient to
determine the priority of the failure risk.

3.Calculate the risk factor of each flight [when multiple failure risks exist at the
same time, calculate the cumulative risk factors, that is, add the risk factors
of risk events caused by various failure risk states; the risk of each flight of
the flight crew is calculated by the failure risk factor and risk level coefficient
obtained in (1) and (2)].
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The division of flight risk area.

4.The risk of each flight is compared with the risk criteria to evaluate whether
the risk of current aeroengine failure is acceptable. If the short-term risk
exceeds the limit value of the risk criteria within 60 days, the risk reduction
measures need to be taken immediately.

Figure 4 shows the division of flight risk area according to the risk standard.
It can be found that the flight risk area is divided into high-risk area, multi-risk
area, and acceptable risk area. When the flight risk is located in the high-risk area,
measures need to be taken immediately to reduce the risk; when the flight risk is
located in the multi-risk area, it is necessary to formulate and implement measures
to reduce the risk within a certain period of time and make the residual risk after
the implementation of the measures within the acceptable range; and when the
flight risk is located in the acceptable risk area, it is not necessary to take measures.

5. Conclusion

In this chapter, the risk assessment methods for the aircraft system, structure,
and aeroengine are investigated. For the aircraft system risk assessment, the proba-
bility level is divided into probable, improbable, and extremely improbable, and the
hazard level of the failure condition is divided into minor, major, and catastrophic.
Using Weibull analysis and Bayesian method to analyze the aircraft operation data,
the risk level of aircraft system can be determined by combing methods provided in
AC 25.1309-1A. For the aircraft structure risk assessment, the probability fracture
mechanics approach can be used to determine the structure failure risk based on the
data of material properties, environment, inspection, and so on.

For the aeroengine risk assessment, the methods for classification of failure risk
level, determination of hazard ratio, and calculation of the risk factor and risk per
flight are given. The risk assessment process for aeroengine multi-failure modes
based on the Monte Carlo simulation is presented to predict the occurrence of the
failure and assess the failure risk.
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Chapter2

Risk and Economic Analysis
Methods of Commercial Aero
Engines

Sherkhan Aitugan and Longbiao Li

Abstract

This chapter outlines the results of risk analysis and economic analysis of com-
mercial aero engines during aircraft operation. Risk analysis is the procedure for
identifying risk factors and assessing their significance, in essence, analysis of the
likelihood that certain undesirable events may occur and as such adversely affect
operation. Risk analysis includes risk assessment and methods to reduce risks or
reduce adverse effects associated with it. Furthermore, economical analysis is a
scientific way of understanding the essence of economic phenomena and processes,
which in turn are based on dividing them into their constituent parts. In doing so,
the variety of relationships and dependencies aimed at improving the associated
work through the development and implementation of optimal solutions is studied.
The purpose of the economic analysis is to give management of the actual state, and
for persons who are not directly working with it, but are interested in its financial
condition, the information necessary for an impartial judgment.

Keywords: aircraft, risk analysis, economic analysis

1. Introduction

Safety is one of the main characteristics of all human activities. In particular,
safety issues are principally acute in activities and industries that are considered
dangerous. Air transport may be regarded as falling within this category, as failures
of aviation-related equipment, flight support services and human factors-specific
errors increase the likelihood and the potential of a disaster, which in turn yields
financial losses. At the same time, losses from catastrophes in civil aviation are sig-
nificantly less than in many other hazardous industries [1]. It may be stated that this
level is attained due to continuous investment in methods and techniques as well
as maintaining high reliability levels, which cover the entire organization. Today,
the available risks influencing activity of the developed economic conditions, it is
necessary to have the effective tools for risk and economic analysis. This equally
includes aviation industry as well as enterprises operating aircraft equipment. One
of such tools is risk analysis and economic analysis [2-5].

As stated by Cruse et al. [6], the way in which organizations such as Pratt and
Whitney and Rolls-Royce find that the safe life of an aircraft engine depends on the
design. The safety factor is applied in order to improve various configurations so as
to empower safety. In order for equipment manufacturers to increase the associated
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safety level of their products, the number of flight cycles is determined. Different
problems have prompted investigating the manageability of an aircraft’s engine life.
Indeed, since 1984, resistance to damage has been a vital part of the ENgine Structural
Integrity Program (ENSIP) contained in MIL-STD-1783. Currently, there is a program
in the U.S. that uses probabilistic methods for gas turbine engines in ENSIP.

To reproduce the probability estimates important for hazard or failure assess-
ment, various computing strategies are used, including Monte Carlo simulation.
Monte Carlo simulation reproductions have been included in the probabilistic study,
as they tend to be used in failure analysis and can give high accuracy. This strategy
has been used in numerous aviation-specific electronics and hazard assessment
schemes. The disadvantages of this methodology are the enormous estimated time
and the dependence of the measured estimate on the size of the sample.

Economic analysis of aircraft and its components is one of the most important
functions of airline management, the implementation of which is necessary to
ensure its effective operation. As a matter of fact, economic analysis is known to
represent numerous methods of economic theory. As such, economic analysis of
aircraft and its components can be defined as an application of the theoretical
foundations of the economy of the airline company and analytical sections of
accounting to justify management-specific decisions.

This chapter will consider methods of risk analysis and economic analysis of
one of the most important components of a commercial aircraft - the power plant
or engine.

2. Main risk analysis process

To improve the efficiency and objectivity of risk analysis and to ensure com-
parability with other risk analysis outcomes, the following general rules should be
observed. The risk analysis process should follow the following steps:

a. Defining the scope of application

b.Hazard identification and preliminary impact assessment

c.Evaluation of the risk value

d.Verification of the analysis results

e. Documentary substantiation;

f. Adjustment of the results of the analysis taking into account the latest data.

This process is shown in Figure 1. Risk assessment includes frequency analysis
and consequence analysis. While Figure 1 shows the documentation as a separate
unit, it is developed at each stage of the process. Depending on the application, only
certain elements of the process presented are considered. For example, in some
cases it may not be necessary to go beyond the original hazard and impact analysis.

A necessary requirement is a thorough knowledge of the system and the analysis
methods used. If the results of a risk analysis for a similar system are available, they
can be used as a reference. It is necessary to prove that the processes are similar and
that the changes do not make significant differences in the results. Conclusions
should be based on a systematic assessment of the changes and how they may affect
the existing hazards.
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Figure 1.
Risk analysis process.

2.1 Risk analysis methods

A list of the most common methods is presented in Table 1. The list given in
Table 1 is not exhaustive. The list of additional methods is presented in Table 2.
Sometimes it may be necessary to use more than one analysis method.

2.1.1 Analysis of a chart of possible consequences of an event (event tree analysis)
(ETA)

The Event Tree Analysis, ETA is a set of quantitative or qualitative techniques
that are used to identify possible outcomes of an initiating event and, if required,
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Method Description and application
1 Event tree analysis A set of techniques for hazard identification and frequency analysis
that uses an inductive approach to translate various initiating events
into possible outcomes
2 Failure mode and A set of methods for identifying the main sources of danger and
effect analysis, as well frequency analysis, with the help of which all the emergency conditions
as failure mode effects of a given piece of equipment are analyzed for their influence on other
and criticality analysis components and on the system as a whole
3 Fault tree analysis A set of techniques for hazard identification and analysis of frequencies
of an undesirable event, with the help of which all ways of its
implementation are determined. A graphical image is used
4 Study of hazards and A set of fundamental hazard identification techniques by which each
related problems part of the system is assessed to determine whether there may be
deviations from the design intent and what consequences this may have
5 Human factor analysis The set of methods consider influence of errors of the person on
reliability
6 Preliminary hazard A set of techniques for hazard identification and frequency analysis
analysis used at an early stage of design to identify hazards and assess their
criticality
7 Structural reliability A set of methods of frequency analysis, on the basis of which the
scheme system model and its reserves are created to assess the system reliability
Table 1.

List of the most common methods used in risk analysis.

Method Description and application
1 Classification of risk Classification of risk types by categories in order of priority of risk groups
groups by category
2 Inspection reports Inventory of generic hazardous substances and/or sources of potential
accidents that need to be addressed. These can be used to assess
compliance with laws and standards
3 General failure A method designed to determine whether an accidental failure (accident)
analysis of a number of different parts or components within a system is possible
and to evaluate its likely cumulative effect
4 Impact description Assessment of the impact of an event on people, property or the
models environment. Both simplified analytical approaches and complex
computer models are used
5 Delphi’s method The method presents expert assessments that can provide frequency
analysis, impact modeling and/or risk assessment
6 Hazard indices A set of hazard identification/assessment techniques that can be used to
rank different system options and identify less hazardous options
7 Monte Carlo method A set of methods for frequency analysis that uses the system model to
and other modeling estimate variations in baseline conditions and assumptions
methods
8 Paired comparisons A way to assess and rank the universal risk by means of paired
comparison
9 Operation data A set of techniques that can be used to identify potentially problematic
review areas and for frequency analysis based on accident data, reliability data,
etc.
10 Covert process A method for identifying hidden processes and paths that could lead to
analysis unexpected events
Table 2.

List of additional methods used in risk analysis.
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their probabilities. ETA is widely used for project-specific facilities that contribute
to the reduction of accidents and identify sequences of events that, in turn, lead to
certain consequences of the initiating event. Each event in the sequence is assumed
to be either a failure or a fault.

Note that the probabilities in the event tree are conditional probabilities. For
example, the probability of the sprinkler functioning is not a probability derived
from tests under normal conditions but is a probability of functioning under fire
conditions caused by an explosion.

The ETA provides a relationship between the functioning (or failure) of a
variety of systems and the hazardous event following the single initiating event.
The ETA is very useful for identifying events that require further analysis using the
FTA (i.e. the tip of the fault tree events). In order to be able to make a comprehen-
sive risk assessment, all potential initiating events need to be identified. With this
method, however, it is always possible to overlook some important initiating events.
Moreover, in the case of event trees, we are only dealing with success and failure
states. It is difficult to include delayed success or return events.

ETA can be used both for hazard identification and for probabilistic evaluation
of the sequence of events leading to hazardous situations.

2.1.2 Failure modes and effects analysis (FMEA)

FMEA is a predominantly qualitative method, although it can be presented in a
quantitative form that systematically identifies the consequences of each individual
component of an emergency condition. An indispensable feature in any FMEA
is to consider each major component/particle of the system as to how it achieves
the emergency state and how this affects the emergency state of the system. The
analysis is usually descriptive and is organized in the form of a table or worksheet
intended for information. The FMEA certainly refers to the emergency conditions
of a system component, the causal factors and the effects of this condition on the
system as a whole and presents them in a “user-friendly” form.

FMEA is a bottom-up approach and addresses the consequences of component
failures in a “one-at-a-time” manner. This method is capable of processing suf-
ficient data. In addition, the results can be easily double-checked by another person
familiar with the system.

The main disadvantages of the method are redundancy, the exclusion of recov-
ery and repair activities and the focus on single component accidents.

FMEA can extend to performing what is called Failure Type, Function and
Criticality Analysis (FMEA). In FMEA, each identified failure is ranked according
to the likelihood of its occurrence and the severity of its consequences.

FMEA and FMESA provide input to analyses such as Fault Tree Analysis (a
diagram analysis of all possible consequences of a failure or system crash). In
addition to their application to system components, FMEA and FMECA can also be
used in relation to human error; they can be used both for hazard identification and
probability assessment (unless there is a limited level of redundancy in the system).

2.1.3 Analysis of a diagram of all possible consequences of a failure or system crash
(fault tree analysis (FTA))

Fault Tree Analysis, FTA is a set of qualitative or quantitative methods which
are built into a logical chain and graphically presented those conditions and fac-
tors that may contribute to a certain undesirable event (called the top of events).
Malfunctions or accidents identified in the “tree” can be events associated with
damage to a component’s mechanical structure, personnel errors, or any other event
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that may cause an undesirable incident. Starting at the top of the events, possible
causes or alarm states of the next, lower functional level of the system are identi-
fied. Subsequent step-by-step identification of undesired system operation in the
direction of successively decreasing system levels leads to the desired system level,
which is the alarm condition of the component. An example of a “fault tree” for an
emergency generator is shown in Figure 2.

The FTA provides an approach that is highly systematic, but at the same time
flexible enough to allow for the analysis of multiple factors, including human
interactions and physical phenomena. The top-down approach, implicit in its
methodology, focuses on those effects of a failure or accident that are directly
related to the top of events. The FTA is particularly useful for analyzing systems
with multiple areas of contact and interaction. Graphical representation makes
it easy to understand the behavior of a system and the behavior of the factors
included in it, but since the size of trees is often large, the processing of fault trees
may require the use of computer systems. This feature also makes it difficult to
check the trouble tree.

FTA can be used to identify hazards, although it is primarily used in risk assess-
ment as a tool to assess the probability or frequency of faults and accidents.

2.1.4 Hazard and operability analysis (HAZOP)
HAZOP is a form of Failure Types and Consequences Analysis. HAZOP

research was originally developed for the chemical industry. It is a procedure for
detecting possible hazards across the entire facility. It is particularly useful for
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identifying unforeseen hazards in a facility due to lack of development informa-
tion, or hazards that manifest themselves in existing facilities due to irregulari-
ties in their operation.

The main tasks of the method are:

a.To compile a complete description of the object or process, including estimated
design conditions;

b.To systematically check each part of the facility or process in order to identify
ways in which deviations from the design intent may occur;

c.To decide whether hazards or problems associated with these deviations may
occur.

The HAZOP research principles may be applied to technical facilities during
their operation or at various design stages. HAZOP research performed during the
initial design stage can be performed by the project manager.

The most common form of HAZOP research is during the working design stage
and is called HAZOP II research.

The HAZOP II study has the following stages:

Stage 1 - identification of the goals, objectives and scope of the study, for
example, the identification of hazards characterized only by non-local effects or
only local effects, areas of the industrial facility to be considered, etc.;

Stage 2 — completing the HAZOP research team. This group should consist of
designers and operators who have sufficient competence to assess the consequences
of deviations from the conditions of the system operation;

Stage 3 — gathering the necessary documentation, drawings and descriptions
of the technological process. This includes graphs of the sequence of technological
operations; drawings of pipelines and measuring equipment; technical specifica-
tions for equipment, pipelines and measuring equipment; logical diagrams of
process control related technology; design diagrams; operation and maintenance
methods; emergency response methods, etc.;

Stage 4 — analysis of each main unit of equipment and all auxiliary equipment,
pipelines and measuring equipment using documents collected at step 3. First of all,
the purpose of the process design is determined; then, in relation to each line and
unit of equipment with respect to such process variables as temperature, pressure,
flow, level and chemical composition, the words-indicators are used (according
to Table 3). (It is the author’s view that these indicator words stimulate individual
thinking and encourage collective discussion);

Stage 5 — document any deviation from the norm and the corresponding states.
In addition, ways to detect and/or prevent deviations are identified. This documen-
tation is usually indicated on HAZOP worksheets.

2.1.5 Assessing the impact on human veliability factor (HRA)

The assessment is related to the impact of human factor, namely operators and
maintenance personnel, on system operation and can be used to assess the effect of
personnel errors on safety and productivity.

Many processes contain potential for personnel errors, especially when the time
available for the operator to make decisions is limited. The likelihood that problems
will develop in a negative way is often low. Sometimes actions from outside person-
nel’s jurisdiction are limited in their ability to prevent an initial fault progressing in
the direction of an accident.

19



Safety and Risk Assessment of Civil Aircraft during Operation

Word Rejection Possible reasons Consequences Action required
pointer
No, not No 1. Absence of submitted The output of the a. Ensure good
expense material molded polymer communication with
will be reduced the operator

b. Provide a low
level signal on the

installation tank
2.The pump is faulty The output of the Provide for a low level
(many reasons) molded polymer signal on the installation
will be reduced tank
3.A line is blocked or The pump will Install a recirculation
a control valve is overheat. line on each pump
erroneously closed or
not closed

Table 3.
HAZOP II indicator words.

The HRA identifies the various types of error actions that may occur, including
the following:

a.Error by mistake, an oversight resulting in the failure to perform the required
action;

b.An error of non-conformity, which may include:

1. A situation in which the action required is performed in a non-conforming
manner;

2. An action performed with too much or too little force or without the
required accuracy;

3.An action performed at a time not appropriate for it;
4. An action (or actions) performed in an incorrect order;

c.An extra action, an unnecessary action performed instead of or in addition to
the required action.

The result of HRA identifies actions that can re-create previous errors.

The HRA methodology is a mixed discipline involving researchers and practi-
tioners who are typically specialists in either the theory and practice of reliability or
psychology and human factors.

The importance of HRA has been illustrated by various accidents in which critical
human errors have contributed to a catastrophic sequence of events. Such accidents
are a warning against risk assessments that focus exclusively on the mechanical
design and software in the system. They illustrate the risk of ignoring human error.
Moreover, HRAs are useful in considering errors that reduce productivity and in
identifying the ways in which these errors and other faults (mechanical design and
software) can be “replicated” by people, operators and maintenance personnel.

The HRA can include the following steps: (1) task analysis; (2) identification of
personnel error; (3) quantitative determination of the impact of the human factor
on reliability.
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The task analysis and personnel error detection should be started at the concept
stage and the early stages of design and development. They should be updated at
later stages of the system development.

The purpose of the task analysis in the HRA process is to describe and character-
ize the task to be analyzed in detail in order to identify human error and/or quantify
the impact on human reliability. The task analysis can also be performed for other
purposes, such as evaluating the person’s interaction with the machine or planning a
procedure.

At this stage, possible errors in the task are identified and described. The identi-
fication of personnel error may include:

* The detection of the possible consequences and causes of the erroneous actions
* The proposal of measures to reduce the probability of the error,

¢ The improvement regarding the prospects for correction and/or the reduction
of the consequences of erroneous actions. Thus, HRA results provide a valu-
able contribution to risk management, even if no quantitative assessment is
made.

The purpose of HRA is to assess the probability of correct execution of the task
or the probability of erroneous actions. Some techniques may also include steps
to assess the probability or frequency of certain sequences of unwanted events or
undesirable outcomes.

2.1.6 Preliminary hazard analysis (PHA)

Preliminary Hazard Analysis, PHA is an inductive method of analysis whose
purpose is to identify hazards, hazardous situations and events that may harm a
given activity, facility or system. It is most often used at an early stage of project
development when there is little information on design details and working proce-
dures, and it can often be a precursor to subsequent research. In addition, it may be
useful where existing systems or prioritize hazards where circumstances prevent
the use of a wider range of techniques.

When conducting PHA, a list of hazards and general hazards is developed by
considering such characteristics as:

a.The materials used or produced and their ability to react;

b.The equipment used;

c. Environmental conditions;

d.Location scheme;

e. Areas of contact and interaction between system components, etc.

The implementation of this method concludes with the determination of the
potential for an accident, a qualitative assessment of the magnitude of the possible
harm or health damage that may have been caused, and the identification of pos-
sible corrective measures. The PHA must be adjusted at the design, manufacturing,

and testing stages to detect, correct, and improve new hazards. The results obtained
can be presented in various ways, such as tables and “trees.”
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2.2 Hazard identification

The detection of hazard assumes a systematic check of the investigated system
with the purpose of identification of type of present unrecoverable dangers and
ways of their display. Statistical records of accidents and experience of previous
risk analyses can provide a useful contribution to hazard identification processes.
It should be recognized that there is an element of subjectivism in hazard thinking
and that identified hazards may not always be exhaustive hazards that could pose
a threat to the system. It is necessary that identified hazards are reviewed when
new data are available. Hazard identification methods are broadly divided into
three categories:

a. Comparative methods, examples of which are inspection sheets, hazard indices
and operational data review;

b.Fundamental methods, which are constructed in such a way as to encourage a
group of researchers to use a prediction in combination with their knowledge
of the hazard identification task by asking a series of questions such as “what
if ...2”. Examples of this type of methodology are Hazard and Related Problem
Research (HAZOP) and Failure Analysis (FMEA);

c. Methods of inductive approach, such as logic diagrams of possible conse-
quences of a given event (“event tree” logic diagrams).

Other techniques can be used to improve hazard identification (and risk assess-
ment capabilities) for certain problems. For example: hidden fault analysis, the
Delphi method and human factor analysis.

Regardless of the techniques used, it is important that the overall hazard identi-
fication process pays due attention to the fact that human and organizational errors
are significant factors in many accidents. It follows that accident scenarios involving
human and organizational error should also be included in the hazard identification
process, which should not focus exclusively on technical aspects.

3. Economic analysis
Economic analysis as a science is a system of specialized knowledge linked:
with the study of economic processes in their interrelation, formed under the

influence of objective economic laws and factors of subjective order;

» With scientific justification of business plans, and with objective assessment of
their implementation;

» With identification of positive and negative factors and quantitative measure-
ment of their action;

» With disclosure of trends and proportions of economic development, with
recognition of unused intra-economic reserves;

* Generalization of the best practices,

» With the adoption of optimal management decisions.
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Economic analysis of aircraft and its components is one of the most important
functions of airline management, the implementation of which is necessary to
ensure its effective operation. As a matter of fact, economic analysis is known to
represent numerous methods of economic theory.

Modern management theories determine the necessity of substantiation of
all-important management decisions by means of analytical process called “rational
problem solving” This process, the analytical part of which is identical to economic
analysis, includes the following seven stages:

3.1 Classification of analysis methods and techniques

The method of analysis should mean the methods of investigation of the object
of analysis, and the method of analysis acceptance - one or more mathematical or
logical operations aimed at obtaining a specific result of analysis.

Mathematical methods are objective, as they yield the same results when applied
by different analysts. In complex analysis, these methods are usually combined.
Thus, the type of a mathematical model is often chosen intuitively, and the model
parameters are determined by methods of mathematical statistics.

Mathematical models: mathematical economy models - theoretical and applied
models - are widely used in the analysis. Theoretical models allow studying general
properties of economy and its separate elements by deduction of conclusions from
formal preconditions. They are important for understanding possible properties
of the object of analysis. They are macroeconomic and microeconomic models,
including models of firm theory and market theory. Applied models provide an
opportunity to estimate parameters of functioning of a concrete economic object
and to formulate specific recommendations for decision making. Applied models
include, first of all, econometric models, which operate with numerical values of
economic variables and allow statistically significant evaluation on the basis of
available observations.

Mathematical models, besides, are subdivided into equilibrium models, which
describe steady-state conditions and are therefore called descriptive, and optimiza-
tion models, which allow establishing optimal, i.e. the best parameters of the system
according to a certain criterion. Static models that describe the object state at a
particular moment or period of time and dynamic models that include interrela-
tionships of variables in time are distinguished.

Methods of applied mathematical statistics - econometrics, should be used as
much as possible first of all in the analysis, since almost all data used in economic
analysis contain a random component. Note that the results obtained by statistical
processing of data may differ in the degree of accuracy and probabilistic valid-
ity. Estimates can be considered reasonable if their probability and accuracy are
determined, otherwise they may not be credible.

Multidimensional methods: These methods provide objective quantitative tools
to investigate data similarity, proximity, grouping or classification. Data can be
presented as a set of indicators, variables that characterize objects or a single object
at different points in time, e.g., an enterprise in different years. Most methods
are designed to reduce the number of variables and highlight the most important
characteristics. The following methods underline the most important ones:

The method of cluster analysis, which allows building a classification of sev-
eral objects by combining them into groups or clusters, based on the criterion of
minimum distance in space of certain indicators describing the objects, as well as
the classification of objects by a given number of groups - clusters. Probabilistic
justification of the clustering results can be obtained by discriminant analysis.

23



Safety and Risk Assessment of Civil Aircraft during Operation

Factor analysis: variables, whose values provide statistical or accounting data, are
often quite conditional for the object or phenomenon under study. They can only indi-
rectly reflect its internal structure, driving forces or factors. The analyst is limited to
the set of indicators traditionally used in accounting and statistics. If an unknown fac-
tor manifests itself in changes of several variables, there is a correlation between these
variables. The number of independent, initially hidden factors that can be detected by
factor analysis is often significantly less than the number of traditional indicators.

In addition, there are two levels of use of expert judgments: quantitative,
in which experts make estimates in the form of quantitative indicators, and
qualitative, in which experts make comparative estimates, for example, “better
and worse.”

3.2 Comparison method in economic analysis

Comparison is a scientific method of knowledge, in the process of its unknown
phenomenon; subjects are compared with already known, studied earlier cases,
in order to determine common features or differences between them. By means of
comparison the general and specific in the economic phenomena, changes of the
objects under study, tendencies and lawfulness of their development are studied.
Hence, the following evaluations in the area of economic analysis and comparisons
are used for identifying observed problems and suggest a course of action(s):

1. Comparison of planned and actual indicators to assess the extent to which the
plan has been implemented. This comparison allows the user to determine the
extent to which the plan has been completed in a specific timeframe, such asa
month, quarter, or year.

2. Comparing the actual indicators with the normative ones allows cost monitor-
ing and promotes the implementation of resource saving technologies. The
practice of analytical work also uses comparisons with approved norms (for
example, consumption of materials, raw materials, energy, etc.). Such a com-
parison is necessary to identify savings or over-expenditure of resources for
production, to assess the efficiency of their use during operation.

3. Comparison of actual indicators with those of previous years to determine
trends in economic processes.

4.Comparison with the best results, i.e. with the best samples, best practices.
New achievements of science and technology can be carried-out both within
the framework of the enterprise under study and outside. Inside the enterprise
the average level of indicators achieved in general is compared with indicators
of advanced sites. This allows identifying best practices and new opportunities
for production and operation.

5.Comparison of the indicators of the analyzed form with the average indicators
of the zone/area to assess the results achieved and identified unused reserves.

6. Comparison of parallel and dynamic series to study the relationship of the
studied indicators. This is used to identify and justify the form and direction
of the relationship between different indicators. For this purpose the numbers,
which characterize one of the indicators, should be placed in ascending or de-
scending order and consider how in this connection other investigated indica-
tors change: ascending or descending and to what extent.
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7.Comparison of different variants of managerial decisions in order to choose
the most optimal of them.

8. Comparison of the results of activity before and after the change of any factor
is applied in the calculation of the influence of factors and calculation of
reserves.

The following types of comparative analysis are also distinguished in the
economic analysis: horizontal, vertical, trend, as well as one-dimensional and
multi-dimensional.

1. Horizontal comparative analysis is used to determine the absolute and relative
deviations of the actual level of the studied indicators from the basic (planned,
past period, average level, scientific achievements and best practices).

2. With the help of vertical comparative analysis the structure of economic phe-
nomena and processes is studied by calculating the specific weight of parts in
general, the ratio of parts of the whole among themselves, as well as the impact
of factors on the level of performance indicators by comparing their values
before and after changing the relevant factor.

3.Trend analysis is used to study relative growth rates and growth of indicators
over a number of years to the level of a base year, i.e. to study the dynamics
series.

4.In one-dimensional comparative analysis comparisons are made on one or
several indicators of one object or several objects on one indicator.

5.By means of the multi-dimensional comparative analysis the results of activity
of several operating enterprises (divisions) are compared on a wide spectrum
of indicators.

3.3 Factor analysis methodology
The sequence of performing factor analysis includes the following stages:

1. Selection of factors that determine the performance indicators under study
and their systematization in order to ensure the capabilities of the system
approach;

2. The establishment of modeling and transformation of the factor systems

3. Calculation of the influence of factors and assessment of the role of each of
them in changing the value of the resultant indicator;

An important methodological issue in factor analysis is the determination of the
relationship between factors and performance indicators: functional or stochastic,
forward or backward, straight or curved. Here, theoretical and practical experience
as well as methods of comparison of parallel and dynamic series is used in conjunc-
tion with analytical groups of initial information, graphic and others.

The modeling of economic indicators (deterministic and stochastic) is also a
complex methodological problem in factor analysis, the solution of which requires
special knowledge and practical skills in this branch.
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The most important methodological aspect in economic analysis EA, is the cal-
culation of the influence of factors on the value of effective indicators, for which the
analysis uses a set of methods, the essence, name, scope of which and the procedure
of calculation are considered in the following chapters.

Finally, the last stage of the factor analysis is the practical use of the factor model
for calculation of reserves for the growth of the resultant index, for planning and
forecasting its value in case of changes in the production situation.

3.4 Economic optimization of the airline’s lifecycle

An increase in resource (durability), which is an integral part of reliability,
accordingly, leads to an increase in the latter. Increasing reliability, as well as
increasing resources (reliability component), requires a significant amount of
work, significant cost and time. The past decades of aviation Gas Turbine Engines
(GTEs) development have been marked by a continuous growth of resources: from
several hundreds of hours to tens of thousands of hours.

When the engine resources did not exceed 1000 hours, there were no doubts
about the economic expediency of their increase due to at least two circumstances:
high expenses of the operating organizations and relatively small expenses for the
works connected with the increase of resources (Figures 3 and 4).

A different situation occurs when justifying large resource values
(>20,000 hours). On the one hand, the operating costs are already significantly
reduced (operating costs per hour of motor operation), and with small operating
costs, further reduction of the operating costs brings ever less economic benefit.
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Figure 3.
Growth of resources of engines Al-20 (1), Al-24 (2), AI-25 (3) on years of operation.
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Figure 4.
Growth of resources of engines with a large degree of dual circuit D-36 (1), D-18T (2), D436T1 (3).

In addition, in accordance with the law of the dwindling limit value, the operating
costs may increase starting from a certain service life.

On the other hand, an ever-increasing amount of effort is required to increase
resources.

There is an economically optimal resource value, at which the total cost of
increasing the resource is the lowest (TOP 1).

The introduction of electronic engine designers, the use of numerical methods
and high-level models, application software packages (e.g. ANSYS), combined with
the accumulated experience in the creation of aircraft GTEs and the high qualifica-
tions of engineering staff have allowed the development and successful application
of calculation methods for resource determination.

It has given the chance to lower expenses essentially and to reduce calendar
terms of an establishment of resources. At the same time, the importance of
an economically optimal resource to the right has shifted significantly [7]
(Figure 5).

For different engines, and even for the same engine installed on different
aircraft, there will be different values of optimal service life, as operating costs may
vary depending on the engine type, aircraft type, operating company, etc.

The engine resource can be very large; however, it will be far from economic
optimum. The indicator of optimum resource can serve as total value of expenses
for 1 hour of established resource.

Deviation of a resource of the engine from economic optimum can be connected
with special requirements to the engine, overlapping at designing. In this case,
the efficiency of the design solutions used may “prove to be as efficient as possible
under imposed constraints.”

The desire to establish an economically optimal resource was one of the reasons
why the notion of resource design appeared.
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Figures.
Dependence of change in costs on the value of the engine resource.

Under resource designing of aviation GTEs, it is necessary to understand the
durability details at a design stage of the engine. The full account of operating con-
ditions is provided and optimization of a level of working parameters, indicators of
effect and value of resource is made.

The development of technical (indiscriminate) diagnostics, modularity of
design, content usability of engines and accumulated experience of operation
allowed to carry-out the operation of aviation GTEs on technical condition. The
economic effect from the exploitation according to the technical condition is
very high:

* The number of spare parts is reduced by 20%;
* The number of spare engines is reduced by half;
* The cost of maintenance and repairs is reduced by approx. 25%.

The almost universal transition to maintenance-free operation, with the replace-
ment of individual modules without removing the engines from the wing, has led to
areview of the engine life as a whole.

For a complex, multi-component system, the concept of engine life becomes
conditional. The economic purpose of engine reconditioning during repairs and the
cost per hour of a life cycle are of paramount importance. The economic viability of
engine reconditioning depends on the cost of repair and the cost of replacing parts
that limit the life cycle (Table 4).

Using the data in Table 4, it is possible to determine repair costs per hour for a
CFM56-3 engine with a thrust of 23,500 pounds (10,657 kG) using Eq. (1):

C,+C,
? Nztz (1)
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where C, is the cost of repairs; C, is the cost of replacing parts; Ny —number
of flight cycles worked out; ¢, - flight cycle time, hour.

Adding all the costs in columns 4 and 5 of Table 4, dividing by the number
of flight cycles (28,000 cycles) and duration of flight (1.4 hours), yields $125.64.
Adding to cost of a new engine, attributed to 1 hour of operation, and the cost of
fuel consumption for 1 hour of engine operation, results in the cost of 1 hour of the
life cycle of the CFM56-3 engine (Eq. (2)).

C, +C, +Cp

hour

+C_RC, 2)
t,Ny

where C,, is the new engine price; C,, is the specific fuel consumption,
C,, - price of 1 kg of fuel; R is the engine thrust.

For each engine, there is an optimum operating time on the wing (before repair).
For example, for the PW4000 engine, the optimum wing life is 3500-4500 flight cycles.

This is due to the ability to repair and rebuild the structure and properties of the
fuel blades. Longer engine stay on the wing leads to a high degree of utilization of
the blades. Therefore, it is very important to keep exact account of engine details
operating time in hours and flight cycles. An error in the operating time can lead to
a substantial increase in the cost of repairs.

Powder metallurgy, laser and micro-plasma welding methods are used in blade
repairs. The limitations of the repair are related to cracks and thinning of the
blade walls.

Modifying the structure and properties of the blade, allows the same blades to
be used for a longer period of time in the engine. This results in significant cost sav-
ings. Based on performed research and the associated data, the recovery and repair
of 30,000 work blades can bring savings of up to $80,000.

Resource of details is expedient to provide at designing so that replacement of
basic details in operation was possible less. It is necessary to plan replacement of
details (not concerning the basic), limiting a resource, by a combination of replace-
ment with repair of engines (visit of workshop).

In order to avoid forced removal of the engine from the wing due to the end of
the service life of the main parts, most airlines operating GTE maintain a “service
life balance” policy (minimum life of parts). The essence of the case is that the
majority of parts that limit the life produce their life span in the range of 1500-3000
flight cycles from their limit life.

For example, the front rotor shaft of a CF6-50 engine has a limit of 11,500 flight
cycles but is likely to be disposed of after (9500-10,000) flight cycles (Table 5).

Rental Working hours before Total The cost of Cost of parts to be

no renting, hour earnings, hour repair, $ replaced, $

1 8500 8500 800.000 —

2 6500 15.000 900.000 650.000

3 6500 21.500 950.000 410.000

4 6500 28.000 950.000 265.000
Table 4.

Costs of scheduled maintenance of the CEM56-3 engine with 23,500 Ib thrust.
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Engine Cost of main parts, million $ Unused resource remnants, cycle
1 JT9D 21 2000
2 PW4000 244 2000-3300
3 CF6-50 21 1400-2500
4 CF6-80C2 2,.7 2000-2500
Table 5.

Costs and unused balances of resources of the main details of aero engines.

In this case, the cost of 1 hour of the engine’s life cycle is reduced, which
increases the competitiveness of the engine.

In addition to the planned reasons for removal (exhaustion of the reserve in
terms of the temperature of exhaust gases, increase in the reserves of stability of the
ATC, exhaustion of the service life of parts that limit the resource, etc.), a signifi-
cant share is occupied by unplanned ones.

Unscheduled engine removals can make big corrections to the repair and
replacement schemes of the parts that limit the service life. The number of unsched-
uled engine removals can be 50% of the total number of removals. For example,
for the PW4000 family engines, unscheduled removals account for 35-45% of all
removals. For CF6-50 engines the reason for 25% of removals is exhaust gas tem-
perature exhaustion, other 25% of removals are caused by the necessity to replace
the main parts, which have reached their end-of-life, and another 50% of removals
are unplanned removals [8]. In order to increase the economic efficiency of aviation
GTEs operation it is necessary:

* To install the engine parts with minimum expenses;

* To ensure optimal stay of the engine on the wing of the aircraft in a single
operation;

* Ensure the timely replacement of parts that limit the engine’ life (avoid early
removal of the engine due to lack of service life of the main parts or exhaustion
of gas reserves);

* Accurately determine the current damageability of parts in hours and cycles
depending on the operating conditions (automated hours and cycles);

* Quickly determine the scope of work and necessary parts replacement during
unscheduled engine stripping;

* Taking into account unplanned surveys to correct the scope of work for
subsequent engine reconditioning, and remain the engine on the wing, etc.

It is most convenient to perform the above-mentioned works using ground
automated systems of engine operation monitoring. One of the essential elements
of such systems is the algorithms of calculating the developed resource.

The conducted analysis of aviation GTE resources allows drawing the following
conclusions:

1. There is an economically optimal engine resource for the given operation
conditions.
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2.Economically optimal engine life can change significantly with changes in the
cost of life.

3.To improve the economics of engine operation, ground-based automated
engine performance monitoring systems should be used.

4, Conclusions

This chapter is the result of the study of a number of special disciplines, such
as risk analysis and economic analysis of commercial aero engines during aircraft
operation. Risk analysis includes risk assessment and methods to reduce risks or
reduce adverse effects associated with it. The methods for risk analysis have been
provided, including ETA, FMEA, FTA, HAZOP and PHA.

Furthermore, Economical analysis is a scientific way of understanding the
essence of economic phenomena and processes, based on dividing them into its
constituent parts and studying the variety of relationships and dependencies aimed
at improving its work through the development and implementation of optimal
solutions. The purpose of the economic analysis is to give management a picture
of the actual state, and for persons who are not directly working with it, but are
interested in its financial condition, the information necessary for an impartial
judgment.

Aviation engineering as a commodity has its specificity. If one considers an aircraft
asawhole, the aircraft operation efficiency is defined by perfection of the power plant.
The engine may appear on the market as an independent product with a market price.
But it must be taken into account that the aircraft engine is a subsystem of the aircraft,
so its economic assessment should be carried out, if possible, taking into account the
characteristics of the aircraft and its specifics of operation, which is a difficult task.
Still, this is a necessary procedure, especially in the case of economic evaluation.
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Chapter 3

Safety and Risk Assessment of
Civil Aircraft during Operation

Asif Mostafa

Abstract

Risk and safety are always considered to be the most critical operational
characteristics of civil aircraft. Typically, they relate to the possible occurrence of
air traffic collisions that could result in loss of life, damage to infrastructure, and
damage to property by third parties. Consequently, in addition to other adverse
effects such as noise, air pollution, they were deemed externalities. Risk and pro-
tection became topics of continuous study, ranging from purely technical/techno-
logical aspects to explicitly administrative ones, due to their inherent very high
importance. Such concerns require the establishment of appropriate regulations
regarding designs and operations of device technology. In order assess the risk,
there are several methods which include: identification of safety concerns, analysis
of the risk factors likelihood, analysis of the risk factors severity, and assessment
and the admissibility of risk factors. And finally, reducing of the risk should be
performed by three general strategies which are: avoidance of the risk, reduction of
risk, and isolation of the exposure. These strategies are implemented based on
efficiency, technical measures, controlled measures, staffing measures, cost/bene-
fit, practicality, acceptability of each party, durability, residual risk factor for flights
safety, and new challenges. With the advancement of technology, new methods of
risk deduction and safety concerns are being developed to ensure safe and risk-free
flight operation.

Keywords: civil aircraft, risk assessment, safety assessment,
risk and safety methods, operation

1. Introduction

The rapid worldwide growth in air traffic and aircraft technology requires a
rapidly changing and adaptable aviation environment in which borders are hardly
restricted single countries. Along with this ongoing change, safe aviation operations
are crucial. Absolute safety does not exist. However, eliminating accidents and
serious incidents is unachievable. Failures always occur, despite the most accom-
plished safety efforts, since all risks cannot be totally eliminated. No human-made
system/innovation can be risk free. However, risk and error are acceptable in an
inherently safe system. So, how to ensure that aircraft operations are safe if all risks
cannot be eradicated? What is safety? What is risk? Safety is the condition in which
the danger of harm to persons or property damage is minimized to and retained at
or below an appropriate level by an ongoing process of hazard detection and risk
management. In civil aviation, risk has been assessed as the probability of the
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occurrence of an air accident in terms of two aggregate indicators, the accident rate
and the fatality rate. Thus, if new operations are to be undertaken, equipment is
required to ensure that an acceptable level of safety is guaranteed and the upcoming
risks are taken into consideration [1].

Safety and risk assessment are the two fundamental terms utilized in avionics to
address the degree of safety of aircraft tasks [2]. The reason for this assessment is to
distinguish the degree of safety related with a particular activity/activity by recog-
nizing the normal risk(s) by giving direction in dynamic jobs to either acknowledge
or not acknowledge the risk(s) to which the activity is required to be uncovered.
Through this assessment, in light of a predecided adequate degree of risk, modera-
tion procedures/remedial activities can and ought to be actualized dependent on
explicit safety risks so as to decrease their potential impact(s). The phrasing of
safety assessment and risk assessment has now converged into each other so that it
has gotten hard to get whether they speak to two distinct techniques. In the event
that it is unmistakable, in which circumstances we should utilize every one of them;
or in the event that they supplement one another and the presentation of one
command includes the accomplishment of the other. By the by, given these com-
plexities, it is usually perceived that their definitive target is basic decide when and
where estimates should be taken to guarantee the normal proper safety level.

2. Safety and risk concept in civil aviation

Aviation regulators and industry experts have continually developed and
updated strategies and resources over the years for the evaluation of ongoing
developments in the aviation industry in order to ensure appropriate standards of
safety while enhancing flight operating capabilities, increasing the utilization of
airspace, and reducing operational costs.

The concept of aviation safety and risk can have different perceptions: zero
deaths or serious incidents, free from hazards, aviation employee attitudes toward
unsafe acts and conditions, avoidance of error, and regulatory conformity.

Safety is defined as the “State where the potential for harm to persons or
property damage is minimized to and preserved at or below an appropriate level by
an ongoing process of hazard recognition and safety risk management. For techno-
logical systems, risk is related to the possibility of part failure or the whole system
causing hazard exposure and related consequences. In economic structures, risk
may be exposed to the threat of losing market prospects and/or resources due to
unpredictable circumstances. In social systems, risk is the chance of being exposed
to injury hazard and/or life loss. Therefore, risk could be viewed as a combination of
the probability (or frequency of occurrence) and the magnitude (or severity) of a
hazardous event.”

When new equipment is developed, or for instance a new flight operational
procedure is designed, the requirement for a safety assessment or risk assessment is
very common in the aviation industry before the new technology or procedure is
put into place. Very often, this is triggered by the operator/manufacturer through
recommendations made by aviation associations/working groups or regulatory
requirements.. An assessment usually includes an overall evaluation of something
called a framework that may include a thorough review of particular subsystems.
The assessment aims to identify the level of safety associated with a certain action/
operation by identifying the expected risk(s) through guidance on the decision-
making roles to either accept or not accept the risk(s) to which the operation will be
exposed. This assessment, based on a predetermined acceptable level of risk, can
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Definitions term

Meaning

Consequence

An event’s performance. A consequence may be definite or uncertain with
positive or negative effects on goals

Control (also can be
called mitigation)

Risk-modifying measure

Establishing the context

Defining external and internal requirements for risk management and
defining the scope and risk standards for risk management policy

Event

Defining the external and internal parameters to be taken into account
when managing risk and setting the scope and risk criteria for the risk
management policy

Level of risk

Risk magnitude or mixture of risks expressed in terms of balancing
consequences and probability

Likelihood

Chance of something happening

Monitoring

Repetitive screening, tracking, vital observation, or status determination to
identify deviations from the necessary or planned output

Residual risk

Remaining risk after therapy

Risk

The impact of uncertainty on events’ potential goals and their
consequences, or a combination thereof

Risk analysis

System to grasp risk nature and assess risk level

Risk assessment

In this context, the overall process of risk identification, risk analysis, risk
evaluation, and identification of controls (mitigation)

Risk criteria

Reference terms against which risk significance was evaluated

Risk identification

Process of finding, recognizing, and describing risks

Risk management

Coordinated efforts to guide and monitor risk-related tasks

Risk management plan

The scheme within the department’s risk management system defining the
strategy, management elements, and tools to contribute to risk
management

Risk management process

Systematic application of management policies, procedures, and practices
to communicating, consulting, and context-setting, identifying, analyzing,
evaluating, monitoring, and risk review activities

Risk owner

Person or entity with the accountability and authority to manager risk

Risk profile

Description of any set of risks.

Risk source

Element, which alone or in combination, has the intrinsic potential to give
rise to risk

Table 1.
Definition of aviation safety and risk terms.

and should implement mitigation strategies and corrective actions based on specific
safety risks to reduce the potential effects of mitigation. Safety and risk assessments
are the terms most commonly used for this assessment. Table 1 gives the definite of
aviation safety and risk terms.

2.1 Safety assessment
A safety assessment mainly aims to identify which risks are expected to be

exposed to a new operation/system or to be acceptable or not on the basis of the
safety criteria normally established by aviation regulators.
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2.1.1 Safety assessment process

The ongoing safety assessment process continues the initiative that has begun
during the design phase and ends with the launch of the new model of aircraft and
continues until the aircraft is removed from service.

Three priorities are set in the ongoing safety assessment process: 1. Maintain
airworthiness (certification) of the aircraft: in-service incidents are evaluated based
on the safety standard of the certification process. 2. Maintain aircraft safety: in-
service incidents are measured against the company’s internal health objectives. 3.
Improve airplane safety: in-service incidents are analyzed to find potential for mini-
mizing their number or exceeding the company’s protection objectives. It is intended
that the safety assessment process will be continuous, iterative, and closed. When an
incident is identified, assessed, and actions are taken, the surveillance continues to
validate the action’s effectiveness. The safety of the aircraft depends on a variety of
factors, including original design, development, aircraft crew and maintenance
behavior, operational effects, parts quality, modifications, the atmosphere, and aging
of the aircraft. The safety assessment consists of five steps: 1. Establish Monitor
Parameters, 2. Monitor for Events, 3. Assess Event and Risk, 4. Develop Action Plan,
and 5. Disposition Action Plan. Figure 1 shows the steps involved.

“Establish Monitor Parameters” begins by identifying the company’s basic
safety framework, priorities, and objectives. This process also sets out the parame-
ters for monitoring and their values.

“Monitor for Events” is a continuous process of searching for events of con-
cern. This monitoring is based on the monitoring parameters set in the previous
step.

“Assess Event and Risk” is a process that is initiated when an event is detected.
This includes the assessment of an event that is sufficient to determine whether the
event is of real concern. It also includes the preliminary determination of risk for
use in prioritizing the initial extended evaluation and the development of the Action
Plan. A more detailed and comprehensive risk assessment may be carried out on the
basis of the seriousness of the event and the initial risk assessment.

“Develop Action Plan” is a process that provides for correction or improve-
ment, such as a change in design or a change in operation, maintenance, or training
procedures for the event identified. An action plan may not be needed if the event is
determined to be sufficiently initiated.

“Disposition Action Plan” means the evaluation and/or implementation of the
Action Plan. This may include determining whether or not the action will be taken
and prioritizing, scheduling, and implementing the action. Once the action is com-
pleted or the determination is made not to implement the action, the process
returns to the normal status of event monitoring. In some cases, revision or
updating of the monitor parameters may occur as a result of an event or action
taken.

Now let us begin an in depth research on the safety assessment process. Figure 2
shows an in detail the flowchart of the ongoing safety assessment process.

Establish Monitor Parameters: The “Establish Monitor Parameters” phase
shown in Figure 1 is divided into “Establish Expectations” and “Establish Monitor
Parameters” activities.

Establish Expectations: There are two simple “Establish Expectations” steps.
The first is establishing organizational frameworks and principles before beginning
this process. This will involve defining the organization’s safety goals and guide-
lines. The second establishes operating requirements for each fleet. This activity
involves determining what day-to-day operating expectations are and what types of
operations and performance will or will not be accepted within the fleet.
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Figure 1.
Safety assessment steps.

“Establish Expectations” includes establishing the company’s safety philosophy,
assessing the role of safety within the company’s structure, and defining acceptable
levels of risk and performance. It may vary from a structured formal security
organization to an informal structure. The safety organization must be adequately
autonomous to ensure it can affect the safety philosophy.

There are at least two expectations levels. The first is standards levied by regu-
latory body, aimed at establishing minimum operational health. The second is the
user’s own standards, which can surpass regulatory agency requirements. These
expectations imposed internally may include parameters or requirements not cov-
ered by regulations or lower-than-required risk levels. Requirements and expecta-
tions can be dependent on many factors, including the following:
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1.Basic aircraft requirements

2.Safety analysis

3.Requirements for regulatory reporting

4. Operational features (e.g., cargo vs. passenger carriers)
5.Aircraft maintenance programs

6.Operating environment conditions (e.g., operations, tropical vs. arctic
operations)

7.Experiences identified by earlier process use (i.e., continuous improvement)
8.Industry-related accidents and incidents (where available)
9.Lessons learned

Fleet-specific expectations are passed on to the phase of the process “Establish
Monitor Parameters.”

Establish Monitor Parameters: Phase “Establish Monitor Parameters” builds on
previously set expectations. This step develops the information or data to be col-
lected, how it will be collected, and how it will be compared to expectations. This
can range from minor reportable compliance issues to comprehensive data collec-
tion and review programs. The actual parameters to be chosen are the company’s
option depending on the level of ongoing safety assessment process that manage-
ment wants. Selecting different parameters will be affected, among others, by data
availability. Communication between organizations is helpful in setting correct
parameters.
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Figure 2.

Safety assessment process.
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Monitoring Effectiveness of Previous Actions: After developing the initial
maintenance plan for a given aircraft, the operator continues to monitor the pro-
gram’s effectiveness for the desired reason of keeping the aircraft secure. The
following are one of several ways to achieve this.

Once actions are undertaken to address a problem, a follow-up testing process
should be developed to track implementation and assess action effectiveness. This
follow-up method can be achieved by comparing pre- and post-conditions of
correction-affected systems. Comparison frequency should be based on probability
and severity factors. During this post-implementation review, initial findings (e.g.,
teardown reports) may be reexamined. This verifies the action implemented elimi-
nates the problem, and the assumptions used in the analysis are valid.

After the expectations and monitoring parameters are defined, they are then
used during the “Monitor for Events” phase.

Monitor for Events: This phase consists primarily of the “Collect and Analyze
Data” process. An event may be of interest by itself, for example, engine shutdown,
or it may only be of interest in conjunction with other events that may or may not
have occurred concurrently, for example, one navigation receiver failure. An event
may be an operation or maintenance error. An event may or may not be relevant to
aircraft safety. (An event may be a single incident or set or compilation of separate
and distinct occurrences considered as a single event for discussion and analysis
convenience).

Event monitoring includes two related but distinct elements. Collect and analyze
data concerned with “new” events of concern and monitoring the effectiveness of
previous actions that monitor events already evaluated through the process.

Collect and Analyze Data: The aim of the “Collect and Analyze Data” phase is to
provide continuous monitoring of actual operations to determine expectations. In this
step, data available for monitoring any parameters specified in the step “Establish
Monitor Parameters” should be obtained and analyzed. While collecting and analyzing
this data, possible problems and patterns will be established. Compared to the poten-
tial cost of lost assets and equipment, data collection and analysis is relatively low.

Where no issue or pattern is identified, the process continues in the phase
“Collect and Analyze Data.” Whenever the analysis identifies a possible issue or
trend, the data will be summarized for process phase “Asses and Event Risk.”

Assess Event and Risk: Once a potential problem or trend has been identified,
internal data collection and analysis or the “Assess Event and Risk” is initiated from
an external source. This process develops a sufficient level of understanding of the
event and its cause(s) to assess the possible consequences and the associated risk. If
these are known, it can be determined if the incident needs further action. If the
incident is determined not to warrant further action, the process shifts to “Register
and Close.” If an event warrants further action, the appropriate organization(s)
should be determined. If the problem requires external action, the party responsible
should be informed of such action in a reasonable time. If internal action is
established, proceed to “Develop Action Plan.”

The “Assess Event and Risk” phase shown in Figure 2 is divided in to “Assess
Event and Risk, “Determine Internal or External Issue Resolution” and “Notify
Responsible Party.”

Assess Event and Risk Task: Event assessment and subsequent risk offers
information identifying the severity of a particular safety concern. It also offers risk
reduction and optimization of inspection and alteration services for in-service
security-related issues. This assessment is conducted to determine whether an issue
is a safety problem or to provide awareness of major risks. Risk assessments may be
qualitative or quantitative and should involve assessing magnitude and likelihood of
occurrence.
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Determine Internal/External Issue Resolution: If the company reporting the
incident has the capacity and ability to take the action, it must follow the “Develop
Action Plan” process. If not, exterior organization is determined.

Notify Responsible Party: Once the responsible organization is identified, they
are contacted and start evaluation with the “Assess Event and Risk” step in their
process. The investigation often continues, involving more than one organization.
Consider an incident in the field, for example. Operator must assess the event and
danger and can contact OEM. It is necessary to note that the processes between the
originator and the organizations are now intertwined. The originator will want to
organize and monitor the progress of the company toward timely action resolution.
Communication skills involved between all organizations. Through the “Action
Applicability Review” step, actions formulated by the external organization will
reenter the originators safety assessment process.

Develop Action Plan: The phase proceeds with the responsible organization
addressing the event in their respective “Develop Actions Plan,” “Select Action,”
and “Review Selected Action for Approval” processes.

The “Develop Action Plan” phase involves more analysis on event triggers and
the creation of one or even more potential actions. This will include future behavior
of risk assessment. Developing actions for all problems simultaneously due to
limited resources may not be practical. Hence, the company must assign priorities
based on its internal issue tolerance and potential regulatory oversight. Both prior-
ities require resource allocation first to concentrate on safety-critical items and later
to identify and monitor operator-sensitive issues. When developing an action,
understanding the root cause is important.

Select Action: “Select Action” consists of evaluating options and identifying
those with acceptable safety levels. This stage typically includes providing organi-
zational approval action(s). Typically, technical expert(s) presentations to a review
board or management position should include a statement of the issue or concern,
historical background, results and assumptions of risk analysis, actions already
taken, and recommended future actions.

Review Selected Action for Approval: Based on technical expert reports,
management or review board accepts or refuses the planned action. As a practical
matter, the management of the organization would also consider the economic
impacts of certain acts approved by the review board or management, and the
implementation approach depends on the form of organization.

If the decision is to approve the proposed action(s), the process proceeds into the
“Disposition Action Plan” phase and begins the “Prioritize and Schedule” and “Imple-
ment” steps. If the company does not accept the suggested action, they must decide
how to proceed. If more research is necessary, then either the “Assess Event and Risk”
step to reevaluate the significance of the recommended action or the “Develop Actions
Plan” step to refine potential action may be returned. If the recommended action is not
accepted and no further review is deemed appropriate, the process moves to “Register
and Close” stage. The decision is then reported and sent for future reference.

Action Applicability Review: “Action Applicability Review” is conducted by
the potentially affected entity to decide how an externally generated action impacts
any aircraft in their fleet. Once external action has been produced to fix a problem
found earlier by the reviewing entity, it will be closely reviewed by relevant tech-
nical experts to ensure that it is resolved. Any dissatisfaction with the proposed
action should be expressed as soon as possible.

When it is the decision is to implement, the “Disposition Action Plan” phase and
the “Prioritize and Schedule” and “Implement” steps begin. When the decision is
not to enforce the action, the process shifts to “Document and Close.” The decision
is then documented and stored for future reference.
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Prioritize and Schedule: “Schedule” is unique to each organization, showing its
specific processes and approval cycles. The combined effect of danger, likelihood of
occurrence, risk exposure, and availability of parts and other tools help to assess
priorities for action. During normal process execution, multiple possible issues can
be assessed simultaneously. This usually results in prioritizing the order in which
problems will be corrected.

The process includes determining relative priorities (e.g., risk reduction, cost,
and implementation ease) of this and other actions and scheduling implementation.
And once an implementing plan is developed and approved organizationally,
implementation process is initiated.

Implementation: After identifying and checking the action plan to better
address the issue or concern, it can be enforced in the fleet or organization. Issue
remedies should be tracked to ensure success in reducing or removing the issue. The
monitor performance requirements and data collection and assessment method
should be established in the “Disposition Action Plan” phase and forwarded to the
“Monitor for Events” part of the process. If this monitoring concludes the inter-
vention is unsuccessful, the issue reenters the ongoing safety assessment process
where further data collection and root cause analysis may be needed. The question
is then readdressed via the usual safety evaluation process, leading to updated
action plans and implementation.

Actions to Other Level: Where service bulletins, ADs or activities that may
affect other organizations have been made, they should be forwarded for imple-
mentation consideration. Many manufacturers’ contractual agreements with
operators include monitoring for SB implementation, while others do not provide a
closed-loop operation.

Document and Close: Usually, issues can be solved by releasing an official
technical document from the company implementing the transition. Examples of
documents that can be modified include the following:

a. Flight Operations Manual

b. Engineering Orders

c. Maintenance Alerts

d. Maintenance Manuals

e. Flight Operations Bulletins

For a manufacturer, the document issued may:

i. be focused toward the operator in the form of a Service Bulletin, Service
Letter, All Operator Telex, Maintenance Tips, etc.

ii. be directed toward its own organization which may include new process
instructions, production guidelines, new drawings, etc.

If the sequence of documents, procedures, and changes have been completed
and monitoring indicates that the problem has been successfully solved, the com-
pany will then go back to a mode of tracking criteria and perhaps assess lessons
learned from the resolution process.

If no action has been taken, the decision and the reasoning are maintained
here.

1



Safety and Risk Assessment of Civil Aircraft during Operation

Lessons Learned: A Lessons Learned process seeks to use in-service experience
to enhance all aspects of aircraft operations and design. Introducing a Lessons
Learned process allows the systematic reuse of factual information in an efficient
manner to improve performance characteristics, such as the following:

a. Safety, reliability, quality, and cost-effectiveness.
b. Product quality and business processes efficiency.
c. Amount and cost of product modifications.

d. Human/machine-interface compatibility.

e. User satisfaction needs.

The steps mentioned above are the detail explanation of what happens in a
safety assessment process during civil aircraft operation. Now a detail explanation
of what happens in risk assessment process will be mentioned below.

2.2 Risk assessment

Before assessing a risk, different procedures are to be performed to identify an
event. Aircraft safety depends on various factors including the original design,
flight crew, manufacturing and maintenance activities, operational results, parts
quality, modifications, surroundings, and aircraft being old. Departmental aviation
risk assessments will follow a standard model. The model identifies the task and
context, risks and possibility, present and future mitigation approaches, and the
resulting amount of risk. The evaluator considers all possible realistic risk controls,
determines those that already exist, assesses the current level of risk, and then
selects additional risk measures to reduce the level of risk to one that would usually
be appropriate to the organization.

2.2.1 Preliminary visk assessment

Safety and risk assessment have merged into one another in such a way that it is
impossible to explain both of them distinctively. There, in order to perform a
preliminary risk assessment, we need the help of ongoing safety assessment. In this
assessment, the primary focus is risk and the steps that are defined will be similar to
safety assessment.

Figure 3 describes a suggested high-level method for ongoing safety assessment,
part of the initial risk assessment phase. This standardized method involves five
high-level steps:

A.Establishing Parameter: Defines the control criteria of a company’s
organizational structure, priorities, and goals.

B. Monitor for Events: Continuous process of searching for events of concern.
In other words, it is the process of tracking events and failures.

C. Assess Event and Risk: The cycle begins when an event is detected. This
method decides whether the incident is troubling or a minor failure. This
involves initial risk-to-use determination in prioritizing initial extended
assessment and implementation of action plan. However, it depends on the
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Establish Monitor Monitor for Assess Events and Develop Action Disposition Action
Parameters Events Risks Plan Plan

Figure 3.
Preliminary safety assessment.

situation’s priority, and a more thorough and full risk assessment can be done
in case of major issue.

D.Develop Action Plan: It is a process that sets out corrections or

improvements, such as design changes or changes to operations, maintenance,
or training procedures for identifying events. The action plan may not be
needed if the event is defined not to be a threat.

. Disposition Action Plan: Evaluating and/or implementing the action

plan. This process decides whether to consider, select, and implement the
action. Depending on the urgency of the situation, it means deciding
whether or not the event will qualify as a threat and require further
investigation. If the action is done or decided not to execute the action, the
mechanism returns to the usual tracking status for incidents. In some cases,
the monitor parameters may be revised or updated as a result of the event or
action implemented.

Now let us begin an in depth research on the risk assessment process. Figure 4

shows an in-detail flowchart of the risk assessment process.

When its extent, triggers, and magnitude are identified and the event is

detected, risk assessment will begin. As investigation progresses, the next phase is
generally to determine the problem’s likelihood. Risk assessment is conducted to
identify the risk scale and determine if steps are required to manage it within
separate boundaries. Risk assessment is not an end in itself but could control risks to
a reasonable or bearable level. It is also the way of evaluating potential losses from a
hazard using a combination of known circumstance information, knowledge of the
primary process, and judgment of unknown or well-understood information. For
understanding the risk management process, the definition used in the aviation

Elimination

Administrative
Contrals

Figure 4.
Risk management hierarchy.
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industry must be clearly understood. Table 1 describes such terminology used in
aircraft industries.

A work profile and risk assessment is included in every aviation activity. Where
a task can relate to a defined task profile and risk assessment, the task preparer will
refer to the profile of the task and follow it. If a task profile and risk assessment is
covered and no deviations are reported, the task may proceed without further
permission, although the pilot and any crew member should provide continuous
operational risk assessments during a flight. The corresponding risk evaluation must
be reviewed if any job profile changes. Where the planning and task personnel
determine that the proposed activity does not fit within a current task profile, a new
task profile is created in coordination with the correct designated individual. Dan-
ger and regulation awareness is essential to departmental aviation management.
Risk management does not end with a risk assessment but is a continuous process
for all people who are interested in air use and security. Aviation operators will
provide risk evaluation and reduction services. The aviation risk management sys-
tem of the department follows a qualitative rather than quantitative approach,
while historical data are suitable for determining the probability of an incident and
provide some indication of the potential effects. The risk assessment process
involves looking for hazards, assessing their implications, probability, and identify-
ing risk mitigation plans. This technique is used to assist in developing aviation risk
assessments.

Risk assessment is an important part of the processes for concentrating and
profiling tasks. We are tightly related and should be twice reviewed to ensure that
there are no irregularities or contradictions. Suitable aspects of a job profile can be
used to determine the risk management context, and the creation of a role profile
can be used for further consideration. Current or expected risk controls may be part
of the history, but these must also be assessed in the risk assessment. Both people
engaged in aviation services planning and administration must use this aviation risk
assessment process during the training and organization. Models of accidents and
accidents show the importance of managing risks at all rates. The risk evaluation
and judgment development shall include individuals within organizations and the
individual aircraft operator responsible for flight and mission actions. Danger is
calculated in order to assess the total risk ranking. The Local Control Center can
establish evaluated levels of low risk negligence as a general policy, low to high, for
acceptance by the Policy Coordinating Center or government. Only the Director
General or delegate and aircraft operator can approve extreme risks, therefore,
controls must be implemented to reduce risk or the task is not performed.

The consequence is a loss or disadvantage incident demonstrated in qualitative
instead of quantitative terms. As a result, the possible adverse effects of task-related
incidents are evaluated in the sense of security, economic, organizational and public
opinion is shown to the subcontractor and the agency. Selection of magnitude
depends on risk parameters and design of risk. Subcontractor, aircraft, or equip-
ment expert advice or background information can be used to determine an event’s
implications, including information on actual accidents, incidents, or events. For
opportunity, probability or possibility the agency uses conceptual concepts. That is
the measurement of the likelihood of an incident with a certain outcome, along with
a total of the exposure to the incident during the mission. The exposure can be
defined as the frequency of the event and the time of the incidence during the
behavior.

Factors like crashworthy seats and PPE such as helmets and fire resistant clothes
can handle the consequences. Likelihood may be classified according to planning,
architecture, expectations or functions. The system of controls will also be consid-
ered when determining on controls for determining efficacy. The least efficient risk
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management tool (PPE) is at the bottom of the map displaying more controls
available to reduce risk, preferably using a number of controls to make the risk
mitigation more efficient. The findings should be checked in an evaluation and
debate process to ensure that no additional risks and hazards have been identified or
properly managed. Section 4 shows the hierarchy of risk control.

Figure 5 represents the process risk assessment cycle. This helps visualize the
process although, while the process may seem complex, the actual way should be
relatively simple. Using standard format should support the risk process. Standard
format reproduces typical aviation considerations. These are included to center the
total aviation task picture. Without normal aviation operations, no activity can be
considered. The process shows how to treat risk assessment step by step and how to
arrange it so that errors can be understood clearly but more importantly.

2.2.2 Risk assessment process

Figure 6 explains how the risk assessment process works and how interventions
and activities are considered. The method requires skillful expertise and a detailed
analysis to avoid making mistakes and prevent further risks.

a. Establish the context and gather data: To focus the analysis, avoid
overdesign, and define roles and tasks, general idea of the security limit is
required. Some initial components of a risk analysis should be security, scope
of analysis, functional perimeter, operational use cases, perimeter of
architecture, initial security countermeasures, edges environmental, and
user-related assumptions, external needs and agreements. Use a graphical
representation to gather border information, highlight functional interfaces,
and communicate.

Establishing the task context allows consideration of risk reduction. For
example, if the task is to be performed in summer, icing is unlikely to be a
significant risk in low-level operations. However, if the task under

Assess the
context

Further
Evaluation

Evaluate

the risk

Figure 5.

Risk assessment cycle.
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[ Establish the Context and gather data ]

Figure 6.
Risk assessment process.

Level Event assessment priority criteria

Hazard level  Severity How bad is the situation?

Risk level Severity + probability How bad are the situation and the possibility for it to
happen?

Fleet risk level ~ Severity + probability How bad is the situation, the possibility for it to happen, and

+ exposure what is the size and utilization of the affected fleet

Table 2.
Event assessment criteria.
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consideration is performed throughout the year, icing becomes consideration
in certain areas of the state. The assessor should establish both external and
internal perspectives. The external background can be political, social,
environmental, financial, and human. Internal context considerations may
contain specific project objectives and their importance to the department
that is the department’s internal policies, standards, and guidelines.
Department must identify risk factors including impact and probability
measures.

. Identify the event and risk: Table 2 shows how to assess an event risk.

These are the three main classes demonstrating how to assess an incident
when addressing crucial issues.

Risk sources, their impact zones, causes, and possible impacts need to be
identified. The traditional format or template provides certain criteria, but in
a particular way, the evaluator must look past the obvious while considering a
new task or common task. For starters, spray operations typically occur far
away from built-up or blocked areas. The spray area may be situated in a low-
jet route from which military aircraft fly at a very low altitude. The risks of a
mid-air crash can be high if the pilot does not search (Airmen Notice) to warn
may routes and where are involved. Significant causes and effects should be
taken into consideration. It should also be pointed out that the “race” in
aviation starts at the scheduling and planning stage, so issues of fatigue and
adequate access to information should be addressed, as well as the calculation



Safety and Risk Assessment of Civil Aircraft during Operation
DOI: http://dx.doi.org/10.5772/intechopen.93326

47

of power margins and the availability of landing areas. Risk assessment factors
may include modalities for failure, failure classification, distribution of
probability and conditional probability, probability for inspection detection,
operational/maintenance restrictions, and candidate actions.

. Analyze the Risk: When a potential problem is detected, either as a result of

an internal data collection and analysis or from an external source study, it is
difficult to address all known situations. It is important to quantify their
likelihood and safety impact, determine whether or not risks are acceptable,
and measure the effort to prevent most likely and dangerous threats. For
example, the qualitative possibility that an attack being successful provided
the Typical ED-202 model with five probability levels: “highly improbable,”
“extremely remote,” “very distant,” “probable,” and “frequent,” and “risk
analysis” involves developing comprehension that danger. The work covers
risks and factors, positive and detrimental outcomes, as well as the possibility
of consequences. In aviation, regulatory requirements require certain degrees
or procedures to reduce risk, such as the registration of aircraft, but different
levels of regulation concern various parts of the industry. Chapter 3 offers a
number of methods for risk and safety assessment. The initial use of a risk
assessment helps to understand the extent of a particular problem. The risk
assessment should however be reviewed later on to help determine whether
potential action plans are adequate. Considerations of both impact and
likelihood may be based on historical data, but use of historic data should be
reinforced by ensuring that they are relevant to the mission in question.
Historical analysis will also involve consideration of existing NSW DPI
controls in conjunction with controls present or probably existed in historical
details. It is a call for judgment, but retrospective research is useful when
searching for a realistic picture of the probability of the case. Ideally,
consideration should be given without substantially reducing the
circumstances. NSW DPI Aviation has a standard category definition. The
Table 3 below shows the categories of consequences.

. Develop Action and Evaluate the Risk: This is also part of the “risk

analysis” which is understandable, defined and evaluated for likely
performance. No calculation is commonly considered to be accurate. It is
important to provide several safety therapies. If there is only one therapy at a
specific risk, without reduction of risk, the therapy must be improperly
handled. When assessing or implementing therapy to reduce a specific risk, it
must be guaranteed that treatments themselves do not undermine or actually
introduce a new risk to other therapies. For example, if a suspected therapy
was performed only in the winter to minimize heat-related exhaustion, a new
risk could be added for freezing or icing exposure.

Understanding the idea of implementing an action plan is important, because
it helps explain the root cause of an issue. It can help identify frequently
occurring failures, and with time these problems have led to more serious
causes. When the resolution is recognized, it should be developed in detail,
tested to verify and validate the action. Records should include the rationale
and benefits of recommended actions.

. Disposition Action Plan and Further Treatment: Disposition Action Plan

is divided into various aspects such as prioritization and scheduling,
implementation, actions at other levels, document, and close.
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Consequence definition

Catastrophic Safety and well-being: Fatalities involving subcontractor and/or department personnel
and/or persons working on behalf of the department or the general public. Long lasting
well-being issues. The failure to complete the task has a significant detrimental effect of
the saving of human life
Economic: Loss of an aircraft (repairable). Complete failure to achieve the contracted
task. Significant increases in insurance payments by the department and/or
subcontractors, prosecution legal costs (e.g., for catastrophic breach of pesticides/
threatened species/animal welfare or any other act)

Organizational capability: Department may lose control or management of contracts
associated with aviation support of department operations

Department and/or contractor’s capability significantly affected through circumstances
completely within the relevant organizations control

Objectives mostly not achieved

Reputation and image: The public and/or government could completely lose
confidence in the department’s emergency management and/or subcontractor and their
ability to carry out present or future aviation tasks in support of the department
objectives and legislative responsibilities

Litigation actions may occur

Major Safety and well-being: Serious injuries involving subcontractor or department
personnel and/or persons working on behalf of the department, or the general public
that may result in permanent disability or chronic health
issues. Significant ongoing well-being issues
Economic: Loss of an aircraft for an extended time due to substantial repairs required.
Failure to achieve some significant and minor aspects of the contracted task causing
significant detrimental effect on the saving of property (including crops/pasture/
animals). Increases in insurance payments by the department and/or subcontractors.
Litigation may occur in response to failure (also damaging reputation)

Organizational capability: Department and/or contractor’s capability significantly
affected through circumstances within the relevant organizations control. Important
objectives not achieved

Reputation and image: Widespread (multi-region) significant and adverse questioning
by the public, government, parliament, or media of the competence of the department’s
aviation control or management in support of department objectives

Moderate Safety and well-being: Serious injuries involving subcontractor or department
personnel and/or persons working on behalf of the department or injuries to the general
public that would result in temporary disability and impacts on well-being
Economic: Serious damage to an aircraft that could render it incapable of further
operations for more than 1 month. Failure to achieve a significant aspect of the
contracted task causing a detrimental effect on the saving of property (including crops/
pasture/animals). Possible increases in insurance payments by the department and/or
subcontractors
Organizational capability: Department and/or contractor’s capability affected through
circumstances within and outside the relevant organizations control. Some important
and minor objectives or aspects of the task not achieved
Reputation and image: Regional adverse reporting and questioning by the media of the
competence of the department’s aviation control or management in support of
department objectives

Table 3.
NSW DPI aviation visk assessment and management consequences definition [3, 4].

Prioritize, Schedule: Schedule is unique to every company that has its own way
of managing the schedule. The process determines qualified emergencies, for
example, risk reduction, cost, and implementation ease. This process involves set-
ting up tasks and resources to create and issue a service bulletin to organize the
system.

Implementation: When identifying and evaluating the action plan to correctly
address the issue or concern, it can be extended to the fleet or organization. Problem
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management should be tracked to ensure the efficacy of the action in lowering or
removing the issue.

Actions to Other Levels: When service bulletins, ADs, or actions that may
impact other organizations have been created, they should be sent for execution
consideration. Some manufacturer’s contractual arrangements with operators
provide tracking for SB implementation, while others do not have a closed-loop
process.

Document and Close: The problems are usually solved by issuing an official
technical document from the change-making organization.

If the current checks found do not reduce the risk to appropriate standards or
where there is consensus that further checks are needed in order to accomplish the
job safely, further checks should then be incorporated into the evaluation. Addi-
tional checks cannot be applied without the mission priorities being taken into
account. This will also be a delicate balancing act, so returning to the project can
often help to keep risk management in mind.

Reevaluate the Risk: Once therapy is necessary, it is important to reassess the
risk in order not to add any additional risks. For example, if a decision were taken to
fly a different form of door aircraft, there will have been a new chance of items
falling out of the plane. This should be considered as a new vulnerability and an
appropriate diagnosis or solution if there is a potential door issue. The above
example shows the criticality of continuous risk analysis.

Further steps and evaluation are required where risk is already deemed
intolerable or whether the function will benefit from further risk management.

Ultimately, the appraisal and analysis process continues until one of the two
consequences is reached, the task risk remains too high and then the assignment is
denied or input from senior departmental management is required, the assignment
risk is lowered to the acceptable level, and the work profile and risk assessment is
accepted.

Submitting for Approval: The planner/worker individual shall send the final
job profile and risk assessment to the Director of Operations for approval. The
document is then forwarded to the Emergency Management Unit to be placed on
the Internet to be easily available to aircraft planning and operations personnel.

This chapter describes step by step, or in detail, how risk assessment and safety
assessment is initiated and processed in aviation. The initial assessment and major
assessment are divided into two different aspects. It describes how to detect and
process an event. If an event is not too serious, use basic process to eliminate the
threat. But if the event is complicated, a major risk and safety assessment is consid-
ered and implemented. In the next chapter, we will discuss about the methods or
tools required to carry out these assessment.

3. Methods/tools that are used in the safety and risk assessment process

Any analysis is as valid as its conclusions, data, and analytical techniques. There-
fore, the underlying assumptions, data, and analytical techniques should be identified
and justified to ensure validity of analysis conclusions. Variability can be inherent in
elements such as failure modes, failure results, failure levels, failure probability dis-
tribution functions, failure exposure times, failure detection techniques, failure inde-
pendence, human interfaces (e.g., crew behavior and procedures), and limitation of
analytical approaches, processes, and assumptions. The rationale of the conclusions
on the above things should be an important part of the analysis.

Assumptions can be checked using experience with identical or similar systems
or components with due allowance for design, duty cycle, and climate variations.
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Where the adequacy of the analysis cannot be entirely explained and where evi-
dence or conclusions are crucial to the conclusion’s acceptability, extra conservatism
should be incorporated into either the research or intervention. Additionally, all
data and conclusions ambiguity should be analyzed to the degree required to show
that the research results are indifferent to this ambiguity. Any assumptions and
other uncertainties related to a safety analysis must be identified and documented
in order to judge their effect on the conclusions of such an analysis and to conduct
sensitivity analysis. Ongoing field experience should be tracked to continue vali-
dating conclusions and reducing risks, or to collect the data required to minimize
the effects of the extra conservatism built into the initial study. Finding any flaws in
the assumptions requires reviewing the safety analysis.

However, the need to calibrate the safety analysis with past experience helps
ensure that the future forecast is realistic, ensuring that operational parameters
(deadlines, etc.) remain constant. If the analysis does not calibrate, further evalua-
tion is required to determine which safety analysis assumptions may be in error. The
safety analysis will not predict accurately unless it can calibrate to actual experience.

3.1 Hazard identification methods

In the airline industry, understanding and defining what a hazard is has changed
over the years and continues to be the subject of discussion and discussion in the
world of aviation. Throughout the early 1950s, safety enhancements were attributed
to resolution of technical issues, with an event/accident often defined as human
error in the late 1960s as the underlying causal factor(s). Organizational factors
started to be identified as possible threats in the 80s, adding to or triggering a safety
standard in an activity. It is widely recognized that their natural root is a combina-
tion of various areas when determining threats or contributing factors.

Hazard can be any factor within the following four main aspects:

a. Technical

b. Human

c. Organizationa
d. Environmental

Other definitions can be found in the aviation industry (Table 4).

Risk detection is historically a subjective task and therefore its effectiveness
relies on individual or team knowledge to determine it. In the industry, various
analytical tools and information sources are available for the risk detection process,
such as organizational observations or process analysis.

Interviews with organizational experts and key informants: This method is very
selective and limited because it is based exclusively on individual information and
restrictions.

Brainstorming hazard sessions: Specialists in all operating fields found it to be
helpful and successful in recognizing as many hazards as possible. This approach is
largely based on knowledge and experience. Guidance on how these sessions and
techniques can be used easily in the public domain on the Internet.

Hazard and operability tool (HAZOP): brainstorming technique used to identify
hazards and operability problems when the process design or scheduled changes are
completed during brainstorming sessions. This strategy depends on the expertise
and experience of the team and must be as interdisciplinary as possible to identify
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Source Hazard definition

CAA UK, and Any condition, occasion, or situation which could incite a mishap
Euro control

CAA UK A physical circumstance, frequently following from some starting occasion that can
prompt a mishap

FAA Any current or potential condition that can prompt injury, disease, or passing to
individuals; harm to or loss of a framework, hardware or property; or harm to the
earth. A peril is a condition that is an essential to a mishap or occurrence

CAA Canada A wellspring of possible mischief, or a circumstance with a potential for causing hurt as
far as human injury; harm to wellbeing, property, nature, and different things of
significant worth; or a mix of these
Condition, article, or movement with the capability of making injury work force, harm
to gear or structures, loss of material, or decrease of capacity to play out an endorsed
work

Table 4.
The definition of hazard.

any deviations from the planned process, plan, or activity. It is considered very
useful in new operations, when other approaches that focus on experienced per-
sonnel are less effective, as the team uses a range of standard questions to construct
a list of possible deviations by integrating word (Table 5) with a variable parameter
or process terms.

Fault hazard analysis (FHA): This is a standardized and detailed approach used
for the analysis of roles to identify and describe the potential nature of failures. If
desired, it can only be used as a qualitative or quantitative analysis. A comprehen-
sive top-down configuration analysis is required in order to evaluate computer
danger modes, danger causes and potential system/operational performance.

I would like to respond to the following questions:

* What’s wrong with this?

* How is it possible to fail?

No This is the complete negotiation of the design intention. No part of the intention is achieved
and nothing else happens

More This is a quantitative increase

Less This is a quantitative decrease

As well as  All the design intention is achieved together with additions

Part of Only some of the design intention is achieved

Reverses  The logical opposite of the intention is achieved

Other Complete substitution, where no part of the original intention is achieved but something
than quite different happens
Early Something happens earlier than expected relative to clock time
Late Something happens later than expected relative to clock time
Before Something happens before it is expected, relating to order of sequence
After Something happens after it is expected, relating to order of sequence
Table 5.

HAZOP guide words.
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* How many times is it going to fail?
* What will happen if it fails?
* How important are the safety effects?

External intelligence sources of the company: Efficient to track and review
current activities in order to recognize potential threats, analyze identified risks and
recognize patterns. Examples are the following: dispatch logs, maintenance reports,
manufacturing reports, and security reporting database of aircraft flight data (flight
data extracted from equipment such as FDR or QAR).

External public information sources: Useful for showing operators temporarily
or permanently recognized dangerous conditions. NOTAMs, AIPs, and rules for
aviation.

FACS: Method of detecting human fault in accidents, major injuries, injuries,
and other safety-related activities (based on the concept of Professor James Reason)
and their inquiry and study. It also helps to determine where corrective measures
and mitigation measures are required to eliminate the risk.

3.2 Risk assessment methods

Methods/tools for risk analysis provide means for the analysis of formal or
informal risk information as a result of a proposed action or the risk involved in
failure to take a certain action. Support in determining the severity of risks posed by
incidents which are or may be subjected to an aircraft operator; they help also to
determine what events are most susceptible to a serious incident or accident.

Risk assessment techniques were originally designed for the nuclear sector and a
range of uses, from chemistry to aeronautical, have undergone many approaches
and tools over the years.

There are currently a wide range of different risk assessment models in all types
of business industries and the methodology used around the world is inconsistent.

Quantitative and qualitative evaluations coexist and organizational risk mitiga-
tion approaches must all be considered. Much effective risk management never
perform systematic risk analyses and continue their use only for certain risks that
need analytical reasoning or the acceptance of a contingency strategy. A qualitative
risk analysis (designation of high, medium, or low probability or impacts) is
deemed sufficient for the selection of the most important risks.

Regardless of the specific description, regulatory inclination is to break the risks
down in two components of the hazard, but discrepancies are again noted on the
designation of the two components: probability (or probability) of occurrence if the
risk is caused by a risk, intensity (or magnitude) of the hazard-caused adverse
effect. Likelihood is based on exposure to quantify the possibilities in stages,
periods, men, etc. Thus, exposure may or may not be integrated depending on how
the probability is calculated. Raised risk of adverse effects is raised by exposure to
unhealthy conditions. Therefore, danger is described as follows:

Risk = Likelihood x Severity (1)

Equation 1 - ICAO Risk equation.
The ARMS working presents risk as a breakdown of each one of the four components:

Risk = (Likelihood x Frequency of Avoidance) 2

x (Frequency of Recoverability x Severity)
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Equation 2 - ARMS Risk Equation.

The stability of an action without taking into account risk exposures, the effec-
tiveness of barriers to the materialization of the risk, and the efficacy of barriers to
recovery and without enabling the accomplishment of a worse-case situation, as
seen in the ARMS bow-tie diagram, cannot be adequately assessed. However, as
such factors require a high degree of subjectivity; they do not necessarily need to be
included in the risk formula.

The protection of an action cannot be adequately measured without taking into
account hazard detection, the productivity of the barriers preventing the danger of
materializing, or the efficacy of the barriers to recovery and inability to accomplish
the worst case scenario (the worst scenario), as seen in the diagram, Weapons

Severity Hi gher
Lower

A
v

Likelihood

Figure 7.
Risk assessment sample matrix.

Severity of consequences Likelihood of occurrence
Severity Definition Value Likelihood Definition  Value
Level level
Catastrophic Hardware annihilated; different 5 Frequent  Likely to occur 5
passings many times
Hazardous Enormous decrease in safety edges, 4 Occasional  Likely to occur 4
physical trouble or a remaining burden sometimes

to such an extent that administrators
cannot be depended upon to play out
their undertakings precisely or totally.
Genuine injury or demise to various
individuals. Significant gear harm

Major Huge decrease in safety edge, decrease 3 Remote Unlikely but 3
in the capacity of administrators to possible to
adapt to unfriendly working conditions occur

hindering their effectiveness. Genuine
occurrence. Injury to people

Minor Nuisance. Operating limitations. 2 Improbable Very unlikelyto 2
Use of emergency procedures. Minor occur
incident
Negligible Little consequence 1 Extremely Almost 1

improbable  inconceivable
that the event
will occur

Table 6.
Sample of severity and likelihood criteria [4].
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Unacceptable

Probable
Probability Remote
of
Cﬁﬂﬁf Extremely
ondition
Remote
Acceptable
Extremely
Improbable
Minor Major

Figure 8.
Probability and severity relationship for failure condition effects.

Hazardous

Catastrophic
Severity of Failure Condition Effects

Failure Definition Qualitative Quantitative
condition probability probability
—Average
probability
per flight
hour
No safety Failure conditions that would have no effect ~ No probability No
effect on safety; that would not affect the requirement probability
operational capability of the airplane or requirement
increased workload
Minor Failure conditions which would not Probable—that can be  Probability
significantly reduce airplane safety, and which anticipated to occur >1x107°
involve crew actions that is well within their ~ one or more times
capabilities. May include, for example, a slight during the entire
reduction in safety margins or functional operational life of each
capabilities, a slight increase in crew airplane
workload, such as routine flight plan changes,
or some physical discomfort to passengers or
cabin crew
Major Disappointment conditions which would Remote—unlikely to 1x 1077
lessen the capacity of the plane or the capacity occur to each airplane < Prob.
of the group to adapt to antagonistic working ~during its total life, but < 1 x 107>
conditions to the degree that there would be, ~ which may occur
for instance, a critical decrease in safety edges several times when
or useful abilities, a huge increment in team considering the total
outstanding task at hand or in conditions operational life of a
debilitating group effectiveness, or number of airplanes of
inconvenience to the flight team, of physical  the type
trouble to travelers or lodge group,
conceivably including wounds
Hazardous  Disappointment conditions, which would Extremely remote—not 1 x 10~°

decrease the capacity of the plane or the capacity
of the group to adapt to unfriendly working,
conditions to the degree that would be:
i. A huge decrease in safety edge or
practical capacities

< Prob.
<1x1077

anticipated to occur to
each airplane during its
total life but which may
occur a few times when
considering the total

54



Safety and Risk Assessment of Civil Aircraft during Operation
DOI: http://dx.doi.org/10.5772/intechopen.93326

Failure Definition Qualitative Quantitative
condition probability probability
—Average
probability
per flight
hour
ii. Physical trouble or over the top operational life of all

outstanding burden with the end goal  airplanes of the type
that the flight group cannot be the

depended upon to play out their

errands precisely or totally

Serious or deadly injury to a generally

modest number of the inhabitants

ii.

=

other than flight group
Catastrophic Failure conditions which would result in Extremely improbable  Probability
multiple fatalities, usually with the loss of the —unlikely that they are <1 x 10~°
airplane not anticipated

occurring during the
entire operational life
of all airplanes of one

type

Table 7.
Failure condition definition and velationship with probability [5].

bow-tie. But as these factors require a high degree of subjectivity, they do not
necessarily have to be included in the dangerous formula.

Similar methodologies are described in a risk matrix for both elements, each of
which has different acceptance rates (Figure 7). Authorities recommend that each
operator develop its own matrix and criteria that best reflect its operating environment.

If both the severity of the consequences and their likelihood of occurrence are
expressed qualitatively (e.g., by words like high, medium, or low), the risk assess-
ment is called a qualitative risk assessment. Table 6 provides an example of an
aircraft operator’s qualitative criteria.

Follow-ups are numerically described in a quantitative risk assessment or prob-
abilistic risk assessment (e.g., number of persons who may have been hurt or killed)
and are expressed as probabilities or frequencies (e.g., number of occurrences,
probability of occurrence per unit time), as shown in Figure 8 and Table 7.

Quantitative criteria are determined by the historical architecture and assess-
ment of systems engineering. Aircraft regulators have long established quantita-
tively acceptable levels of quality for all aircraft construction equipment or systems
in the certification specifications. Failure to comply with these criteria does not
authorize unique certification of equipment.

Risk evaluation and risk control for each hazard or category are standardized,
comprehensive hazard detection and risk assessment. The acceptability of risk is
assessed by matching the measured risk level with defined requirements or safety
objectives.

4. Conclusion
This chapter includes the concept of safety and risks in civil aviation during

operation and focuses only on the actual safety and risk assessment process that is
carried out by different organizations in order to maximize the safety while trying
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to avoid possible risks. The steps and analysis that are carried out are actually based
on facts and data. It is hard to determine whether these results are actually “safe and
risk free” to be carried out. Lack of real-time data and real environment fact-
findings make it difficult for this section of civil aviation to prosper. But day by day,
results are getting better with the inclusion of new technologies and methods. This
study shows that these assessments might not have too much impact on civil
aviation but serve as a probability to avoid minimum risks and increase the safety
concerns.

The chapter also provided a review of some methods/models for civil aviation
risk and safety assessment. The key findings provided insight into the efforts
already made to improve such methods/models; their inherent difficulty and lack of
sufficient versatility; lack of available data for calibration and testing; and lack of
sufficient predictive capabilities to encourage the implementation of new technical,
procedural, and operational concentrations to assess risk and safety. On the one
hand, they aimed at increasing the system capacity and, on the other hand, at
reducing the acceptable risk and safety thresholds. The need to develop “special-
ized” or “dedicated” methods/models for particular system parts has been discov-
ered in many cases. Moreover, difficulties such as lack of real-life data were
overcome by including expert judgment despite awareness of its uncertainty and
biases. Also noted was the systematic need for balance and compromise between
sophistication of methods/models, development time and expense, and consistency
of performance. Prospective research needs to be considered to further improve the
existing models in line with recommendations that generally implied risk and safety
assessment capabilities during development and after implementation of new tech-
nologies, with generality on the one hand and dedication on the other hand, pre-
dictive capabilities, flexibility and easier understanding, and handling of modular
system structures.
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Chapter 4

Design Approaches for Safety
Increasing and Risk Decreasing for
the Civil Aircraft’s Operation

Dmytro Tiniakov

Abstract

The safety and risks of civil aircraft operation depend on a lot of factors. One of
them is the structural features of an aircraft. In aviation history, there are examples
when “non-rational” design solution was the reason for crashes, but there are
examples about successful civil aircraft that have “rational” structure and long
operational time without critical incidents. So, how can a designer provide high
safety of level and decrease incidents’ risks in time of a regular aircraft operation?
This chapter partly can help to understand some reasons and approaches for pro-
viding “rational” aircraft structure. Design solutions can be divided into some
groups by some common features and requirements. They are maintainability,
serviceability, accessibility, labor effort decreasing, weather requirements, trans-
portation, etc. All these groups depend on engineers’ structural solutions. They are
interdependent and often contradictory. In other words, if one of the features will
be better, another will be worse at the same time. And, a designer must remember
all the time about this and try to find compromise between different requirements.
The successful commercial aircraft is composed of a set of rational design solutions
for these specific tasks.

Keywords: aircraft, design solutions, maintainability, serviceability, safety, risk

1. Introduction

In the processes of civil aircraft operation, there is a need to solve the problems
of ensuring safety and reducing risks, taking into account environmental factors,
human factors, etc. [1]. Two ways to solve such problems are by decreasing number
of risks and increasing reliability on the basis of the deep risk analysis [2-4]. In both
cases, risk analysis must be.

The problem of risk control is prevalent nowadays. Risk is a complex issue.

A continuous improvement in safety is due to several factors, and aircraft have
become more reliable.

Safety systems have been developed significantly. A number of design solutions
had a significant impact on decreasing accident rate, including improving the aero-
dynamic characteristics and design of the liner, improving the criteria for fault
tolerance of the structure, improving the cockpit instruments, and increasing the
number of aircraft with automatic control flight.

Scientific advances have also enabled the aviation industry to understand better
how the human factor affects flight safety. At the same time, significant
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Figure 1.
Structural material application in airframe and engine.

improvements were also achieved in manufacturing processes, aircraft operations,
and regulations.

All of these factors, synonymously, have effect on the safety level. But, they also
have an opposite effect on the risk number. For example, in modern engines there
are composite material structural members (Figure 1), as carbon fiber fan blades, or
newest structural solution, composite ceramic turbine blades, etc. [5, 6]. This solu-
tion provides higher aviation engine efficiency. But, in case of damage, they require
more complex, expensive, and longer repair procedures. At this time, the probabil-
ity of mistake will be higher, and as a result, risks will be higher too than for
traditional metallic structure. Another example of electrical systems is high auto-
mation of the flight control. It is possible only by applying computer-controlled
electrical system and units, although it is complex. Boeing 787 Dreamliner in 2013
had some problems with the electrical system [7]. Solving these problems, the
Boeing Company stopped their servicing for about half a year. The Boeing 737 Max
had serious problems also with automation computer control system. We see that
more complex solution also creates additional risks.

Environmental effect of the aircraft operation is very high. According to the
FAA, in 2018, there were about 14,600 collisions between aircraft and animals [8].

Considering risks in aircraft maintenance is an important factor. Modern airline
companies have a great number of different airplane types, which require different
maintenance approaches, including refueling, recharging, servicing, etc. Mistakes
by the ground staff create real conditions for the expansive damage or crash.

Although the incidents in flights become more seldom, a number of incidents in
airports are high, and in the nearest future, they can increase [9]. Airport equip-
ment is expensive, and making changes in aircraft structure features, their num-
bers, and safety requirement needs is not easy.

So, deep risk analysis allows us to find rational solution for aircraft structure,
maintenance approaches, logistic ways, etc. that can provide a decrease in risks and
an increase in safety level.

2. Safety and risks as functions of structural features

Safety and risk have deep interconnection [4]. Increasing the safety level
directly relates with aspects of risk analysis and risk control. Risk control is a set of
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systematic procedures for achieving a risk value within specified limits. Procedures
of the risk control involve activities related to overcoming uncertainty in a situation
of inevitable choice, in the process of which it is possible to quantitatively and
qualitatively assess the probability of achieving the intended result, failure, and
deviation from the goal. Risk control depends on two factors: the air transport
system and its main tool—aircraft.

The air transport system has the following features [10]:

1.Extreme complexity of the system itself and its main components (aircraft,
etc.), due to the diversity of its subsystems and elements, the multiplicity of
their relationships, and interdependencies

2. A high level of uncertainty of the impact of external hazardous factors, both
natural and artificial

3.The special and diverse role of man at different stages of the designing,

manufacturing, organization, preparation, and implementation of air
transportation

Artificial hazard factors also depend on the complexity of structural components
of air transport system and aircraft.

Human factors directly depend on human specifics, but rational or non-rational
structural features can influence on their effect.

Structural aircraft features depend on a lot of factors (Figure 2):

1.Market requirements such us passenger capacity, flying speed, fuel
consumption, etc.

2.Design process specifics such us traditions, structural materials, equipment
contents, etc.

3.Manufacturing process limits such us aircraft number production per year,
structural materials, labor conditions, etc.

ot
e
“3_‘%/’
Market Design process Maintenance
I . specifics specifics
requirenets

L 4 <|:‘ Servicing

requirements

Manufacturing
process limits

Aircraft Structure

Figure 2.
Structural aircraft specifics and their dependencies.
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4.Servicing requirements like the weather and environment conditions, traffic
intensity, pilot training, etc.

5.Maintenance specifics like maintenance time limit, environmental conditions,
staff training, ground equipment, etc.

All of these features have direct relation to the structural specifics of related
aircraft.

So, as we see, structural specifics are important to all factors that influence risk
and safety. Researchers make an analysis of these dependencies.

3. Civil aircraft maintainability specifics
Aircraft maintainability is one of the important factors that influence safety. The
more complex the maintenance process is, the higher the possibility of ground staff
making mistakes and it poses higher risk.
Aircraft maintenance consists of operation, servicing, repair, etc. (Figure 3). It
takes into account the following specifics:
1. Safety requirements
2.Structural materials’ specific properties that are applied in an airframe
(corrosion resistance, combustibility, ability to absorb moisture, ability to
destruction, etc.)
3.Ergonomic requirements for the servicing simplification

4. Accessibility of aircraft systems and units for their checking and servicing

5.Application in an aircraft structure of the systems and units that are
unattended or not demanding frequent servicing

6.High labor-out ratio and time limits of servicing and repairing

7.Fatigue and service life requirements
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Figure 3.
Maintainability contents.
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A designer can take into account all of these specific features at the time of the

designing process and can improve them by applying rational structural solution.
Moreover, it can decrease the risks in servicing process.

4. Aircraft structure adjustment for the progressive servicing and repair
methods

Aircraft structure has developed for more than 100 years (Figure 4). One of the
factors that influence on this process is the servicing way. With technic develop-
ment, the processes of servicing and repairs undergo changes. New ideas and

approaches provide a decrease in process time and increased efficiency. But, to
provide new servicing approaches, the aircraft structure must have changes too.

4.1 Aircraft structural features

For the required safety level, providing aircraft structure must have the follow-
ing properties:

1.Repair modular method.

2. Aircraft technical condition is the main factor for replacement and repair of
units and systems.

3. Units and systems’ periodic check without access removal.

4.Possibility for these specialized equipment (Figures 5-12).

Specialized equipment really decreases the risk level. It has the main function of

simplifying servicing procedures and decreasing maintenance time.

These structural properties can be provided by the following ways:

1. Applying the “fail-safe” principle in the structure. It means that a single
element or a subsystem failure does not lead to emergency. It can be provided
by redundancy.

2. Applying easily dismountable joints and panels.

3. Applying built-in indicators and equipment access connectors (Figure 13).

4. Applying interchangeable systems, unit’s structural members, etc.

The specialized ground equipment from the one side adjusts maintenance safety,

and from the other side special knowledge can be required from the staff. So, the

ground staff must have required level of knowledge and skills.

100 year

—>

more than

Figure 4.
More than 100 years from Wright brother’s aivcraft to modern airliner.
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Figure 5.

Arrangement of the special equipment for airport passenger aircraft B747 servicing [11]: 1, tow tag; 2,
electrical power; 3, galley truck; 4, baggage train; 5, lower lobe loader (Figuve 6); 6, hydrant fuel truck
(Figures 9 and 10); 7, potable water truck; 8, belt loader (Figure 7); 9, cabin cleaning truck; 10, lavatory
truck; 11, hydraulic power (Figure 8); 12, conditioned air truck (Figures 11 and 12); 13, air start truck; 14,
passenger boarding bridge; 15, passenger stairs; 16, waste servicing truck.

Figure 6.
Special luggage elevator.

Sometimes aircraft fuel valves have special control handle for correct identifying
the position (Figure 13).

4.2 Aircraft servicing specifics

For service availability, the following are the recommendations:
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1. Access to subsystems and units (especially of a power plant), their built-in
indicators, and connectors by cowls and covers for their free checking and
servicing (Figure 14, Example 3 and Figure 17) should be provided.

2.The systems and units should be grouped in easily mounting panels. Deep
analysis of the checking and servicing procedures can show what kinds of

structural members required check and access more frequently (Example 1
and Figure 15).

3.Separate units dismounting for access and servicing of others (Example 2 and
Figure 16) should be excluded.

Figure 7.
Belt luggage loader.

Figure 8.
Special equipment for hydraulic system checking.
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\: Oemm

Figure 9.
Fuel tank truck.

Figure 10.
Centralized underground fuel system and hydrant fuel truck.

Figure 11.
Conditioned air truck.

4.Removable hatches without the need for breaking the main structure integrity
for access bolt joints should be provided.

5.Joint elements at non-pressurized part should be located in case pressurized
compartments are present.
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Figure 12.
Some airports have passenger boarding bridges that supply air-conditioning, ground power, potable water, etc.
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Figure 13.
Fuel valve with detents and the indicating handle for each position.

6. Access to hatches or easily removable panels for periodic checking and
servicing of the units’ attachment fitting and their load-carry elements should
be provided.

7.Access to control system of structural members (rods, bell cranks, brackets,
rollers, cables, actuators, etc.) for their checking and servicing should be

provided.

8.Bearing servicing (control surfaces, high-lift devices, etc.) without
dismounting them should be provided.

9.All movable attachments by lubrication, especially for a landing gear parts for
extension configuration, should be provided.

10. Availability of special equipment at an airport (Figures 6-12) should be taken
into account.
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Figure 14.
Providing free access to power plant systems.

4.2.1 Example 1

Different kinds of servicing structural members’ location are shown in
Figure 15.

All of these structural elements have one aim—to provide good access for
different systems and units’ check points.

Figure 15.

The example of location of hatches, covers, and doors for service, check and vepair of units, and systems and
elements of the airplane: 1, battery; 2, members of hydraulic system; 3, socket of hydraulic system check; 4,
hydro tank and filter; 5, electrical equipment and equipment of the air-conditioning system; 6, access to center
wing section; 7, electric connectors; 8, fuel precipitation tank; 9, access to wing root; 10, actuator and gear of
flap; 11, transmission and shaft of flap system; 12, cable tension adjuster of aileron control system; 13,
gyroscopic sensors of autopilot; 14, servo actuators of elevators; 15, tail cone; 16, access for stabilizer servicing;
17, access for fin servicing; 18, access for fuel tank servicing; 19, access for wing servicing; 20, removable wing
tip; 21, landing light; 22, doors of the main landing gear leg; 23, filter of anti-icing system; 24, the cowls; 25,
access to engine control system; 26, electrical equipment and air-conditioning members; 27, filter of the air
pressure blower; 28, accessory gearbox drive; 29, exhaust pipe; 30, valve and balloon of fire protection system;
31, members of attachment flaps; 32, the socket of fueling.
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4.2.2 Example 2

In Figure 16, the variants of joint structure of two elements are given: not
checkable and checkable from the point of view of visual detection of fatigue cracks
and bolt joints.

4.2.3 Example 3

The variants of placement of detachable section of wing attachment to center
section and fairing. In the first variant, attachment is closed by fairing (Figure 17a).
Speaking about the requirements of aerodynamic perfection, such option is rational,
but as for checkable variants, it is not convenient. Fatigue damages of attachment in
operation are possible. But, it is not possible to determine the external visual ser-
vicing because the attachment is closed by fairing.

The second variant of structure (Figure 17b) is more checkable because of the
visual servicing.

4.3 Interchangeability properties

Interchangeability at servicing and repair is the way of simplifying the mainte-
nance and decreasing risk ability.
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Figure 16.
Variants of a joint structuve: (a) good check ability; (b) bad check ability.
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Figure 17.
Variants of a structuve: (a) bad check ability; (b) good check ability (1, fairing; 2, joint).
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1. The units, systems, and elements are removed and replaced by new (or
repaired) at servicing and repair. It will have the functional and geometrical
interchangeability. It especially belongs to such units, systems, and elements
which most often are required for replacement or repair. Examples of such are
the following:

a. Moveable units—control surfaces (ailerons, elevators, rudders), flaps, slats,
interceptors, spoilers, trimmer-tabs, and also their members of attachment

b. Removable panels, covers, hatches, and fairings
c. Cowls of engines and engine attachment elements

d. Entrance and cargo doors, cargo compartment shutters and gates, and
their locks

e. Landing gear legs, their locks, and doors of landing gear compartment

f. Control system components (rods, bell cranks, rollers, cables, actuators)
and sealed lead-outs

g. Nose section of wing and tail, air intakes, and nose and rear fairing of
fuselage

h. Glasses of windows of passenger compartment and cockpit.

2.Units, members, and elements of systems and the equipment also will have to
complete functional and geometrical interchangeability (see Example 4 and
Figure 18).

3.The modified units, members, and elements will have opportunity to replace
older variants of members at all aircraft types where they are installed.

4.3.1 Example 4

Bolt joints are important structural solutions applied at the high-loaded
structural members. However, there can be some differences in aviation bolts and
general engineering bolts (Figure 18).

One of the differences is as follows: aviation bolt body consists of two parts—
grip has length t,; and thread has length ty,.. In the general engineering bolt struc-
ture, there is only one-part thread that has length ty. So, the thickness of the jointed
elements for the aviation bolt must be equal to the length of the thread:

ter + ter = thr. (1)
For the general engineering bolt, it may be equal or smaller than the thread:
te1 + tez = thr—twnfs 2)
where the tyys is the total thickness of washer, nut, and bolt free tip that is
usually equal to 2-3 screw pitch.

As we can see, the general engineering bolt has more universal applications than
aviation bolt, because the aviation bolt, we can apply only at one place or at place
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Figure 18.
Aviation bolt joint (a) and general engineering bolt joints (b): 1, bolt; 2, washer; 3, nut; 4, 1st jointed element;

5, 2nd jointed element.

with the similar thickness of the jointed elements. For the general engineering bolt,

this strict is softer.
Usually, joints in an aircraft structure have low interchangeability features, and

designers should try to adjust to this feature.

4.4 Aircraft repair specifics
Repairing the units depends on the following:
1.Interchangeability of parts, members, and units.
2.Capability of replacing parts without disassembling members located nearby.
3.Development of block (modular) structures (Figure 19).

4. With failure, the inoperative module (block) is replaced by a serviceable one
and forwarded for repair to the specialized site.

______ ) v ) e

Figure 19.
Variants of structuves: (a) is discouraged; (b) is recommended.
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5.Removing the necessity of developing all units, searching for the inoperative
member under field conditions.

6. Utilization of widely standardized and unified parts and units.

It is necessary to develop a structure that allows for its simple and quick removal
and replacement. For example, the replacement of the engine on AH-56A helicopter
is made for 30 min [12].

4.4.1 Example 5

Complex and hard-load element must have modular structure. In Figure 19a,
there is monolithic flange. In Figure 19b, there is an assembler flange with the
same functions. Elements 3 and 4 are presented at hard-load zones that
transfer the main loads. So, they have a short service life compared with body 2.
Fast changes of elements 3 and 4 provide simpler repair and cheaper reserve
elements.

It is a rational way to apply such structures that could be removed with the help
of ground equipment and strength of the maintenance personnel.

5. Requirements of simplicity of performance of fueling, oil servicing,
and adjusting works

Refueling, recharging, oil servicing, etc. are important and dangerous operations
for the aircraft maintenance. They create many risks.
For this purpose, an aircraft structure must have the following properties:

1.Minimization of quantity and unification of fuel and oil types, fueling, and oil
servicing devices.

2.Easy access to threaded joints which demand in using periodic check of
tightening torque.

3.Decreased standard sizes of the used fasteners.
4. Unification of the turnkey sizes for bolts and nut heads.
5.Unification of connectors for measuring checking equipment.
6. Unification of connectors for filling operations.
7.The structure of fillers should exclude getting fuel (or oil) in the airplane
during spillage passage. That is why it is better to apply the system of filling
having jointers in the bottom parts of the airplane (Figures 20-23).
Figures 20-22 show the regular refueling procedures at the airport. It may be
directly from the ground (Figure 20), and this way requires minimum possible
time. It may be completed by the special stairs, and in this case, it will be more
complex and longer.

In Figure 23, there are situations when the airfield has not specialized on
refueling equipment and ground staff is done by manual mode. On the one hand,
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it is good, when an airplane can be refueled without specialized equipment. On the

other hand, the risk of the emergency situation in time of procedure or after that is
very high.

Figure 20.
Avrrangement of the fueling connectors at the bottom wing surface.

6008

Figure 21.
Airplane fueling from the service car—non-rational.

Figure 22.
Airplane fueling from the ground stairs.
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Figure 23.
Handle refueling aircraft: (a) Antonov An-26 in Africa; (b) Beechcraft 300 at the Antarctic Air Base Pot. E.
Frei M.

6. Requirements ensuring reduction of labor input of carrying out
loading and discharging

There are risks for the aircraft during the loading-unloading procedures.
To provide this requirement, we use the following design solutions:

1. Cargo compartments must have the equipment for loading-unloading (door
stairs, cat crane, lift), the device for cargo fastening (Figures 24 and 25).

2.Cargo compartments will have to be located as possible near to the runway.
It simplifies loading-unloading process. For example, the landing gear with
the possibility of squatting the nose and main legs are used for airplanes
(Figures 26-32).

In Figures 25-27, there is Antonov An-124 supercargo airplane that has nose and
rear cargo door, special lift equipment that is built in its cargo compartment, light
system for the night conditions, etc. All of these features provide successful airplane
applications.

Figures 28 and 29 show cargo airplanes Boeing Company Dreamlifter and
Airbus Company Beluga. Both of them require specialized loading-unloading
equipment, and they cannot be applied at the airports without these tools.

Cargo door side location (Figure 30) has more easy structural solution, but the
dimensions of a cargo must be smaller than the previous examples.

Figure 24.
Floor of the airplane B747 cargo compartment with the devices for moving and fastening of cargo.
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Figure 25.
Cargo compartment with the built-in hoist of the cargo aircraft Antonov An-124.

Figure 26.
Nose cargo door of the heavy cargo airplane Antonov An-124.

Figure 27.
The rear cargo door of the heavy cargo airplane Antonov An-124, night loading procedure.
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Figure 28.
Rear cargo door of “Dreamlifter” B747.

Figure 29.
Loading cargo into Airbus beluga cargo plane from nose cargo door.

For the passenger aircraft there is a task of passenger stairs location selection.
In bigger airplanes, usually car drive stairs (Figure 31) or passenger boarding
bridges (Figure 12) are used. For small airplanes (Figure 32a) or regional airplanes
(Figure 32b) that can land on the unpaved runways at airports without special
stairs tools and the built-in passenger stairs (Figure 32), there is rational solution.

usHiN TI4T
. &

Figure 30.
The side location of cargo door in the Ilyushin-114T cargo airplane.
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Figure 31.
Passenger stairs.

Figure 32.
The door stairs at passenger airplanes: (a) side location for Bombardier Challenger 300; (b) rear location for
Yakovlev Yak-42.

7. Requirements for operating capability in various weather conditions
and storages out of doors

External factors, like the weather conditions, have negative effects on the air-
craft maintenance, related to risks and its safety. Hot and cold temperatures both
have a negative influence on the staff activity, aircraft’s structural member, tools,

etc. Not only temperature has this feature, extreme humidity, strong wind, solar
radiation, etc. also have the same effect.

7.1 Design solutions

A designer on the base of the deep analysis of operational conditions, a customer
requirement, engineering solution database, etc. can influence on the risk factors.

7.1.1 Example 6

There is a retractable nose leg of landing gear and its compartment. If an airplane
can be used on unpaved runways, then it is necessary to minimize the possibility of
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getting in landing gear compartment of different dangerous foreign objects, espe-
cially dirt and snow.
Some baseline arrangement solutions are possible:

1. After retraction of the landing gear leg, the landing gear compartment must be
closed again (Figure 33); however, it complicates the structure of the gear in
opening and closing of the landing gear compartment door.

2.Rational using the direction of a leg ejection: a, front ejection (Figure 34a), full
values of dirt, snow, and stones get in the landing gear compartment; b,
backward ejection (Figure 34b), all dirt put on the bottom (closed) section of
fuselage; c, non-retractable landing gear (extreme variant).

Front ejection has other advantages compared with backward ejection. One of
them is as follows: wheel is more easy to locate at the variant because in this case it
will be arranged at the bigger fuselage cross section.

So, collisions between some of the operational requirements are a possibility,
and the designer-engineer must find a compromise between all of these require-
ments taking into account aircraft’s operational limits, required safety level, etc.

%/ |

c

Figure 33.
The arrangement variant of landing gear for an airplane with the take-off and landing at soft surface runway:
(a) base position (vetract); (b) eject of the landing gear leg; (c) final eject position.

@
g |

Figure 34.
Diagrams of retraction-ejection of nose landing gear leg of regional airplane which operates at soft surface
runway: (a) non-rational; (b) rational.
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7.2 Manufacturing solutions

1.To apply materials, proof to environment.

2.To use open but not closed-loop sections in which moisture can be collected (in
places of probable accumulation of moisture on the lower surfaces, the drain
holes must be provided) (Figure 35).

3.To carry out anticorrosive procedures.

Structural materials that are widely applied in modern aircraft are as follows:

1. Artificial thickening of protective oxide coating with the help of anodic
treatment (Figure 36) and chemical oxidizing for metallic structural materials
like aluminum alloys, steel, etc.

2.Metal coatings (plating, metal spraying) (Figure 37)

3.Protection with protectors (for aluminum alloys, zinc is more often applied)

4.Paint coatings (Figure 38)

7.2.1 Example 7

Metals and alloys with more positive potential, when contacting with aluminum
alloys, increase their corrosion. They are copper, and its alloys, nickel, tin, alloys of

DUV
b & <F

Figure 35.
Open (a) and closed-loop (b) structural elements for stringers.

a b
Figure 36.

Steel element: (a) before anodizing; (b) after anodizing.
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Figure 37.
Cladding for the aluminum alloys by steel: 1, steel layer; 2, aluminum layer.

Figure 38.
Aircraft painting.

nickel, steel, and lead, are considered as noble metals. Without special protection,
contact of these metals with aluminum alloys is not allowed. For example, riveting
is impossible by copper rivets. If contact is necessary, then special gaskets should be
applied (Figure 39).

If the materials have the same potential, contact can be allowed. These are alloys
on a basis of zinc and cadmium: any materials covered with zinc, cadmium, and
aluminum.

7.3 Servicing solutions

The weather factor can be solved by the solutions for airports. Applying special
building for the aircraft is necessary to keep its high efficiency (Figure 40).
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Figure 39.
Protection of metals at contact: 1, steel; 2, aluminum alloy; 3, cadmium; 4, copper alloy.
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Figure 40.
Boeing 747 in the special aircraft shed.

Figure 41.
The impact of tornado in the West Nashville John C Tune Airport on March 03, 2020.

Some of their advantages are as follows:
1.1t keeps an airplane from long parking caused by weather.

2.1t provides good conditions for the ground staff in time maintenance or repair:
temperature, light, etc.

The results of the environment negative affect are shown in Figure 41. There
you can surely see that airport buildings are good, but some airplanes were
destroyed after tornado.

8. The requirements for transportation

It implies that the units of the airplane are to be no more than certain established
sizes and also have attachment capability.

The possibility of an airplane or its separate units transportation depends on
specifics of rail-way, ships, highways and soft-roads (Figure 42 [13]).
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Figure 42.
Transportation of Airbus A380 section: (a) fuselage by river ship; (b) fuselage by road.

One of the reasons for the high cost of the aircraft A380 project is the complex
logistics of its units to the final assembly place. During transportation, it is neces-
sary to provide the required safety level at all stages. It is a complex and expensive
task.

9. Afterword

As it is shown in this chapter, the different stages of maintenance, servicing, etc.
are important and mission-critical for decreasing risk and providing safety. Rational
structural solution that can provide convenient maintenance procedures, simpler
repair, which can compensate environmental effect, etc. can be developed (imple-
ment at the designing stage).

However, they require from designer-engineers deep and wide knowledge in the
engineering sciences. Also, often, they are facing challenges in economic require-
ments for manufacturing or minimal weight requirements, etc., and a designer
together with a customer should take a balanced decision that can provide the
highest possible economic efficiency with the required safety level.
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Chapter 5

Theories and Models of Human
Errors Occurrence. Simulation of
Aircraft Maintenance Processes

Andprii Pryimak, Mykhailo Orlovskyi and Yevgeny Tretyakov

Abstract

General issues of the errors occurrence by technical personnel were considered,
their causes and consequences. Classifications of errors based on an ergonomic under-
standing of their nature, as well as on the results of an engineering-psychological
analysis of operators’ activity are given. Much attention is paid to the methods used
by ICAO to classify errors and violations. Details considered models SHELL and
J. Reason. Their adaptation is presented for analysis cases of the impact of the techni-
cal maintenance quality on the flight safety of aircraft. A special place is occupied
by the disclosure of assessing issues impact of technical personnel errors on flight
safety. A wide range of existing methods and models is presented, allowing obtaining
qualitative and quantitative assessment of this effect in order for the prevention of
errors by technical personnel and mitigating their consequences.

Keywords: maintenance, technical staff, particular qualities of professional activities
of technical staff, errors, classifications, causes, consequences, ICAO models, general
research methods, expert methods, mathematical modeling

1. Introduction

The problem of human error is by no means new. World literature is replete with
reports of accidents and disasters, where people are recognized as the main cause.
However, the actualization of this problem, its isolation into a separate science, “the
human factor,” occurred not so long ago, only 30-40 years ago.

In the aviation industry, the term “human factor” began to be widely used in the
second half of the 80s of the XIX century, due to the recognition of this problem by
the ICAO Assembly, which adopted resolution A26-9 in 1986 in which, in particular,
the importance of recognizing the role of human factor in aircraft operations, as well
as the need to develop for them practical material and activities related to the human
factor. It was the awareness of the breadth of the problem and its consequences for
flight safety that made it possible to move from studying the influence of individual
errors on the safety of the aviation system to studying the causes of their occurrence,
which is the essence and subject of the study of the “human factor”

Considering the issues of the “human factor” and its impact on flight safety, the
main emphasis is made by the majority of experts on the analysis of its manifestation
in the practice of the flight crews and personnel performing maintenance and air
traffic control. At the same time, in our opinion, little attention is paid to the prob-
lem of the manifestation of the human factor during maintenance and inspection
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of aircraft. Nevertheless, this problem becomes more and more significant every
year, which is confirmed, for example, by the materials of [1-3] and a number of
other official sources, including official documents adopted by FAA, EASA, ICAO in
recent years [4, 5], materials of relevant seminars on the human factor, etc.

The rapid development of the global aviation market in the future will only aggra-
vate the human factor problem. Thus, according to forecasts of the leaders of the global
aviation market, the companies Airbus and the Boeing [6, 7], world park of com-
mercial aircraft by 2038 will amount to more than 48,000 aircraft, which will require
putting into operation according to various forecasts from 39,200 to 42,700 units of
new aircraft with a capacity of 100 seats. In this case, the maximum growth rate of the
park, according to the agency “Oliver Wyman” [8], will be observed in the first decade
from 2020 to 2029. These will be fundamentally new aircraft, which will require about
620-640 thousand of well-trained technical personnel for their service. Therefore,
the contradiction between the needs of the market and the readiness of the aviation
personnel training system to provide the market with so many technical specialists
without loss of training quality seems to be tidy. In addition, it should be taken into
account that even with the most optimistic forecasts, a significant market share is
about 8.5 thousand according to [7] will still consist of aircraft of outdated structures
with operating lives exceeding 25 years. The level of reliability of such equipment
and safety, as shown in [9], is significantly lower than that of the entire park, which
imposes additional requirements on the level of training of technical specialists.

Of course, it is only predictions, the validity of which we will be able to evalu-
ate only after some time. However, regardless of the results forecasts, now become
quite clear that the role of human factors in maintenance will only increase, pro-
viding more and more critical impact on the safety of civil aviation. Therefore, it
is extremely important to develop analytical tools to identify problematic issues
arising from aircraft maintenance and inspection, to predict possible consequences
and to develop mechanisms to avoid, reduce or isolate manifestations of the human
factor during the work of technical personnel.

2. Maintenance errors, statistics, causes, and consequences for the
flights safety

2.1 Maintenance error statistics

The key concept in the study of the human factor and the subject of research in
studying the problem are human errors, conditions and mechanisms of their occur-
rence, features of manifestation, and, of course, the consequences for the function-
ing of the system (technical, environmental, social, etc.).

It should be noted that according to the official statistics of the ICAO and other
influential organizations that study the problem of flight safety, human errors in
aviation account for 60-80% of all aviation accidents. Of course, the main carrier of
these errors is flight crews. According to various sources, they account for between
40 and 75% of all accidents and incidents that occur. Clear generalized data on
technical personnel are not available. However, quite complete, although somewhat
contradictory information about the magnitude of the problem has been published
and is contained in documents [10-12].

So, in [10], the results of several studies are presented at once concerning the
effect of human errors during maintenance and inspection of aircraft on the accident
state in civil aviation. The most voluminous of them is the study conducted by Sears
R.L. It contains the results of an analysis of 93 major aircraft accidents that occurred
between 1959 and 1983. In accordance with it, the problem of maintenance and
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inspection takes the fourth place among the factors directly affecting the accident
rate in civil aviation, and is the main reason for about 12% of the incidents studied.
At the same time, the results of the National Transportation Safety Board (NTSB)
studies published in 2000 at (for updated results see [11]) indicate that out of 14 acci-
dents that were investigated by the Council, 7 had the main reason is maintenance,
which is 50% of all incidents. This allowed NTSB experts to conclude that service
problems are growing as the design of the aircraft improves, as flight crews, person-
nel and air traffic control equipment are trained. A proportion of incidents related

to these factors will decline, and the impact, technical service on the contrary will
increase. Partially their predictions confirmed by data presented in [12], as well as by
the annual safety reports of the International Air Transport Association (IATA).

In particular, in [12] states that the activities of an aircraft maintenance averaged
10% of the threats that led to the 432 aircraft’s accidents in the period from 2009 to
2013 year. Maintenance operations, including standard operating procedures and
training systems, were recognized by latent conditions for 8% of the 338 non-fatal
accidents that occurred during the same time period in world aviation.

A subsequent analysis of the statistical material available to us indicates a
positive trend in the number of accidents, fatal accidents and non-fatal accidents.
During the period from 2013 to 2018 the average number of accidents, for which
the technical service, including standard operating procedures and training were
considered latent conditions ranged from 3.2% for fatal accidents, to 16.2% for the
non-fatal accidents. Maintenance Events are recognized as threats on average for
6% of registered fatal accidents and 12% of non-fatal accidents. The highest values
of these indicators registered for period 2014-2018, and amounted to respectively
(latent conditions/Threats):

a.for accidents — 19/13%;
b.for fatal accidents — 8/7%;
c.for non-fatal accidents — 20/14%.
2.2 Causes of technical maintenance errors

The data presented above characterize the problem as a whole, without specify-
ing the reasons for its generation. However, it is not surprising, because speaking of
the reasons we are faced with a conceptual and purely technical problem.

The concept of “cause” is part of a broader concept — “factor,” which, being
the driving force of any process, phenomenon, contains individual causes and
their combinations, which, in turn, determine its influence on these processes and
phenomena. In this regard, we have a technical problem, which, speaking about
errors in the maintenance and inspection of aircraft, does not allow us to clearly
identify all the specific causes of their occurrence, since there are usually a lot of
them, and many of them are latent in nature. Therefore, researchers often prefer to
study the problem either by focusing on the consequences of the manifestation of
causes, or by grouping them for separate study, or for other purposes [13, 14]. Only
a few studies attempt to analyze the entire path “from cause to effect.” An example
of such a study is to survey more 1300 licensed Engineers held in 1998 by Australian
Transport Safety Bureau [10, 15]. An analysis of the results made it possible to iden-
tify the nine most common direct causes of errors of technical personnel (Table 1)
for cases related to and not related to airlines.

Below is the ranked information about typical errors made by technical person-
nel in the process of aircraft maintenance (Table 2), as well as the results of studies
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of the frequency of occurrence of these errors [10, 13]. For completeness, the results
of several studies are immediately demonstrated (Tables 3 and 4).

Occurrence causes and contributory factors Airline Non-airline
Pressure 21% 23%
Fatigue 13% 14%
Coordination 10% 11%
Training 10% 16%
Supervision 9% 10%
Lack of equipment 8% 3%
Environment 5% 1%
Poor documentation 5% 4%
Poor procedure 4% 4%
Table 1.

Causes of technical personnel errors [15].

1. Incorrect installation of components

2. Fitting of wrong parts

3. Electrical wiring discrepancies (including cross-connections)

4. Loose objects (tools, etc.) left in aircraft

5. Inadequate lubrication

6. Cowling, access panels and fairings not secured

7. Landing gear ground lock pins not removed before departure

Table 2.
Ervors in frequency [13].

Errors Frequency of occurrence
Omissions 56%
Incorrect installation 30%
Wrong parts 8%
Other 8%
Table 3.

The results of the analysis of 122 cases of engineering errors in the period 1989—1991 [16].

Errors Frequency of occurrence
Fastenings undone/incomplete 22%
Items left locked/pins not removed 13%
Caps loose or missing 11%
Other items left loose or disconnected 10%
Items missing 10%
Tools/spare fastenings not removed 10%
Lack of lubrication 7%
Panels left off 3%
Table 4.

Research vesults by professor James Reason [17].
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2.3 Consequences of errors

Technical maintenance and inspection of air vessels are important components
of the system to ensure the safety of flights of civil aviation. Moreover, when we
talk about maintenance, we should not understand this term too narrowly and focus
only on the mistakes made during its implementation. After all, mistakes can be
made directly in the project, and in technical documentation, and in the organiza-
tion of work, etc. Speaking about maintenance errors, you should understand them
as errors that are related to maintenance personnel.

In the Cir. ICAO 253-AN/151, technical maintenance personnel (hereinafter
referred to as technical personnel) are defined as personnel who are at the forefront
of resolving technical problems that arise during daily flights. Its activities are carried
out under the influence of various conditions, which, aggregating into larger factors,
directly affect the quality of work and operations. As a result of these influences, there
are additional opportunities for errors of technical personnel, which, as a result, cause
breaks in the safety chain of the aviation system. This is how the consequences are
determined in a number of documents of ICAO and other authoritative organizations.

Speaking about the consequences that are possible as a result of errors made
by the technical personnel of airlines and other organizations providing technical
maintenance of modern aircraft, we should refer to the experience of research in
this area, which has been brought up in a number of educational publications and
practical experience on flight safety.

In accordance with the theory of safety, there are two large groups of conse-
quences of errors of technical personnel:

a.failures of aviation engineering in flight. Here, by aviation engineering, we
mean the aircraft, its engines, as well as removable and permanently installed
equipment on board the aircraft.

b.events, leading to the immediate threat of flights safety. This division has a
number of drawbacks, but plays an important role in the selection of methods
for assessing the impact of the reliability of technical personnel on the state of
flight safety and will be rather fully discussed below. However, there is another
idea of the consequences of errors, which is more understandable and consists
in dividing all the events associated with them by:

* active failures — associated with errors or irregularities that immediately
cause an adverse effect They are usually considered (retroactively) hazard-
ous activities. The operator of the “front line”, performing direct mainte-
nance and inspection of aircraft, usually makes such errors.

* hidden faults — are the result of decisions or actions that were committed
long before the event and the consequences of which may not occur for a
long time. Such failures are usually generated at the decision-making and
rule-setting levels or at the level of linear leadership, that is, people far
removed from what happened, both in time and location. Hidden failures
resulting from dubious decisions or incorrect actions, although they do not
cause harm if they are detected in isolation, can interact with each other,
creating a “window of opportunity” for them to develop into active failures,
which are destructive in essence to all types of system protection.

Here are a few examples, which demonstrate entered above classification of the
consequences, and give brief explanations to them.
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2.3.1 Active failures
2.3.1.1 Example 1

The crash of the aircraft Embraer EMB-120RT 11.09.1991 year near Eagle Lake
(Texas, USA) [18].

Fatal accident circumstances: Continental Express’s Embraer EMB-120RT
Brasilia airliner (operated by Britt Airwaysruen) operated a scheduled BTA 2574
flight on the Laredo — Houston route, but lost control while approaching Houston
Airport and crashed to the ground near Eagle Lake, Texas, killing all 14 people on
board - 11 passengers and 3 crew members.

Information about the aircraft: Embraer the EMB-120RT Brasilia — released
in 1987 year (the first flight 17 November 1987 year). April 15, 1988 was acquired
by Continental Express airline. On the day of the disaster has made 10,009 cycles
“takeoff-landing” and flown 7229 hours. On the eve of the flight, work was done to
replace the anti-icing pads on the horizontal tail of the aircraft.

Reasons leading to fatal accident: This case is a vivid example of the occur-
rence of an active failure due to erroneous actions, violations of the company’s
technical personnel when performing dismantling and installation work on the
elements of the horizontal tail of the aircraft, immediately before the flight.

The incident was investigated by the NTSB.

According to its results, the following was indicated: “The failure of
Continental Express maintenance and inspection personnel to adhere to proper
maintenance and quality assurance procedures for the airplane’s horizontal sta-
bilizer deice boots that led to the sudden in-flight loss of the partially secured left
horizontal stabilizer leading edge and the immediate severe nose-down pitchover
and breakup of the airplane. Contributing to the cause of the accident was the
failure of the Continental Express management to ensure compliance with the
approved maintenance procedures, and the failure of FAA surveillance to detect
and verify compliance with approved procedures.”

NTSB board member John K. Lauber filed a dissenting statement on the investi-
gation report, believing the probable cause should read as follows:

1. The failure of Continental Express management to establish a corporate cul-
ture which encouraged and enforced adherence to approved maintenance and
quality assurance procedures, and

2.the consequent string of failures by Continental Express maintenance and
inspection personnel to follow approved procedures for the replacement of the
horizontal stabilizer deice boots. Contributing to the accident was the inad-
equate surveillance by the FAA of the Continental Express maintenance and
quality assurance programs.

2.3.1.2 Example 2

The crash of the Boeing 727-264 on March 31, 1986, near Maravatio (Mexico).

Fatal accident circumstances: The Mexicana Boeing 727-264 Advanced airliner
made a MX940 flight on the route Mexico City — Puerto Vallarta — Mazatlan — Los
Angeles, but 15 minutes after departure from Mexico City it caught fire, fell into
two parts and crashed into Mount El Carbon, resulting in killing 167 people.

Information about the aircraft: Boeing 727-264 Advanced was manufactured
by Boeing Corporation in 1981 (first flight May 4, 1981). In May and June of the
same year was sold to airline Mexicana, which awarded him the name of Veracruz.
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Reasons leading to fatal accident: According to the “Aviation Safety Network”
resource, the accident with the Boeing 727-264 Advanced was the result of a
number of errors and violations that were made in preparing the aircraft for flight
by technical personnel directly to the Mexico City airport. The main reasons are
indicated:

a.brake failure of the left main landing gear;

b.violation of the technology of charging pneumatics of wheels, as a result of
which air was inside them instead of neutral gas;

The low level of inspection for this important element of security did not allow
us to identify these shortcomings in time and, therefore, did not allow us to prevent
subsequent adverse events.

Due to these errors and violations, events developed as follows: “The left main
gear brake was overheated during the takeoff run. When the aircraft had reached
FL310 the heat caused a tire on the left hand main gear to explode. Fuel and hydrau-
lic lines were ruptured and electrical cables severed resulting in a cabin decompres-
sion. An emergency was declared, but spilt fuel ignited and caused a massive fire
on board. Control was lost and the aircraft crashed into a mountain in the Sierra
Madre, at an elevation of 9000 feet. It was found that the tire had been serviced
with air rather than nitrogen. The air, under high temperature and pressure,
resulted in a chemical reaction with the tire itself. This led to a chemical explosion
of the tire” (Aviation Safety Network).

This is another example of active failures of aviation equipment in consequence
of the action of human error during maintenance and inspection of aircraft. Their
distinctive feature is the absence of long time intervals between the error and its
consequence. Speaking about the hidden failures, we have a somewhat different
picture. They are also caused by errors of technical personnel, but the consequences
here are removed in time directly from the moment of the error. Let us illustrate this
with examples.

2.3.2 Hidden failures

Examples of hidden failures are a series of incidents that have occurred over the
past 50 years of civil aviation. Probably the most resonant of them are (events are
given in chronological order):

1. The crash of the aircraft McDonnell Douglas DC-10-10 of American Airlines
in O’Hare International Airport Chicago (Illinois, USA) 05/25/1979.

2.The crash of a Boeing 737-222 aircraft of Far Eastern Air Transport airline
151 km south of Taipei (CHINA) on 08/22/1981.

3.The crash of a Boeing 747SR-100 aircraft airline Japan Air Lines 08/12/1985,
which was one of the most massive in the number of dead passengers.

4.The crash of a Boeing 737-200 aircraft by Aloha Airlines over Kahului (HA-
WALII, USA) on April 28, 1988.

5.The crash of a McDonnell Douglas McDonnell Douglas DC-10-10 plane

of United Airlines airline at the airport of Sioux City (Iowa, USA) on
07/19/1989.
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6. The crash of a Boeing 747-200 aircraft of China Airlines over the Gulf of Tai-
wan on May 25, 2002.

There are many other examples where poor maintenance and manufacturing
errors have caused the most recent military accidents in military aircraft.
Examples here are:

1. The accident of the F-15C aircraft, 110 aviation squadron, 131 fighter wings,
Missouri National Guard during a training flight at the Lambert Field Air Base
(St. Louis) 11/7/2007.

2.The crash of the Mi-24 helicopter 18 km from the airfield of Pugachev, Saratov
Region, 10/03/2009.

3.The crash of the aircraft KS-130 over Liflor 07/10/2017.

However, the undisputed leader here is China Airlines Boeing 747-200 crash that
occurred on May 25, 2002 over the Gulf of Taiwan [19].

Fatal accident circumstances: The China Airlines Boeing 747-200 airliner made
a scheduled flight on the Taipei-Hong Kong route, but 25 minutes after take-off
it suddenly fell apart in the air and crashed into Taiwan, killing all 225 people on
board - 206 passengers and 19 crew members.

Information about the aircraft: Boeing 747-209B was produced in 1979 (the
first flight on July 16, 1979). On July 31 of the same year, it was transferred to China
Airlines with tail number B-1866; on January 1, 1999 it was re-registered and
received tail number B-18255.

At the time of the crash, the aircraft had 64,810 flight hours (21,398 take-off
cycles).

Reasons leading to fatal accident: The Aviation Safety Council (ASC)
Investigation Report (China) notes that on February 7, 1980, 22 years before the
crash, while landing at a Hong Kong
airport, the aircraft touched the runway with its tail. Subsequently, the tail was
repaired, and the aircraft continued to fly. It was at this moment, according to ASC
experts, that the conditions of the 2002 incident were laid.

During the investigation, a number of organizational and technical flaws were
identified, but the immediate causes that led to the disaster were:

a.poor-quality repair;
b.low efficiency of quality control during repair;
c.deficiencies in performing an aircraft inspection by a structural inspector;

d.flaws in the documentation defining the technology for the repair, maintenance
and inspection of the aircraft, and others.

By the way, this is not the only disaster of this kind. A very similar accident
occurred on 08/12/1985 with the Boeing 747SR-100 of Japan Air Lines [20].

Fatal accident circumstances:

The Japan Air Lines (JAL) airliner Boeing 747SR-46 made an internal flight JAL
123 on the Tokyo — Osaka route, but 12 minutes after takeoff, the elements of the
aircraft critical for control were destroyed (the vertical tail and the hydraulic pipe-
lines of the aircraft were destroyed). Despite the selfless struggle of the crew for the
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survivability of the aircraft, an almost uncontrolled aircraft collided with Otsutaka
Mountain 112 km from Tokyo 32 minutes after takeoff. Of the 524 people on board
(509 passengers and 15 crew members) only 4 survived.

Aircraft Information: The Boeing 747SR-46 was released by “Boeing” in 1974
(first flight on 28 January 1974 ode) on request for use on domestic flights in Japan.
On February 19 of the same year, it was transferred to Japan Air Lines (JAL).

On the day of the disaster, he made 18,835 takeoff and landing cycles and flew
25,030 hours.

Reasons leading to fatal accident: In the course of the fatal accident investiga-
tion, Aircraft Accidents Investigation Commission specialists found that on June 2,
1978, the JA8119, completing the JAL 115 flight on the Tokyo-Osaka route, hit its tail
on the runway of Osaka Airport. As a result, the pressure bulkhead was damaged,
separating the tail passenger compartment of the liner, which maintains approxi-
mately constant air pressure, from the leaky tail section of the aircraft.

During the repair process, the technical conditions stipulated by the Boeing
company were not fulfilled, according to which it was prescribed to strengthen
the damaged parts of the bulkhead using an integral amplifier plate fixed by three
rows of rivets. Instead of installing a single amplifier with three rows of rivets, the
repairing technicians used two separate reinforcing elements, one of which was
fixed with a double row of rivets, and the second with only one row of rivets. Under
the influence of variable loads during takeoff and landing cycles 7 hours after the
impact, the bulkhead at the place of repair was destroyed.

Analyzing these two incidents, it should be noted once again the importance of
ensuring high technological discipline in the maintenance, repair and inspection of
aircraft. It should become an element of corporate culture of airlines. Very often, this
is the only effective tool (protective mechanism) for preventing aircraft accidents.

3. Classifications of technical personnel errors

Having examined the issues of causes and consequences, we intentionally did not
address issues relating to directly dangerous actions. They are characterized as person-
nel errors, when performing maintenance and inspection of aircraft, and which are
identified by modern regulatory documents as actions or inaction, leading to devia-
tions from the intentions or expectations of the organization or specific individuals
(Doc.9859, 2018 edition). This was partly because the fact of error alone does not carry
the necessary useful information to effectively prevent their occurrence in the future.
At the same time, a clear understanding of the causes of personnel errors allows the
development of various preventive strategies to prevent their occurrence in the future.
On the other hand, understanding the consequences allows us to assess the risks from
the corresponding errors and to rank them according to the degree of criticality for
flight safety or in terms of financial and material losses for the airline. The result of this
approach is a tool that allows you to set clear s sequence and implementation of preven-
tive measures for the prevention of technical staff errors and optimizing, thus, possible
losses of companies.

The presence of relationships such as “cause — dangerous action,” “dangerous
action - consequence,” “cause — consequence” allows to classify errors of technical
personnel, thereby reducing the degree of uncertainty that the relevant managers
almost always encounter in the decision-making process.

There are a large number of different classifications of human errors, if we
consider this issue from the point of view of the human factor, as a global problem.
However, we will focus only on some of them, which, in our opinion, are of practi-
cal interest from the point of view of their applicability in the field under study.
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One of the main systems of descriptions of human error, which is already more
than 50 years and is used by various researchers in the field of analysis of human
reliability is a diagram referred to in A. D. Swain [21], according to which, human
errors occur:

a.when a man fails to perform a task or a part of a task;

b.when he performs the task or step incorrectly;

c.when he introduces some task or step which should not have been performed;
d.when he not performs some task or step out of sequence, or

e.when he fails to perform the task or step within the allotted time period.

A somewhat different way of human operator error classification proposed D.A.
Norman in [22], which is based on a psychological approach to the problem. He
links groups of “working breakdowns” with alleged sources, which are modeled and
analyzed using the activation-trigger-schema system (ATS) model.

Model ATS is composed of a set and schemes representing a sensorimotor
cognitive structure. Each subsequent task in the model is considered as a hierarchy
of schemes, changing the characteristics and activation modes of which it becomes
possible to simulate the action of various sources that cause operator errors.
Assuming the presence of these sources, Norman identified the following three
main types of disruptions [22]:

a.errors in the formation of the intention (which includes the subcategories of
mode and description errors);

b.faulty activation of schemas (which includes the subcategories of capture
errors, data-driven and associative activations, loss of intention, and misorder-

ing of action components); and

c. faulty triggering (which includes the subcategories of spoonerisms, blends,
intrusions of thoughts, and premature triggering).

Asindicated in [23], the classification according to Norman is perfectly suitable
for the theoretical analysis of the causes of human operator errors, but this classifi-

cation is not suitable for analyzing its reliability. The reasons are as follows:

a.the use of the Norman classification is based on activation-trigger schemes,
without which it and the analysis method itself lose its meaning;

b.the practical use of the ATS model is problematic:
* due to the contradictory views of psychologists on human behavior;

* due to excessively high requirements for the level of professional training of
performers (experience in cognitive psychology);

c.individual errors operator can be interpreted in various ways, which entails the
destruction of the whole system is empirically obtained data.
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Classifications and models presented by Swain and Guttmann [24] are of
great practical importance. They are a further development of the classification
given in the work [21] and the most adapted for solving a task analysis of human
reliability.

The scientific work clarifies the concept of external and internal factors affect-
ing productivity, gives a clear interpretation of intentional and not intentional
errors, corrected (errors without consequences) and not corrected errors.

In the framework of the developed model for solving problems associated with
the analysis of the reliability of the human operator, the wrong actions of the latter
are considered by them in the framework of the following classification:

1. Errors of omission:

a.omits entire task;
b.omits a step in a task.
2.Errors of commission:
a.selection error:
* selects wrong control
* mispositions control (includes reversal errors, loose connections, etc.);
* issues wrong command or information (via voice or writing);
b.error of sequence;
c.time error:
* too early;
* too late;
d.qualitative error:
¢ too little;
* too much.

This classification partly echoes the classification of operator errors, which was
developed, in particular, by Professor B. F. Lomov. The work of M. A. Kotik (“The
Course of Engineering Psychologists”, 1978) provides a fairly extensive classifica-
tion of errors by the authors G. M. Zarakovsky and V. I. Medvedev, developed and
presented by them in the work “Classification of Operator Errors” in 1971. It is

proposed to analyze human errors using the following criteria:

a.places of error in the structure of the functioning of the “man-machine”
system,;

b.the outward manifestation of the error;
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c.the consequences of the error;
d.the nature of the error display in the operator’s consciousness;
e. causes of error.

An interesting approach is the authors to analyze errors for the reasons for their
occurrence. The following categories of error causes are highlighted here:

1.Immediate causes — differ from two points of view:
a.by place in the structure of activities:
* errors of perception (visual, auditory, kinesthetic, etc.);
* memory errors (storage, reproduction, short-term, long-term);

* decision-making errors (when acting according to the rules, in logical
operations, when calculating, when thinking creatively);

* errors in the response (movement, speech response, memorization), etc.;
b.the following error types are distinguished by the form of violated laws:

 mismatch of the information processing process (excessive flow of
information, lack of information, lack of input data, etc.);

* mismatch of the skill (transfer of the skill to the conditions where it is
unacceptable, error switching skills, lack of skill, etc.);

* lack of attention (improper distribution of attention or switching atten-
tion, lack of concentration, excessive concentration).

2. The main causes of operator error are associated with the following factors:
a.operator’s workplace;
b.organization of work and rest;
c. preparing the operator and the system for a specific operation;
d.the physical and mental state of the operator;
e. motivation of the operator to perform the operation.
3. Causes contributing to the error.
Flow from the more fundamental properties of the operator. They are associ-
ated with the general attitudes of the operator’s personality, his general state of

health, his training system, life organization, relationships in the team and in the
family, etc.

Despite a fairly detailed study, the classification of G.M.Zarakovsky and V.I.
Medvedev for objective reasons described in the work of M.A. Kotik, did not
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receive wide recognition in solving psychological and ergonomic problems opera-
tor error analysis. However, the idea of dividing the causes into main, immedi-
ate and contributing, is actively used now in the analysis of errors of aviation
personnel, as well as in the investigation of the causes of incidents and aircraft
accidents.

Thus, all the above classifications are intended exclusively for solving ergonomic
problems and performing engineering and psychological analysis of operators in
the human-machine system and are practically not used for solving practical prob-
lems of assessing the reliability of aviation personnel of airlines. Nevertheless, their
ideas, in particular the ideas laid down in [24], were continued when developing the
classification of errors of aviation personnel into personal errors and human errors.
In this classification:

1. Personal ervor (personal factor) — is errors that occur due to mismatch condi-
tions of work with individual properties of experts: level of professional
training, physical and psychophysiological state, level of personal discipline
and others. This often includes the reaction of technical personnel to changing
external working conditions.

2.Human ervors (human factor) — these are errors that arise in connection with
the occurrence of conditions exceeding the capabilities of the personnel ac-
cording to the boundary standards of their psychophysiological capabilities,
which are inherent in all people with the training necessary for professional
activity, manifested in the interaction of specialists and technology.

The above classification is useful in that it establishes clear markers that allow,
according to the results of the analysis of errors of technical personnel, to relate
them to a particular group and, subsequently, apply corrective actions specific to a
particular group of reasons.

On the other hand, the above classifications do not solve the problem of estab-
lishing the depth of responsibility of technical personnel for making mistakes,
which is crucial when deciding on the development of preventive and corrective
actions aimed at reducing the human factor influence on the flight safety state
of airlines. At the same time, the effective implementation of proactive flight
safety management systems for suppliers of products or services and the effective
supervision of their functioning by the state require a clear understanding of the
differences between the concepts of error and violation. This difference is the basis
of the classification recommended for implementation in the practice of airlines of
the ICAO member countries by document Doc.9859 “Safety Management Manual”
(2013 edition).

In accordance with the ICAO classification, all dangerous actions associated with
the human factor, including during maintenance and inspection of aircraft, are
divided into two types: errors and violations.

An error is defined as an action or inaction by an operational person that
leads to deviations from organizational or the operational person’s intentions or
expectations.

A violation is defined as a deliberate act of willful misconduct or omission result-
ing in a deviation from established regulations, procedures, norms or practices.

As you can see, the difference between errors and violations is the intention
of the performer. And if mistakes are an unintentional act, then the violation is
a deliberate act or inaction in order to move away from established procedures,
protocols, norms and practices. This is where the focus of Doc. 9859 is.

Errors of aviation personnel are divided into the following types:
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1.Slips and lapses are failures in the execution of the intended action.

a.slips are actions that do not go as planned;

b.lapses are memory failures.
2. Mistakes are failures in the plan of action

Unfortunately, the mechanisms of these errors regarding the activities of techni-
cal personnel are poorly understood today. As for the flight crew, the error data of
the pilots and their mechanisms are well disclosed in the works of N. A. Nosov, the
founder of a fundamentally new scientific approach to the study of “virtual reali-
ties” of a person, his followers Pronin, Yuryev and others [25, 26].

ICAO is not categorical in matters of maliciousness of violations, which allows a
balanced and fair approach to the issue of impact on personnel, allowing them out
of the belief that this will simplify the tasks and will not lead to negative conse-
quences. ICAO proposes to identify such violations as judgments, and classifies
them into types:

1. Situational violations are committed in response to factors experienced in a
specific context, such as time pressure or high workload.

2. Routine violations become the normal way of doing business within a work
group.

This type of violation arises as a response to difficulties with the implementation
of the established rules of work, shortcomings in the organization of the man-
machine interface, etc. As a result, the performers, maintenance teams establish
their own, as it seems to them, “best” rules, which eventually become mundane.

As aresult, we are dealing with a practical shift, the consequences of which may be
most serious over time. Sometimes these personnel actions are justified and can be
taken as an official’s procedures after carrying out the necessary examination and
evaluation of safety risks.

3. Organizationally induced violations may be considered as an extension of rou-
tine violations.

This type of violation occurs when security requirements are sacrificed for
immediate financial gain. Thus, as a rule, is disturbed balance between the desired
level of productivity/profitability airlines and necessary layer eat protection
(Doc.9859, 2018).

The value of the ICAO approach to the classification of human errors and
violations consists, firstly, in its universality and adaptability. It can be applied with
equal success both to the analysis of errors of flight crews and to the analysis of
errors of technical personnel made by them during the flight operation, as well as in
the process of maintenance and inspection of aircraft. Secondly, a clear division of
the dangerous actions related to the human factor into errors, non-malicious viola-
tions (judgment errors) and intentional violations allows us to develop clear triggers
that are used in the algorithms for analyzing errors/violations of airline personnel.
An example of such an algorithm is presented in Figure 1.

Such algorithms are essential elements of the Safety Management Manual.
They are developed by each individual airline as part of documentary support
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Figure 1.
Airline personnel ervor/violation analysis algorithm.

for the creation of safety management systems for organizations. In addition,
the presence of such algorithms with a well-defined and clear triggers (action
rules) stimulates the creation within the fair airline safety culture, and their
integration in the adopters a airline models and operation allows to identify
the causes of errors in a timely manner they eliminate or reduce the severity of
consequences.

4. Models and theories of human factor. Modeling the aircraft
maintenance process

The usefulness of error classifications is obvious and has been shown above.
However, using only the classifications previously developed to study human errors, we
significantly limit our ability to study their influence on the efficiency of the aviation
system, which is largely determined by its flight safety status. Indeed, using only the
information that is supplied to us by the existing classification of human errors, only
one “static” state of the problem becomes available to us. At the same time, for a full
study of the problem of the human factor, in particular, during maintenance and
inspection of aircraft, consideration of the problem should be carried out taking into
account its “dynamics” Only in this case we can count on the maximum result in solving
problems:

a.minimizing the risk of accidents due to human factors;

b.obtaining the most adequate assessment of the effectiveness of protective
mechanisms even before their practical implementation;

c. the formation of a common vision of the problem by all participants in the
aviation community.

103



Safety and Risk Assessment of Civil Aircraft during Operation

Today, various approaches and models of the human factor are used in aviation.
Their synthesis was possible due to many years of work such eminent scientists like
J. Rasmussen, G. Heinrich, E. Adams, S. Shappell, ]. Reason, D. Wiegmann and
many others. Under their leadership and with their active participation, several
directions and approaches to the study of the human factor, including in aviation,
have been developed. These include [27]: cognitive, systemic, behavioral, psycho-
social, medical (psychophysiological) and organizational approaches. There are
many publications on each of them, and each publication deserves close attention
and analysis. However, due to objective reasons, we confine ourselves to a brief
consideration of some of them in terms of applicability in practice of aircraft
maintenance. Probably one of the most famous models, which represent a modern
systematic approach to the consideration of the human factor, is the SHELL model.
Proposed by Professor E. Edwards 1972 year, this model has received wide popular-
ity and in 1993 was recommended by ICAO as the basis for the analysis of human
factors in accident investigation (Doc. ICAO 9859).

The model describes the four main components necessary for the successful
integration of a person and his functioning as part of man-machine systems, the
first letters of the name of which make up its name. These components include:

1. Software (S) — procedures (procedures, training, tools, and software, etc.).
2.Hardware (H) - object (machines, systems and equipment).
3.Liveware (L) — subject (people in the workplace).

4.Environment (E) — environment (operating conditions in which all other com-
ponents of the L-H-S system must function).

The SHELL model is based on the model of a person who, as a central element,
interacts with its other elements. According to E. Edwards, it is precisely at the
borders of these elements that problems arise that lead to erroneous human actions.
Although this model is designed primarily to take into account all possible contex-
tual and task-related factors that affect the performance of the pilot, including the
design of cockpit equipment, etc., it can also be adapted to the working conditions
of technical personnel, which in principle and confirmed in Cir. ICAO 253-AN/151.

The model allows, when studying the features of the work of aircraft mainte-
nance specialists, to take them precisely as the central link, since they also operate
in a specific environment specific to them (possibly even more complex than that
of the flight crew), they use complex equipment H, and numerous instructions and
apply the software S. In this case, the lower block L displays both the flight crew and
other specialists (for example, line management), with whom maintenance special-
ists come into contact with the production necessity. However, most often under the
central unit still understand aircrew.

Since the global goal of the work of all aviation personnel is to ensure flight
safety, it is therefore of interest to specify the initial SHELL model in relation to
ensuring flight safety of aircraft. It is precisely this concretization that is presented
in Figure 2.

In the figure, in addition to the notation already known to us, there are new ones:

Lf - flight (in the original diagram, the central block L is a subject, a person).

The lower block L of the circuit can be rationally represented as a “stack” of four
blocks: Lm — maintainer, service, operator personnel; Lt — air traveler; Lp — producer,
manufacturer; Ld - designer.
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Figure 2.
Specification of the SHELL model.

Specification of the model allows us to more clearly understand the complexity
of the relationship between the elements of the aviation system. In the future, by
performing a spatial convolution of this model, it is possible to obtain a certain
hypercube where the faces will be the corresponding new and known elements, and
the edges will be the relationships between them. In addition, the logic suggests
that depending on the situation (flight mode, stage of technical operation, etc.), the
subordination of the model elements will be different.

So, when performing aircraft maintenance, the central place of the model
should be given to technical personnel. At the same time, cabin and cabin crews
will take a subordinate position, providing technical personnel with the necessary
information about the state of the aircraft, problems noticed during the flight, etc.
The nature of the relationship between the elements will change accordingly.

The described transformation is useful in the analysis of incidents and aircraft
accidents caused by faults in maintenance and allow you to take into account many
contextual and analysis-related factors, including equipment design. Moreover,
avoids the need to focus on technical staff. However, it should also be remembered
that the complete exclusion of a person from analysis, which is resorted to by
many experts using this model, can cause incorrect conclusions, which is unac-
ceptable when it comes to flight safety. An interesting and quite informative is the
D. Peterson behavioral model [27] (Figure 3), which describes personnel perfor-
mance as a characteristic that depends on innate abilities and motivation, which,
in turn, depends on a number of other factors. For example, staff selection and
training play an important role. At the same time, the decisive role in this model
is assigned to motivation, regardless of where this motivation comes from — from
work, colleagues, unions, or from the person himself.

This model has wide practical application in the aviation industry. It and other
similar models underlie the formation of the aviation personnel’s collective respon-
sibility for ensuring flight safety in airlines: voluntary safety data reporting systems;
incentives for safe and high-quality maintenance operations, etc.

Based on the principles of the modern approach, modern Maintenance Resource
Management (MRM) systems are built [28]. The essence of the approach is to focus
on the psychological and social interaction of personnel within, in particular, main-
tenance teams, as well as between specialists belonging to different professional
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Peterson motivation, reward, and satisfaction model.

groups. These thin, but the complex interactions found in the heart model, a bid
R.L. Helmreich and H. C. Foushee in [29].

Interesting and very useful, in particular, for understanding the functioning
and spread of hazardous factors within an aviation organization, is the J. Reason
model [30].

The model uses an analogy with the physiological concept of the human immune
system. According to the model, all organizational systems carry within themselves
the “embryos of their own demise” in the form of some analogues of “pathogens”
that violate the normal functions of the systems. Such organizational “pathogens”
give rise to latent errors or, in other words, latent malfunctions in the functioning
of the system. Latent errors can accumulate over time and interact with each other.
Finally, this leads to the appearance of qualitatively new errors — no longer hidden,
but obvious failures (active errors) in the system.

Investigating the paths of error, J. Reason made an important conclusion that
the most important “pathogens” arise at high levels of leadership, since strategic
decisions are made there. Strategic decisions are designed to provide maximum per-
formance and at the same time — the greatest security of the system as a whole. This
thesis by J. Reason was welcomed by safety experts and international organizations.

The following model deserves to be examined in more detail - this is the
J. Reason accident causality model [17, 31], which can be found in various manuals
and circulars, both international and regional civil aviation organizations, as well as
in various departmental documents.

This model, known as the Swiss Cheese model (Figure 4), explains how people
cause dysfunctions of complex, interacting and well-protected systems (such as a
commercial transportation system), resulting in an accident. If a strategic, concep-
tual decision is made incorrectly, and this is not compensated by the common sense
of linear management (“getting into” the second “window”), and preconditions
(organization of labor, availability of equipment) do not allow revealing a poten-
tially dangerous defect and, moreover, when in the event of an emergency there is
no means to prevent its transition into a catastrophic one — the windows in all the
barriers coincided and the accident leads to dire consequences.

One can imagine that these obstacles (like in a good shooting range) swing
under the influence of specific conditions (personal experiences of the leader,
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delayed maintenance of the aircraft and reduced time for maintenance, equipment
breakdown, fatigue, illness of technical personnel), as a result of which “through
lumbago” remains possible and even more difficult to predict.

Strictly speaking, all the components of the human factor discussed above must
be included in the J. Reason model, preconditions, and also (zero barrier) environ-
mental conditions. In fact, this model has incorporated all the best of the theories
and models considered above.

The model interprets the incident as a coincidence in time during the flight of
imperfection at the same time in several levels of protection against an accident. In
addition, for the implementation of an accident during a flight, conditions must
arise that are critical when there is a coincidence of the “windows” in the protec-
tion levels.

For the efficient and productive work of the maintenance technical staff, certain
preconditions must be met: the equipment must be available and reliable; employ-
ees — qualified and interested; working conditions — safe, contributing to high
quality; various precautions, usually designed to prevent foreseeable bodily harm,
damage or costly interruptions.

If one or more of these conditions is not met, the work of the maintenance
personnel does not guarantee the prevention of an accident (for example, the
specialist will not be able to detect a hidden defect if the necessary equipment is not
available). Let us turn to an example that may give a clearer understanding of all of
the above.

4.1 Example

The crash of DC-10-10 of American Airlines on May 25, 1979 [32].

The crash occurred from- for failure flight control system after termination
of the left engine at the end of the takeoff roll (node had 19,871 hour operating
time) killed 271 people on board and 2 people on the ground. The root cause of
the disaster was not enough quality securing the left engine pylon after his regular
replacement. After replacing the engine, maintenance specialists improperly
tightened the pylon mount bolts, which caused bending stresses in the nodes and,
ultimately, their fatigue failure. The immediate cause of the disaster was the spon-
taneous cleaning of six sections of the slats of the outer part of the left console and
the failure of two alarm systems in the cockpit caused by damage to the hydraulic
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A model of causation of an accident built on the basis of the model of Professor J. Reason.

systems and control system when the engine with the pylon was separated from the
wing. From - for a fault in the alarm system of the discrepancy between the position
of the slats and their control knobs, as well as failure in the device control column
pilots were unable to correctly identify the arisen emergency situation and pre-
vent its transition to a catastrophic, although in principle it was possible. The low
altitude and, as a result, the small time available for decision-making played a role.
To confirm the validity of the approach, we analyze this incident from the point of
view of the J. Reason model, a variant of which is shown in Figure 5.

In the diagram, the first condition from the incident is a flight situation, environ-
mental conditions. The aircraft was at a low altitude and had not yet gained cruising
speed, as a result of which there was a short available time for the crew to evaluate
the situation and make a decision, as well as low efficiency of the controls and fast
dumping of the aircraft in a tailspin. Further, qualified and conscientious specialists
usually carry out the replacement of the engine. It is hard to imagine that there was
a “criminal negligence.” Most likely, they did not have a calibrated key for tightening
the bolt with the necessary effort. Although it is possible that the mounting bolts
were counterfeit (the problem was noticed after the crash of the Partvair Convair 580
aircraft on September 8, 1989). But someone decided to purchase such “cheap” bolts.
It was unlikely that this was a personal initiative of someone from the line manage-
ment. Most likely, the “strategy” of using such components was given the leadership
of the company, which constantly has to resolve the contradiction between the cost
of operating the aircraft price (competitiveness) on the ticket s and profit. Although
it cannot be that the line management did not know about such a policy, they did not
oppose this and did not conduct sufficient explanatory work with service specialists.
Thus, the incident considered is quite consistent with the ]. Reason model.

5. Conclusion

Unfortunately, the material presented above is only an excerpt from the accu-
mulated over more than 30 years of activity in the field of safety research and the
human factor. Nevertheless, we hope that we were able to state the very essence of
the problem and clearly define the relationship between the causes of dangerous
actions of personnel, the dangerous actions themselves and their consequences in
the key to solving the human factor problems in aircraft maintenance.

In considering the issues of modeling were considered only the most commonly
used in aircraft conceptual model of human. They do not imply a mathematical
formalization of the problem, however, as shown by the authors’ studies in the field
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of military aviation, some of them, for example, the J. Reason model (Figure 4),
can be successfully formalized to obtain quantitative characteristics of personnel
reliability. Naturally, there are other approaches to modeling staff activities. In
particular, probability-theoretical analysis models are known. They are widely used
in engineering research on safety issues and have their own characteristics.

In conclusion, I would like to focus on the fact that absolute models do not exist,
especially when it comes to studying human errors. The researcher himself has to
answer, how useful it a particular model. In any case, we hope that the material
presented in this chapter will be useful from the point of view of expanding and
structuring information about this most relevant area of research.
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Chapter 6

Air Traffic Controllers’ Attitude to
the Mistakes Hazards during Their
Professional Experience

Oleksii Reva, Andrii Nevynitsyn, Serhii Borsuk,
Valerii Shulgin and Volodymyr Kamyshyn

Abstract

Air traffic controllers’ (ATCs) work process can be presented as uninterrupted
set of decisions. These decisions occur and are implemented in both clear and
stealth forms being influenced a lot. Determined and stochastic risks are especially
important in this process. Human factor (HF) effect on flight safety is proven to be
better considered through operators’ attitudes toward unsafe acts and conditions.
This seamlessly integrates in ICAO safety paradigm. Air traffic controllers’
preferences system (PS) is discussed in regard to typical professional mistakes set.
Using paired comparison, normative part of summary hazard and differentiating
part of summary hazard, the preferences system of air traffic controllers is received.
For the first time, mistakes pair summary hazard is determined on the unique
qualimetric 100-point scale. Systems pair has high correlation level according to
Spearman coefficient (R = 0.9727). Proposed Kendall rank coefficient outweighs the
traditional one twice (Waditional = 0.2722, Wproposed = 0.55237). The significance
level for all cases is equal to 1%. Multistep procedure of marginal opinions
separation is implemented. It increased Kendall rank coefficient value up to
Woroposed = 0.7. Survey procedure influenced positively on the ability of mistakes
memorization, recognition, and avoidance during simulation training.

Keywords: flight safety, human factors, decision-making, air traffic controllers,
typical mistakes, preferences system

1. Introduction

As for today human factor (HF) has approved dual influence on flight safety
(FS). Unfortunately the statistics of dangerous air events and serious accidents
shows that negative component of this influence has advantage. This stimulated
ICAO to publish multiple circulars, annexes, and manuals with generalized world
experience on the topic. They are based on the reports and proceedings of air
companies and regional administrations dedicated to negative HF influence
prevention [1-4]. It is natural that all kinds of such generalization should be
scientifically based.

Frontline air operators (in this chapter we talk only about air traffic controllers
(ATCs)) work process can be presented as uninterrupted set of decisions. They are
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generated and implemented in clear and stealth forms under the influence of vari-
ous factors. These factors could be classified as external/internal, biased/unbiased,
stochastic and deterministic, etc. [5]. Thus it seems possible to present actual ICAO
FS paradigm [4] with leading role of HF influence on decision-making

(DM). Figure 1 proposed by authors and cited in various proceedings proves this
thesis [6-9].

It is important that blocks (a)—(e) designation in Figure 1 is used according to
the ICAO safety concept introduction. Components (h)-(1) inserted in block (e)
correspond to the authors’ vision of HF influence on the DM process. They draw
“attitudes toward unsafe acts and conditions” which also belongs to the mentioned
concept. Blocks (h, i, j) are already researched both for ATC students and pro-
fessionals. Research results are summarized and published [10]. Less attention is
paid to (k) and (1) components.

Taking into account all mentioned above, this chapter is dedicated to the
preferences system (PS) research. The system is referred as HF to DM influence
component, thus playing its role in “attitudes toward unsafe acts and conditions.”
Such attitudes are reasonable to be determined via ATC PS across typical errors set
in professional activity process.

Attitudes towards unsafe acts and conditions

Main solution Fuzzy risk
making dominant estimates
N Preference
Aspiration levels
systems

Hazardous strategies of
solution making

Hazard source Risk
detection and risk acceptability
factors control rate
|_ SOPs J
correspondence

Freedom from
hazards or threats
Zero accidents or
serious incidents
No losses during

air accidents

Figure 1.
Influence scheme of HF in regavd to decision-making and ICAO flight safety concept components interaction.
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2. Theoretical fundamentals of preferences system determination
technology

On the basis of such sources like ICAO recommendations, air accidents statistic,
specific ATC experience, and ATC personnel education experience, the following list
of typical errors for ATC during their professional activity was composed [9, 11, 12]:
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Er.1—Radiotelephony phraseology violation.
Er.2—Inconsistent aircraft entry into the adjacent ATC zone.
Er.3—Longitudinal course time interval violation.
Er.4—Counter course time interval violation.
Er.5—Cross-aircraft separation violation at crossing courses.
Er.6—No address in ATC messaging.

Er.7—Error in aircraft call sign determination.

Er.8—Error in aircraft identification.

Er.9—Misuse of ATC schedule.

Er.10—Absence of the note of control transfer to the adjacent air traffic control
center in the ATC strip.

Er.11—Absence of the coordination mark for aircraft entrance into adjacent
ATC in the ATC strip.

Er.12—Violation of coordinated geographic control transfer boundary by ATC.
Er.13—Violation of coordinated time control transfer boundary by ATC.
Er.14—Non-efficient/saving ATC.

Er.15—Negligence while applying of the letter-digital information (potential
multiple interpretations) to the strip.

Er.16—Violation of shift transition procedures.

Er.17—Issued commands to change the altitude or direction of flight are not
reflected on the strip.

Er.18—Attempt to control the aircraft under condition of TCAS system
operation in the “resolution advice” mode.

Er.19—Errors at aircraft concerning information input into the automated system.
Er.20—Emergency procedures violation.

Er.21—Airspace use violations.



Safety and Risk Assessment of Civil Aircraft during Operation

Different errors obviously possess different hazard levels. This requires ATC
attitude to be found and arranged in preferences system for those errors. Referring
to proceedings [9, 11-13] and current research context, this PS is considered as ATC
hazard levels experience. This includes the most hazardous error, the least hazard-
ous error, and all other error types arranged in hazard descending order.

Finalized PS is important for ATC correct person-targeted professional training
arrangement. Also it can be used in preventive maintenance of HF negative
influence on FS. Really all information of FS allows experienced instructors to
determine peculiarities of ATC individual experience, including air accidents and
catastrophic experience. On the other hand, such knowledge might contribute
revealing of flaws in professional training and conceptual safety model. The latter
two grow during professional activity process.

There are several most common ways to determine PS. They could be used for
ATC attitude identification toward hazards of typical errors and mistakes with
ranking method [9, 13]:

1.Sorting is used in case of previous clustering of huge number of alternate
options. For example, the ICAO states that ATC mistakes and errors clustering
should be performed with regard to such types and sources [3]: mistakes
caused by incorrect equipment utilization, procedural mistakes, and
communication mistakes. At that point the proposed list of typical mistakes
was also partially based on the ICAO recommendations.

This set of mistakes significantly exceeds operative capabilities of human
memory expressed with “magic Miller's number” (742 units at the same time)
[14] and reaches the so-called Parkinson’s inefficiency coefficient [15]. However
participants encouraged to pass the survey are highly experienced ATC. Each of
them has significant real occupational experience including nonstandard
situation solving. These situations include potential conflicts, urgent conflicts,
catastrophic, high work pressure, and psychological overload. They also had
teaching experience. Thus in their case, clustering procedure with secondary
ranking step was unnecessary.

2.Direct ranking is a simple process, although its application has certain limits.
They are operating memory capacity and cognitive functions limitations
mentioned above.

3.Pair comparison and relative input calculation.

4.Determination of weighted hazard coefficients (importance, significance, etc.).

5.Determination of biased hazardous mistakes probabilities.

6. Application of fuzzy variables in order to find mistakes rate.

For the current research, the pair comparison method was chosen with further

relative contribution calculation for both components. It was applied for every
mistakes pair. Such approach could be presented [9, 13, 16] as following:

1+z —preference Er.;>Er,;
=141 —no preference Er.;~Er,, (1)
1—z —preference Er;>Er,;
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where c; is the quantitative index of preferences of mistake Er.; over mistake Er.;
in regard to hazard level and z is the index that describes summary hazard level of
mistakes Er.; and Er.;.

Proposed method of PS calculation is quite simple since researched mistakes are
compared in pairs. This pushes expert’s attitude to other mistakes out of the single
comparison scope. All presented is a part of wide class of experts’ opinions explica-
tion methods where expert opinion is taken as basic undividable statement.

Preferences c; value sequence determination as quantitative characteristics of
mistakes comparison is the following:

1.Experts express their statements via pair comparisons of mistakes hazards.
They use their own professional experience and statistics of accidents and
incidents. Initially it’s just a prevalence or equality of hazard level that is
determined for each pair without quantitative estimation.

2.Using information analysis or ATC experts support, the range in hazard values
is determined for mistakes being compared. These estimations are saved as
ranked set boundary components ratio.
C(Er.mx)
c(Erpn)
j

where Er.™, Er.jrnax are mistakes with maximal C (Erlmax) and minimal

= Kp, )

C (Er.l’-mi“) hazard values and K;, is the compared mistakes hazard ratio coefficient.

3.Desired values of integral mistakes hazard coefficients z are found with

coefficient K,
K,—-1 0.05
P P —_—
i1V ) (3)

where n = 21 is the number of mistakes being arranged.

4.0n the basis of paired mistakes hazard level comparison systems and with the
help of ¢;; coefficients, squared matrix C = ||c;j|| is created:

Ci1 Ci2 -+ € o+ Cip
€1 Cp v € ot Cop
c_|° : : : ' (4)
CGi C2 - Cj - Cn
Cn1 Cn2 =+ Cpnj = Cpn

5. With iterative priority arrangement method (PAM) [16], the values of
mistakes hazards priorities C;(k) are found.

6. Actual coefficient of mistakes hazard level ratio K, is calculated. It is
compared to the empiric coefficient of the same kind K. If they match, then
the task of z index determination is successfully solved. Otherwise coefficient
correction is performed.

117



Safety and Risk Assessment of Civil Aircraft during Operation

The proposed method has several major advantages:

1. Simplification of the statements of expression procedure (no quantitative
estimation of compared mistakes is required).

2.The method of c;; selection coefficients matches quantitative empiric
estimations with their real quantitative hazard ratios.

3.Non-transitive input data is allowed along with non-transitive output
preferences.

There is one most important and valuable step in this method application. It is
the estimation of boundary mistakes hazard ratio empiric coefficient K. If it is
possible to estimate mistakes ratio, then they should be arranged to define boundary
elements of their whole set. PAM with z coefficients can be used for that purpose. In
whole task this is the only part with quantitative estimation. Thus it should be paid
more attention. If pair comparison systems are non-transitive or possess equality
(indifference), the z values procedure calculation should be changed in a proper
way [16]. This happens when certain mistakes make no difference in ATC expert
opinions, thus receiving “average” ranks.

For this reason formula (1) is commonly transformed into two formulas. They
have summary quantitative estimations of compared alternatives (mistakes) equal
tolor2:

1 — if mistake Er,; is more hazardous thanEr.;: Er.;>Er,;

cj=4 0 — if viceversa: Er;<Er;; (5
0.5 — if mistakes Er,; iEr, possess equal hazard: Er.;=Er,;
2 — if mistakeEr.; is more hazardous Er.: Er.;>Er,;

cj=1¢ 0 — ifviceversa: Er,;<Er; . (6)
1 — if mistakes Er.; i Er; possess same hazard: Er.;~Er,;

Formulas (5) and (6) show that part of summary mistakes hazard is normalized. It
supposed to simplify their pair comparison and PS determination. Indeed
human thinking deals better with qualitative comparative tasks rather than
quantitative. However normalizing makes results rough and brings methodology error
in final conclusion about real hazards (actual mistakes place in the ranked sequence).

3. Normative approach application to find ATC preferences system on
the set of typical mistakes

So formula (5) is used to find individual PS (IPS) of National Aviation Univer-
sity and DP “Ukraeroruh” employees m = 37. All of them have significant work
experience and methodical (training) practice. IPS found with the help of group
decision method was ere aggregated in generalized group PS (GrPS) via averaging
and summation:

Er.;g > Er.,9 > Er.s > Er.4 > Er.yy > Er.3 > Er.g > Er., > Er.17 > Er.13 > Er.g >
tr. tr. tr. tr. tr. tr. tr. tr. tr. tr. tr.

@)

Er.;p > Er.qg>Er.q > EI‘.19 > EI‘.7 > EI‘.9 >Er.i4 > Er.q1 > EI‘.15 > Er.10,
tr. tr. tr. tr. tr. tr. tr. tr. tr.
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where > defines the preference of one mistake comparing to the other one in
T.

GrPS. All IPSs used for this purpose are received with traditional method using
formula (5).

Hence GrPS of type (7) is received via “traditional” method of the distribution
of normative mistakes hazard sum which is equal to 1. It clearly shows their ordered
set starting with the most hazardous (Er.18—Attempt to control the aircraft under
condition of TCAS system operation in the “resolution advice” mode) down to the
least hazardous one (Er.10—Absence of the note of control transfer to the adjacent
air traffic control center in the ATC strip). Although before the conclusion about
GrPS of type (7) acceptability could be made, the consistency verification of ATC
experts engaged in the process should be performed.

The indicator for such consistency is Kendall multiple rank correlation coeffi-
cient (RCC) Wy, = 0.2728. The low value of this indicator can be explained by
several reasons: firstly, the big variety of mistakes and big variety of ATC experts
engaged to the research inevitably influenced the diversity of opinions and thus
influenced RCC, and secondly, no efforts to find and remove marginal opinions
were made (by marginal here, we understand certain extremely specific experience
rather than roughly wrong).

Taking into account that low absolute value of RCC could be statistically
acceptable, let us use Pearson y? criterion to test the corresponding hypothesis.

It is found that y2,. = 201,412> >y2_,,, |35 = 58,619 which allows to state

that RCC indicator value is statistically acceptable. Thus opinions of ATC

experts engaged to the research are consistent for (7). It means that GrPS of the
type (7) can be used in flight safety management processes or during ATC training
procedures.

However it should be stated that the absolute value of RCC criterion
Wi = 0.2728 does not satisfy criterion [17]:

W>0.7, (8)

thus type (7) GrPS is not absolutely acceptable as well.

4. Differential approach application to the preferences system
determination within the set of typical mistakes

Let us consider all mentioned above taking into account proceeding [9].

It allows to dedicate current section to the development of enhanced method of
mistakes hazard levels sum distribution. Its efficiency and application are also
discussed.

Once again let us underline that formulas (5) and (6) hold mistakes hazard levels
sum equal to 1 or 2. It is normatively distributed by the expert among mistakes
being compared. In other words each mistake’s contribution in aggregate hazard
value is limited. It does not operate with [0, 1] or [1, 2] ranges but uses simple
decision about “>” or “<” preference (or their equality indifference “~ ”). This
simplifies IPS construction but makes final estimations result rough. Such rough-
ness is transferred further to the generalized results of mistakes hazards set
arrangement.

To get rid of this flaw, the partial and overall mistakes hazard is proposed to be
calculated. Special absolute qualimetric scale with 100 points [13] is proposed for
this purpose. Expression (1) evolution in this case is the following:
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51<c;;<100, if mistake Er.; is more hazardous than Er;: Er.;>Er;
Gj = 0<c;<49, ifviceversa: Er;<Er,;
50 if mistakes Er.; i Er, areequally hazardous: Er.;~Er,;
9)

Same m = 37 professional ATCs were engaged in the second round of the survey.
They fulfilled 210 paired comparisons one more time with the help of expression
(9) and constructed new IPSs. IPS to GrPS generalization is once again performed
with ranks averaging and summation strategy for group decisions. The formal
overview of new empiric GrPS is the following:

EI‘18>EI'20>EI‘5>EI‘21>EI‘4>EI‘3>EI‘8>EI‘17>EI‘13>EI‘2>EI‘16>
dif

dif. dif. dif. dif. dif. dif. dif. dif. dif. dif.
Erlg>Er6>Er12>Er7>Er1>Er14>Ern>Er9>Er10>Er15,
dif. dif. dif. dif. dif. dif. dif. dif. dif

(10)

where > = determines the preference of one mistake to the other.
dif.

The absence of tied mistakes ranks is noticeable while comparing GrPS (7) and
(10). It means that the ranking of researched mistakes is strict. The rate of two GrPS
coincidences is checked with Spearman rank correlation coefficient. Its value is
equal to RY~4f: = 0.9727. This witnesses about overwhelming match of ATC
experts’ opinions about mistakes hazards in compared GrPS (7) and (10).

Finding opinions consistency in (10) with the help of RCC gives Wy;r = 0.5237,
that is, 1.92 times more than the initial one. It shows the efficiency of newly
proposed method in general (partial mistakes inclusion).

The coefficient value is statistically acceptable which is proven by hypothesis

testing with Pearson y? criterion. For newly calculated value, it is equal to y3,; =
387,508 > >3 _14, 136 = 58,619. This means that GsPS of type (10) can be con-
sidered as generally consistent.

Yet again there are a big number of ATC respondents and a big number of
mistakes proposed for arrangement. It influences in adverse way on the RCC abso-
lute value. Requirement (8) is not satisfied again.

With the given significance level, both of GrPS are statistically acceptable.
However even in brief comparison of GrPS indexes (W, = 0.2728 and Wy, =
0.5237), it is clear that current research points on the second result to be used. It
includes a negative HF influence prevention on the FS as flight safety management
measures and ATC professional training.

Proposed differentiating method disadvantage lies in the quantitative require-
ment. It forces experts to express their opinions about mistakes hazards levels in
numerical values. But it is well known that people tend to operate with qualitative
information. Altogether this requires only high-quality ATC experts to be engaged
in the survey.

5. Multistep method of determination and losing marginal ATC
opinions concerning mistakes hazards

As it was mentioned before, the marginal opinions of ATC engaged in the survey

are not examples of their bad training or experience. In current research context, it’s
rather a certain particular experience. Such rarity greatly influences their personal
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IPS, making a difference with others’ opinions. Because of that, it is very important
to pay attention to their opinions separation and analysis. This is what briefly
explained in proceeding [18].

Let us measure single ATC influence on group estimate as

C= irnJrl , (11)

dm

where @y, is the average estimation of experts group with m members and ap1 is
the average group estimation with m + 1 members.

Let us specify acceptable influence level for single opinion b of (m + 1)th ATC
expert. Basing on the proceedings [18, 19], it can be limited with 5-10% change:

1.05<C<110, if b>a,
(12)

0.90<C<0.95 if b<an,

This is valid for ATC opinions analysis. It can be applied both for particular
mistakes and already given integral indexes of mistakes hazards set. Once again the
nature of these estimates is numerical and quantitative, while people better operate
with qualitative and comparative ranking meanings. Thus it is important to develop
corresponding procedures and methods of ATC experts’ competence determination
based on the mistakes hazards they work with.

Let us apply research results and methods of image detection theory [20-22] to
find experts’ competence. Risk recognition term is introduced. It is a mathematical
expectation of information losses due to recognition mistakes for qualified and
unqualified ATCs.

I
r(8) = J . L[i,k = 8(x)P(i)p(x/i)dx], (13)

X 1

where X is the space for x signals (these are hazards scoring characteristics,
assigned by the ATC experts to the mistakes), i = 1,1 estimation classes numbers,
k = 1, K recognition alternatives numbers §(x), L(i, k) information losses during
class assignment of estimate from class i to the class k, P(i) classes probabilities
known in advance, and p(x/i) classes probability densities known in advance.

So it is all about distance calculation between points in the image space.
Herewith the particular point belongs to certain class if it is determined with the
distance to the reference point. Members that belong to the same class should form
a compact cluster in the system parameters space.

In observed case the following distance is used as a generalizing value:

n=21

Lj = |rj—rigls (14)
i=1

where L is the generalized distance of IPS of jth ATC expert toward GrPS and r;,
is the rank of ith mistake in GrPS.

It is important to underline that GrPS consistency here is taken as an assump-
tion. For further convenience, normalized L; index value is introduced:

L
L = L.mJaX' (15)
]
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The next step is to calculate average group mistake value:

L=—) L (16)
=1

g~

and corresponding to formula (12), the criterion for marginal IPS of ATC
experts is determined.
L arg 1.1 L, 17)
Applying formulas (14)—(17) to IPSs that are found with proposed differentiated
method (which uses mistakes hazards sum distribution), it is possible to find the
following opinions marginality criterion:
L marg. = 0-57, (18)
It is calculated that marginal thoughts are expressed by 10 ATC experts, which is
shown in Figure 2. Removing their IPS allows to receive subgroup A with mp =
m — Mpag = 27 ATC members with such GrPS:
Er.1g > Er.;0 > Er.s > Er.p; > Er.4 > Er.3 > Er.g > Er.;7 > Er.;3 > Er.; >
mp mp mp ma ma ma ma mp ma mp

(19)
Er.i¢ > EI‘.19 >Er.¢ >Er.;p > Er.7 >Er.q >Er.q4 >Er.q1 > Er.9 >Er.q0 > EI'.15,
ma ma ma ma ma ma ma ma ma ma

where > — shows the prevalence of one mistake hazard level over another
A

mistake in GrPS combined with my ATC expert opinions.

It is found that correspondent correlation coefficient value is equal to W, = 0.7
for mp subgroup. It satisfies the requirements of criterion (13) and is statistically
acceptable because yj = 377,743 > > y3¢ 14, = 45,642. Thus GrPS found for
mp = 27 subgroup actually can be used for flight safety management measures and
ATC professional training.

Further filtering and analysis could be performed with the same proposed
method for mp = m — my = 10 ATC subgroup as is shown in Table 1. Figure 3
clearly shows the main steps of presented multistep algorithm.

12

10

1]

o 01 02 03 04 05 06 07 08 09 1
Integral normalized deviation

Figure 2.

Finding ATC marginal opinions about mistakes hazards in their professional experience.
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Experts groups w Xa Hiom 1, a-19

1 2 3 4

m =37 0.5237 387,508 L6, s = 58,619
m, =27 0.700 377,743 Lo, acroy = 45,642
mg = 10 0.2727 55,305 13, ai1oo = 21,666
mc=6 0.4934 59,211 22 e = 15,086
mp=5 0.5629 56,292 2 airs = 13,277

Table 1.

Multistep method of determination and losing marginal opinions of ATC experts about mistakes hazard levels.

START

ATC sample
selection
+ Marginal opinions
ATC sample

ATCs individual
preference

determination on Reduced ATS
the set of typical sample
eTTOTS
+ Marginal opinion

determination
procedure

ATC sample —|

Matrix of individual reduction

preferences ereation

v
ATCs group
preferences system Kendall multiple W is
determination on [~ ranks correlation statistically
the set of typical coefficient W acceptable
eTTOTS

v

Analysis of statistically
acceptable and consistent
group preferences system

Figure 3.
Multistep algorithm of ATCS’ group preferences determination on the set of typical mistakes.

It is clear that after ma subgroup separation, it was impossible to find any other
subgroups with internal opinions consistency. That is the reason for these 10 ATCs to
be under increased attention during prevention of negative HF influence upon FS.

Finally it is worth mentioning the positive influence of the procedure on the
ATC experts’ personal traits. Since during the survey, they had to imagine and
compare 210 pairs of mistakes with an attempt to determine their hazard levels.

6. Conclusions
Scientific results received and presented in this chapter explain proactive atti-

tudes of ATCs to the mistakes hazards. Summarizing them allows to state the
following:
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1.The most comprehensive list of n = 21 typical mistakes for ATC allows to fully
analyze their mistakes.

2.There are 37 IPSs received with the help of normative and proposed mistakes
hazard analysis methods. They are generalized in GrPS afterward. Proposed
method efficiency is defined by Kendall rank correlation coefficient which is
1.92 times greater than the normative method.

3.Multistep method of determination and losing marginal opinions of ATC
experts which allows to separate subgroups with increased internal opinions
consistency.

4.Taking initial group of m = 37 participants, there was m, = 27 subgroup
separated. Their internal opinions consistency was higher. Other 10 people
should be paid increased attention during prevention of negative HF influence
upon FS.

5.Positive influence of the procedure on the ATC experts’ personal traits is
determined.

Further researches of PS determination for ATCs’ typical mistakes set should be
performed in the following areas:

* Classic decision-making criteria application to determine ATCs’ group
preferences systems and their risk level analysis.

* Kemeny median determination as optimum indicator for group opinions in
regard to mistakes risk levels.

* Frames and neural networks application for ATC incorrect actions analysis and
modeling.
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Chapter 7

Non-Steady First Matrix Cracking
of Fiber-Reinforced Ceramics

Huan Wang

Abstract

Matrix cracking affects the reliability and safety of fiber-reinforced
ceramic-matrix composites during operation. The matrix cracking can be divided
into two types, that is, steady state crack and non-steady state cracking. This
chapter is about the non-steady stable cracking of fiber-reinforced CMCs. The
micro stress field of fiber, matrix, and interface shear stress along the fiber direction
is analyzed using the shear-lag model. The relationship between the crack opening
displacement and the crack surface closure traction is derived. The experimental
first matrix cracking stress of different CMCs are predicted.

Keywords: ceramic-matrix composites (CMCs), first matrix cracking stress,
brittle matrix, non-steady state, pre-existing defect

1. Introduction

Fiber-reinforced ceramic-matrix composites (CMCs) have greater specific
strength and specific stiffness. It will decrease the weight of the aircraft structure
when it is applied to the aircraft. However, there are some disadvantages like
complex processing and preparation, expansive, and so on. Now, there are some
models for first matrix cracking. The MCE model [1] is one of the most famous
models which established the relation between A.C.K and crack theory.

McCartney model [2] gives a detailed process about the numerical solution.

Chiang et al. [3, 4] used a modified shear-lag model considering the matrix defor-
mation and the fiber failure is also considered. This chapter is about the non-steady
matrix cracking of fiber reinforced CMCs. We assume that the fiber is strong
enough to keep intact when matrix cracking occurs, and the composites with inter-
face debonding are susceptible to weak frictional resistance. The growth character-
istics of short cracks are evaluated using the stress intensity method. We will do
some analysis about the fiber-matrix stress and solve equations to get the closing
traction distribution. Then, the matrix cracking condition is combined to obtain the
critical matrix cracking stress. The final results will show how the cracking stress is
related to the size of a pre-existing defect and prediction of the threshold stress.
Differences between the MCE model and McCartney model are also analyzed.

2. Fiber-matrix stress analysis

All analyses come from McCarteny model [2]. By performing stress analysis, the
influence of the fiber can be equivalent to applying a distribution of closing pressure
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p(x1) on the crack surface, and the influence of the applied stress can be evaluated
by regarding the stress as a uniform opening pressure 6., acting along the matrix
crack surface. Therefore, we can obtain the net pressure on the crack surface,

[6e — p(x)]. And the relation can be assumed for the continuum model [1]:

p(x1) = Av/u(xi) = p(—x1) ¢))

where x; represents the location on the crack surface. According to the Sneddon
and Lowengrub [5] and the force analysis, we can get the relation between the
effective traction p(x;) and displacement distributions u(x;) as follows:

20 t * 6w — p(£)
u(xq) = 2 Ll ) Jo (tZ = gz) dE 3dt 0« x1<a (2)

And we can also get the corresponding stress intensity factor [6]:

K=2 EJaLP(é)dX (3)
0

nlo /@ - )

To make the formula more simplified, we can get the following simpler
formula [2]:

1 (a2 — &) + val — x/?
u(xy) = —J {60 —p(€)} In dé 0« xy<a (4)
= Jo (@ —8) - Val—x?

After making some substitutions, we can obtain the following equation [2]:

P*(X) = p{\/l X2 1J1P(t) In

Vi—2+vV1-X2

dt} 0«X<1 (5)

Jo Vi-2-V1-X°
here
i = A%a/nc., (6)
K = 6.1/(ma)Y 7)
here

2 J '{1-P(X)}
y=2| 2 gx
t)o V1-X?

To obtain the parameter ), equating the energy availability for the continuum
and discrete fiber models. For the discrete fiber model, the energy available per unit

area for matrix cracking is [2]:

(8)

2 2
R B VuEn’ ©
61 (1 — Vz)z szEf

For the continuum model, the energy available per unit area for matrix
cracking is [2]:
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. - Auy’ 4n E. 2 3
E* = GooAuz — JO p(Auz)d(Auz) = ﬁ (m) € (10)

By equating E = E*, the parameter A is obtained:

Vi (2ntE¢E | V2
A=2—9— 11
Vi { R E,’ } a
this is different with the parameter A used by Marshall et al. [1].
- 2nt  Ef 12 VimEmn 12
=2 —_— = 12
4 Vf{ R vam} B ) (12

Now let us compare the parameter A with A. The parameter A is obtained through
the energy balance considerations, while the parameter A is gotten by doing some
mechanical analysis of the discrete fiber model. Therefore, we can know that the
parameter ) can account for the energy changes like stored energy and frictional
energy dissipation.

What’s more, it is necessary to choose a more reasonable matrix cracking condi-
tion to obtain the final critical matrix cracking stress. Now two matrix cracking
conditions will be on the list. It is noted that all the conditions are not on the physics
ground. Firstly, it is about Griffith fracture criterion as follows [2]:

K> = 2yE./(1—Vv?) (13)

According to this, we can derive the cracking condition. Secondly, it is assumed
that the matrix and composite stress intensities scale with the stress. So we can
derive the relation as follows [2]:

K = K! = KME, /E,, (14)

And this chapter adopts the first kind of condition. Finally, the equations
concerned with critical cracking condition in this chapter are derived as follows [2]:

a/a0 = {ue/Y(po) (15)
6%, /oo = {1/pY2(no) }* (16)

here, Y is a function only of .

To predict the threshold stress and obtain the relation between the cracking
stress and the pre-existing defect, we should firstly solve Eq. (5) and obtain the
effective traction distribution. Then, we can obtain many values of Y(y)
corresponding to a range of values of p. According to the cracking condition, the
curve related to the dependence of critical cracking stress on the pre-existing defect
is generated.

3. Numerical solution to matrix cracking stress

The main problem is to solve the nonlinear integral Eq. (5). The Simpson’s
integration formula is used here to derive the discrete form of the nonlinear integral
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equation which makes the substitutions. And finally, we can obtain the following
discrete formulation [2]:

{g™ } s 1= Y {g" — gV Ky i=0, ..nN20

j#i
(17)
here
. 2(i/n)* (o)
=g(i/n), S; = ; =0,i=0, ..,n,
g = g(i/n) T+ (/)
And,
85; S + S i3
Kij —) In ) * ) ,j 7£ i,
m* S =S VAL
1750 (14 /m)*)
% if j is odd
WlthSo—Sn—%Sj: ) ,jzl,...,l‘l—l.
3 if j is even
And the corresponding discrete form of Eq. (6) for Y [2] is given by
2 j9g;
i as)

1+ (j/n)*

When solving Eq. (15), the parameter p can be valued like 0.1, 1, 10, 100 and so
on. Then we can get the value of g '* by solving a quadratic equation and using the
starting value. What’s more, 0 <g <1. After getting values of all g ", by comparing

the two adjacent iterations until a group of solution meets the condition [2]:

\/ {n i >, (8- g§N))2} <s (19)

where & represents the accuracy and can be valued like 1076,1078.
In this chapter, the value of 5 is 107, and the values of p are 0.1, 1, 100.
This is the flow chart of the solution:

4. Results and discussion

By solving Eq. (15), we can get the curve of the distribution of effective tractions
acting on the crack surfaces as in Figure 1. The horizontal axis represents the
location in the crack surface, and the vertical axis represents the continuous effec-
tive traction. And it is simple that both the horizontal and vertical axes are in
percentage terms. So this figure shows the closing traction distribution in a range of
parameter p. The distributions corresponding to different values of p are different.
And larger the value p is, more load will the fiber support at the same position.
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Caculating the value of
gi in N+1 iteration

ompare the value of giin the
iteration and that of N+1 iteration
to see if it reaches the accurate

Printf the distribution
of the effective
tractions

Get the solution to the
matrix cracking stress

Figure 1.
The flow chart of the solution to the effective fiber tractions.

When p comes to 100, the fiber supports the applied load for most of the crack
length. As is mentioned above, this figure gives the accurate result for Eq. (1).
And according to this result, we can get the critical matrix cracking stress.

And the corresponding curve which shows the relation between the critical
cracking stress and the pre-existing defect is gotten with the cracking condition in
Figure 2. And the value of § is 107%, and the values of n is 60. The result can be
obtained by choosing different values of a/a0 and getting the corresponding value
of p. And the values ¢, /o( varies with a/ag. a/ag represents the length of pre-
existing defect, and oS, /oo represents the corresponding matrix cracking stress.
Both a/ag and ¢, /o are standard forms. In this curve, it is noted that the critical
stress decreases with the length of pre-existing defect increasing when the length of
pre-existing defect is short. And the stress tends to be constant with the length
rising when the length is over a value. When the length of pre-existing defect is
below a value, the corresponding critical stress is decided by the length of crack,
while the critical stress will be independent of the total pre-existing crack length
when the length of the defect is over the characteristic distance (Figure 3).

To obtain the threshold matrix cracking stress by choosing a/ag — oo, we choose
the parameter p like in the following table. It is shown that ¢S, /6o — 1.331 when
a/ag — oo. We can know that it is close to the theoretical value by calculation
(Table 1).
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Figure 2.
The distribution of effective traction acting on the crack surface.
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Figure 3.
The critical stress for matrix cracking on the length of the pre-existing matrix crack.

u 0.1 1 10 100 1000 1500

6, /o0 2.52038 1.582594 1.355636 1.332882 1.331029 1.331012 1.331025

Table 1.
Values of the critical cracking stress for various values of y [2].
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The distribution of effective tractions with different values of parameter V¢ in three kinds of material. (a) SiC-
glass ceramic. (b) SiC/bovosilicata. (c) C/borosilicata.
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a. The condition that the fiber is strong enough to keep intact and it does not
take into account the shear deformation in the matrix above the slipping
region is considered. But obviously the fiber failure and the deformation
above the slipping region influences the matrix cracking stress. This chapter
gives the numerical solution. MCE model gives the approximate analytical
solution [1] for short crack. And we can see that the two methods show the
same trends, and the numerical solution is lower than the analytical solution.
It is noted that the MCE model assumed the cracking condition instead of
deriving the condition. And the result of MCE model do not establish the
threshold matrix cracking stress below which is impossible to make the
matrix crack. The model will be valid when the ratio a/R is large enough, as
the fiber radius R was not quoted. It is not possible to determine that part of
the curve in Figure 5 satisfying the validity condition a/R > 10. So it is of vital
importance to derive numerical results. As Figure 1 shows, the distribution of
effective tractions p(x1)/0. increases with the parameter p rising at the same
position. By changing the value of V¢, we can finally change the standard
value og. As a result, the value of matrix cracking stress changes. And the
relation between the matrix cracking stress and V¢ is shown in Figure 4. The
parameters of three kinds of material are listed in Tables 2-4. They are SiC-
glass ceramic, SiC/borosilicate, and C/borosilicate. And the formula can be
derived according to Egs. (6) and (11):

o 8’Can2Ef(Efo + Eme)

20
RV,,2E;, 260 (20)

The relation that the parameter p increases with the V¢ rising can be gotten by
taking the derivative of the equation to determine its monotonicity. As a result, the
distribution of effective tractions p(x;)/0. acting on the crack surface rises with
parameter V¢ increasing. The parameter a represents the matrix cracking length,
and o, represents the applied stress. And as we all know, the distribution of

Parameter E¢/GPa E./GP, K% (MPa — /m) R/pm t/MPa
Value 200 85 2 8 2
Table 2.

The parameters of SiC-glass ceramic.

Parameter E¢/GPa E../GP, K¢ (MPa — /m) R/pm t/MPa
value 400 63 0.77 70 6-8
Table 3.

The parameters of SiC/borosilicata.

Parameter E¢/GPa E../GP, K¢ (MPa — /m) R/pm t©/MPa
value 380 70 0.75 4 10
Table 4.

The parameters of C/borosilicata.
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The distribution of effective tractions with different values of parameter t in three kinds of material. (a) SiC-
glass ceramic. (b) SiC/bovosilicata. (c) C/borosilicata.
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effective traction which is equivalent to the effect of fiber traction can make the
fiber ends displace to be rejoined. So the greater value of p(x1)/6w, the harder the
matrix to crack which means the value of the matrix cracking stress is bigger. And
the parameter 7 is in positive correlation with the parameter p. In the same way, the
matrix cracking stress will increase with the parameter t rising. The curve can be
seen in Figure 5 with three kinds of material which show the same tendency.

5. Conclusion

McCartney model gives a more reasonable parameter A which is gotten by
equating the available energy of fiber discrete model and continuum model, while
the MCE model do some stress analysis of fiber discrete model to get this parameter.
So the McCartney model can explain the energy changes. McCartney model derived
rather than assuming the matrix cracking condition. The cracking condition is
gotten through the Griffith fracture criterion in McCartney model. MCE model
assumed that the matrix and composite stress intensities scale with the stresses. And
McCartney gives the threshold stress to verify the theoretical value.
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Chapter 8

The Effect of Random Load on
Life Prediction of
High-Temperature Ceramic
Matrix Composites

En-Zhong Zhang

Abstract

High-temperature ceramic matrix composites (CMCs) are widely used in hot
section components of aeroengine, and random loads have an important effect on
their safety and reliability during aircraft operation. The current fatigue life
prediction model of CMC is divided into macrophenomenon model and
microdamage mechanism model. In this chapter, the fatigue life of fiber-reinforced
ceramic matrix composites is investigated. The fatigue life of the fiber-reinforced
ceramic matrix composites is predicted by micromechanical methods. The effect of
random loading on fatigue life is analyzed and compared with constant peak stress
fatigue life. The influence of composite constitutive properties on fatigue fracture is
also discussed.

Keywords: high-temperature ceramic matrix composites, fatigue life, random load,
fiber failure

1. Introduction

In the rapid progress and development of science and technology, the require-
ments of the use environment of the required materials are also increasing. For
example, with the development of high-performance aero-turbine engine, the inlet
temperature of the turbine increases gradually, and the temperature of the hot-end
parts can reach more than 1600°C, which has far exceeded the working limit of
superalloy [1]. The main materials of aeroengine combustion chamber, turbine, and
other high-temperature structures are still superalloys, although cooling and ther-
mal barrier coating technology is developing, but still cannot fully meet the
requirements of engine hot-end components, so high-temperature ceramic-based
composites are born. Ceramic matrix composites (CMCs) have a great potential as
high-temperature structural materials, especially as materials used in aerospace
vehicles with special parts which need to bear a very high temperature.

Compared with traditional materials, ceramic matrix composites have the
advantages of wear resistance, high temperature resistance, chemical corrosion
resistance, good vibration absorption, high specific strength, high specific modulus,
and low cost. The density is only 1/4-1/3 of the nickel-base alloy, and the strength
will not decrease with the increase of temperature, even higher than at room
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temperature. The application of ceramic matrix composite material structure to
civil engine can reduce the amount of cooling air, increase the temperature and
efficiency before turbine, and reduce the fuel consumption rate, so it can improve
the economy of the engine. If the ceramic matrix composite structure is applied to
the military engine, the starting weight can be obviously reduced, the temperature
in front of the turbine can be increased, and the pushing weight ratio of the engine
can be improved.

The most successful engine company for SiC¢/ SiC composite is the GE Aviation
Group. The GE Aviation Group, supported by the US Department of Energy pro-
ject, in 1992 developed innovative prepreg-melt infiltration processes that allow
high-performance, rapid, and low-cost preparation of SiC¢/SiC composites becomes
a reality. Developed by the GE Aviation Group, the SiC¢/ SiC composite low-
pressure guide vane was verified on the F136 engine in 2009, and the first flight was
completed in 2010. In 2016, SiC¢/SiC composite is applied on the turbine outer ring
of Leading Edge Aviation Propulsion (LEAP) engines and produced in batches. The
SiC¢/ SiC composite is used in combustor, guide vane, and turbine outer ring of
GE9X commercial engine, which reduces fuel consumption by 10% compared with
GE90-115B engine. The new generation of military turboshaft GE3000 engine uses
a ceramic matrix composite material, which reduces fuel consumption by 25%
compared with T700 engine, reduces life cycle cost by 35%, prolongs life by 20%,
and increases work-weight ratio by 65%. The Safran Group is one of the leading
practitioners of SiC¢/SiC ceramic matrix composites; the company has mastered the
chemical vapor infiltration process and has taken the lead in applying it on engine
tail nozzle.

There are two kinds of fatigue life prediction models for ceramic matrix com-
posites, i.e., macroscopic phenomenological model [2] and micromechanical dam-
age mechanism model [3]. Due to the complex microstructure, high anisotropy, and
various damage mechanisms of ceramic matrix composites, the macroscopic phe-
nomenological model needs a lot of experimental data to modify the life model. The
influence of structure fatigue life of high-temperature ceramic matrix composites is
closely related to the reliability and safety of aircraft; it is necessary to investigate
the influence of random load on structure fatigue life of high-temperature ceramic
matrix composites.

In this chapter, the damage process and mechanism of ceramic matrix compos-
ites are studied by means of the micromechanical method. The influence of random
load on fatigue life prediction of high-temperature ceramic matrix composites is
studied. According to the fatigue fracture mechanism of composite under cyclic
load, the life prediction model of composite is established, and an external load is
applied to study the influence of random load on fatigue life prediction of high-
temperature ceramic matrix composites.

2. Prediction method of fatigue life of composite materials

Fatigue damage occurs in composites subjected to repeated loading. Fatigue
damage at the initial stage of material application is not easily detected in external
observation. With the increasing number of cycles, the matrix began to appear
cracks, interfacial debonding, delamination, and irreversible fatigue damage.
Results show that the interfacial shear stress and fiber strength will decrease with
the increasing number of cycles. The decrease of interfacial shear stress causes the
material to be unable to deliver the load effectively, and the fiber strength is
reduced, resulting in the material being difficult to resist deformation. With their

144



The Effect of Random Load on Life Prediction of High-Temperature Ceramic Matrix Composites
DOI: http://dx.doi.org/10.5772 /intechopen.93059

combined action, the fiber volume failure percentage increases with the increasing
number of cycles. When the fiber volume failure percentage increases to a critical
value, the composite will be damaged. Under critical conditions, with the increase
of fatigue peak stress, it will lead to the decrease of cycle times, the decrease of
lifetime, and the decrease of safety and reliability.

Li [4] developed a micromechanical fatigue life prediction model considering
interface wear and fiber failure. In the process of cyclic loading to fatigue peak load,
some fibers first break failure, but also can bear a certain load through interfacial
shear stress. The load distribution between an intact fiber and a broken fiber is as
follows:

Omax _ 11— P(T)] + <T)>P(T) )
Vy

where 6.y is the fatigue peak stress, V¢ is the fiber volume content, <Ty> is the
load carried by the broken fiber, and P(T) is the fiber failure probability:

r-t-enl () () ()} @

where o, is the characteristic strength of the reinforced fiber and m is the fiber
Weibull modulus.

Lee [5] investigated the tension-tension fatigue behavior of CMCs at room
temperature; the degradation of the fiber strength is

o0(N) = o0[1—p, (logN)""] ®)
where p; and p; are the empirical parameters.

Evans et al. [6] investigated the fatigue behavior of SiC/CAS composite at room
temperature. The degradation of the interfacial shear stress is

T,'(N) = Tj0 + [1 — €Xp (—‘wN’l)] (Timin — Ti()) (4)
where 7j9 is the initial value of the interfacial shear stress, T; min is the steady-

state value of interfacial shear stress, and w and A are the empirical parameters.
Substituting the stress carried by broken fiber into Eq. (1), it leads to
} ®)

o (200" () s e [ (2) () i

Using Egs. (3), (4), and (5), the intact fiber stress T can be obtained N the
change of cycle number

"VL;‘ = T{[1- Py(logN)" |} (%)'"H mio + [1— exp (-:N‘)] (Fimin — 7io)

T m+1 1 " Tj
.{1 - [ (5—6) (1 - P1(logN)P2> tio + [1— exp (-@N*)] (imin — T"O)] }

(6)
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Using Eq. (2), Eq. (6) changes to

T P G o f,t[l—e T -
wax_ ,’,r{[ | — Pl( lOg N yis ]}( _) 2+l 50 [ 'Xp( )]( Finin ;0) P (7,)
Yy 7 T

(7)

When the failure fiber volume fraction P(T) reaches the critical value q*, the
composite fatigue fails. The flowchart for the life prediction of CMCs is given by the
following (Figure 1):

Input N=1
and peak
stress

L

Determine
the basic
parameters
of the
material

f.

The
relationship
between M
number of
cyclesand T

of fiber
stress M=MN+1
v \
The
relationship
between
fiber failure
volume
fraction P
(T) and
cycle times
M calculated

Y

Failure

Figure 1.
The flowchart for life prediction of CMCs.
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1. Determine the basic parameters of the material.

2.The relationship between the fiber strength and interfacial shear stress and
cycle times N was calculated by Egs. (3) and (4), respectively. Then, the
relationship between an intact fiber stress T and cycle number N under a
certain peak stress was calculated by Eq. (5).

3.The relationship between cycle number N and intact fiber stress T is
obtained from Eq. (2), and the relationship between fiber failure fraction P
(T) and cycle number is calculated by combining Eq. (7). When P (T) > q¥,
the composite fails and the minimum cycle number is output N, which is
fatigue life.

2.1 Theoretical prediction of ceramic matrix composites without random
loading

For C/SiC composite, the model parameters are given by p; = 0.01 and p, = 1.0;
the interfacial shear stress parameters are ® = 0.04, A = 1.5, 7,0 = 8 MPa, and
Timin = 0.3 MPa; and the other parameters are V¢ = 0.42, 6. = 2 GPa, m = 5, and
7; = 10 MPa.

Figure 2 is derived from Eq. (3). It can be concluded that the fiber strength
shows a linear decline with the increasing number of cycles and decreases from the
original 100% to about 94% of the original value when the number of cycles reaches
N =1,000,000.

Figure 3 is calculated from Eq. (4). The interfacial shear stress decreases rapidly
in the first 20 cycles and decreases very slowly and almost negligible in the 20—
1,000,000 cycles, which is approximately a straight line. It can be speculated that
the interface shear stress almost does not change with the increase of cycle times
after 1,000,000 cycles.

Figures 4-6 are obtained by combining Eqs. (6) and (7) under a peak stress of
Omax = 355, 365, and 375 MPa, respectively. The fiber failure fraction of CMCs
changes most slowly with the increase of cycle number in cycles from N = 1 to
N =100. In the 100-3000 cycles, the fiber failure fraction changes most sharply

1.01

1
0.99
0.98
0.97

0.96

Fiber strength

0.95
0.94

0.93
0 1 2 3 4 5 6 7
Cycles/N=10/X

Figure 2.
Fiber strength versus cycle number curve.
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Figure 3.
Interfacial shear stress versus cyclic number curve.
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Figure 5.
Fiber failure fraction versus cycle number under c,,, = 365 MPa.
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Figure 6.
Fiber failure fraction versus cycle number under 6,,, = 375 MPa.

with the increase of cycle number. The fiber failure fraction in the cycles of
3000-1,000,000 is similar to the linear growth with the increase of the cycle
number.

A calculation process of Figure 7 can be obtained from the steps above. The S-N
diagram of the composite is divided into segments. In the first cycle of 1-1000, the
peak stress in the cycle changes very slowly in the increase of cycle number, which
approximates a horizontal line. In the second stage, during the 1000-2000 cycles,
the peak stress changes rapidly in the cycle number. In the third stage, in 2000~
1,000,000, the peak stress in this cycle presents a linear decrease with the increase
of the number of cycles.
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Figure 7.
The experimental and predicted S-N curve.
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3. Effect of random load on fatigue life of ceramic matrix composites

The fiber characteristic strength and interfacial shear stress of CMCs are cyclic
dependent. The addition of a random load at the Nth cycle can be considered to be
the addition of a new peak stress higher than the original peak stress at the Nth cycle,
which is approximately equivalent to cycling the random load as the constant peak
stress, calculating the difference between its increased fiber failure probability at the
Nth cycle relative to the fiber failure probability increased by the original peak stress
at the Nth cycle k, and adding the k to the fiber failure rate after the first cycle.

3.1 Effect of random load cycle number on fatigue life

The parameters of C/SiC composite are given as follows: p; = 0.01 and p; = 1.0;
the interfacial shear stress parameter is given by o = 0.04, A = 1.5, 7,0 = 8 MPa, and
Timin = 0.3 MPa; the other related parameters are given by V¢ = 0.42, 6. = 2 GPa,

m =5, and 7; = 10 MPa.

The fiber failure curves under a constant peak stress of 6,,,x = 355 MPa and
random load of 6, = 360 MPa at N = 100 are shown in Figure 8. At the 100th cycle,
due to the random load of 6, = 360 MPa, the fiber failure probability increases
0.004207 than the original value under 6,,,,x = 355 MPa, the difference of fiber
failure probability continues after 100 cycles, and the life is reduced from the
original N = 389,642 cycles under 6,,,x = 355 MPa to N = 335,176 cycles, and the life
difference is 54,466 cycles. The occurrence of random load reduces the fatigue life
and decreases the fatigue life by 14.0% relative to the original value.

The fiber failure curves under a constant peak stress of 6,,,x = 355 MPa and
random load of 65 = 360 MPa at N = 1000 are shown in Figure 9. At the 100th cycle,
due to the random load of 6 = 360 MPa, the fiber failure probability increases
0.010321 than the original value under 6,,,x = 355 MPa, the difference of fiber
failure probability continues after 1000 cycles, and the life is reduced from the
original N = 389,642 cycles under 6,5 = 355 MPa to N = 268,176 cycles, and the life
difference is 121,466 cycles. The occurrence of random load reduces the fatigue life
and decreases the fatigue life by 31.1% relative to the original value.

The fiber failure curves under a constant peak stress of 6y,,x = 355 MPa and
random load of 6, = 360 MPa at N = 10,000 are shown in Figure 10. At the 100th
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Figure 8.

The fiber failure probability versus cycle number under 6,,,. = 355 MPa and random load of o, = 360 MPa at
N = 100.
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The fiber failure probability versus cycle number under 6, = 355 MPa and random load of o, = 360 MPa at
N = 1000.
0.3
025
=
&
5 02
S
o
“a:_, 0.15
=
£ 01
@
o
[
0.05
0
1 10 100 1000 10000 100000 1000000
Cycles
Figure 10.
The fiber failure probability versus cycle number under 6,45 = 355 MPa and random load of o, = 360 MPa at
N = 10,000.
Number Fiber failure Fiber Difference Fatigue Fatigue Difference Fatigue life
of cycles  fraction failure of fiber life life after of fatigue decreasing
under the fraction failure under random life rate
original load after fraction  original load
random load
load
100 0.049407 0.053614 0.004207 389,642 335,176 54,466 14.0%
1000 0.12704 0.137361 0.010321 389,642 268,176 121,466 31.1%
10,000 0.199833 0.215297 0.015464 389,642 221,415 168,227 43.2%
Table 1.

Fatigue life and fiber failure fraction under 6, = 355 MPa and random load of o; = 360 MPa at different

cycle number.
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Figure 11.
The fiber failure fraction versus cycle number curves under diffevent vandom stresses at N = 100.
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Figure 12.
The fiber failure fraction versus cycle number curves under different random stresses at N = 1000.

cycle, due to the random load of 65 = 360 MPa, the fiber failure probability increases
0.015464 than the original value under 6,,,x = 355 MPa, the difference of fiber
failure probability continues after 10,000 cycles, and the life is reduced from the
original N = 389,642 cycles under 6,,,x = 355 MPa to N = 221,415 cycles, and the life
difference is 168,227 cycles. The occurrence of random load reduces the fatigue life
and decreases the fatigue life by 43.2% relative to the original value.

Table 1 shows the fatigue life and fiber failure fraction under 6, = 355 MPa
and random load of 6, = 360 MPa at different cycle number. The difference of fiber
failure probability under random load increases with the increase of cycle number.
The long-term use of ceramic matrix composites with multiple cyclic loads has weak
resistance to random loads and low safety and reliability, but on the contrary, the
initial use of ceramic matrix composites has a strong ability to resist random loads
and high safety and reliability.
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3.2 Effect of random load peak stress on fatigue life

The parameters of C/SiC composite are as follows: p; = 0.01 and p, = 1.0; the
interfacial shear stress parameters are ® = 0.04, A = 1.5, 1,0 = 8 MPa, and
Timin = 0.3 MPa; and the other parameters are given by V¢ = 0.42, 6. =2 GPa, m = 5,
and t; = 10 MPa. As shown in Figures 11-13, the random loads of o, = 360, 370, and
380 occur at the applied cycles of N = 100, 1000, and 10,000, and the percentage of
fiber failure increases with peak stress and random stress. As shown in Table 2, the
difference between the fiber failure fraction under constant peak stress and the
fiber failure fraction under random load stress increases with the random stress
level. As shown in Table 3, the difference of the cycle life decreases with the
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Figure 13.
The fiber failure fraction versus cycle number curves under different random stresses at N = 10,000.

Peak Fiber failure Fiber failure Fiber failure ~ Fatigue life  Fatigue life = Fatigue life

stress fraction fraction fraction difference  difference difference at
(MPa) difference at difference at difference at at at 10000 cycles
100 cycles 1000 cycles 10000 cycles 100 cycles 1000 cycles
355 0.004207 0.010321 0.015464 54,466 121,466 168,227
365 0.004784 0.011549 0.017028 14,888 32,234 43,591
375 0.005412 0.012827 0.012828 4008 8399 11,076
Table 2.

Comparison of fatigue life under different random stresses.

Peak stress  Decay rate of loading Decay rate of loading Decay rate of loading cycle
(Mpa) cycle in 100 cycles cycle in 1000 cycles in 10,000 cycles
355 14.0% 31.1% 43.2%
365 16.2% 35.2% 47.5%
375 18.7% 39.7% 51.7%
Table 3.

Comparison of cyclic decay rates under different random stresses.
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Figure 14.
The fatigue life S-N curve under different random stresses.

increase of the peak stress, the proportion of the reduced cycle to the total cycle
increases, so the effect of the random load on the higher peak stress is greater.
As shown in Figure 14, the fatigue life decreases at higher random stress.

4, Conclusion

The influence of random load on fatigue life of high-temperature ceramic matrix
composites is investigated. A curve of fiber failure rate with cycle number and an
S-N curve of fatigue life of C/SiC composites are presented in this paper. The
random loads are loaded under different peak stresses, and the variation law of fiber
failure rate and cycle life is analyzed. It can be concluded that when the same
random load is added under the same peak stress, the difference of fiber failure rate
increases with the increase of cycle number at which the random load occurs, and
when the same random load is added at the same cycle number, the difference of
fiber failure rate increases with the increase of peak stress. If the added random load
is too high and exceeds the material’s bearing limit, the fiber will break directly.
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Chapter 9

Multiple Matrix Cracking of
Fiber-Reinforced Ceramic-Matrix
Composites during Operation

Chengzheng Zhu

Abstract

In the field of civil aviation, the most important factor is safety quality. Improving
aircraft performance can increase flight safety factor in some degree. To improve
the thrust-to-weight ratio of aircraft engines and reduce fuel consumption, the
fundamental measure is to increase the turbine inlet temperature of engines, while
hot-section components is directly related to the maximum allowable operating
temperature. Ceramic-matrix composite (CMC) material is one of the important
candidate materials for aeroengine. To improve CMCs in aircraft engine application,
it is necessary to investigate the failure mechanism of CMCs and also failure models.
However, during operation, matrix multiple cracking occurs with fiber debonding
and fracture, which affects the flight safety and failure risk. In this chapter, the mul-
tiple matrix cracking of fiber-reinforced CMCs is investigated using energy balance
approach.

Keywords: ceramic-matrix composites (CMCs), failure mechanism, matrix cracking,
evolution, energy balance approach

1. Introduction

Ceramic matrix composites (CMCs) have high specific stiffness, specific
strength, high temperature resistance, corrosion resistance and other excellent
properties [1-6]. However, CMCs also have inherent weaknesses. Due to the low
failure strain of the matrix, cracking of the matrix occurs before the failure of the
fiber. Matrix multiple cracking affects the reliability and safety of CMCs during
operation. In this chapter, based on the failure model of CMCs, the matrix cracking
problem CMC:s is investigated.

2. The matrix cracking of unidirectional CMCs

A partial fiber/matrix interface debonding model is used in this chapter. The
problem of multiple cracking of unidirectional brittle composites was first analyzed
by Aveston [7]. The fiber and matrix are simulated as concentric cylinders with
radius r, and R respectively. The composite material consists of a series of repeating
units connected by the fiber, as shown in Figure 1. When matrix cracking occurs,
the interfacial shear stress tends to concentrate near the matrix crack, which may
lead to fiber/matrix debonding in these areas. Crack spacing is denoted by L and
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Figure 1.

Partial interfacial debonding model for unidirectional composites.

stripping length by L4.X represents the displacement of the center of the composite.
By changing L and Ly, the model can include: (1) complete bonding, (2) partial
debonding/sliding, and (3) complete debonding/sliding. Because the fiber failure
strain in most ceramic matrix composites is much higher than that in matrix, it is
assumed that the fiber is intact during matrix cracking.

By using the energy method, the critical stress of matrix cracking is determined
considering the energy balance between the undamaged state and the cracked state.
The energy terms involved in the generation of matrix crack include matrix surface
energy, fiber/matrix debonding energy, energy consumed by friction fiber sliding,
strain energy change and work done by external load. According to the shear-lag
model, the stress distribution of the fiber, the matrix and the interface before and
after crack propagation was obtained, and the initial cracking stress of the matrix
was obtained by combining with the energy balance equation. When matrix cracking
and interface debonding occur, the composite strain is,

o ) (e 2 (V r
777_71A,7+7f(1_,7)_7 —m il oz
V.E; E 1, E PE\ V; I,

f

£ = x[exp[—gi’“(l—n)]—l:l—(% —a,)AT,n<1 1)

where V; is the fiber volume, V,, is the matrix volume, E; is the fiber elastic
modulus, 7 is the interface debonding ratio, 7; is the interface shear stress, 7¢ is the
fiber radius, /. is the matrix crack spacing.

The composite tangent modulus is defined as:

_do

E =22
Pode

2)

Figure 2 shows the evolution of the composite tangent modulus versus the
composite strain for different matrix crack spacing. The initial composite tangent
modulus is about 310 GPa, with increasing composite strain, the tangent modulus
decreases rapidly during the stage of matrix cracking and interface debonding, and
slowly at the stage of the fiber failure.

Figure 3 shows the evolution of the composite tangent modulus versus the
composite strain for different fiber volume. When the fiber volume increases, the
composite tangent modulus increases.
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Figure 2.
The tangent modulus versus composite strain of C/SiC composite for different matrix cvack spacing.
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Figure 3.
The tangent modulus versus composite strain of C/SiC composite for different fiber volume.

3. Results and discussion

In this section, the effect of interface shear stress and interface debonding energy
on the evolution of the matrix cracking is analyzed. Figure 4 shows the effect of
interface shear stress on the matrix cracking evolution of CMCs with the interface
shear stress of t; = 25, 30 MPa. When the interface shear stress increases, the first
matrix cracking stress increases, and the saturation matrix cracking stress also
increases, however, the saturation matrix cracking density may decrease. Figure 5
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Figure 4.
The matrix cracking evolution of CMCs with different interface shear stress.

8 Y T Y T Y T T T T T

-~
T

|

\
L}
1

=]
T
\
1

(4]
T

Matrix cracking density/(mm™)
-

3| -
—c, = 1.0 Jim?

2| 4
- =£,=1.5Jm’

1k 4

0 N 1 " 1 L 1 L 1 L 1 "

260 280 300 320 340 360 380

Stress/(MPa)

Figures.
The matrix cracking evolution of CMCs with different interface debonding energy.

shows the effect of interface debonding energy on the matrix cracking evolution of
CMCs with the interface debonding energy of 1.0 and 1.5 J/m?. When the interface
debonding energy increases, the saturation matrix cracking density increases.

4. Experimental comparisons

Based on the energy balance approach, the experimental and predicted matrix
cracking density of SiC/SiC composite is shown in Figure 6. When the applied
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Figure 6.
Experimental and predicted matrix cracking density versus the applied stress curves of SiC/SiC composite.

stress increases, the matrix cracking density increases and approaches saturation.
When the fiber volume is V¢ = 23.2%, the matrix cracking starts at the applied stress
of 350 MPa, and approaches saturation at 590 MPa with the saturation matrix
cracking density of 1.83/mm; and when the fiber volume is V¢ = 25.8%, the matrix
cracking starts at the applied stress of 334 MPa, and approaches saturation at

550 MPa with the saturation matrix cracking density of 3.03/mm. When the fiber
volume increases, the stress transfer between the fiber and the matrix increases,
leading to the increase of the saturation matrix cracking density and saturation
matrix cracking stress.

5. Conclusions

In this chapter, the multiple matrix cracking of CMCs is investigated. During
multiple matrix cracking, the composite tangent modulus decreases with increasing
stress, and the evolution of the tangent modulus with composite strain can be divided
into several stages, due to the damage mechanisms of the matrix cracking, interface
debonding and fiber failure. The effects of the fiber volume and the matrix crack
spacing on the evolution of the composite tangent modulus are analyzed. The effects
of the interface shear stress and interface debonding energy on the multiple matrix
cracking evolution of CMCs are also analyzed. The experimental matrix cracking
density versus the applied stress of SiC/SiC composite is predicted using the present
analysis.
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Chapter 10

Finite Element Analysis of Fiber
Pull-Out of Ceramic Matrix
Composites

Wang Hong

Abstract

Ceramic matrix composites (CMCs) are widely used in aerospace, defense
industry, and other fields because of their high strength, high toughness, and
high temperature resistance. The interface phase with matching performance and
structural coordination is the key element to improve the brittleness of CMCs
and improve their strength and toughness. In this chapter, based on the fiber
pull-out experiment, using the cohesive zone model as the interface element
model, a two-dimensional axisymmetric fiber pull-out finite element model was
established and simulated. The results show that within a certain range, higher
interface bonding strength and interface fracture energy increase the maximum
debonding load during fiber pull-out and enhance the material bearing capacity.

Keywords: ceramic matrix composites (CMCs), interface mechanics, fiber pull-out,
finite element method (FEM), cohesive zone model

1. Introduction

Ceramic matrix composite (CMC) is a third-generation composite material
composed of ceramic as the matrix and various reinforcing phase fibers [1]. It
has excellent properties such as high strength, high toughness, high tempera-
ture resistance, and oxidation resistance, which overcome traditional ceramic
materials that have large brittle performance defects and are widely used in
components such as nose cones and wing leading edges of space vehicles, rocket
engine nozzles, rocket head radar radomes, etc. [2, 3]. The interfacial phase is the
medium and transition zone between the matrix and the reinforced phase mate-
rial of the ceramic matrix composite material [4], which mainly plays the role of
transferring load and blocking crack propagation. Its structure and composition
play a vital role in the performance of the interface, in turn, affects the mechani-
cal properties of ceramic matrix composites. There are methods for studying
interface problems such as fiber pull-out and fiber push-out. The most typical
one is the fiber pull-out experiment. This method was introduced several decades
ago [5] and has now become the basic experimental method for related research.
However, the experimental investigation can only reflect a certain phenomenon
intuitively. It is difficult to prepare the specimen for the fiber pull-out experi-
ment. At the same time, the debonding process between the fiber and the matrix
is also affected by factors such as interface strength and interface fracture energy.

165 IntechOpen



Safety and Risk Assessment of Civil Aircraft during Operation

The numerical simulation method can obtain data that is difficult to obtain in the
experiment, which provides a powerful tool for studying interface problems.

In this chapter, the cohesive zone model [6, 7] is used to simulate the interface
of ceramic matrix composites, the maximum nominal stress damage criterion is
used to determine the initial damage of the interface element, and the energy-based
linear attenuation damage evolution criterion is used to determine the damage
evolution law of the interface element. At the same time, considering the influence
of interface bonding strength and interface fracture energy, the debonding process
of fiber pull-out of ceramic matrix composites are analyzed.

2. Fiber pull-out model

In this chapter, the commercial software ABAQUS is used to perform finite ele-
ment simulation analysis on the fiber-out process of ceramic matrix composites. In
the calculation process of the finite element method, it is necessary to first establish a
geometric model for single fiber extraction. According to the geometric and mechan-
ical characteristics of the single fiber extraction experiment, a two-dimensional
axisymmetric cylindrical model is used to simulate and analyze it. The geometric
model of the fiber pull-out is shown in Figure 1. Its structure contains fiber, interface
layer, and matrix. The fiber has a certain embedding depth in the matrix.

In the fiber pull-out model, the fiber and the matrix are its main structures.
Considering the calculation efficiency, the CAX4R element is selected for the fiber
and the matrix. The interface layer is the most deformed part of the fiber pull-out
model, which requires higher accuracy. The COHAX4 element is selected for the
interface. The meshing result of the fiber pull-out model is shown in Figure 2.

The cohesive element [8, 9] is a special element constructed based on the
cohesive zone model. In the two-dimensional model, the debonding of the interface
is divided into two directions, tangential and normal. The stress ¢ in the crack area
is a function of the crack opening displacement §.

o = () (1)

As the crack opening displacement 8 increases, the stress ¢ increases. When
the stress reaches the initial damage criterion, the initial damage of the cohesive
element in the interface occurs. The initial damage criterion uses the maximum
nominal stress criterion.

o T\ _
max {FS’E =1 )
where o and 7 represent the tangential and normal stress at the interface and o,
and o, represent the bonding strength of the interface.
The energy released during cracking is called fracture energy or energy release
rate G, and its calculation formula is

G = [odd = [f(8)dd 3)

In order to characterize the damage evolution law after the initial damage of the
cohesive element at the interface, the damage factor d needs to be defined. When the
cohesive element just occurred at the initial damage, the damage factord = 0, and no
damage evolution of the cohesive element occurred at this time. When the stress of
the cohesive element in the interface continues to increase and the damage evolu-
tion conditions are met, the damage factor will increase according to its evolution
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Finite element meshing results.

rule until the damage factord = 1, and at this time the cohesive element fails and is
deleted. Damage evolution criterion adopts energy-based damage evolution form.

shul v
O (T - (‘Tmlt

where 8,, represents the equivalent displacement, 8} represents the equivalent
displacement when the cohesive element is initially damaged, and 8/+' represents
the equivalent displacement when the cohesive element fails completely. G is the
fracture energy and G,,; is the energy at the initial damage of the cohesive element.

In the following research, T300 fiber, SiC matrix, and PyC interface layers are
taken as the research objects, and the material properties are shown in Tables 1 and 2.
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Material Transverse Young’s Axial Young’s modulus Transverse shear
modulus (GPa) (GPa) modulus (GPa)

Fiber 15 230 7
(T300)
Material Axial shear modulus (GPa) Transverse Poisson’s ratio Axial Poisson’s ratio
Fiber 27 0.3 0.013
(T300)

Table 1.

Material properties for T300 fiber.

Material Modulus (GPa) Poisson’s ratio (GPa) Fracture energy(]/mz)
Matrix (SiC) 450 0.17 —
Interface (T300) 35 — 4-10

Table 2.

Material properties for SiC matrix and PyC interface.

3. Results and discussion

Figure 3 shows the load-displacement curve of the simulation results of fiber
pull-out. The fiber pull-out process is mainly divided into four stages: elastic
deformation, partial debonding, complete debonding, and fiber friction slip. It can
be seen from the figure that during the stage of elastic deformation (O-A), there
is alinear relationship between load and displacement, and no damage occurs at
the interface. During the stage of partial debonding (A-B), the load—displacement
curve exhibits nonlinearity, at which time some interface elements are damaged and
enter the damage evolution phase. During the stage of complete debonding (B-C),
the load drops suddenly, and all interface elements are damaged. When the damage
factor d of all units is zero, the interface is completely debonded. During the stage
of fiber friction slip (C-D), the load is kept at a low level to resist friction.

The load-displacement curve of fiber pull-out under different interface bonding
strength is shown in Figure 4. With the increase of the interface bonding strength,
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Figure 3.
Load vs. displacement curve of fiber pull-out.
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the initial damage of the interface unit needs to be carried out under a higher load,
thereby increasing the maximum debonding load and improving the bearing capac-
ity of the material. The maximum debonding load at the interface bonding strength
of o, = 6, = 30 MPa is increased by nearly 28.34% compared to the interface strength
of 6, = o, = 15 MPa. At the same time, the stiffness of the load-displacement curve
also increases as the interface bonding strength increases.

The load—displacement curve of fiber pull-out under different interface fracture
energy is shown in Figure 5. Due to the increase of the interface fracture energy,
more energy need to be released during the damage evolution of the interface
element to completely damage the interface, thereby increasing the maximum
debonding load, expanding the debonding area of the interface, and improving the
bearing capacity of the material. At the same time, at a higher interface fracture
energy level, its influence on the fiber pull-out process becomes smaller, possibly
because the failure of the cohesive element at this time is mainly controlled by the
interface bonding strength.
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Figure 4.
Load vs. displacement curve of fiber pull-out under different interface bonding strength.
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Load vs. displacement curve of fiber pull-out under different interface fracture energy.
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4, Conclusion

Fiber pull-out has experienced four stages, elastic deformation, partial debond-
ing, complete debonding, and fiber friction slip. The maximum debonding load
and the bearing capacity of the material increase with the increase of the interface
bonding strength and interface fracture energy. However, when the interface bond-
ing strength is too large, the fibers will first undergo brittle fracture, and its impact
on the load-bearing capacity of ceramic matrix composites needs further study.

Author details

Wang Hong
Southwest Jiaotong University, Chengdu, China

*Address all correspondence to: hongwang369@163.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/

licenses/by-nc/4.0/), which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited.

170



Finite Element Analysis of Fiber Pull-Out of Ceramic Matrix Composites
DOI: http://dx.doi.org/10.5772/intechopen.93082

References

[1] Jia C. Introduction to Ceramic Matrix
Composites. Beijing: Metallurgical
Industry Press; 1998

[2] Zhang L. Fiber-Toughened Silicon
Carbide Ceramic Composites:
Simulation, Characterization and
Design. Beijing: Chemical Industry
Press; 2009

[3] Kaya H. The application of ceramic-
matrix composites to the automotive
ceramic gas turbine. Composites Science
and Technology. 1999;59(6):861-872

[4] Yang X. Composite Material
Interface. Beijing: Chemical Industry
Press; 2010

[5] Favre JP, Merienne MC.
Characterization of fibre/resin bonding
in composites using a pull-out test.
International Journal of Adhesion and
Adhesives. 1981;1(6):311-316

[6] Jinquan X. Interface Mechanics
Model. Beijing: Science Press; 2006

[7] Barenblatt GI. The formation

of equilibrium cracks during

brittle fracture: General ideals and
hypotheses, axially symmetric cracks.
Applied Mathematics and Mechanics.
1959;23(3):622-636

[8] Needleman A. Micromechanical
modelling of interfacial decohesion.
Ultramicroscopy. 1992;40(3):203-214

[9] Zhang ]. Application of Interface
Stress and Cohesion Model in Interface
Mechanics. Zhengzhou: Zhengzhou
University Press; 2011

171






Chapter11

Modeling of Damage Evolution
of Fiber-Reinforced Composite
Structure
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Abstract

This chapter is the result of a study of many special disciplines, such as damage
of matrix, cracking, interface, debonding, and fiber failure. A damage mechanics
model is presented to characterize brittle failure in elastic fiber-reinforced compos-
ite materials. During the life of the aircraft, cracks and damage can occur in avia-
tion structures that should be analyzed to determine the decrease in stiffness and
resistance due to the presence of the cracks. Theoretical and numerical problems
related to intralaminar and interlaminar failure modeling are very well discussed.
The formulations of the constitutive models presented in this chapter support the
Continuum Damage Mechanics (CDM) approach and enable the control of energy
dissipation in relation to each failure mode, regardless of the refinement of the
network and the orientation of the fracture plane. In context to CDM, internal
thermodynamic irreversible damage variables are defined to quantify the damage
concentration in relation to each possible failure mode and to predict the gradual
reduction in stiffness for each bond layer. Numerical examples are provided to
possibly explain the capabilities of the model.

Keywords: cracking, debonding, damage mechanics, fiber-reinforced, modeling of
damage

1. Introduction

Composite materials—the history of their use dates back to the ancient times.
Already the early South American and African civilizations used to build from mud
and straw bricks. This is not, however, an example of a composite material as we
know it, but its purpose was the same as it is today—a complex material which takes
the benefits of all its constituents.

Today composite material is most common and mostly used in every field of
industries, from Aircraft to naval craft automotive industries to sport industries.
They also can find in medical industries hospital application. Since the 1980s,
the scope of their usage has increased thanks to the significant progress in mate-
rial science and technology continuously, and mainly the computer equipment.
While the initial driving force yielded mostly from the need for weight savings,
other factors play important roles today when inclining to composites, such as cost
competitiveness, lifetime, durability, chemical resistance.
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We say that composite is a combination of two different components. Presently
days in industry composites are materials made by two different more material. One
is natural one and other is artificial material components. That are both stronger as
a team than work alone player. They join and contribute their generally stunning
amazing properties to improve the desirer final outcome product, commonly in
view of utilization.

For example, if you are want to add more quality, more effectiveness, and more
toughness and more strength, more durability. Composite, likewise know as fiber-
Reinforced polymer (FRP) composites are made as a polymer matrix that is joined
with reinforced with the help of engineered. Human-made, or some regular fibers (like
glass, carbon) or other reinforced material. The matrix protects the fiber from any
kind of environment cold hot any kind and each sort of outside damage transfers the
external and internal load between the fiber. Fiber provides strength to the reinforced
matrix, which resisting cracking and fracture (Figure1).

In huge numbers of our industry’s items, for example, the polyester material
resin is such a matrix and glass fiber is reinforcement. However, we realize that
mixing of resin and reinforcement composite are utilized in composite and each,
also, every material adds to the most astonishing and interesting properties of the
last item. Fiber, amazing yet we realize it is a week, gives quality and firmness, and
strength and more important stiffness.

And keeping in mind that it is progressively adaptable and flexible resin, give
shape, and protect the fiber of the composite final product. (FRP) composite
may likewise contain fillers, additive substances, material and surface finishes
designed to improve the final product the whole manufacturing and the assem-
bling procedure, appearance and more important is the performance of the final
product of composite. In the aerospace sector, development of high-performance
aircraft cannot be counted without the use of composite technology. Composite
material has reached 50%, while the usage of composite has reached 24% in the
production has reached 25% on the AirbusA380.

In military aircraft, composite amount reached 24%, in the production of (F35)
and for the making (F22) fighter composite usage is reached 30%. Figure 2 below
gives a brief account of composite material used till now in the aerospace industry.
Composite material has played a fundamental role in weight decrease, and we can
utilize composite for both internal and external structure basic application and seg-
ments of air plane and rocket and more important in a space vehicle. Furthermore,
air planes from lightweight planes and tourist balloons to numerous air plane
whatever such aircraft is used for military or civil purposes, space transport, and
air crafts.

Provides strength and stiffness (glass, carbon, Protects and transfers load between fibers Creates a material with attributes superior to

aramid, basualt, natural fibers) (polyester, epoxy, vinyl ester, others) either component alone

Figure 1.
How to make fiber-composite matrix.
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When we talk about advanced composite, manufacturing costs are relatively
high in the aviation Markets. The very high coast of fabrication is the leading
cause of the slow development of Advanced Composite in the civilian and military
sectors. However, due to the development of advanced composite manufacturing
technologies and economic globalization has made it easy for the industry to use
them. Developing interest for better execution of final product items and material
has developed every year on prompted consistent improvement in the field of
composites must more advanced separate composite fiber.

Resins and cores and new manufacturing fabricating techniques were created
and used to build different materials or items that have stunning and remarkable
mechanical properties thought to be exotic a few years ago. Those next-level genera-
tion composites are utilized in numerous businesses like aviation and spacecraft.
Are also given so much importance in other industries such as automotive, energy,
significant sport, and just every everywhere low weight give the composite so much
importance in all industries.

1.1 Fiber-reinforced composites (FRC)

Fiber composites material are also known as fiber-reinforced composites (FRC)
having continuous fibers that are of particular relevance. And the first composite
used in the modern era, in the marine and automotive industries due to the less
weight and strength.

Their mechanical properties as we know strength and stiffness and strongly
direction which allows the engineering and designer to get his desired final product
in many attractive and high-tech applications, for example, replacing the metals of
water boats with the composite and now the water boats are more fuel-efficient and
lightweight and spend more time in the water than before.

It is, therefore, so important to know or seek essential and necessary tools for
the description of the behavior of such a dynamic composite since these substitu-
ents must undergo the same production procedures as their metal. The impact of
the analytical and numerical method, together with the corresponding computer
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Usage of the composite in the aerospace industry.
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hardware equipment, is more important. The thesis should be focused mainly on
the theoretical field of research. The individual goals of this thesis were stated as
follows:

1. To perform a survey of literature focusing on proposed topic

2.To study the behavior of Fiber-reinforced composite

3.To seek appropriate local failure criteria for FRC

4.To seek appropriate material damage model of FRC

5.To seek appropriate damage analysis methods of FRC

Advantages of composites usage in aerospace:

1. Weight decrease up to 20-60%.

2.Single-shell formed structure gives higher quality at the lower weight.

3.The amazing ability of the impact, for instance, like we also know Kevlar
reinforcement armor, let planes have less accidental harm and damage to main
frame engine which carry most of important fuel lines and engines control
systems.

4. Higher thermal stability ability.

5.Structural important components made of composite material are very
important for the aircraft.

2. NDE tools and method

Non-destructive evaluation (NDE/NDI) is a tool that most of the time used
interchangeably with non-destructive tools. So far, non-destructive evaluation is
used to describe measurement that is quantitative in nature. We can use the non-
destructive method not only defect, but we can use for measurement something
about defects such as more important its size shape and orientation. We used
non-destructive evaluation to find material important properties; one of them is
fracture of the product and toughness, formability, and other physical properties
characteristics. (NDE) is essential and a necessity for both the manufacturing
quality of the final product of the composite material and in-service performance
monitoring for the maintenance purpose. With every day, new composite materi-
als and advance composite materials are coming in industries and their broader
application in the aerospace industry. An increasing need and fast and robust and
reliable and economical (NDE) techniques to inspect composite components that
have uniquely new and complex damage failure modes and responses are evident.

We can say that one of the designs of modern aircraft. The structure consists
of higher fatigue life damage tolerance capability and corrosion resistance to fewer
maintenance costs and also comply with operator requirement and full fill the
airworthiness requirement.(NDE) is essential, although time-consuming and much
expansive, to fulfill all requirements and for the assessment of widespread damage
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and repairs. The existing major non-destructive inspection/evaluation methods
include the following techniques:

2.1 Tapping technique
* Thermography
* X-ray Radiography
* Eddy Current
2.2 Tapping TechniqueTab

Testing is an old and extremely dimple Non-destructive technique. and that we
also are referred to as coin Testing, which involves the knocking of an one which one
you want testing object surface with a little or big hammer or coin and judging its
incorruptibility and damage by the sound that come from the thing because of the
result when someone knocking on the object. A duller sound come from the object
would indicate that such a sway has been dampened possible due to the presence of
a defect in the object within the final product.

However, when we used this method is applied manually it does’t provide too
much data and record of such response and it naturally start begs to question of
the object reliability of the evaluation.so the main thing is that it highly dependent
on such operators’ perception. Real time, a permanent record of the method in
such identifying the presence of the flaw and defect and establishing its size and
placement of the object (Figure 3).

2.3 Thermography

Infrared thermography from (NDE) tools aims at the detection and finding of
subsurface features of an object, which incorporates subsurface defects and cracks,
and more important anomalies. Attributable to the important is temperature
difference observed, the final product surface during monitoring of object by the
infrared camera. As we know that at temperatures above temperature all bodies
emit non-particulate radiation within the spectrum usually in such region from 2 to
5.6mm to 8-14 mm. These two important spectral bands are commonly mostly used

Tap hammer

25— 38 mm
(1.00 —1.50 in)
(approximately)

Panel surface

\
- -
38 mm e
(1.50in)
(approximately) \

Figure 3.
Use the method of TabTechnique.
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due to their atmosphere absorption. It is very useful to detect in-service damage such
we know as impact, and lightning damage whose superficial visual appearance often
belies the full extent of their underlying damage.

As we know recently, a new thermography method called Lock-in Thermography
has been found. So this method is a combination of infrared thermo-graphy and
thermal wave method and thus is more sensitive and higher detection capability
compared to conventional reflection and through transmission methods (Figure 4).

2.4 X-ray radiography

Radiographic Testing is additionally one in every of the (NDT) methods, which
uses either one method is x-ray and gamma rays to look at and therefore the internal
and external structure of the manufacturing of components identifying every kind
of crack, damage or some flaws or defect as we all know that in radiography. Testing
the object test-part of the final product is placed between the radiation sources and
the film.

The fabric density and therefore the thickness difference of the test part will
attenuate to the object and the going through radiation through the interaction process
involves scattering and absorption. In industries radiography, there are many types of
imaging methods available, such as film radiography, real-time radiography, computed
axial tomography, digital radiography, or computed radiography. There are two differ-
ent but important radioactive sources used for industrial use; X-ray or Gamma-ray. If
we are used these two methods the radiation origin mostly use higher energy levels, as
an example, shorter wavelength and different forms of electromagnetic waves due to
the radioactivity involved in radiography examination or testing (Figure 5).

2.5Eddy current

The eddy current array is also one of all NDT test methods that offer the
flexibility and flexibility to operate multiple electronic eddy current coils that are

Pulsed thermography images

Figure 4.
Show the image of thermography how it work.
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Figures.
Show how X- ray radiography find crack.

juxtaposed in a single collection of queries and each eddy current coil within the
probe result signal is discussed for the shape and spread of its downstream design.
These data are assigned to the encryption positive and thus to the time and is
described graphically as a C scene image. As we investigate, the eddy current fault
detection or discovery method is created with the ECA inspection.

Nevertheless, the amazing advantage of the ECA method or technology enables
better detection and inspection. The eddy current array is additionally one in each
NDT test method and technology, which offers the flexibility to drive multiple
electronic eddy current coils currently used in the identical probe arrangement
of these methods, and each eddy current coil within the request generates a sign
proportional to the phase and Amplitude of the frame and structure below. These
data relate to a coded positive and a coded time and are shown schematically as a
C-Sean image. As we know, the eddy current error check and detection method are
reproduced with the ECA check. However, the great advantage of the ECA method
and application enables improved detection and investigation.

The eddy current is a very high test speed and no need a black surface is no longer
required and there is no longer any danger to our environment. Colored surfaces have
no influence, no temperature influence, and no calculation of the crack height of an
object. And with the assistance of the eddy current, many materials such as steel,
stainless -steel, duplex, alloy, and other conductive material can be checked (Figure 6).

2.6 Evolution of multiple matrix cracking

Composite laminates are those composites that provide the intended stiffness. If
you see laminated, the properties have a linear or longitudinal direction and a direc-
tion outside the axis due to the combination of laminates axis and axis positions. As
soon as we have carried out the quasi-static loading, the matrix suddenly fails first,
which leads to the formation of micro-cracks. Such a product is inherently sensitive.
These micro-cracks increase quickly.

Cover the thickness and build up the width of the layers transversely to the direc-
tion of loading. If we put more stress on such a product of an object, more new cracks
appear in the transverse piles, which form an almost parallel arrangement that is
even the same size and the same distance from the surface. There they are considered
fully grown for damage mechanics. The expansion of a personal layer tear is not very
important in our final product, which is important for the object, or the increase in its
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Figure 6.
Show how the eddy current work.

density if further loads are exerted on the composite laminate material is of concern
as all of such cracks decrease the stiffness of such a composite structure. Because

we have equal size and reliable spacing, such ply cracks we will find by the analyzed
through many methods like edge- replication, acoustic- emission or, X-ray radiogra-
phy, and ultrasonic C-scan, or Raman spectroscopy is used worldwide.

Stage | Stage |l Stage [l
Crack initiation & | Multiple crack Saturation of
propagation through :

Tormation | progressive cracking
laminate width :

Crack density (Mo. of cracks/mm)

Applied load (strain or stress)

2.7 Analytical models for evolution of multiple matrix cracking in cross ply
laminates

This technique to seek out or predict damage evolution because of multiple
matrices cracking maybe we classify into a two-group (1) strength-based and
(2) energy-based. And once we are talking about strength-based concept used
some extent failure criterion for the crack initiation and increase, and once we
speak about the energy-based techniques consider the balance of energy while the
cracking process or formation and are conceptualize same because of the to the
energy discharge rate concept in linear-elastic fracture or crack mechanics.
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Most models developed so far have 90% cross-ply laminates for ply cracks. Many
studies have shown that great progress has been made in dealing with off-axis layer
cracks in multi-directional laminates. First we looked at analytical models for the
detection and prediction of cross breaks in cross-layer laminates.

Assuming the self-similarity of fully developed layer cracks, we can define
the boundary value problem as shown in Figure 7, whereby state 1 shows the
damaged state with crack spacing, while s = 2 1, while state 2 represents the crack
density twice s = 1. The damage process normally involves a tension and stress
field in the composite laminate with a presetting of equivalent breaks in the
transverse planes.

For this purpose, an increase in the applied far-field pressure or stress 60 is
required to create further fractures between the existing fractures. And the energy-
based approach is therefore expressed in terms of the energy required to make these
cracks Multiplication. Self-similarity of stress fields around existing fractures and
constant resistance to fractures in material micro-structure and new fractures and new
cracks. The existing fractures (points A and B) must be from the middle (point C).
But, in fact, local fracture toughness varies spatially due to material heterogeneity and
manufacturing-type defects and cracks.

2.8 Fiber failure and debonding in composite materials

When we talk about fiber-matrix interface de-bonding initiation from random
fiber breaks is thought in this idea of the critical losses and loss mechanisms in
unidirectional composites subjected to quasi-static and cyclic loading. The rise in
fiber-matrix interface de-bonds ends up in a discount of the difference and ulti-
mately to the final word failure of the UD composite.

2.9 Damage mechanisms in UD composites in quasi-static loading

As we know that in fiber failure and debonding in composite materials, Damage
mechanisms in (UD) composites in quasi-static loading are more critical, so let
we talk first about (UD) composite. In polymeric (UD) composite, the fiber strain
to failure is so smaller than the matrix strain to failure of fiber, and when they are
loaded in quasi-static tension in the fiber direction as the first fiber breaks occur in a
somewhat random position.

As we know, because of statistical defect size distribution in fibers, which leads
to the famous Weibull strength distribution, which has been used and, which is

f \ f [
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Figure7.
Show schematics showing progressive multiplication of transverse ply cracks in a cross-ply laminate.
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employed and that we know that fiber breaks make less and reduced the viscosity
and stiffness and viscosity of the UD composite (Figures 8 and 9).

Stress travel or moves through the fiber-matrix interface causes multiple cracks
fractures of one fiber. It depends on the main point of the properties of the fibers,
matrix, or and fiber-matrix interface. Many of this event may follow formation of
each fiber breaks (Figure 10): (a) The fracture or cracks extends from the fiber to
the matrix until it’s capturer by the neighboring fiber. (b) Fiber break tip, which
can occur at the shear yield of the matrix, will slow the fracture or crack. Or (c) the
deboned crack increases from the fiber to fiber break.

The latter layout is commonly observed and calculated and we are using the
single-fiber fragmentation test. In the mix, this deboned crack increases until
another material of deboned crack is met. It’s growing together with the identical or

(a) (b) (c)
WML
'Il 'l,

Figure 8.
Damage development scenarios after fiber break formation. (a) Crack propogation in the matrix. (b) Matrix
yielding. (c) Debonding of the fiber—matrix interface.

Debond

Fiber break

. N .
~ i i~ =
I I I H I l Final failure
&
m
E I
= =
] = I
= 2
£ a « N
(%] (%]
£ 5
€ <
B
=
Figure 9.

Schematic of damage events leading to the final failure of a UD composite due to increase of the applied tensile
load.
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UD composite with vandom fiber break and partial interface debonding. (b) Representation of the UD
composite by a CCA model. C, effective composite; F, fiber; M, matrix.

other thing is that neighboring fiber. Finally, all fractures and cracks are combined
into large fracture or crack, which ends up in complete totally failure of the UD
alloy or composite, as shown systematically in Figure 10.

2.10 Fiber de-bonding in quasi-static loading

The fiber-matrix de-bond crack propagation usually applies linear-elastic
fracture mechanics (LEFM). In LEFM, the analysis first requires calculation of the
energy release rate of the (ERR). In the under-static loading, the EER within the
initial standard is often compared to the crucial ERR value. EER is that the most
ordinarily used single-fiber fragmentation test worldwide and round the industries.

is mostly used around the world analyzed for denond growth in the single-fiber
fragmentation test.

The way of the method used to cover a wide spectrum from analytical method
to numerical methods such as finite-element method (FEM) or we have other
methods called boundary element method (BEM). If we want very accurate numer-
ical local stress state analysis at debonding, the crack tip was only performed using
(BEM). But this method is some limitation to isotropic constituents. And one more
important thing is that such a method is not used for the carbon fibers (transversally
isotropic) or another anisotropic constituent in the model.

The (EER) debond crack propagation in (UD) composite has been previ-
ously analyzed. In frictional sliding of debonding, faces were analyzed using a
fiber-matrix unit with a free outer surface without including in the analysis the
surrounding composite. The (UD) composite may be represented by a model with
axial symmetry, a broken and partially debonded fiber surrounded by matrix
embedded in an effective composite.

3. Damage evolution in composites using damage mechanics and
micro-mechanics

When we think about the composite material first thing, come our mind is the
specific strength and stiffness are the primary concern about the application of
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Micro-/macro-mechanical approach.
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Simplified, three-dimensional micromechanical model.

composite material is using in the aerospace and military structure aircraft and
also in civil aviation. Many more industries used composite material around the
world. So, around the world, the engineer has significant challenges about Design
and analysis of the composite because of the complex nature of the compositional
failure modes and mechanisms of the composite. Predicting and evaluating the
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progressive damage of the composite structure is critical for analysis and style using
the advanced composite and property.

Formerly want to model damage or defects in composites generally employ-

ing a macro-mechanical approach [1-7], since we all know that there are many
various kinds of damage or defect states in composites, looking on their physical
properties and their layout or damage. or error criteria depend. In macro-
mechanics we have got assumed for each case [8-16] because we all know that
different damage and failure states at the macro-mechanical level can cause
the identical damage and failure state within the macro-mechanical model.
For instance, once we do matrix damage or failure, we understand the results
of fiber splitting, cross-matrix cracking, and de-lamination. So, if we use the
damage or failure in terms of the micro-mechanical level, this could be more
immediate (Figures 11 and 12).

4. Micro/macromechanical approach

The micro/macro mechanical consists of the two levels of detection and analysis.
One is called macro-mechanical and micro-mechanical. If you need the input and
output data, we have to join it together these methods. Figure 1 shows the schematic
diagram of the procedure is illustrated. The finite-element technique [18] is used for
the macro-level analysis.so this way, we can analyze the general composite struc-
ture, which also includes plates and shells.

Finite-element analysis is very useful and so much effective for the composite
material properties if we are used this method in the form of micro-level analysis
using a micro-mechanical model. So, can say that the micro level analysis calcu-
lates much useful and more effective material properties from the constitutional
material properties. If we talk about the mixed tensions from the finite element
analysis using the micro-mechanical model, this can be broken down into a
constitutional micro-structure. Micro-stress and micro strain are applied for
continuous damage. On the other hand, the smeared, mixed-level stresses from the
finite-element analysis using the micro-mechanical model can be decomposed into
micro-structures (i.e., stresses—fiber, particle and matrix species) at the constitu-
tional level. Then, continuous damage mechanics is applied to microstress-micro
strain. Determine loss initiation or increase in the constitutional material. We also
do independent analysis for the damaged fiber and matrix failure.

5. Three-dimensional micromechanical model

A micro-mechanical model for a fibrous combo- site was developed by Know
etal. [17, 19, 20]. Thus, this section presents a micro-mechanical model for a
particulate composite. The fibrous.

The micro-mechanical model can be considered as a subset of the particle micro-
mechanical model. A simplified, micro-mechanical, unit-cell model is shown in
Figure 13(a). Figure 13(b) shows a clear view of the positions of the eight subunits
of the unit-cell as seen in Figure 13(a). Sub-cell 1 is a subset of cells and the rest
are binder subunits. 1-2, 2-3 and 3-1 are symmetrical planes. For simplicity, it is
assumed that each subunit has uniform stresses and strains. The balance of sub-
cellular pressures at all interfaces must be satisfied as given below

5 6 1 _ 8
11011 = 011,011 = 0y (1)

1 2 3
o, +0,,,0;,,—9,
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7
1 302 4 2 '
Oy t 0y, 220-22’22_22 22 ()
22s
| _ 5 2 _ 6 3 _ 71 4 _ 8
033 = 033,033 = 033,033 = 033,033 = O3 (3)

The subscripts here represent the stress components along the axis shown
in Figure 2, and the superscript denotes the subcell number. Only the normal
stress components are considered in these equations. Similar equations can be
written to cut the stress components. However, each subunit is assumed to be
orthotropic or isotropic, so that the normal stress—strain components are not
attached to the shear components. Therefore, the current development is limited
to normal parts of stress—strains and a similar development can be developed
for shear stress—strains. Subcells are thought to satisfy the following strain
compatibility.
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Figure 13.
Stress—strain curves.
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and Up is the particle volume fraction of the composite. The unit-cell stresses
and strains are obtained from the volume average of sub-cell stresses and strains. In
other words,

8
o, = Z y' (8)

8 n
5 =Y V" ©)

In other words, we say Here V" is define the volume fraction in terms of nth
sub-cell complete over unit-cell. i represent the subscripts i and j from1to 3
and o, and ¢, , represent in this equation average cell stresses and strain. And the

constitutive in the terms of equation between the sub-cell stresses and strains is defined.

o.=E (10)

ij ijkioH
If we combine or manipulating these equations result, we get Eqs. (11) and (12)

o (11)

g

& =T (12)

ij ik

References [17, 19, 20] show that the Eq. (11) define in terms of the structural
equation for the unit-cell. And you see in this equation the £, is represented the
composite material properties matrix which we get from the physical properties of
the cell and the matrix. This Eq. (11) gives us a straight path from the micro-
mechanical method analysis to macro-mechanical analysis. If we see, Eq. (12)
shows us more relates to the macro-species and the micro-strain. Substituting
micro-strains into Eq. (10) yields subtle stresses. Therefore, these equations cause
the macro species to decompose into micro-structures and thus cause micro-stress.
For the present analysis, we have the Micro-strain and micro-states are used for the
criteria of the damage mechanics or failure criteria. Equation (12) gives relation and
relation of the macro-mechanical analytic thinking to micro-mechanical analysis
definitely, which is opposite to all process which we get from the last paragraph.

6. Continuum damage model

In the continuum damage model, if we talk about the loss and failure in a
composite material structure are defined constitutional level. And we have many
examples like fiber particle fracture or matrix cracking or the fiber/matrix debond-
ing. The following derivative in this part is continuous loss and the mechanics
for the matrix loss. Current policy of It begins to occur when the current species
reaches its previous maximum. This phenomenon has been observed in some
particle. If we are seeing in the Ref. [22] we find the composite material such as the
solid rocket propellant material.

Equation of risk evolution is described as Number D - digit u g [é] (18) Overate
refers to a temporary derivative. In Ref. [21], it is clearly shown that the loss loading
and unloading condition can be defined and follows the Simo and Xu develop the
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Continuum Damage Mechanics is a race-based isotropic damage model and we can
introducing as the quantitative relation variable as the parameter and loss of stress
is expressed as:

% (13)
o, =—7"_
' (1-4d)

where &; and, o, denoted the effective and home-agenized stress tensors,

respectively is defined as a limited damage variable d between 0 and d, (<1),
denoted the damage saturation. And the equation number 15 we get the stress
tensor and free energy.

a@ aQ)o
O'l.]. Za—:(l—d)a— (14)

where ¥° is defined as lE .

ijkl v
undamaged material properties. In Eq. (15), we also assumed function for the

damage criterion.

and E;,, defined in terms of the tensor of the

F= f(g,.j’o;j)—k (15)

Eq. 15, we have, which is continuant for the damage beginning and the quantity,
which kept increases with the damage. On another side, we have the F', which is
less than zero. We know that at zero, damage in this equation does not occur. But we
have one condition when damage happens when F =0 =0. For the existing damage,
the model f isassumed.

fle, =¢e (16)

e =v2¥° 17)

In Ref. [21], which is defined by Simo and Ju. This tells us the equivalent strain
measure in Egs. (16) and (17), which shows us count on the previous maximum
state of strain. But when we see the damage, the damage starts to happen when the
existing state of strains reach the former rate, which we have the maximum state of
strain. We observed this concept in some particulate composite material, such as we
know that is solid rocket propellant material [22]. In terms of damage evolution is
defined in terms of Eq. (18).

d=kg (E) (18)

where the over-dot defines in the terms of the temporary derivative. We can
say that Damage loading and the unloading conditions can be define as in
Egs. (19)-(21).

k>0 (19)
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F<0 (20)

KF=0 (21)

F <0 defines the unloading and £ =0, then d =0 from the Eq. (18), which
inform no more damage. If look another side if k=0, then £ =0 and d >0
damage is happening. In order to find or find out the damage tangent modulus. And
in Eq. (14), the time derivative substituted.

o ~(1-d)E,,, ~do] )
where
.
o, = 6_ @

If we are using the previous equation, finally get the outcome in damage tangent
modulus.

Ey =(1-d)E), -0 (24)

ijkl e ik ol

Present study shows a mixture of particles. Function g we take like the constant.
When we see the rate of loss, the rate of loss is definitely proportional to the rate of
equal strain measurement. If parametric quantity d damage reaches its critical value
at the general zone. Facture is assumed to occur at that location, and the damage is
saturated. We have also thought that the direction of crack propagation is discov-
ered from the path of d in the material.

7. Results and discussion

This is all study conduct to find about the crack beginning in a particle composite
material while using a micro-mechanical mode, which is what damage mechanics
are described in the last section. Uniaxial tensile testing for the material was car-
ried out the exam the micro-mechanical model and other one is damage mechanics
model. For the micro-mechanical model study, we need the physical properties of
the particle and the matrix. For the studies in which the current mixture we have to
need, the elastic modulus of the particles is about the 1.0 *106 psi, and the binding
matrix is 110 psi. Therefore, the cell is much Stiner than which matrix material we
have. And the particle volume fraction is 0.78 as you see in Figure 13, the stress-
strain curve shown by the violent stress well with the experimental curve.

The study we have inspect crack start beginning or initiation from a sample
made with the above-mentioned material. The models were 3 inches wide by 3
inches long and 0.25 inches thick. We have to make Two circular holes of two
modification different sizes are drilled within the center one hole is 0.25-in.
Diameter and therefore the other contain 0.5-in. Samples were subjected to tension
with regular displacement until the fracture began from the outlet. Numerical
estimation for crack initiation was also performed. A finite-element mesh is shown
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in Figure 1. Refined round the mesh hole. For a sample containing 0.25-in. The
applied load vs. displacement for the experimentally and numerically diameter
hole is plotted in Figure 13.

Call outcome of examination until a crack begins. Due to symmetry of the
sample displacement reaction is half the displacement reaction between the two
grips (Figure 14). The curve is linear until the displacement of 0.11 inches and
then becomes linear. Fractures occurred at approximately 0.14 inches of displace-
ment. Damage is initiated from the linearity of the curve before the breaking point.
However, the tangent modulus had a very little effect because of the small quantity
of damage in the local area around the notch tip of the hole. As the loss increases
the loss tangent modulus decreases from the Virgin modulus and the curve deviates
from the linearity. Some curve was obtained from both (Figure 15).

Numerical and experimental studies and analyses show an identical result.
Also, the size of the crack is cracked more than 0.048 in. But the measured size of
the crack is almost between 0.048 and 0.051. Therefore, estimation rest on we have
experimental data if you see Figure 16, which illustrates the circular hole, which
is deformed deformation shape of the initially. The circular hole we have in an
elliptical shape, and the main circular diameter is about 60 taller than the smaller
diameter. Then we have the saturation loss zone, which did not increase for some
time even when the pressure to sample was increased.

This all phenomenon and analysis were also exam and study in an experiment.
The critical fracture was hesitant for some time before the experimental study was
published. If you see in Figure 17 in terms of the normalized species distribution
from the distance from the opening come near the load direction as a function.
With relation to the opening, the gap is normalized but with relation to the applied
strain, but the strain is normalized. With the increase of the applied strain but
before the damage occurs and therefore the density of the opening decreases within
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Figure 14.
Finite-element mesh for a specimen with a 0.5-in. Diameter hole.
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Figure 15.
Deformed shape of a specimen with a 0.25-in. Diameter hole.
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Figure 16.
Strain distribution along the minimum section.
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Figure 17.
Load-displacement curve for a specimen with a o.5-in. Diameter hole.

the vicinity of the resin. This phenomenon is that the reduction caused by deforma-
tion of the circular hole into ellipse along the main axis of the loading direction. The
concentration factor of the elliptical hole is given by Timoshenko and Goodier [22]
(I+2 alb), where 2a is the axis of the ellipse.

Axis of loading direction and 2b loading direction. So this expression matched
the current result. However, as the load increases, the normal size elongation
increases far from the opening. (Compare the two curves in Figure 16 for the
species used, 0.0033 and 0.0300, respectively.) Regarding as the loss begins and
spreads, the normalized elongation increases because the loss tangent modulus
decreases. In Figure 17, the cases with applied strains of 0.0667 and 0.0833 show a
generalized strain increase compared to other curves. Similar comparisons were also
made for the 0.5-inch sample. Hole diameter (Figure 17).

gives the load-displacement curve for comparison. The predicted crack
size was 0.045 in., while the measured crack was between 0.035 and 0.067 in.
Therefore, the prediction agreed well with the experimental data. The measured
crack size for the 0.5-in. diameter hole had a larger variation than that for the
0.25-in. diameter hole.

8. Conclusions
This research presented a general approach in analyzing the modeling of damage
evolution of fiber-reinforced composites structure. It is clear that in both major cases

modeling of damage evolution method and the damage evolution in composites
using damage mechanics and micro-mechanics method obey the basic principle rule
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that in every type of the crack in unidirectional FRC material tends to grow in the
matrix and find it in the parallel to the direction of the fiber, for example, we know
that and studies shows that the crack grows from one location definitely from the
weakest direction which is characterized by the matrix.

This phenomenon is proscribed by the standard of the mesh within the finite
element numerical model. The foremost crossroads and significant moment is
essentially the purpose of initial failure. That is why we used mesh. The mesh
surrounding the entire is intentionally modeled, and therefore the uniform rings of
the weather have a decent chance of accurately predicting the constant initiation.
The following process of crack growth is then influenced by the interaction point
size and therefore the shape of the element.

Therefore the direction of the crack growth deviates slightly from the assumed
direction parallel to fiber. And which mesh and therefore the design we have
and experimental data. Such a design of the mesh and therefore the values of the
unknown material properties should be justified by comparing the results with
relevant experimental data.

The FEM method is using only an approach for the micro/macro mechanical
model. As simple, we can say that a simplified micromechanical model. And the
damage mechanics was created or developed to simulate the growth and initia-
tion in a composite structure. In terms of this model, we can approach a general
composite framework made of fibrous or particulate composite material and is
computationally efficient. The proposed approach only investigates the crack
growth in some particulate composite material specimens with a center hole.
The numerical calculation predicted result that we have is agreed well with the
experimental data. So in this thesis, all the proposed approach is useful for the
design and detection and analysis of composite structure in terms of damage and
failure.

We also examine the techniques of NDT to analyze the damage detection in
the fiber or material, which is more important for detecting the crack and frac-
ture in fibers. We used visual observation, optical microscopy, X-rays, acoustic
emission eddy current, ultrasonic, tapping technique, laser-based technology
(LBT). In this thesis, we discuss the principle and hole working of all these NDT
tools for the analysis of modeling damage of the evolution of fiber-reinforced
composite.

9. Recommendations for future work
9.1 Partially growth and curved cracks

In the off-axis planes, the fractures do not increase. Furthermore, if we speak
about the multi-axial stress state and also the material variability also causes the crack
path to bend round the stable regions. we will ignore these styles of complexities in
most cases using an approximation, but our main objective is strictly the evolution of
crack density, which is not significantly plagued by thesis complexities.

9.2 Fatigue loading

The joint response under fatigue loading for structural applications is of primary
importance. Therefore, an extension of this work is required within the case of
fatigue loading to supply an understanding of the damage initiation, progression
and failure mechanisms for this loading case, which might be further evidence of
structural durability and reliability assessment.
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9.3 Wideband transducers

Narrow band resonance sensors are used for threshold-based acoustic systems and
typically have an operating frequency range of 100 kHz to 300 kHz, while wideband
displacement sensors are used for waveform-based AE systems and their operating
frequency reaches 150 MHz or higher. There are two significant difficulties with the
narrow band approach. First, it’s difficult to differentiate between real, crack-based
AE and extra AEs (for example, because of friction and anger). Second, the accuracy
of the source position is poor or nonexistent for narrow band, threshold-based
systems. Thanks to these limitations of the resonant transducer, the AE data obtained
during this study distort actuality source-wave characteristics.

9.4 Transient AE analysis

With data acquired by wideband transducers, it is possible to perform a transient
AE analysis, and a database of signature waveforms for each damage mechanism

could be established.
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