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Abstract

During its operation, the structural integrity of commercial aircraft is essentially based on
extensive, manual and thus cost-intensive structural inspections. In order to reduce the effort
of these inspections without adversely affecting the safety of the airframe simultaneously, the
use of built-in monitoring equipment has previously been discussed under the term Structural
Health Monitoring (SHM). Although the underlying technologies used for this purpose are
commercially available, their use is currently limited to individual pilot projects, as their
financial benefits for aircraft operators are still unclear.

To quantify the economic impact of SHM, this thesis presents an integrated cost benefit
analysis framework and applies it to a reference aircraft based on the Airbus A320. The
entire aircraft life cycle from structural design, operation to retirement is considered. Results
indicate that comprehensive and higher quality structural health information provided by
SHM is more profitable for aircraft operators when used to extend the certified structural
service limit than for weight-reduced structural design. Furthermore, based on the current
use of the Airbus A320 fleet, it is shown that load monitoring of the structure can be used to
significantly extend the airframe lifetime without affecting its safety. However, it depends on
the performance parameters of the SHM system and share of instrumented airframe surface
whether the total operating cost of the aircraft is affected positively or negatively. For
an aircraft usage representative for the Airbus A320 fleet, the net present value (NPV)
of a perfect weightless and costless damage monitoring (DM) system can be estimated at
USD 1.39M. Furthermore, for SHM systems with false alarms, an NPV of more than USD 1M
and a theoretical break even time of less than 5 years can be possible, even when considering
system mass and installation costs. Hereby, only a portion of the airframe is instrumented
with SHM. Furthermore, important levers in the development of SHM systems are identified,
which drive the profitability of such a system.

Despite the simplification of this work and the fact that exact component geometries as well
as failure mode and effects analysis for the airframe were not taken into account, the potential
cost savings indicate that SHM should be considered in the design process for future aircraft
generations to monitor selected hotspots and critical areas of the airframe.
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√
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𝑐𝑝𝑎𝑡𝑐ℎ - Sensor patch factor
𝐶𝑃 𝑀 - Set of covered failures
𝐶𝑡 USD Net cash flow in period 𝑡
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h Total delay time at aiport 𝑎𝑝𝑛

𝑑𝑎𝑝𝑛−1 h Reactionary delay at 𝑎𝑝𝑛−1
𝑑PWAS m Side length of PWAS footprint
𝐷𝑡 - Periodic depreciation
𝐸 - Lift-to-drag ratio
𝑒𝑡 USD Cash inflow in period t
𝐹 - Set of possible failures
𝑓 - Forward variable
𝑓ap𝑛

- Aircraft failures at ap𝑛

fl𝑖,ap𝑛
- Inbound flights at airport ap𝑛

fl𝑜,ap𝑛
- Outbound flights at airport ap𝑛

fl𝑆𝐴 - Avoided flight cancellations by spare aircraft
𝐹𝑤𝑠𝑘 N Force perpendicular to wing skin cross section
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ℎ Cycles Predictive horizon
𝐼0 USD Initial cost of investment
𝐼𝑖 - Inspection interval
𝐼𝑦 m4 Second moment of area
𝐾 MPa m

1
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𝐾𝐼𝑐 MPa m
1
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𝑘𝑃 - Shaft power factor
𝐾𝑉 MPa m

1
2 Equivalent stress intensity factor

𝑙𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 m Length of the component
𝐿𝐹 𝑂𝑆𝐼 m Length of fiber in FOSI system
𝑙𝑚𝑖𝑛 h Minimum aircraft turnaround time
𝑙𝑎𝑝𝑛 h Duration of layover at 𝑎𝑝𝑛

𝐿𝑤𝑖𝑟𝑒 m Length of wire
𝑚 - Material dependent parameter
𝑚0 kg Total aircraft mass at take-off
�̇� kg/s Fuel mass flow rate of the aircraft
�̇�𝐹,𝑃 kg/s Electric generator fuel flow change
𝑚𝐹 𝐶 kg Mass of fiber connector
𝑚𝐹 𝑂𝑆𝐼 kg Mass of FOSI system
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𝑚𝑃 𝑍𝑇 kg Mass of PWAS sensing element
𝑚𝑆𝐻𝑀 kg SHM system mass
𝑀𝜎 - Material constant
𝑚𝑡 kg Total fuel mass at take-off
𝑚𝑈𝑆𝐼 kg Ultrasonic interrogator equipment mass
𝑚𝑤𝑖𝑟𝑒 kg Mass of wire
𝑀𝑦 N m Wing bending moment
𝑚𝑍𝐹 𝑊 kg Aircraft mass without fuel
𝑁 - Load cycles
𝑁𝛥 - Differences of flight cycle or flight hours
𝑁𝐸𝑂𝐿,𝐿𝑜𝑉 - Last cycle of the aircraft
𝑁𝐹 𝐶,𝐿𝑜𝑉 - Flight cycles defined in limit of validity (LoV)
𝑁𝐹 𝐻,𝐿𝑜𝑉 - Flight hours defined in LoV
𝑛𝐹 𝑂𝑆𝐼 - Number of fibers in FOSI system
𝑁𝐻𝑀𝑀 - Number of hidden states
𝑁𝑀,𝐴 - Flight cycle or flight hour of maintenance event
𝑁𝑛𝑒𝑥𝑡,𝑇 - Flight cycle or flight hour of upcoming task
𝑛𝑆𝐴,ap𝑛

- Number of spare aircraft at airport ap𝑛

𝑛𝑈𝑆𝐼 - Number of ultrasonic interrogators
𝑛𝑤𝑖𝑟𝑒 - Number of signal and ground wires
𝒩 𝒫 - Non-deterministic polynomial
𝑜𝑡 - Output observation
𝑃�̂�𝑐,𝑚𝑎𝑥,𝑂𝐿𝑀 - Permissible structural damage probability
𝑝𝛥𝑓𝑓,inf Pa Difference fuselage and ambient pressure
𝑃𝑑𝑖𝑠𝑠 W Dissipation loss
𝑝𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝐹𝐶) - Probability of failure during a given FC
𝑃𝑡 USD Proceeds of disinvestment at period t
𝑃𝑤𝑖𝑟𝑒 W Power demand
𝑃 (𝑋 ≥ fl𝑜,ap𝑛

)ap𝑛
- Probability of failure during cycle 𝑁

PM - Predictive maintenance performance set
𝑅 - Stress ratio
�⃗�ap𝑛

h Aircraft repairs at ap𝑛

𝑅𝑓𝑙𝑖𝑔ℎ𝑡 m Range of flight
𝑅𝑟 - Set of aircraft repairs
𝑆𝑎𝑝 - Set of airport services
𝑠 m Structural thickness
𝑆𝑎 MPa Stress amplitude
𝑆𝑎𝑥𝑖𝑎𝑙 Pa Axial stresses in the fuselage
𝑆𝐻𝑀𝑀 - Individual states in Hidden Markov Model
𝑆𝑚 MPa Mean stress
𝑠𝑛 Service level at airport ap𝑛

𝑆𝑡𝑎𝑛 Pa Tangential stresses in the fuselage



xxvi Nomenclature

𝑆𝐹𝐶 g h/kW Specific fuel consumption
𝑡 - Period
𝑡𝐸𝑂𝐿 - Final period
𝑡𝑓𝑖𝑙𝑚 m Thickness of film
𝑇𝑖 - Inspection threshold
𝑇𝐼 - Total number of investment periods
𝑡𝑝𝑎𝑡𝑐ℎ m Thickness of patch
𝑇𝑡𝑎𝑥𝑖 h Aircraft taxi time
𝑇𝑤𝑠𝑘 N/m Wing skin shear flow
𝑉 m/s Aircraft velocity
w - Structural weight
𝑤𝑓𝑖𝑙𝑚 m Width of film
𝑊𝑓𝑢𝑒𝑙,𝑚𝑎𝑥 kg Maximum weight of fuel
𝑊𝑀.𝐴𝑐𝑐 h Access times of tasks
𝑊𝑀,𝐴𝑐𝑐,𝐴 h Total access time of aircraft inspection event
−−−−−−→
𝑊𝑀,𝐴𝑐𝑐,𝑃 h Access time summarized by aircraft position
𝑊𝑀,𝑖 h Inspection time without access time
𝑊𝑀,𝑇 h Total inspection time including access time
𝑊𝑀𝑇 𝑂𝑊 kg Maximum take-off weight of aircraft
𝑊𝑂𝐸𝑊 kg Operating empty weight
𝑤𝑝𝑎𝑡𝑐ℎ m Width of patch
𝑊𝑃 𝐿,𝑚𝑎𝑥 kg Maximum weight of payload
WACC % Weighted Average Cost of Capital
𝑋 - Bernoulli variable
𝑥 - False positive rate
𝑦 - True positive rate
𝑌 - Geometry factor
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𝛼1 - Material scaling parameter
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Chapter 1

Introduction

Before the number of worldwide commercial flights dropped to 25% in April of 2020 compared
to the previous year, because of the Coronavirus Disease 2019 (COVID-19) pandemic, a
combined fleet of 25,900 aircraft generated a total revenue of USD 838 billion for commercial
airlines worldwide in 2019 [3, p. 3, 4, 5, p. 8]. Their safe operation is the priority for
airlines and the foundation of a profitable aviation business environment [6, p. 2–8]. To
achieve this goal, regulations, staff training, and technological solutions are used to prevent
latent, accident-causing errors due to flawed management decisions, inadequate organizational
processes, poor working conditions, and other violations [6, p. 54–58]. On aircraft level,
safety is driven, among other factors, by excess takeoff and landing lift, stopping distance,
control system capability over a large speed range, and structural integrity [6, p. 270]. As the
central system of the aircraft, the structural integrity of the airframe is paramount throughout
its operational lifetime [6, p. 275–277]. To the aviation system’s credit, airframe failure–
related casualties have been steadily declining since the 1970s, approaching almost zero in
recent years, as shown in Figure 1.1. The high level of structural safety is achieved by
damage-tolerant structural designs and regular work-intensive inspections, which make up
18% of all aircraft maintenance costs or 3–4% of aircraft operating cost [6, p. 275–277,
7, 8, p. 46]. Despite the cost of labor, airframe inspections together with the inspection
of engines and all other on-board systems require the aircraft to be temporarily removed
from service, which inhibits its revenue-generating capability [9]. In comparison, excessive
structural robustness decreases the number and frequency of inspections while increasing
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Figure 1.1: Airframe related casualties in commercial aviation, adapted from [1, 2].
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structural weight and thus aircraft fuel consumption [10, p. 538–580]. In this context, an
automated built-in inspection system, known as Structural Health Monitoring (SHM), is
discussed as a solution to decrease manual labor requirements during airframe inspections
without adversely impacting structural safety [11–19].

Patents covering SHM in aviation have been granted since the 1950s, and numerous proofs of
concept have demonstrated their technological feasibility [14–19]. However, the widespread
commercial adoption of SHM has failed to materialize, owing to an unclear business case [20,
p. 38, 21, p. 1]. On the one hand, substantially reduced inspection efforts, along with extended
aircraft lifetimes, structural design improvements, and better maintenance scheduling, were
proposed [22–30]. Conversely, SHM equipment built into the aircraft could decrease airline
productivity by reducing payloads and increasing fuel burn, rendering the commercial use of
SHM highly unfavorable [31–33].

Even though the impact of SHM on airlines is highly diverse, current cost-benefit studies only
focus on individual isolated aspects [34]. By considering the monitoring technology, aircraft
design, or the operation of the aircraft separately, current cost-benefit studies yielded partially
contradicting results [34]. To assist aircraft manufacturers and airlines in their investment
decision for SHM, the sources of conflicting estimates on the profitability of SHM in previous
studies are explored, and a novel approach is proposed to assess the economic impact of SHM
holistically over the life of the aircraft. The introduced methodological framework is divided
into three parts covering the effect of SHM: (1) operational aircraft performance metrics,
(2) airline reliability metrics, and (3) a cost model unifying the diverse impact of SHM on
aircraft and airlines in a single financial figure.

1.1 Research Objectives and Outline

To help understand the business case of SHM, the work at hand presents an integrated as-
sessment of its cost and benefit in commercial aviation by extending current research twofold:

1. The techno-economic interaction between SHM and aircraft and airline performance is
studied, considering specifically SHM performance, sensor technology, airframe design,
aircraft inspection requirements, and the operational environment of airlines with a
holistic approach.

2. Proposed benefits of SHM, including deferred aircraft decommissioning, improved in-
spection and maintenance, improved airline planning, and weight-saving potentials in
airframe design, are compared and evaluated.

Fundamental performance considerations of monitoring systems can generally be described
independently of the utilized technology [35, 36]. To determine the presence of a predefined
condition, classifiers compare a measured variable against a given threshold associated with
the predefined condition [36]. The ratio of the number of successfully recognized predefined
conditions (true positive (TP)) to that of unrecognized predefined conditions (false negative
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(FN)) is connected by the classification threshold [36]. The ratio of the number of successfully
recognized predefined conditions (TP) to that of mistakenly reported predefined conditions
(false positive (FP)) is given by the performance of the monitoring system [36]. While TP, FP,
and FN rates are interconnected, aircraft safety and airline operating performance constitute
opposing calibration requirements. To avoid unnecessary labor for inspections, the FP rate
has to be minimized. In contrast, the TP rate has to be high enough to achieve a structural
failure probability per flight hour below 10−3 to 10−9, depending on the severity of a failure
[37, p. 2-F-49]. To achieve both simultaneously, an almost perfect classifier is required,
depending on the targeted failure probability [36]. However, the structural integrity of the
airframe cannot only be inferred by means of a damage monitoring system but also using
fundamental physical and empirical structural models [12]. The fatigue of metallic structures
is a well-understood phenomenon, allowing the computation of the remaining useful lifetimes
of structural components under cyclic loading [10, p. 538–580]. Although the occurrence of
impact damage may not be predicted individually, their effect on the structural integrity of
the airframe can be analyzed using well-established methods [10, 38].

While monitoring system performance, structural fatigue, and airframe integrity can be de-
scribed by quantitative physical models, design requirements, as well as the cost and benefits
connected to their usage, are socially constructed [39]. Thus, the benefit of an SHM system
for an airline results from the economic environment in which it operates. The rate at which
SHM is adopted may also depend on greater organizational and societal factors.

Both the physical phenomena involved in SHM and the economic operating environment
of commercial aircraft are considered in this work as follows. A connection between SHM
and airframe design is established, considering different technological monitoring approaches
and operating modes. As the performance of the SHM system depends on the structure
geometry, material, sensor technology, and measuring principle, different approaches are dis-
cussed to optimize its output. Performance assumptions of a single SHM technology based
on strain gauges are validated using a demonstrator test conducted by Industrieanlagen-
Betriebsgesellschaft (IABG), an Ottobrunn-based analysis and test-engineering company with
competencies in full-scale fatigue testing of airframes. The established coherence between
SHM and airframe design are transformed to a reference aircraft based on the Airbus A320,
using a series of assumptions. While the proposed methodology is also applicable for other
aircraft, the Airbus A320 is selected because of its widespread usage and more available data
on its design, usage, and maintenance requirements compared to other commercial aircraft.
The airframe model is based on simplified geometry consisting only of metal sheets. Struc-
tural fatigue is simulated using the Paris-Erdogan crack growth law. Hereby, local structural
geometry, design drivers, and sizing load cases are neglected. Additionally, the failure behavi-
ors of all other aircraft systems are simulated by binomial sampling. For the operation of the
reference aircraft, a reference airline and representative flight plan are defined. The effects
of aircraft dispatch reliability on the overall network reliability regarding its topology are
studied by comparing two distinct airlines operating a hub and point-to-point network. Both
the network and the aircraft flight plan are defined to be representative of the majority of the
worldwide commercial air transport system. The resulting operational aircraft and airline
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performance is translated to financial factors using a simplified empirical cost model relying
on data for airlines published by the United States department of transportation (DOT).

Beneficial applications for the different SHM monitoring approaches are identified and dis-
cussed. Assuming the adaption of current regulatory guidelines governing the occurrence
of widespread fatigue damages (WFDs), SHM can enable aircraft-specific operating limits
compared to fleet-wide operating limits used today, achieving longer aircraft lives without
compromising safety. Further, at a low instrumentation cost of less than USD 500 per m2 and
low false alarm rates, SHM can be suitable and financially beneficial to replace manual inspec-
tions. At this price point, the instrumentation cost covers the expenditures for purchasing,
installing, maintaining, and evaluating the sensor measurements. However, the associated
benefit depends heavily on labor cost and fuel prices, where high labor cost and low fuel
prices increase the net present value (NPV) of an investment in SHM.

1.2 Thesis Layout

To answer the prevailing research questions, this thesis at hand is organized as follows.

In Chapter 2, fundamentals influencing the introduction of SHM in commercial aviation
are summarized. A condensed overview of technological, regulatory, and financial aspects
of airframe structural integrity is provided. The investigated prospects of on-board SHM
systems are introduced, followed by a summary of technological approaches available to realize
SHM. Finally, current cost-benefit analyses of SHM are discussed.

Chapter 3 introduces required methods to conduct the techno-economic cost-benefit analysis
of SHM. The utilized analysis framework is structured in three parts. First, the aircraft simu-
lation covers the structural fatigue and airframe design aspects and includes the SHM model.
Further, a simplified equipment failure model is presented, along with maintenance-scheduling
and aircraft-decommissioning models. The airline simulation addresses the implication of air-
craft reliability on airline reliability as well as the use of spare aircraft. Finally, a cost model
is introduced to transform all operative impacts of SHM to a unified financial factor.

Chapter 4 discusses the conceptual integration of SHM within commercial aircraft. Included
is the design optimization problem of SHM from an airline perspective, followed by the
definitions of reference airline and reference aircraft. The simulation results are validated for
airlines not using SHM. Without operational data, the model cannot be validated for aircraft
with SHM. Finally, the investigated SHM concepts are summarized.

Chapter 5 presents the results of the work, including the impact of SHM on the operational
and financial performance of the selected commercial reference aircraft. These results define
the design space for the investigated SHM systems. Finally, the chapter discusses their
benefits as investment opportunities for airlines.

Chapter 6 discusses the overall results in more detail and compares them to existing research.
Shortcomings stemming from the availability of data and the applied research methodology
are explained.
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Chapter 7 concludes the study of costs and benefits of SHM in commercial aviation and
provides an outlook on future research questions. Airline field tests are suggested as means
to improve and validate the results. Additionally, SHM as a retrofit system is compared to
its implementation in the aircraft design stage, identifying the limitations.
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Chapter 2

Structural Health Monitoring in Com-
mercial Aviation

The introduction of SHM systems into the aircraft provides operators and maintenance per-
sonnel with a new information source about the state of the airframe, following the line
of traditional non-destructive testing (NDT) methods. A variety of SHM technologies are
available based on different monitoring principles, which were examined for a multitude of
applications [12]. Serving as a basis of this work, the technological and operational environ-
ments in which SHM is deployed in commercial aviation are described in this chapter.

In Section 2.1, general methods currently used to ensure the structural integrity of airframes
over their lifetime are reviewed. This includes selected aspects of aircraft structure design,
a summary of current inspection methods, a review of the regulatory framework governing
the operation of transport category aircraft, and SHM. Additionally, an excursion into the
representation of continuing airworthiness in financial accounting provides a basis for the
cost-benefit analysis presented in this work. Section 2.2 summarizes the benefits of SHM
discussed in the literature, focusing on the deferred decommissioning of aircraft, accelerated
inspections, improved maintenance scheduling, and advantages of lightweight airframe design.
Complementary, the general technological approaches to realize SHM, investigated as part of
this thesis, are introduced in Section 2.3. Finally, Section 2.4 presents previous cost-benefit
studies on SHM in commercial aviation.

The definition of SHM used throughout this work is based on the aerospace recommended
practice (ARP) 6461 by Society of Automotive Engineers (SAE) [40]. The classification of
SHM within the overall aircraft health monitoring system and the categorization of different
SHM applications are illustrated in Figure 2.1. In addition to the engine and systems health
management, structural health management is a part of the overall aircraft health manage-
ment [40]. Hereby, structural health management relies on different information sources,
including crew observations, maintenance records, fleet-wide data analysis, and the potential
use of SHM [40]. The SHM system can be classified by technology type and operation mode
[40]. With damage monitoring (DM)–based SHM, a damage-dependent physical phenomenon
is directly monitored. In contrast, operational load monitoring (OLM) records the operation
of single structural components of the entire airframe and infers the health of the structure
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Figure 2.1: Classification of SHM within aircraft health management and categorization of SHM
applications, adapted from [40, p. 20–25].

through comparisons with damage models [40]. Additionally, SHM systems are distinguished
by their mode of operation into scheduled systems, which are used during scheduled mainten-
ance, and automated systems, which do not have a predetermined interval for maintenance
actions but inform maintenance personnel of required actions [40, p. 24].

2.1 Managing Structural Integrity of Airframes

The following section introduces current approaches to manage the structural integrity of
airframes. A summary of the design of aircraft structures describes the technical environment
of SHM. Furthermore, an overview of processes aiding structural integrity during operation
is given, followed by a summary of the current regulatory framework governing structural
integrity of airframes and the introduction of SHM. Finally, an excursus on representing
continuing airworthiness in financial accounting summarizes how airframe maintenance is
considered in accounting methods used by airlines.

2.1.1 Design of Aircraft Structures

Aircraft design is an iterative process including four primary activities: requirement defin-
ition, design concept proposition, design analysis, and sizing and trade studies [41, p. 3].
By iterating these activities, not necessarily in the same order, the aircraft design matures
through three phases. The first phase is a conceptual design, where concept viability is the
main concern [41, p. 13]. At this point, structures have no significant impact except on weight
estimation [41, p. 491]. In the second phase of the preliminary design, the aircraft config-
uration is frozen, and actual structural components are drafted in the detailed design (third
phase). Afterward, the aircraft goes into production [41, p. 13]. Weight savings compared
to current aircraft are typically achieved during the design and stress analysis when drafting
detailed designs [10, p. 5]. Throughout the design process, reliability analysis techniques,
such as fault tree analysis (FTA) and failure mode and effects analysis (FMEA), are applied
to substantiate the reliability of the structure [42]. Required data is gathered from basic load
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Figure 2.2: Airframe design requirements, loads and critical loads, adapted from [41, p. 493–
494, 43, p. 814, 44, p. 6, 45, p. 3].

assumptions, laboratory experiments, and flight tests before the aircraft enters a certification
test program that is successfully completed with an approved type certificate [10, p. 4].

For the design of structures, numerous design criteria and loads are considered, with each air-
craft component having individual design drivers, as schematically illustrated in Figure 2.2.
The challenge is to "provide maximum inherent safety, ... achieve superior structural per-
formance in terms of weight and durability, and ... deliver an airframe with minimum costs
of production and long-term ownership by the operator" [43, p. 814]. Therefore, the material
and geometry of a structural component depend on its location within the airframe.

Consequently, different philosophies to design and certify airframes have evolved. Historic-
ally, the evaluation of the ultimate strengths of a few critical parts concluded the structural
analysis [10, p. 3]. In the 1930s, this was expanded to evaluating the static ultimate strength
of the entire airframe [10, p. 3]. In the 1940s and early 1950s, the importance of fatigue
was realized in addition to considering static strength [10, p. 3]. To govern the occurrence
of fatigue, the safe-life, fail-safe, and damage-tolerance design philosophies were developed,
with only safe-life and damage-tolerance applied as stand-alone methodologies in airframe
design today:

- With the safe-life approach, introduced in the 1940s, it is "ensured that no fatigue
cracks are developed in the component or structure during service" [44]. "The structure
shall be designed, insofar as practicable, to avoid points of stress concentration where
variable stresses above the fatigue limit are likely to occur in normal service ..." [46,
§ 03.312]. Based on the implied service period or mandatory retirement, this approach
is designated as "safety by retirement" [47].
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- The fail-safe approach, introduced in 1956, requires "by analysis and/or tests that cata-
strophic failure or excessive structural deformation, ... are not probable after fatigue
failure or obvious partial failure of a single principal structural element" [48, § 25.571].
In other words, fatigue damage is detected during normal maintenance, also termed
"safety by design" [47 44, p. 11].

- The implementation of the damage tolerance approach in 1978 requires the following:
"should serious fatigue, corrosion, or accidental damage occur ..., the remaining struc-
ture can withstand reasonable loads without failure [...] until the damage is detected.
... [S]ufficient guidance information to assist operators in establishing the frequency,
extent, and methods of inspection [must be provided]” [49]. This approach is associated
with "safety by inspection" [44, p. 11].

The regular inspections of damage-tolerant structures at predefined intervals aim to discover
fatigue driven by a single crack before failure. However, the simultaneous emergence of cracks
at multiple locations, referred to as WFD, can accelerate the deterioration of structural
integrity [44, p. 43]. To address WFD, the maximum number of cycles or hours an aircraft
with a damage-tolerant airframe can operate is limited [37, 50, § 25.571]. This limit is derived
from the limit of validity (LoV) of the engineering data produced during full-scale fatigue
tests of the airframe [37, 50, § 25.571]. The LoV and thus the validity of the fatigue prevention
program can only be increased through additional fatigue testing [51, p. 1015–1016].

Although airframe design philosophies have continuously evolved, proper selection depends
on the intended use of a structure and its material [41, p. 513]. Based on the combination
of matrices and fibers, composite airframes, having a significantly higher static strength, do
not suffer from corrosion and cracking compared to aluminum and most other metal alloys
[53, p. 369,449]. However, composites can have a "limited ability to redistribute loads at
structural features" because of their stiff and brittle fibers, unlike aluminum alloys that can
redistribute stresses to some extent by local yielding [53, p. 449–450]. The fatigue behavior
of metallic and composite materials is illustrated in Figure 2.3. Resulting from the complex
damage growth mechanisms, composite material designs generally follow a safe-life approach
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Figure 2.4: Airframe weight by materials for selected commercial aircraft sorted by year of entry
into service, adapted from [54–57].

assuming the existence of barely visible impact damage (BVID), where damage growth under
cyclic loading is not allowed [53, p. 458]. In the absence of fatigue considerations, the design of
composites is driven by impact damage, specifically damage detectability and impact energy
[52, p. 41].

Besides fatigue considerations, the choice of materials is influenced by "yield and ultimate
strength, stiffness, density, fracture toughness, creep, corrosion resistance, temperature limits,
producibility, repairability, cost, and availability" [41, p. 513]. Due to its excellent strength-
to-weight ratio, moderate cost, and resistance to chemical corrosion, aluminum remains an
appropriate material, even though the number of alternatives is increasing [41, p. 518, 44,
p. 29]. Relying only on a "single material for the complete fuselage would result in a non-
optimized structure" [44, p. 5]. Further, steel, titanium, magnesium, and high-temperature
nickel alloys have widespread application [41, p. 519–525]. Next to metal alloys, the share of
composite materials in commercial aviation has increased significantly in the last two decades,
as illustrated in Figure 2.4. Further differences between metal alloys and composite materials
are discussed extensively in [10, 38, 52, 53].

With all commercial aircraft being subject to similar design processes, the airframe architec-
tures of different aircraft models are also alike. Figure 2.5 illustrates the Airbus A320 airframe
as a representative commercial transport category aircraft, consisting of a fuselage, wing, sta-
bilizers, nacelle, and undercarriage. The wing is generally made up of spars, ribs, stringers
and external skin [10, p. 247]. The fuselage is a semi-monocoque design made of "longitudinal
elements (longerons and stringers), traverse elements (frames and bulkheads) and ... external
skin" [10, p. 376]. For safe operation of the airframe, inspection and maintenance procedures
are in place, as summarized in the following section.
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2.1.2 Structural Integrity During Operation

During operation, an aircraft is subject to environmental deterioration, accidental damage,
and fatigue [59, pp. 23-24]. As a result, regular maintenance, consisting of inspections and
repairs, is conducted such that the aircraft continuously "performs its intended function at
its designed-in level of reliability and safety" [59, p. 35].

The organization of maintenance in aviation has changed over time. In the beginning, experi-
enced mechanics carried out maintenance at their discretion, and then structured maintenance
programs set up by engineers emerged in the 1950s [60, p. 115]. Today, maintenance in com-
mercial aviation follows a preventive and task-oriented approach to avoid in-service failures
[59, p. 15]. The standardized process to derive individual maintenance tasks, including the
involved stakeholders, documents, and content, is illustrated in Figure 2.6.

The scope, type, and frequency of maintenance measures are suggested by maintenance
groups, which are supervised in parallel by the industry steering committee (ISC) and main-
tenance review board (MRB) [60, p. 114]. The ISC represents the aircraft manufacturer,
suppliers, airlines, and maintenance experts. The MRB is composed of national aviation
authorities (NAAs), which, in turn, are responsible for approving the maintenance review
board report (MRBR) [60, p. 114]. To define the individual maintenance tasks, "the aircraft
is divided into zones, structural components and systems" [60, p. 115]. Subsequently, a main-
tenance steering group (MSG)-3 analysis1 is performed on every considered component of
the aircraft. The MSG-3 analysis is a procedure used to define inspection intensity, required
testing, tools, and maintenance measures for every part of the aircraft, based on the FMEA
performed during the design process [60, p. 115]. The resulting MRBR specifies the minimum
requirements for maintenance and generally serves as a guideline for creating a maintenance
program [60, p. 114]. As an extension of the MRBR, the maintenance planning document
(MPD) also contains time requirements necessary to schedule inspections and includes a de-
scription of the scope of work [60, p. 117]. To further consider individual aspects of operators
that may not be addressed in the MRBR or MPD, each operator derives a maintenance
program (MP) unique to the operated aircraft [60, p. 119]. Based on the required inspection
frequency specified in the MPD, individual maintenance events can be scheduled with the
aim of minimizing cost. To provide guidance in procuring the necessary capabilities during

1Compare Section 2.1.2.
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Figure 2.6: Organization, documentation, content, and editors involved in the definition of
maintenance tasks, adapted from [60, p. 118].

maintenance, the MPD categorizes inspections of the airframe by skill and task codes. A
summary of all defined skill and task codes is provided in Appendix A.1.

Airframe inspections are conducted with either non-standardized, using the unaided eye
of an inspector, or standardized NDT procedures, depending on the component material
and location within the aircraft [61]. The detectability of impact damage, fatigue cracks,
and corrosion varies by inspection method [62, p. 226]. Even though visual inspections are
inexpensive and comparatively fast, the detection of minor damage may require the use of
NDT methods. The most widely used inspection methods are summarized in Appendix A.2.

With the high degree of regulation and standardization within the aviation industry, the
maintenance organizations responsible for implementing the previously outlined mainten-
ance processes are structured similarly in practice [60, p. 198]. As illustrated in Figure 2.7,
they generally fulfill five core functions: production planning and engineering, aircraft main-
tenance, component maintenance, logistics, and quality management [60, p. 197]. As part of
planning and engineering, aircraft-specific MPs are managed, task preparation and scheduling
are conducted, and airworthiness directives (ADs) and service bulletins (SBs) are implemen-
ted [60, p. 198]. Aircraft maintenance can be divided into line maintenance, which "neither
requires extensive disassembly, nor complex functional testing" and base maintenance, which
covers events that require a "high degree of detail or extensive disassembling" [60, p. 201,208].
While significant maintenance is conducted directly on the aircraft, component maintenance is
performed outside of the aircraft on removable parts, such as engines, landing gear, hydraulic
pumps, navigational instruments, galleys, seats, and on-board toilets [60, p. 213]. Further,
logistics is responsible for providing sufficient equipment and spare parts. Finally, quality
management, as partially required by the NAAs, assures that all maintenance activities are
performed as intended under controlled conditions [60, p. 191]. Comprehensive summaries of
aircraft maintenance with a perspective on both the Federal Aviation Administration (FAA)
and the European Union Aviation Safety Agency (EASA), as well as an overview on NDT
methods, are given in [59, 60, 62, 63].
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Figure 2.7: Generalized structure of an aircraft maintenance organization [60, p. 197].

2.1.3 Current Regulatory Framework

A summary of the current regulatory framework governing the operation of aircraft and
SHM is provided in this section to describe the legal environment in which the presented
techno-economic analysis is conducted.

As a specialized agency of the United Nations, the International Civil Aviation Organization
(ICAO) is responsible for safe and efficient civil air traffic by means of standardization and
regulation [60, p. 9]. ICAO standards and recommendations are translated into detailed
aviation legislation on a national level by the NAAs [60, p. 9]. In the European Union, this
responsibility is fulfilled by the EASA, and in the United States of America by the FAA2.
They are responsible for attesting the airworthiness of aircraft, which is defined by the FAA
as "conform[ing] to its type design, and [being] in a condition for safe flight" [64, 65, p. 1].
Airworthiness can be divided into initial airworthiness, where the product meets a safe and
acceptable standard, and continued airworthiness, which covers procedures and rules for safe
flight throughout operation [65, p. 1–2]. In this work, only commercial transport category
airplanes subject to FAA federal aviation regulations (FAR) part 25 or EASA certification
specifications (CS) 25, commonly referred to as part 25 aircraft, are considered [65, p. 6].

The legislation contained in part 25 and CS 25 generally covers the operational performance
of the aircraft, airframe, control design, emergency provisions, propulsion systems, equipment
for the use of flight crew members, limitations ensuring the safe operation, and electrical wir-
ing [37, 50]. Further, the appendix of part 25 comprises additional instructions for continued
airworthiness [37, 50]. Regarding the design and operation of SHM systems, the following
excerpts from part 25 and CS 25 are noteworthy:

2In this work, only EASA and FAA guidelines are considered.
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- "Strength requirements are specified in terms of limit loads (the maximum loads to be
expected in service) and ultimate loads (limit loads multiplied by prescribed factors of
safety)..." [37, 50, §25.301].

- "Unless otherwise specified, a factor of safety of 1.5 must be applied to the prescribed
limit load which are considered external loads on the structure..." [37, 50, §25.303].

- "The structure must be able to support limit loads without detrimental permanent de-
formation..." [37, 50, §25.305].

- "Compliance with the strength and deformation requirements ... must be shown for each
critical loading condition ..." [37, 50, §25.307].

- "An evaluation of the strength, detail design, and fabrication must show that catastrophic
failure due to fatigue, corrosion, manufacturing defects, or accidental damage, will be
avoided ... [I]nspections or other procedures must be established, ... to prevent cata-
strophic failure ... Inspection thresholds for the ... structure must be established based
on crack growth analyses and/or tests .... [Further, the damage-tolerance] evaluation
must include a determination of the probable locations and modes of damage due to fa-
tigue, corrosion, or accidental damage. [A] limit of validity, [stated as a number of total
accumulated flight cycles, flight hours, or both,] must be established ..., during which it
is demonstrated that widespread fatigue damage will not occur in the airplane structure.
... [Additionally, the] airplane must be capable of successfully completing a flight during
which likely structural damage occurs as a result of‚ (1) Impact with a 4-pound bird ...,
(2) Uncontained fan blade impact; (3) Uncontained engine failure; or (4) Uncontained
high energy rotating machinery failure." [37, 50, §25.571].

- "Means must be provided to allow inspection, [...] for continued airworthiness. ...
Nondestructive inspection aids may be used to inspect structural elements where it is
impracticable to provide means for direct visual inspection ..." [37, 50, §25.611].

- "The Instructions for Continued Airworthiness must contain [i.a.] [s]cheduling inform-
ation for each part of the airplane and its engines,... [a]n inspection program that
includes the frequency and extent of the inspections necessary [must be provided] ..."
[37, 50, Appendix H25].

These regulations are supplemented by non-binding guidance material (GM) and acceptable
means of compliance (AMC), which provide recommendations and assure compliance within
the regulatory framework if followed [60, p. 15].

Supplementary to the general regulatory framework, NAAs can issue ADs for specific aircraft
types, when an "unsafe condition exists in the product; and ... [t]he condition is likely to exist
or develop in other products of the same type design" [66, 39.5]. An overview of previously
issued ADs for the Airbus A320 is provided in Figure 2.8, distinguished by the required
type of work and the affected aircraft system. ADs containing instructions not assignable
to a type of work are labeled unclassified. ADs not applicable to specific aircraft systems
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Figure 2.8: Type of required work categorized by covered aircraft systems in ADs issued between
03-22-1989 and 10-14-2020 for Airbus A320 aircraft.

are categorized as miscellaneous. A total of 42 ADs3 have been issued for the wing or
fuselage, specifically requiring only an inspection, beyond the requirements already defined
in the MPD. While further ADs have been issued for the wing and fuselage, they require the
improvement, reinforcement, modification replacement, or installation of a part.

Next to the existing general regulatory framework, guidelines have been developed specific-
ally to address the integration of SHM into commercial aviation. For fixed-wing aircraft,
the ISC on "structural health" (compare Figure 2.6) released “Guidelines for Implementation
of Structural Health Monitoring on Fixed Wing Aircraft“ under the standard ARP6461 in
2013, which provides a structured overview on essential aspects of SHM, including opera-
tional considerations, system design challenges, validation approaches, test procedures, and
certification requirements [40]. The guidelines also cover the qualitative effects of SHM on
airframe design and maintenance procedures [40]. Since August 2021, an updated version
of ARP6461 has been published with minor modifications under ARP6461A [67]. Notably,
processes for the regulatory integration of SHM capabilities into the MSG-3 process and re-
quirements for their technological qualification are refined. Additionally, the integration of
SHM in the MRBR and MPD is included as an alternative inspection method, which has been
regulated since Revision 2009.1 of the MSG-3 logic [40, 68]. Finally, the release of Guidance
for assessing the Damage Detection Capability of Structural Health Monitoring Systems has
been planned since September 2018 but has yet to be published [69].

2.1.4 Representing Continuing Airworthiness in Financial Accounting

The continuous airworthiness requirements not only impact the design and operation of air-
craft but also affect airline finances. Selected aspects of financial accounting are summarized
in this section to provide a basis for the cost-benefit study of SHM presented in this work.

3Superseded ADs are not included.
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This includes brief remarks on accounting systems, the classification of airline cost, the rep-
resentation of continuing airworthiness efforts in airline cost, and the dependency between
maintenance and delay count.

Accounting systems are in place to measure the success of a business and its driving factors
by tracking the in- and outflow of value beyond the organization over time [70, pp. 1–12]. In
order to communicate the success of a business with respective stakeholders, various financial
statements are produced [70, p. 1–12]. However, significant differences between these state-
ments are prevalent, resulting from variations in accounting rules and reporting objectives
[71]. Legislation on the recognition and measurement of assets, losses, provisions, and taxes
can vary internationally, rendering the reconstruction of company profit mechanisms and cost
drivers from publicly released statements difficult [71, p. 12]. Furthermore, the structure of
the reported cost breakdown into individual cost objects changes with the reporting objectives
[72, p. 100]. For airlines, a cost breakdown can serve as a general management and accounting
tool to show temporal trends, cost efficiency, and operating profits or losses [72, p. 100]. Ad-
ditionally, cost breakdowns are also used to evaluate investments in new aircraft, routes, and
services and the "development of pricing policies and pricing decisions" [72, p. 100]. However,
no single categorization or breakdown of cost can satisfy all purposes, leading to the need for
different reports and cost breakdowns, which are not necessarily mutually translatable [72,
p. 100]. Therefore, selected standard practices for the aviation industry are promoted by the
ICAO and adopted by most airlines [72, p. 101].

In general, a classification of airline cost can be made based on operating and non-operating
costs, which can be broken down into direct and indirect costs [72]. Operating costs are
incurred during the provision of air transport services [72]. Non-operating costs result from
activities not directly connected to airline operations, such as gains and losses from equipment
sales, interest on loans for equipment, and government subsidies [72, p. 101]. Direct cost can
be specifically and exclusively traced to a particular cost object, whereas indirect cost occur
as overhead [73, p. 45]. In the absence of direct tracing, cost allocations can be used to
attribute indirect cost to individual cost objects [73, p. 45]. Different cost allocation methods
exist [73, p. 45]. The allocation can be conducted based on the knowledge of cause and effect,
or the allocation is entirely arbitrary when cause and effect are unknown or complex [73,
p. 45]. Arbitrary allocations bear the risk of a marginal change in production not yielding
the expected change in the cost object [73, p. 45]. The different cost allocation methods are
illustrated in Figure 2.9.

In aviation, the direct operating cost (DOC)s, which make up the largest share of operating
costs, include expenses for flight operations, maintenance, overhead, depreciation, and amort-
ization [72, p. 104]. Indirect operating costs (IOCs), on the other hand, include expenses for
station and ground handling, passenger service, ticketing, sales, promotion, general adminis-
tration, and other operating costs [72, p. 104]. Both DOC and IOC can be further divided
into fixed costs, resulting from long-term commitments, and variable costs, which are directly
escapable in the short run [72, p. 114]. When analyzing the performance of individual airline
functions, the different types of cost can be allocated to individual cost objects or activities
to identify cost drivers and the organizational units of origin [73].
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Figure 2.9: Cost allocation methods adapted from [74, p. 24, 73, p. 45].

Regarding the representation of cost for continuing airworthiness, the correct allocation of
cost to individual cost objects presents a unique challenge. In practice, many joint costs
occur simultaneously in separate areas of the maintenance process [72, pp. 105–106]. The way
aircraft maintenance costs are broken down at most airlines generally follows the structure
of maintenance organizations illustrated in Figure 2.7. Aircraft and component maintenance
typically make up the direct maintenance costs, while the indirect costs consist of the expenses
for planning, engineering, purchasing, logistics, material, and quality management.

Additionally, maintenance strategies can influence the magnitude and location, to which or-
ganizational unit of the airline maintenance cost are allocated. As aircraft components wear
out, airlines must decide between corrective maintenance and preventive maintenance as a
general strategy. Corrective maintenance includes the restoration or replacement of failed
components. While this approach guarantees the usage of the entire component lifetime,
component failures during operation cause delays, resulting in opportunity cost and addi-
tional expenses (e.g., for passenger compensation). Furthermore, the unexpected failures of
components impact the safety of the aircraft. On the other hand, preventive maintenance
aims for component upkeep before a failure occurs. While this approach avoids opportunity
costs due to unscheduled repairs and improves safety, the component lifetime is usually not
consumed, thus causing additional expenses over the aircraft’s lifetime. Additionally, airlines
can minimize unexpected breakdown costs by insuring themselves through the provision of
spare aircraft or the scheduling of additional turnaround times. Therefore, airlines can in-
fluence where maintenance-associated costs appear within the organization. However, the
overall goal is to minimize the total breakdown costs as well as the cost for minimizing break-
down costs [74, p. 24, 75]. This trade-off and the different maintenance approaches for the
airline are illustrated in Figure 2.10.

2.2 Prospects of On-board Structural Health Monitoring Sys-
tems

SHM systems have been suggested for a variety of applications on commercial aircraft to facil-
itate regulatory compliance and decrease operational cost. The following sub-sections provide
a compendium of direct and indirect benefits theoretically resulting from the implementation
of SHM. This includes the possibility of deferred aircraft decommissions, improved inspec-
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Figure 2.10: Cost of selected airline maintenance strategies and followup cost, adapted from
[74, p. 24, 75].

tion and maintenance, improved flight scheduling, and weight savings in airframe design.
Section 2.2 is solely dedicated to describing the upside potential of SHM, considerations
about the technical feasibility and previous cost-benefit analyses are covered in Section 2.3
and Section 2.4.

2.2.1 Deferred Decommissioning

The lifetime of a damage-tolerant airframe is limited by the LoV, "stated as a number of total
accumulated flight cycles or flight hours or both," which limits the operation of the airframe
in a way "that widespread fatigue damage will not occur in the airplane structure" [§25.571
37, 50]. The suitability of the defined LoV must be defined "by full-scale fatigue test evidence"
[37, 50, §25.571]. Additional full-scale fatigue tests can be used to extend the LoV if WFD
does not occur [51, pp. 1015–1016, 76]. An example of such an extension is the increased
service goal of the Airbus A320, raised from 48,000 flight cycles (FCs) and 60,000 flight
hours (FHs) to 60,000 FCs and 120,000 FHs [76, 77]. The increased service life is offered to
customers for an additional cost and includes upgrades of selected components and structural
parts [77].

"[It] is foreseen that SHM system[s] for operational monitoring may also play a role in defining
and extending the LoV," which limits the useful life of airframes [69, p.16]. The definition of
the LoV for an individual aircraft can thus be redefined as the level of fatigue rather than by
the aircraft usage expressed in FC and FH, which drives fatigue. Therefore, the service limits
arise from the usage history of the individual aircraft instead of the assumed fleet usage. A
schematic illustration of this approach is provided in Figure 2.11.

Ultimately, increases in service lifetimes through SHM can be used in two ways, depending on
the economic environment. (1) Ex ante, the increased service lifetime can enable additional
revenue by operating the aircraft for a longer period. However, the aircraft’s economic end of
life should outlast its structural end of life. The economic end of life is defined by an altern-
ative aircraft on the market whose sum of ownership costs and direct operating costs is lower
than that of the current aircraft. The operating costs of new aircraft on the market, in turn,
are driven by technological advancements, which may render the operation of aging aircraft
uneconomical after a certain time. (2) If the aircraft’s economic end of life is reached before
its structural retirement, an increased structural lifetime is economically futile. However, ex
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post the gained excess in the structural lifetime can be decreased to match the economic
lifetime by designing fatigue-prone parts less conservatively, i.e., lighter, and consequently
save fuel over the operating lifetime. Both approaches are illustrated in Figure 2.12.

2.2.2 Improved Inspection and Maintenance

For damage-tolerant structures, "[an] SHM technology capable of reliably detecting flaws of
a specific nature and size over a specific line, area, or volume is a candidate alternative to
conventional non-destructive evaluation such as visual, eddy current, ultrasonics, and X-rays
inspections methods" [40, p. 14]. As a consequence, aircraft servicing requires less time for the
preparation and execution of manual inspections, "yielding a lighter maintenance program for
operators" [40, p. 15]. More inspection process automation possibly reduces the variance in
quality and thus results in better planning and scheduling of maintenance events at an airline
level. Therefore, SHM can be an alternative inspection method in the MSG-3 process, which
is used to derive the overall aircraft maintenance program [40, p. 22–24]. Depending on the
utilized technological principles and mode of operation, SHM can influence the organization



2.2 Prospects of On-board Structural Health Monitoring Systems 21

and implementation of aircraft maintenance in numerous ways. The framework governing
continued airworthiness is applicable to all operators equally.

However, inspections and maintenance in practice may differ, as described in Section 2.1.2.
On the lowest organizational level, SHM can replace or modify existing inspection tasks. De-
pending on the degree of system autonomy, manual labor can either be supported or replaced
[78]. Deficiencies of manual inspections due to poor eyesight, fatigue, differing damage inter-
pretations, and work habits can be mitigated [78, 79]. Therefore, the documented damage
description and classification can be standardized [78, 79]. Further, depending on the SHM
system performance, the detectability of damages can improve [78]. Additionally, compliance
with ADs requiring regular inspections may be fulfilled using SHM.

After replacing an inspection task with SHM, the provision of tooling, as well as required
disassembly and subsequent assembly work, can be avoided. With less working time required
for an inspection task, the critical path of the entire inspection may change. With a shorter
duration of the overall critical path, the aircraft can resume service sooner, thus providing
additional revenue opportunities. This decrease in total inspection time may also justify
smaller maintenance facilities as fewer aircraft are simultaneously serviced, yielding addi-
tional cost savings. Finally, the procurement and stocking of spare parts may be optimized
by investigating the structural state of the aircraft ahead of maintenance using the SHM
system. Figure 2.13 illustrates the influence of SHM on the selected aspects of inspection and
maintenance. Knowing the state of the aircraft ahead of the maintenance event also allows
for a better clustering of tasks to be performed. Proactivity regarding a soon–to-fail part
prevents redundant disassembly procedures at neighboring defects. Additionally, scheduling
improves when the scope of necessary repairs is known ahead of an event.
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Figure 2.13: Benefit of SHM in aircraft inspection and maintenance.

2.2.3 Improved Airline Planning

This section outlines the airline planning process of medium to large airlines and highlights
possible influences on SHM. Since the deregulation of aviation, most airlines are free to select
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networks, aircraft, prices, and schedules, operating in a market environment with a high level
of competition [80, p. 1, 81, pp. 374–375]. To remain profitable, airlines rely on operations
research throughout the airline planning process [80, pp. 1–2].

The first step in this process is the creation of a flight schedule, which depends on "market de-
mand forecasts, available aircraft operating characteristics, available manpower, regulations,
and the behavior of competing airlines" [80, p. 31]. The flight schedule design is an iterative
process that may require extensive modifications to be operationally feasible and economic-
ally viable [80, 82, p. 31]. Airlines choose between a hub-and-spoke or point-to-point network
structure, both being competitive in large markets [83]. Next, individual aircraft are assigned
to the schedule such that the number of aircraft required to service the network is minimized
[80]. Aircraft routing takes inspection and maintenance requirements into account [80]. In
the final step of the planning phase, crews are assigned to individual aircraft [80].

During the operational phase, airline revenue management controls the price of available seats
to maximize the revenue [80, p. 114]. Finally, airlines must deal with irregular operations
resulting from "mechanical problems, severe weather, crew sickness, airport curfews, and
security" on short notice [80, p. 151]. Some steps of the optimization problems are often
combined, covering multiple optimization goals, e.g., minimum cost and maximum revenue
[84, p. 17]. However, addressing all problems in a single optimization framework is challenging
because of the computational complexity; hence, the investigated scenarios are limited [84,
p. 17–19]. The airlines planning process is summarized in Figure 2.14 and sorted by planning
time horizon.

SHM influences fleet assignment, aircraft maintenance, and the root causes for irregular
operations if aircraft inspection requirements are changed. During the planning phase, re-
duced inspection requirements can result in fewer and shorter maintenance stops, allowing
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primary departure delay causes for Airbus A320 controlled by Eurocontrol.

additional revenue-generating flights to be scheduled. In the operational phase, delays and
cancellations due to unexpected structural damages can be mitigated through SHM. To this
end, Figure 2.15 provides an overview of the most common causes for delays, in which most
are connected to air traffic flow management (ATFM). Additional inspections at no cost
allow for preventive checks at convenient times, e.g., a walkaround during an overnight stop,
and decrease the chance of unexpected findings or sudden damage.

2.2.4 Weight Savings Potential in Airframe Design

Although the average fuel consumption per passenger-kilometer steadily has declined 1–3%
annually since the 1960s, the cost of fuel still makes up 20–30% of all airline expenditures
[85, p. 7]. Since fuel consumption and aircraft weight correlate, the airframe weight directly
impacts airline operating costs. Depending on the aircraft, an incremental variation in air-
craft operating weight by 1 kg changes the fuel burn of 4.5·10−3 to 4.7·10−2 kg/h for the
average mission profile of airlines [86, pp. 7–8]. Hereby, a retrofit of a legacy aircraft is as-
sumed without considering an aircraft resizing, which is required for constant payload-range
performance. Both the share of total airline expenditure from fuel cost and the sensitivity
of aircraft fuel consumption to incremental weight change are illustrated in Figure 2.16. As-
suming a fuel price of USD 0.6 per kg, 1 kg of weight results in fuel cost of USD 840 to 970
over the lifetime of 60,000 FHs of an Airbus A320. According to [40, p. 14], "[t]he use of
SHM technology for inspection of inaccessible areas may yield a range of structural benefits
including part count reduction [and] the potential for weight savings" of designs currently
optimized for accessibility. To integrate lighter airframes, SHM can be used in three different
scopes:

On (1) the component level, SHM can be used to detect crack lengths in metallic structures
that lead to fatigue [11, pp. 1342–1345]. The uncertainty in initial crack size, as well as
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Figure 2.16: A) Share of airline expenditure from fuel cost (bars) and annual average Brent
price (line), based on data from [92]. B) Influence of additional weight on increased
fuel consumption for selected ranges and aircraft types, based on data from [86,
pp. 7–8].

spectrum loading, requires conservative assumptions such that a single crack does not become
critical during the specified inspection interval. The inspection intervals can be lengthened
using NDT technologies capable of detecting microscopic cracks. On the other hand, the
continuous surveillance of structures with SHM effectively increases the inspection frequency,
thus allowing accelerated crack growth or reduced crack length uncertainty and, therefore,
lighter structures. In addition, design requirements of parts prone to fatigue can be altered
to assume less severe scenarios, resulting in lighter structures [87, p. 2]. Depending on the
specific part and its location in the aircraft, this weight savings potential is limited based on
other design requirements, such as for impact damages or limit loads.

On (2) the assembly level, the NAAs require aircraft manufacturers to design for inspectabil-
ity [25.611 37, 50]. Without SHM, a design should be optimized for inspectability on a variety
of parts, e.g., stringers [10, p. 142] and structural joints [10, p. 520], next to the integration
of inspection cutouts (with doublers) [10, p. 162] and inspection doors [10, p. 259]. The con-
venience and necessity during inspection come at the price of increased structural complexity,
leading to heavier parts. SHM provides the means to satisfy inspection requirements without
requiring manual accessibility to all parts of the airframe. The airframe design can thus be
optimized for weight without considering accessibility for structural inspections.

On (3) the aircraft level, onboard structural stress and strain analyses provide additional
information to enhance aircraft control laws, moderating unwanted loading conditions [88, 89].
SHM provides the means to moderate the introduction of loads and observe experienced
damages. The decrease in load spectra through active load alleviation for the operation of
the aircraft allows for proportionally relaxed loading requirements during the design phase,
thus enabling further weight savings [90, 91, p. 46].



2.3 Technological Approaches to Structural Health Monitoring 25

2.3 Technological Approaches to Structural Health Monitor-
ing

This section provides a summary of technological approaches for SHM in commercial aviation,
defining the scope and scenarios of the cost-benefit analysis presented in Chapter 5 and
Chapter 7. Additionally, selected applications of SHM in military aviation are discussed to
demonstrate available and previously deployed technologies. A more comprehensive overview
of SHM technologies is provided in [12] and the proceedings of the bi-annual International
Workshop on Structural Health Monitoring [93–97]. Regardless of the technology used, the
SHM process builds on four entities, namely the information source, diagnostics, prognostics,
and system health management, as illustrated in Figure 2.17.

The process begins with the monitoring of the structure or information source, where struc-
tural actuation, structural response or both are recorded [98, p. 2]. Depending on the location
within the aircraft, the prevailing damage types and thus applicable SHM technologies differ
[40, p. 15]. SHM can be based on either the observation of a damage-dependent physical phe-
nomenon, referred to as DM, or the analysis of structural loads to reconstruct the emergence
of damages, referred to as OLM [40, p. 24–25]. Using this classification, four approaches to
SHM are considered in this work—self-contained DM and self-contained OLM, which both
require dedicated hardware, a combination of DM and OLM, and the adoption of existing
information from available systems not installed for SHM.

Independent of the information-gathering tool used, the measurement data are subsequently
processed during the diagnostics phase to identify the current structural state. During this
step, data are compiled or aggregated using additional information sources. A comprehensive
overview of approaches to information fusion on the data, feature, and decision levels is
presented in [99]. Since the available SHM data depend on the monitored structure and the
damage type, the implementation of these analytical approaches is beyond the scope of this
thesis.

After the data analysis, SHM systems provide damage prognostics, using assumptions about
future loads acting on the structure. This requires damage-behavior models based on physical
laws or empiric observations.

Damage predictions provided by SHM and other health monitoring systems can be utilized
within the overall system health management to improve the operational performance of the
aircraft. Information about future structural failures can be used to improve repair and
replacement decisions and thus the maintenance scheduling of the aircraft.

2.3.1 Damage Detection with Dedicated Sensor System

DM keeps track of the degradation of mechanic properties as a result of fatigue, corrosion,
overload, or accidental damage from ground equipment impact or bird strike [40, pp. 21–22].
A sensor is installed at or near the monitored areas [40, pp. 21–22]. The DM systems use active
or passive sensing [40]. Unlike passive approaches, which rely on ambient excitation of the
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Figure 2.17: Process and organization of SHM, adapted from [98, p. 2, 100, p. 6, 40, p. 27].

structure, active sensing intentionally imparts energy to the structure to cause excitation and
allow for measurements [101, 102]. The monitored physical phenomenon and data evaluation
approach vary among technologies, as does their damage detection performance.

Several DM technologies are extensively discussed in the literature with varying degrees
of technological readiness, including comparative vacuum monitoring (CVM), where open
cracks are detected through a pressure drop between a series of steady-state vacuum volumes
bounded to the structure [ 103, p. 3, 104, p. 4]. CVM sensors are certified by the FAA for
particular NDT applications on Boeing aircraft, following a two-year test program with a
small number of commercial airlines that started in 2005 [104, p. 4]. Eddy current testing
foil sensors (ETFSs) monitor cracks and corrosion by tracking the interaction of defects with
eddy current fields [105, p. 17]. ETFSs were tested for the use in the root joint area of
the Airbus A380 in a full-scale fatigue test [ 106, p. 5–6, 107, p. 6]. Accoustic emission
(AE) sensors record acoustic waves that are generated by structural events resulting from
impacts, crack initiations, or crack growths [103, p. 3]. AE sensors were also used around
the rear passenger doors and lower fuselage during the full-scale fatigue test of the Airbus
A380 [106, pp. 5–6]. However, during commercial operation, signals from damage growth
have to be distinguished from "other high-frequency noise sources such as crack face rubbing,
electromagnetic interference [...] and airframe structural noise due to inflight loads" [104,
p. 2].

Furthermore, acousto ultrasonics (AUs) and imaging ultrasonics (IUs) rely on sending and
receiving ultrasonic pulses, where damage-dependent changes in reflected signals can be ana-
lyzed; both were tested during the full-scale fatigue test of the Airbus A380 [103, p. 3-6, 106,
p. 5]. Crack wires (CWs), typically used during full-scale fatigue tests, rupture in the pres-
ence of cracks, as evaluated for the applicability of SHM during full-scale fatigue test of the
Airbus A380 [106, pp. 5–6]. Additionally, CWs are currently used as a tail-strike indication
system on the Airbus A340 and Airbus A380 [108].

Several fiber-optic sensors (FOSs) systems exist, with varying coverage areas and utilized
physical principles [109, pp. 21–23]. FOSs used in aviation generally measure strain to infer
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possible damage [109, p. 23]. One FOS system with extensive use in pilot studies and practical
applications for SHM are Fiber Bragg-gratings (FBGs), which allow "the measurement of
strain at different places along a fiber using a single cable [...]. Typically, 10–50 gratings can
be measured on a single fibre line" [109, p. 23-26]. FBGs were used as part of an SHM system
on the Airbus A340 in the rear pressure bulkhead [110, p. 4, 104, p. 6, 111]. Environmental
degradation monitoring sensors (EDMSs) are "multifunctional sensors capable of monitoring
parameters such as temperature, humidity, time of wetness and pH. In conjunction with a
corrosion model, corrosion prediction and detection [are] possible" [103, p. 3]. An overview
of sensor technologies is provided in Table 2.1. Depending on the expected damage, type of
installation (factory-installed or retrofit during maintenance), position in the aircraft, and
available onboard energy and data transmission infrastructure, the specific system weight
and investment cost can vary [40].

Table 2.1: Applicability of selected technologies for damage monitoring and selected applica-
tions, expanded upon [112].

C
V

M

E
T

F
S

A
E

IU C
W A
U

FO
S

E
D

M
S

Source

Detectable damages
Cracks � � � � �
Ruptures � � � �
Impacts � �
Delamination � � � �
Bond quality �
Bonded repair �
Debonding � � �
Corrosion � �

Commercial applications
Airbus A340 △ [104, p. 6]
Airbus A380 △ △ △ △ △ △ [107, p. 6, 106, pp. 5–6, 113, p. 10]
Boeing B767 △ △ △ [104, p. 2, 114, p. 16]
Boeing B757 △ [114, p. 16]
Douglas DC-9 △ [114, p. 16]

Military applications
Lockheed F35 N N [115, pp. 5–6]
Lockheed C130 N [104, p. 1]
Northrop F5 N [104, p. 1]
Panavia Tornado N [110, p. 5, 104, p. 1]

Legend: � good usage, � limited usage, N operational, △ field/full-scale fatigue tests
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Figure 2.18: The derivation of both structural failure risk and thus structural end of life by
means of OLM is highly dependent on the known distribution of fatigue model
parameters.

2.3.2 Operational Load Monitoring

SHM systems based on OLM use "sensors which do not directly check the structure for dam-
age, but instead correlate various measurements (e.g., environmental conditions, [maneuver
and gust] loads) to make an inference to the probability or likelihood of damage" [40, p. 24].
The correlation between operational usage and damage is based on previous experiences,
physical models, and full-scale fatigue tests [116]. The extent of the correlation depends on
the observational error of the estimated damage-dependent parameter and the quality of the
damage model [116]. Figure 2.18 illustrates this characteristic of OLM, using the example of
crack growth in metallic structure. An assumption is that the structure has attained initial
cracks through the manufacturing process before the aircraft enters into service [117, 118]. In
metallic structures, the crack growth for a given load can subsequently be calculated, e.g. by
using the Paris-Erdogan law, given the initial crack size, geometric properties of the part, and
its material characteristics [117, 118]. A smaller distribution of measured input parameters
yields better damage prediction and longer service for a structural part [117, 118].

Structural fatigue can be predicted with OLM by monitoring flight parameters or loads using
accelerometers or strain gauges [119, pp. 5–6]. Flight parameters can be used to calculate
loads, which in turn "can be converted to stresses and strains at fatigue- critical locations using
transfer functions either derived analytically or by numeric approaches such as finite element
modeling" [119, p. 5]. In addition, strain gauges installed in representative fatigue-critical
areas can monitor loads [119, p. 5]. For DM, strain gauges are placed directly at hotspots to
monitor damage-dependent strains (see Section 2.3.1). However, if a hotspot arises, the rela-
tion between loads, strains, and damages may change, impairing the simultaneous monitoring
of loads and damage [119, p. 5].

In practice, OLM originated in the 1950s, when the United Kingdom Royal Air Force in-
tegrated accelerometers at the centers of gravity of fighter airplanes, counting the instances
when loads exceeded a predefined threshold in order to calculate a flight or fatigue index
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Figure 2.19: In hybrid SHM systems, OLM provides information about structural health for
ensemble and DM can enhance this information for the individual aircraft or com-
ponent in order to improve damage estimates.

[13, p. 4]. Later, the "Panavia Tornado fighter airplane was possibly one of the first [air-
craft] getting an operational loads monitoring system called onboard life monitoring system
(OLMOS)" [13, p. 6]. In addition to recording flight parameters, OLMOS also includes
strain gauges to measure stresses or loads in fatigue-critical areas [120, p. 3, 110, p. 5–6].
"To minimize the number of additional sensors to be implemented, OLMOS was mainly based
on monitoring flight parameters only [...] with a few strain gauges [...] for verification" [13,
p. 7]. Furthermore, the CF-18 multi-role fighter introduced in the Canadian Forces in 1982
was equipped with strain gauges to monitor aircraft usage and accumulated fatigue damage
[13, p. 7, 121, p. 1]. The gathered data indicated that the aircraft operated differently than
assumed during design [121, p. 1]. Thus, they partially exceeded the certified load spectrum,
leading to additional efforts in fatigue management and testing [121, p. 1]. Additionally,
the Eurofighter Typhoon includes an SHM system that monitors aircraft usage information,
significant structural events, and fatigue-life consumption based on flight parameters and
strain gauge measurements [13, p. 7, 122, p. 1]. Finally, the F-35 Joint Strike Fighter has an
advanced SHM system that records overloads, aircraft flight parameters, door usage, land-
ing data, and environmental data for corrosion sensing [123, p. 8]. OLM in the F-35 uses
parametric models that are continuously validated using strain sensors distributed in selected
locations across the airframe [123, p. 9].

2.3.3 Hybrid Systems

Hybrid SHM systems are combinations of DM and OLM [119, p. 6]. DM can calibrate and
validate fatigue damage analyses based on OLM [119, p. 15]. Various methods are used to
combine information about structural health from DM and OLM, including sensor fusion,
model-based reasoning, systems specific logic or rules, and feature extraction [123, p. 6]. As
illustrated in Figure 2.19, DM can continuously improve the observational error of OLM
transfer functions to calculate damages. The ensemble-based knowledge gained with OLM
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about the structural state of a specific component can improve using information from DM.
Vice versa, OLM can be used for plausibility checks of DM systems to identify possible false
alarms.

Both the Eurofighter Typhoon and the F-35 Joint Strike Fighter use hybrid means of SHM
[119, p. 15, 123, p. 6]. With data fusion approaches, information from DM and OLM systems
can be combined in a single SHM system to improve monitoring performance [124]. For an
unmanned aerial vehicle’s main wing beam made of CFRP, damage detection capabilities
were improved by combining data from in-flight autopilot telemetry and strain data from 20
FBGs using raw sensor data and feature-level data fusion techniques [124, p. 453]. Inversely,
a single SHM system can be used to perform DM and OLM, as shown in [125], where an
FBG is "used simultaneously for both a strain-sensing-based load-monitoring system and a
Lamb-wave-based damage-detection system" [125, p. 453]. "FBG sensors were used to record
the load history of the test [...]. Piezoceramic transducers and the same FBG sensors that
already monitored the load history were applied to record the Lamb-wave signals" [125, p. 453].
With only one sensor and one sensor interrogation system, installation weight, size, and cost
can be reduced [125, p. 460]. Generally, hybrid systems improve the monitoring performance
of SHM systems while mitigating associated costs from false alarms, system weight or both.

2.3.4 Co-opt Existing Information

In addition to the use of dedicated SHM hardware, readily available information sources
can be co-opted to gain insights into the state of the structure. Furthermore, hardware and
software modifications to legacy aircraft systems enable dual use by extending their original
functionality with SHM capabilities.

In practice, OLM systems of military aircraft make use of flight computer data for load
estimation [115, p. 4, 110, pp. 3–5]. The Lockheed F35 uses the "control surface deflections,
[...] masses per station, individual fuel tank states, engine parameters, [...] weight-on-wheels,
door positions [...]" and more for SHM [115, p. 4]. Further suggested data sources for OLM
include cameras currently intended as taxiing aids to measure the in-flight deformation of the
wing, slats, and flaps [126, p. 545, 127]. Additionally, fuel sensors can expand load monitoring
capabilities by considering the dynamic response of oscillating fuel in the tank [128, p. 63,
129, 130, 131].

Hardware can be adapted to unlock additional SHM potential. Coaxial or multimode graded-
index fibers were suggested to bundle the role of FOSs and cabin illumination in one system
[128, pp. 105–106]. While fibers had to be routed along a monitored structural area, the
combination of functionalities might provide a weight benefit compared to separate systems.
The dual usage approach is also suggested for fire protection sensors, which can be replaced
with sensors detecting both heat and strain [128, pp. 107–108]. Furthermore, the onboard
data and communication system can be modified to use fibers that transmit data and monitor
pressure [132, p. 1]. The modified data cables can be rerouted to bypass damage-prone
structural areas.
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Table 2.2 provides an overview of locations on an Airbus A320 where co-opting of information
may be used for SHM. However, the bundling of functionalities increases complexity and may
influence system reliability, thus requiring an updated FMEA. Still, SHM systems relying on
co-opted information may be lighter than dedicated monitoring equipment, thus improving
overall aircraft weight and, hence, fuel cost.

2.4 Current Cost-benefit Analyses of Structural Health Mon-
itoring

While a variety of SHM technologies are currently used in military aircraft, few airlines are
pursuing the implementation of onboard SHM as part of pilot studies [134]. The absence of a
widespread and rapid commercial adoption of SHM can be attributed to an unclear business
case [20, p. 38, 21, p. 1]. Therefore, numerous studies investigating the profitability of SHM
in commercial aviation have been presented. This section provides an overview of these
studies, including results and employed methodologies. The considered studies are based
on an analysis of 1836 peer-reviewed publications listed in the Scopus® database containing
"structural health monitoring" and "aircraft" or "aviation" in the title, abstract, or keywords4.
Together with articles reviewed in a previous literature study on the cost and benefit of SHM,
1865 unique articles were considered [34]. For a manual review of the identified literature, only
articles that included either "economic," "cost," "benefit," or "competitive" in their keywords
were considered, yielding 143 articles. An extensive in-depth study of the selected articles
revealed that only 30 cover the financial cost and benefits of SHM. The remaining 113
articles do not consider cost or cover applications outside the aviation domain. Figure 2.20

4The search was conducted on November 24, 2020. The subjects medicine, biochemistry, sociology, arts,
agriculture, and neurology were excluded from the results.

Table 2.2: Selected aircraft systems providing co-optable information for SHM.

Aircraft Required Provided Purpose Ref.
system modification data
Flight mngmt. non to minor Flight performance OLM [115, p. 7,
system 110, pp. 3–5]
Tail camera non to minor Images of wing OLM [126]
Proximity sensor non to minor Frequency patterns DM [128, p. 44, 133]
Fuel sensor non to minor Fuel oscillations OLM [129, 131, 130]
Cabin Modified fibers Strain data DM [128, pp. 105–107]
illumination and installation
Data network Modified fibers Strain and DM [132]

and installation vibration
Fire detection Modified fibers Strain data DM [128, pp. 107–108]

and installation
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illustrates the annual number of profitability-oriented SHM studies as a share of the entire
surveyed literature.

The profitability-oriented studies relied on qualitative approaches in 16 publications and
quantitative methods in only 14 publications. A qualitative statement about the profitability
of SHM using a series of assumptions and arguments can be found in the following studies:

A description of how efforts in continuing airworthiness benefit from SHM and an overview
of connected challenges for the aircraft manufacturer were provided in [135, 136]. While
focusing on the qualification process of SHM, time and cost reductions during inspections
were proposed by [137]. The same proposition as made by [138], studying sensor placement
and design. In addition, improved inspections in areas difficult to access and extensions of
aircraft lifetimes were proposed in a study covering new sensor technologies by [139]. [30]
emphasized the benefits of SHM during maintenance and inspection through better logistics.

A novel solution for fatigue life estimation on general aviation aircraft was proposed and
validated in [29], suggesting a decrease in inspection and maintenance cost. Decreasing in-
spection efforts were also proposed in [140]. [141] recommended implementation approaches
and discussed the benefits of increased knowledge about structures on the cost-effectiveness
of inspections, considering Bragg grating sensors for aircraft health monitoring. Addition-
ally, the combination of SHM and augmented reality in aircraft inspections, including the
connected efficiency gains, were outlined in [142]. The potential of OLM for improved cost-
effectiveness of aircraft inspections using neural networks was shown in [143]. [144] discussed
specifically tailored SHM systems provided by the manufacturer. Furthermore, decreased in-
spection requirements through SHM were demonstrated in [145] using a demonstrator. The
use of SHM based on Lamb-waves for corrosion detection in aluminum alloys to decrease
inspection requirements was covered in [146]. Finally, a general reduction of structural re-
pair and inspection expenses was mentioned in [147], when using SHM in the overall aircraft
health management.

However, quantitative studies considered in this section present diverging results regarding
the profitability of SHM. Airframe weight and associated fuel cost vary between a 3% increase
and a 15% decrease. The deviation in the influence of SHM on inspection cost is even greater,
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averaging from a 70% increase to an 83% decrease. The disparity of results can be attributed
to the different scopes and considered SHM performances. Based on a simulation of the
aircraft maintenance process in the software environment ARENA, the influence of SHM
on the critical path of an aircraft inspection was studied in [148] (Figure 2.21,Bol 07). An
automated airframe inspection using SHM was shown to not impact the critical path of the
inspections and thus not decrease the overall duration of aircraft maintenance events [148]
(Figure 2.21,Bol 07).

On the other hand, SHM enables condition based maintenance (CBM), allowing improved
repair thresholds, which decrease the cost attributed to airframe maintenance [149] (Fig-
ure 2.21,Che 14). However, the savings depends on the scope of CBM [149] (Figure 2.21,Che
14). The same author additionally considered the impact of SHM on aircraft risk of fail-
ure in a different study, resulting in significantly reduced cost benefits enabled by SHM
[150] (Figure 2.21,Che 14). A laboratory simulation investigating CBM of aircraft structures
based on SHM as substitute for a single inspection task of military aircraft in the United
States of America concluded that up to 79% of costs linked to aircraft downtime could be
saved compared to regular scheduled inspections [22] (Figure 2.21,Der 16). Cost savings
in structural inspections for commercial aircraft were also found for a Boeing 737 [31, 32]
(Figure 2.21,Don 18).

However, when considering the increased cost of fuel and lost payload from additional SHM
equipment weight, significant cost increases occurred for manual inspection tasks replaced
by SHM [31, 32] (Figure 2.21,Don 18). Hereby, the location of SHM equipment within the
aircraft and partial airframe coverage with built-in test equipment was not considered [31, 32]
(Figure 2.21,Don 18). SHM as an enabler for CBM, which aimed to skip unnecessary struc-
tural inspections, was compared to regularly scheduled inspections considering the probability
of fatigue, yielding cost savings for structural inspections in [26] (Figure 2.21,Pat 12). The
effects of SHM on inspection accuracy and thus airframe design requirements and weight
are investigated using a probabilistic failure model, demonstrating possibilities for structural
weight savings in [25] (Figure 2.21,Pat 11).

Using a Paris-Erdogan crack growth model, a Monte Carlo simulation showed that progressive
structural inspections based on SHM were 50% more cost effective than scheduled inspections
[24] (Figure 2.21,Pat 10)5. Using a risk assessment, SHM was shown to reduce the structural
inspection and maintenance costs of airframes by 30% without considering weight [151] (Fig-
ure 2.21,Sun 18). While maintaining the airframe safety level, SHM enabled a cost-driven
predictive maintenance policy to significantly reduce structural inspection cost [27] (Fig-
ure 2.21,Wan 17). Without considering the impact of SHM equipment on airframe weight,
the inspection cost improvements were up to 67% on the fleet level [27] (Figure 2.21,Wan
17). A subsequently updated study by the same authors found cost savings of up to 83% [28]
(Figure 2.21,Wan 18). The conclusions on the profitability of SHM from both quantitative
and qualitative studies are summarized in Figure 2.21.

5The quantified cost benefit of SHM presented by the author decreased steadily with three consecutive
publications from 50% to 5%.
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Figure 2.21: Proposed impact of SHM on aircraft life-cycle cost by application and type of
study. A list of references is provided in Appendix A.3.

Depending on the consideration for airframe safety, weight, maintenance scheduling ap-
proaches, and study scope, ranging from a single part to the whole aircraft to entire fleets, the
results of cost-benefit studies vary significantly. Hereby, current studies specifically failed to
address the implications of other onboard systems besides the airframe, when addressing the
overall maintenance scheduling of the aircraft. Furthermore, operational drawbacks resulting
from SHM equipment weight, such as reduced payload and increased fuel burn, were only con-
sidered in studies instrumenting the entire airframe with SHM [31, 32]. Trade-offs enabled by
only instrumenting parts of the airframe with high area-specific inspection requirements were
not considered. Additionally, estimates of the cost of payload reductions resulting from SHM
equipment weight did not account for the difference between certified payloads, actually flown
payloads, and passenger seat loads during operation. Therefore, possible synergies between
unused payload capacity and decreased inspection effort were neglected. Moreover, most
studies considered SHM and the airframe separately from the rest of the aircraft. Thus, the
interference between the airframe and overall aircraft with regard to monitoring technology
information sources and maintenance scheduling requirements was ignored when analyzing
the financial impact of introducing SHM. Finally, SHM was evaluated only based on its cash
flow impact, neglecting the cost of capital required for a holistic evaluation when treating
the technology as an investment opportunity for an airline. Therefore, the techno-economic
assessment methodology presented in Chapter 3 closes the aforementioned research gaps in
the literature by assessing previously isolated investigated aspects of SHM in an integrated
framework to better estimate its financial impact on commercial aviation.
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Chapter 3

Methods

The methods for investigating the cost and benefit of SHM in commercial aviation are in-
troduced in this chapter. The aircraft simulation incorporates models of structural fatigue,
impact damages, system failures, maintenance requirements, aircraft decommissioning, fuel
consumption, and SHM. Of note, aircraft maintenance records were not accessible for this
thesis. In addition, approaches to calibrate the models are described. Airline simulation
is discussed to investigate how the aircraft reliability influenced by SHM affects the overall
airline reliability, given its network topology. Finally, a cost model is introduced to unify
all investigated aircraft and network metrics into a single financial metric representing the
overall profitability of SHM.

3.1 Aircraft Simulation

This section discusses the methodologies applied to simulate the operational life of an aircraft
from entry into service until decommissioning. Wear and tear is considered in the form of
structural fatigue, impact damage, and system failure. Generic models representing the
performance of SHM systems are described, and an approach to model aircraft maintenance,
repair and overhaul (MRO) is introduced. In order to estimate the impact of changes in
aircraft weight due to improved design and SHM equipment mass, a simplified fuel model
is provided. The systematization provided in the MPD divides the aircraft into individual
positions. Each position reflects one small part of the aircraft. For example, the Airbus A320
considers 1048 unique positions. For positions included in the structural and zonal program,
fatigue failures are simulated using the structural fatigue and damage model provided in the
subsequent subsection.

Simulations of failures occurring in aircraft systems are based on mean time between failure
(MTBF) rates. To satisfy continuing airworthiness requirements, the aircraft is subject to
regular inspections that are scheduled to fulfill the requirements of every position provided
in the MPD with maximum time efficiency. For structural components, SHM systems can
alternatively provide information about the states of positions listed in the structural or zonal
program of the MPD. Figure 3.1 provides an overview of the aircraft simulation methodology,
covering the required inputs, utilized models, and outputs.
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Inputs Aircraft simulation Outputs

Structural fatigue and 

damage model (3.1.1)

SHM performance 

model (3.1.2)

System failure model 

(3.1.5)

Fuel consumption model 

(3.1.8)
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overhaul model (3.1.6)

Fuel consumption
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Maintenance Planning 

Document
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parameters

Aircraft system failure 
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Aircraft operating 

performance and weight

Operational aircraft 

usage data

Airframe design 

considerations (3.1.4)

DM equipment weight 

model (3.1.3)

Flight schedule

Figure 3.1: Structure of aircraft simulation framework including inputs, models, and outputs.

3.1.1 Structural Fatigue and Damage Model

The structural fatigue and damage model approximates the airframe fatigue for every position
in the airframe using the inspection requirements provided in the MPD. The methodology
is based on a previous conference publication in [34] and described in Subsection 3.1.1.1.
Using the Paris-Erdogan law describing cracks in metallic structures, a single leading crack
for every airframe position is calculated. Every structural component is assumed to have
a crack initiated during manufacturing. Based on the inspection intervals provided in the
MPD, the crack growth factors are calibrated individually for every position of the airframe,
as described in Subsection 3.1.1.2. While this approach does not represent the exact fatigue
behavior of every position of the aircraft, it provides a suitable coherence between inspection
requirements, structural weight, and fatigue damage. The approach is validated by com-
paring calculated and actual structural fatigue damages over the aircraft lifetime derived
from publicly available data on structural repair efforts and aircraft dispatch reliability in
Section 4.4.

3.1.1.1 Crack Growth Model

The stress intensity factor indicates the intensity of the stress field in the apex of a structural
crack and describes its severity [34, 152]. As described in [34] for metallic aircraft structures,
the "dependence of the stress intensity factor 𝐾 on stress resulting from external loads, the
crack length 𝑎 as well as the dimensions of the loaded body can be put as follows

𝐾𝐼 = 𝜎
√

𝜋𝑎 · 𝑌𝐼 (3.1)

𝐾𝐼𝐼 = 𝜏
√

𝜋𝑎 · 𝑌𝐼𝐼 (3.2)
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𝐾𝐼𝐼𝐼 = 𝜏𝑙

√
𝜋𝑎 ·

√︃
2𝑏

𝜋𝑎
𝑡𝑎𝑛

𝜋𝑎

2𝑏
(3.3)

where 𝜎 is the axial stress, 𝜏 is the shear stress, 𝜏𝑙 is the stress orthogonal to the crack and the
plane, 2𝑏 is the width of the specimen, 𝑌 𝐼 and 𝑌 𝐼𝐼 are parameters representing the geometry,
type of loads and crack formation [...] [152]. The fracture mode I (opening) is of practical
importance, since the resistance of the material against stress in mode I is generally lower
compared to the resistance against stresses in mode II (in-plane shear) and mode III (out-
of-plane shear) [153]. Numerical values for the [geometry factors] 𝑌𝐼 and 𝑌𝐼𝐼 can be derived
using

𝑌𝐼 = 𝑌𝐼𝐼 =
(︂

1 − 0.025 · (𝑎

𝑏
)2 + 0.06 · (𝑎

𝑏
)4
)︂

·
√︂

𝑠𝑒𝑐(𝜋𝑎

2𝑏
) (3.4)

[154]. For mode I where the fracture toughness 𝐾𝐼𝑐 depends on the material and its temper-
ature as well as its loading frequency, the fracture criterion can be formulated as

𝐾𝐼 ≤ 𝐾𝐼𝑐 (3.5)

[152]. 𝐾𝐼𝑐 is generally determined by tests conducted in accordance with the norm American
Society for Testing and Materials (ASTM) E399 [152]. For mixed mode loads, which rather
correspond to real loading, the equivalent stress intensity factor 𝐾𝑉 can be formulated for
mode I and mode II crack growth as

𝐾𝑉 = 𝐾𝐼

2 + 1
2

√︁
𝐾2

𝐼 + 4 · (𝛼1𝐾𝐼𝐼)2 ≤ 𝐾𝐼𝑐 (3.6)

where 𝛼1 is a parameter to fit the criterion to the failure limit curve of different materials
[152]. In practice 𝛼1 can usually be assumed to equal 1.225 [152]. 𝐾𝑉 can in turn be compared
to the fracture toughness 𝐾𝐼𝑐 for mode I [152]. Local mixed-mode-loading conditions at cracks
can also occur as a combination of the three basic fracture modes where 𝐾𝑉 can be formulated
according to [155] as

𝐾𝑉 = 𝐾𝐼

2 + 1
2

√︁
𝐾2

𝐼 + 5.336 · 𝐾2
𝐼𝐼 + 4 · 𝐾2

𝐼𝐼𝐼 . (3.7)

It is assumed that normal and shear stresses at a single critical location govern the fatigue life
of a component [156]. [...] The stress intensity factors of the individual parts depend on the
assumed leading crack growth mode, type of loading and resulting stresses. Table 3.1 outlines
load sources and primary crack growth modes of considered standard aircraft parts [...].
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The following stress intensity factors are based on [154]. Assuming flat metal sheets as aircraft
parts, the stress intensity factors can be written as (3.1) to (3.3) as well as (3.6) and (3.7).
For mixed mode I and mode II cracks the equivalent stress intensity factor can be written as

𝐾𝑉 = 𝜎
√

𝜋𝑎 · 𝑌𝐼

2 + 1
2

√︁
(𝜎

√
𝜋𝑎 · 𝑌𝐼)2 + 6 · (𝜏

√
𝜋𝑎 · 𝑌𝐼𝐼)2 (3.8)

[...]. The stress in the frame is primarily a result of the varying cabin pressure and can be
written as

𝜎𝑓𝑓 = 𝑝𝛥𝑓𝑓,inf · 𝑑𝑚

2 · 𝑠
(3.9)

[157]. A seamless fuselage is assumed, where 𝑝𝛥𝑓𝑓,inf is the pressure differential between
fuselage and environment, 𝑑𝑚 = 𝑑 + 𝑠 with 𝑑 being the inner diameter and 𝑠 being the
thickness of the wall. For a longitudinal stringer, the stress can be formulated as

𝜎𝑙𝑠 = 𝑝𝛥𝑓𝑓,inf · 𝑑𝑚

4 · 𝑠
(3.10)

and for the fuselage skin as

𝜎𝑓𝑠 = 𝑚𝑎𝑥

{︃
𝑝𝛥𝑓𝑓,inf ·𝑑𝑚

2·𝑠
𝑝𝛥𝑓𝑓,inf ·𝑑𝑚

4·𝑠

}︃
(3.11)

𝜏𝑓𝑠 = |𝜎1 − 𝜎2|
2 (3.12)

Table 3.1: Sources of loading and primary crack growth modes of principal structural compon-
ents [34].

Part Assembly Load sources Crack growth modes
Frame (ff) Fuselage Pressure difference Mode I

and maneuvers
Longitudinal Fuselage Pressure difference Mode I
stringer (ls) and maneuvers
Fuselage Skin (fs) Fuselage Pressure Mode I + Mode II
Wing spar (ws) Wing Bending moments and Mode I

aerodynamic loads
Wing rib (wr) Wing Aerodynamic loads Mode I
Wing skin (wsk) Wing Aerodynamic loads Mode I + Mode II
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where 𝜎1 is the maximum stress and 𝜎2 the minimum stress. The stresses in the wing spar
and wing rib resulting from bending moments 𝑀𝑦 can be formulated as

𝜎𝑤𝑠(𝑥, 𝑧) = 𝜎𝑤𝑟(𝑥, 𝑧) = 𝑀𝑦(𝑥)
𝐼𝑦(𝑥) · 𝑧 (3.13)

with 𝑀𝑦 being a result of the aircraft load carried by the wing, maneuver loads and gusts. 𝐼𝑦 is
the second moment of area. Normal and shear stress in the wing skin caused by aerodynamic
forces can be formulated as

𝜎𝑤𝑠𝑘 = 𝐹𝑤𝑠𝑘

𝐴𝑤𝑠𝑘
(3.14)

𝜏𝑤𝑠𝑘 = 𝑇𝑤𝑠𝑘

𝑠
(3.15)

[where] 𝐴𝑤𝑠𝑘 represents the cross section of the wing skin, [𝐹𝑤𝑠𝑘 the force acting on the wing
skin perpendicular to 𝐴𝑤𝑠𝑘], 𝑇𝑤𝑠𝑘 the shear flow and 𝑠 the material thickness [...]. Assuming
a cycling loading condition, the time varying stress intensity factor for mode I cracks can be
formulated as

𝐾𝐼(𝑡) = 𝜎(𝑡)
√

𝜋𝑎 · 𝑌𝐼 (3.16)

and the maximum and minimum stress intensity factors 𝐾𝐼𝑚𝑎𝑥 and 𝐾𝐼𝑚𝑖𝑛 as

𝐾𝐼𝑚𝑎𝑥 = 𝜎𝑚𝑎𝑥

√
𝜋𝑎 · 𝑌𝐼 (3.17)

and

𝐾𝐼𝑚𝑖𝑛 = 𝜎𝑚𝑖𝑛

√
𝜋𝑎 · 𝑌𝐼 . (3.18)

For fatigue crack growth governed by cyclic stress, the stress intensity factors can be written
as 𝛥𝐾𝐼 , 𝛥𝐾𝐼𝐼 and 𝛥𝐾𝐼𝐼𝐼 . For 𝛥𝐾𝐼 cyclic loading results in

𝛥𝐾𝐼 = 𝐾𝐼𝑚𝑎𝑥 − 𝐾𝐼𝑚𝑖𝑛 = 𝛥𝜎
√

𝜋𝑎 · 𝑌𝐼 (3.19)

and stress ratio 𝑅 of

𝑅 = 𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
= 𝐾𝐼𝑚𝑖𝑛

𝐾𝐼𝑚𝑎𝑥

(3.20)

[152]. Fatigue loading with unstable crack growth occurs when the maximum stress intensity
factor 𝐾𝑉 reaches a critical value of 𝐾𝐶 or 𝐾𝐼𝑐 [152]. [...] [The stress intensity factor 𝛥𝐾𝐼

of all airframe components is assumed at 𝛥𝐾0 < 𝛥𝐾𝐼 < 𝛥𝐾𝑐 for the entire lifetime of the
aircraft, where 𝛥𝐾0 describes the stress intensity threshold, below which no crack growth is
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measurable. Therefore, the] crack growth per cycle can be described with reasonable accuracy
by the Paris-Erdogan law

𝑑𝑎

𝑑𝑁
= 𝐶(𝛥𝐾𝐼)𝑚 (3.21)

where 𝑚 represents a material dependent parameter and 𝐶 depends on the material and stress
ratio 𝑅. [Assuming structural components are made out of Al 2024-T3, it can be approximated
that 𝑚=3 [158].] For crack growth from the initial crack length 𝑎0 to the critical crack length
𝑎𝑐, a specific number of load cycles 𝑁𝐶 is required. [Using [153]], the remaining life can be
calculated by using the Paris-Erdogan law

𝑁𝐶 =
∫︁ 𝑎𝑐

𝑎0

𝑑𝑎

𝐶(𝛥𝐾𝐼)𝑚
(3.22)

which, assuming constant 𝛥𝜎, 𝑌𝐼 and 𝑚 ̸= 2, results in

𝑁𝐶 = 1
(𝑚

2 − 1) · 𝐶 · (𝛥𝜎
√

𝜋𝑌𝐼)𝑚
·

⎛⎝ 1
𝑎

𝑚
2 −1

0

− 1
𝑎

𝑚
2 −1

𝑐

⎞⎠ (3.23)

and for m=2 in

𝑁𝐶 = 1
𝐶 · (𝛥𝜎

√
𝜋𝑌𝐼)2 · 𝑙𝑛

(︂
𝑎𝑐

𝑎0

)︂
” (3.24)

[34].

3.1.1.2 Crack Growth Factor Selection

To simulate the fatigue behavior of the airframe, the crack growth factors are calibrated using
an approach presented in [34]: "It is assumed that the MPD incorporates all information
about the fatigue crack growth of the structure at [certified] design loads [...] and therefore
assumes a crack growth curve at the maximum aircraft stresses [expected during an operation
on the design mission. The calibrated crack length 𝑎 is non-dimensionalized by scaling it
with the critical crack length to �̂�= 𝑎

𝑎𝑐
, through dividing (3.23) by 𝑎

1− 𝑚
2

𝑐 . Then, material
geometry and stress-dependent factors unknown for the structural parts within the aircraft
can be summarized in a single crack growth factor ^𝐶𝐺𝐹 as following

^𝐶𝐺𝐹 = 𝐶 · (𝛥𝜎
√

𝜋𝑌𝐼)𝑚

𝑎
1− 𝑚

2
𝑐

, (3.25)
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assuming 𝐶, 𝛥𝜎 and 𝑌 to be constant. Using (3.23) the assumed material properties, cyclic
stresses and geometry factor at 100% loading of a part can be determined by using

^𝐶𝐺𝐹 = 1
(𝑚

2 − 1)𝑁𝐶
·

⎛⎝ 1
�̂�

𝑚
2 −1

0

− 1
�̂�

𝑚
2 −1

𝑐

⎞⎠ (3.26)

where 𝑁𝐶 is the number of cycles between �̂�0 and �̂�𝑐, �̂�𝑐 = 100% is the critical crack length
and �̂�0 the initial crack length, which is assumed to be 1% of the critical crack length. The
initial crack length at entry into service 𝑁 = 0 is given by

�̂�0 =
(︃

1
(𝑁𝑐 + 𝑇𝑖) · (𝑚

2 − 1) · ^𝐶𝐺𝐹 + 1

)︃ 1
𝑚
2 −1

(3.27)

where 𝑇𝑖 is the [inspection] threshold value provided in the MPD. Using (3.25) and substituting
�̂�𝑐 with �̂�𝑁 , the crack length �̂�𝑁 after N cycles can be written as follows

�̂�𝑁 =

⎛⎜⎝ 1
1

�̂�
𝑚
2 −1

0

− 𝑁 · (𝑚
2 − 1) · ^𝐶𝐺𝐹 + 1

⎞⎟⎠
1

𝑚
2 −1

” (3.28)

[34]. Employing the formulated coherence for the individual aircraft parts, their crack growth
curves depend on load deviations and changes in wall thickness as follows:

(︀
(𝛥𝜎

√
𝜋𝑌𝐼)𝑚)︀

𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = ((𝛥𝜎
√

𝜋𝑌𝐼)𝑚)𝑎𝑠𝑠𝑢𝑚𝑒𝑑(︁
𝑙𝑜𝑎𝑑𝑠100𝑝𝑒𝑟𝑐𝑒𝑛𝑡

𝑙𝑜𝑎𝑑𝑠𝑜𝑐𝑐𝑢𝑟𝑒𝑑

)︁𝑚
· (1 − 𝛥𝑠)𝑚

(3.29)

where 𝛥𝑠 is the percentage decrease in wall thickness . The influence on occurring stresses
is independent of the crack growth mechanism in all investigated parts under the utilized
assumptions. The percentage weight savings 𝛥w in each part is assumed to be equal to the
change in wall thickness:

𝛥𝑤𝐼𝑛𝑣𝑒𝑠𝑡𝑖𝑔𝑎𝑡𝑒𝑑𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 = 𝑤𝐼𝑛𝑣𝑒𝑠𝑡𝑖𝑔𝑎𝑡𝑒𝑑𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 · 𝛥𝑠. (3.30)

This approach does not take sizing limits presented by other failure modes besides structural
fatigue, such as buckling, into account. The cockpit section, as well as nuts, bolts, door
frames, and non-primary structural components, is not investigated within this work [34].

3.1.1.3 Structural Fatigue Damage Probability

As described in Section 2.1, an airframe is subject to a non-deterministic load spectrum
throughout its operational lifetime. As a result, cracks inherent to the structure grow and
continuously reduce its strength. The crack length, remaining strength, and rupture load of a
component depend, among other factors, on material properties, geometry, and temperature
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[159, pp. 1159–1385]. Given the complexity of the structural fatigue problem, a damage
definition relying on multiple nominal-actual comparisons is unpractical for the work at hand.
Therefore, structural components degrade until they are considered critically damaged when
their principal crack length is equal to or greater than the critical crack length 𝑎𝑐. Thus, the
crack length �̂�𝑐 at which a failure occurs is defined as

�̂�𝑐 = 100%. (3.31)

Based on the results from full-scale fatigue tests and analytical methods, the relation between
initial crack length, crack growth, and loads are known. However, during the manufacturing
process, initial flaws can be detected reliably only up to a certain size, leaving undetected
micro cracks in the structure. While selected NDT approaches can measure even smaller
cracks, only a distribution of initial crack lengths is known for individual structures of the
airframe. In this work, a normal distribution of the initial crack length is assumed. The
standard deviation of the initial crack length distribution �̂�𝑎0 is arbitrarily assumed as

�̂�𝑎0 = �̂�
1
4 , (3.32)

where �̂�= 𝑎𝑜 is the mean of the distribution. Assuming the probability density function of
𝜙(𝑎0) as normally distributed, it can be written as

𝜙(�̂�0) = 1
𝜎𝑎0 ·

√
2𝜋

· 𝑒
− 1

2

(︁
�̂�−�̂�

^𝜎𝑎0

)︁2

. (3.33)

Substituting the initial crack size in 3.28 with 𝜙(�̂�0), the probability of a damaged structure
after 𝑁 cycles is given by

𝑃 (�̂�𝑐(𝑁)) =
∞∫︁

1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1

1⎛⎝ 1
𝜎𝑎0 ·

√
2𝜋

·𝑒
− 1

2

(︁
�̂�−�̂�

^𝜎𝑎0

)︁2⎞⎠𝑚
2 −1 − 𝑁 · (𝑚

2 − 1) · ^𝐶𝐺𝐹 + 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

1
𝑚
2 −1

𝑑�̂�. (3.34)

3.1.1.4 Structural Fatigue and Damage Model Calibration

To calculate the fatigue of the investigated airframe components, the crack growth parameters
are calibrated using the information about the inspection intervals for structural components
provided in the MPD. Specifically, the MPD contains threshold limits, including the flight
cycles, flight hours, or calendar time until the first inspection, and interval limits, including
the flight cycles, flight hours, or calendar time between every subsequent inspection. It
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Figure 3.2: Schematic illustration of crack growth factor calibration at design loads.

Figure 3.3: A) Distribution of crack growth factors ^𝐶𝐺𝐹 derived from MPD. B) Adjustment of
assumed crack growth factors by limiting their size at the 97.5𝑡ℎ percentile, avoiding
high fatigue in frequently inspected structures.

is assumed that under design load, a critical crack length 𝑎𝑐 = 100% is reached after a
usage of six times the inspection interval 𝐼𝑖, starting from a crack length of �̂� = 1%. This
approach aims at providing a baseline failure behavior rather than modeling exact failure
characteristics. Figure 3.2 illustrates the crack growth behavior of a representative component
within the simulation.

A drawback of the calibration of the crack growth model with inspection intervals is that
frequently inspected components have an unrealistically high crack growth factor, as illus-
trated in Figure 3.3. Notably, these are primarily structures within the landing gear. High
inspection rates of the undercarriage can be attributed primarily to the severity of its failure
rather than its expected fatigue or accessibility, as landing gear components are primarily
designed for safe-life [160, p. 5]. Therefore, to mitigate unrealistically high failure rates within
the simulation, the crack growth factor is arbitrarily limited to values smaller than the 95𝑡ℎ

percentile.
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3.1.2 Aircraft System Failure Model

The failure behavior of aircraft systems listed in the Systems and Powerplant Program of the
MPD are simulated based on their MTBF. Given the MTBF rate, the probability of failure
𝑝𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝐹𝐶) during a given FC, can be calculated by

𝑝𝐹 𝑎𝑖𝑙𝑢𝑟𝑒(𝐹𝐶) = 1 −
(︂

1 − 1
𝑀𝑇𝐵𝐹

)︂𝐹 𝐻
𝐹 𝐶

, (3.35)

given the flight time per flight cycle 𝐹 𝐻
𝐹 𝐶 . Based on the known probability of a failure occurring

at a given flight, inverse transform sampling is used to simulate the failure of a part. The
probability of experiencing a failure at a given FC 𝑝𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝐹𝐶) increases with every load
cycle.

3.1.3 Structural Health Monitoring Performance Model

Three models are introduced in the following subsections to represent each DM, OLM, and
hybrid SHM systems. In practice, the specifications of the fatigue damage and performance
of a correspondingly assigned SHM system highly depend on geometry, loads, materials,
and failure modes of the monitored structure. These practical constraints are considered by
generic SHM performance parameters to decrease the computational complexity. For DM
and hybrid SHM systems, the performance parameters used in this work are calibrated using
data from a laboratory experiment conducted by IABG.

3.1.3.1 Damage Monitoring

In this thesis, DM systems are modeled as binary classifiers. They report the state of a struc-
tural component as "undamaged" or "damaged." However, as DM sensors provide a continuous
measuring signal, a threshold is chosen defining the signal cutoff level between different states.
The threshold-dependent monitoring performance of a DM system can therefore be repres-
ented as a receiver operating characteristic (ROC) curve, giving the relation between TP
and FP [35, 36, 161–163]. To simplify the DM performance characteristic in this thesis, the
relation between the TP rate 𝑦 ∈ [0, 1] and FP rate 𝑥 ∈ [0, 1] is assumed as a Lehmann model
by

𝑦 = 𝑥
1
𝛩 , (3.36)

where 𝛩 > 0 is the Lehmann parameter, which can be interpreted as the diagnostic accuracy
or performance of the DM system [163, p. 9, 162, 161]. Thus, for a random classifier, 𝛩 = 1
holds, and, for a perfect classifier, 𝛩 → 0 is valid. In Figure 3.4, the relation between the
measured signal, damage classification threshold, and ROC curve is illustrated. For a single
monitoring system, the ROC curve is generated by determining the TP and FP rates for a
series of different classification thresholds. Thus, ROC curves can be used to compare different
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Figure 3.4: ROC curves are used to represent the adjustable performance settings of a DM
system.

monitoring systems or evaluation algorithms. Depending on the choice of technology, DM
systems have varying resolutions and can detect cracks of different lengths. The probability of
detection (PoD) of a crack depends on the chosen DM technology and its system architecture
[40, 67]. For the certification of SHM systems, the crack-length-dependent PoD demonstrates
that structural integrity is maintained throughout operation [40, 67]. In this work, the PoD
is assumed to be constant and is set for every structural position in the aircraft using the
corresponding inspection task code (general visual inspection (GVI), detailed inspection (DI),
special detailed inspection (SDI)) given in the MPD. This achieves comparability between
the different investigated MRO scenarios including and excluding the use of SHM.

3.1.3.2 Load Monitoring

Unlike DM, SHM by means of OLM relies solely on the observation of fatigue driving loads
acting on the structure. Therefore, to derive the state of fatigue, both the initial condition
of the structure and the incremental fatigue per load fraction have to be known. The crack
growth model introduced in Section 3.1.1 provides both the initial crack size �̂�0 and incre-
mental crack growth per load cycle 𝑑�̂�

𝑑𝑁 . However, the initial crack length �̂�0 is known in
practice as a distribution rather than an exact length. Given that the initial crack length
distribution is known, the probability of a damaged structure 𝑃 (�̂�𝑐(𝑁)), defined as �̂� = �̂�𝑐,
can be calculated. The end of life for an individual structural part can thus be defined by
its maximum tolerable damage risk 𝑃�̂�𝑐,𝑚𝑎𝑥,𝑂𝐿𝑀 . The decommissioning criterion when using
OLM is thus given by

𝑃 (�̂�𝑐(𝑁)) > 𝑃�̂�𝑐,𝑚𝑎𝑥,𝑂𝐿𝑀 . (3.37)

3.1.3.3 Combination of Load and Damage Monitoring

As described in Section 2.3.3, DM and OLM can be combined into a single SHM system,
decreasing the uncertainty in structural state estimation. In general, the performance of a
hybrid SHM system depends on the hierarchy level where data is shared, the performance of
the individual system, and the classification performance of the individual applications. To
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Figure 3.5: Hidden Markov model representing the interaction of OLM and DM in a hybrid
SHM model.

assess the impact of a hybrid SHM system, the interaction of OLM and DM is assessed in a
non-homogeneous (or time-variable) hidden Markov model (HMM), previously discussed by
the author in [163]:

"A complete specification of the HMM according to [164, 165] is given as follows:

- Number of hidden states 𝑁𝐻𝑀𝑀 in the model. Individual states are represented as
𝑆𝐻𝑀𝑀 = {𝑆1, 𝑆2, 𝑆3, ..., 𝑆𝑁 }; the state at time 𝑡 is represented as 𝑞𝑡.

- State transition probability matrix: 𝐴𝐻𝑀𝑀 = {𝑎𝑖𝑗}, to represent state transition from
state 𝑖 to state 𝑗, where 𝑎𝑖,𝑗 = P(𝑞𝑡+1 = 𝑆𝑗 |𝑞𝑡 = 𝑆𝑖), 1 ≤ 𝑖, 𝑗 ≤ 𝑁𝐻𝑀𝑀 and 𝑝𝑖,𝑗 ≥ 0.

- Observation symbol (i.e. "damage", "no damage") probability matrix: 𝐵𝐻𝑀𝑀 = {𝑏𝑗(𝑘)}
for state 𝑗, where 𝑏𝑗(𝑘) = P(𝑥𝑡 = 𝑜𝑘|𝑞𝑡 = 𝑆𝑗), 1 ≤ 𝑗 ≤ 𝑁𝐻𝑀𝑀 and 1 ≤ 𝑘 ≤ 𝑀 .

- Initial state matrix: 𝜋 = {𝜋𝑖}, where 𝜋𝑖 = P(𝑞1 = 𝑆1), 1 ≤ 𝑖 ≤ 𝑁 .

The HMM as described here, additionally relies on the assumption that the current state is
only depending on the previous state and that an output observation 𝑜𝑡 at time 𝑡 is dependent
only on the current state [165]. [Figure 3.5] provides a schematic illustration of the employed
non-homogenous HMM including the defined states and their meaning. Here, a system is
considered possessing 𝑁𝐻𝑀𝑀 = 2 states where two observations 𝑜 ∈ 𝑂𝐻𝑀𝑀 , with 𝑂𝐻𝑀𝑀 =
{𝑑𝑎𝑚𝑎𝑔𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑, 𝑑𝑎𝑚𝑎𝑔𝑒 𝑛𝑜𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑} are possible.

The time-variable transition probability from an undamaged to a damaged state 𝑎12(𝑡) can be
derived from the crack growth model [or OLM system]. The probability to observe a specific
emission depends on the considered health monitoring system. The probability of being in the
state 𝑆𝑖 when having 𝑥𝑡 at a fixed time 𝑡 can be calculated by employing the forward-backward
algorithm as described in [166] for a given HMM 𝜆(𝑆, 𝑂, 𝐴, 𝐵, 𝜋) [...]. For a given word
𝑋 = 𝑥𝑖, 𝑥2, ..., 𝑥𝑡 ∈ 𝑉 , P(𝑋|𝜆) is the probability of having 𝑋 in the model 𝜆. In order to
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calculate the probability of a given state P(𝑆𝑖), the forward-backward algorithm can be used
[165]. It can be calculated in matrix form according to [166] as follows:

𝑓1:𝑡+1 = 𝛼𝑡𝑂𝑡+1𝐴𝑇 𝑓1:𝑡, (3.38)

where 𝑓0:𝑡 is the forward variable at time 𝑡 and 𝑓0:0 = 𝜋. A normalizing constant 𝛼𝑡 is
introduced to make the probabilities sum up to 1. The backward variable �̂� can be calculated
by

�̂�𝑘+1:𝑡 = �̇�𝑡𝐴𝑂𝑘+1�̂�𝑘+2:𝑡, (3.39)

with �̂�𝑘+1:𝑡 = (1 1)𝑇 for 𝑘+1 = 𝑡 as start for the backward equation and �̇�𝑡 being a normalizing
constant. The probability P(𝑞𝑡 = 𝑠𝑖|𝑜, 𝜆) of being in a state 𝑆𝑖 at a given time 𝑡 can be written
as

P(𝑆𝑖|𝑜, 𝜆) = 𝛼𝑡𝑓0:𝑡�̂�𝑡:𝑇 (3.40)

with 𝛼𝑡 being a normalizing constant" [163]. The HMM demonstrates one approach how
different SHM systems that provide information about damages and operational loads can be
combined. Depending on the utilized sensor system and type of damage, other sensor fusion
approaches can be used as well.

3.1.3.4 Structural Health Monitoring Performance Calibration

Before the different SHM systems can be considered in the economic analysis, their perform-
ances are calibrated. In commercial operation, SHM systems are tailored specifically to the
monitored damage type and size, structural geometry, operational loads, and prevailing en-
vironmental influences. Prior to operational use, the system’s durability and PoD of damages
are determined. Furthermore, a damage classification threshold is chosen to satisfy regulatory
safety requirements governing structural integrity [167, 168]. However, the exact structural
specifications of the airframe and design drivers of the SHM are not accessible as part of
this work. Therefore, the performances of the investigated SHM systems—OLM, DM, and
hybrid—are as follows:

As assumed for OLM systems, the structural failure probability of every individual flight
cycle can be derived without uncertainty from the fatigue model. The OLM system cannot
directly detect damage but can derive the risk of structural failure. The load cycle at which
the OLM system requires the operator to replace a structural part is reached when the risk
of structural failure 𝑃 (�̂�𝑐(𝑁)) is at least equal to the minimum tolerable structural failure
probability 𝑃�̂�𝑐,𝑚𝑎𝑥,𝑂𝐿𝑀 ∈ (0, 1). In contrast, DM systems are capable of directly detecting
a damage in the structure. To evaluate the DM system in this study, the ROC curve and
maximum tolerable FN rate are defined as follows.
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The damage classification threshold and thus the maximum tolerable FN rate in this work
are derived from design regulations for aircraft structures. For transport category aircraft,
the required material strengths for structures where failures result in losses of structural
integrity are defined for single members and redundant structures [§ 25.613 37, 50]. For
single-member structures, material strength has to be assured with a 99% probability and
95% confidence [§ 25.613 37, 50]. For redundant structures, material strength has to be
assured with a 90% probability and 95% confidence [§ 25.613 37, 50]. Assuming that a
damaged part is identified at the same level of probability, the FN rate of a DM system
can therefore be set to 1% for single-member structures and 10% for redundant structures.
However, as discussed in Section 2.2.4, the information provided by SHM influences the
overall reliability of the airframe. The required performance and thus the FN rate depend on
structural design parameters, material properties, and operational environment. Therefore,
the assumed minimum FN rate is arbitrary to decrease the complexity of the study and
independent of the specified confidence level.

The assumed DM performance characteristic, or ROC curve, is calibrated using data from
an SHM experiment conducted by IABG. Documentation and detailed results of this SHM
test are provided in Appendix A.4. Since the demonstrator test was on a generic airframe
specimen, the results serve as a generalized reference for the DM model rather than a source
of operational performance data. The investigated damage classification performance is based
on defining damage as a structural rupture, as shown in Appendix A.4. However, damage
to a structural specimen does not automatically result in the loss of structural integrity
of the entire airframe, which in turn does not inevitably lead to aircraft failure [37, 50,
AMC §25.571]. In the IABG SHM test, four sensors were used to measure the lengths of the
cracks occurring under cyclic loading. A performance comparison of the different sensors and
utilized statistical methodologies is provided in the Appendix A.4.

Based on the performance of the IABG demonstrator, the Lehmann parameter 𝛩, which
represents the ROC curve and thus the DM performance, is fitted using the method of
least squares. When only the best performing statistical method found for every sensor is
considered, the Lehmann parameter can be set to 𝛩𝑏𝑒𝑠𝑡 = 3.7·109. Considering all investigated
statistical models equally, the Lehmann parameter can be specified as 𝛩𝑎𝑣𝑔 = 73. The great
difference between 𝛩𝑏𝑒𝑠𝑡 and 𝛩𝑎𝑣𝑔 stems from the Lehmann model, where 𝛩 specifies the
degree of the root used to express the TP rate as a function of the FP rate. For a perfect
classifier it holds that 𝛩→ ∞. Since the operational load spectrum and path of a crack are
initially unknown, the DM model with 𝛩𝑏𝑒𝑠𝑡 can be considered as the best-case scenario and
𝛩𝑎𝑣𝑔 as a more realistic scenario. The achieved performances of the IABG demonstrator and
the derived DM model are illustrated in Figure 3.6.

Structural parts can be in either an operational or nonoperational state 𝑆 ∈ {𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑, 𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑}
during the life of the aircraft. Therefore, four possible outcomes are created by the DM sys-
tem, described as follows. A replacement of a damaged part is represented by

TP = 𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑 · 𝑝(TP), (3.41)
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Figure 3.6: Investigated DM performance in IABG SHM experiment compared to assumed DM
performance in cost-benefit analysis.

and a replacement of an undamaged part by

FP = 𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑 · 𝑝( FP). (3.42)

Keeping an undamaged part is simulated by

TN = 𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑 · (1 − 𝑝( FP)), (3.43)

and failing to replace a damaged part is represented by

FN = 𝑆𝑑𝑎𝑚𝑎𝑔𝑒𝑑 · (1 − 𝑝(TP)). (3.44)

As discussed in Section 3.1.3.3, the combination of load and damage monitoring in a hybrid
SHM system can improve the damage classification performance. Therefore, for the work
at hand, the performance of a hybrid SHM system is assumed to be better compared to
DM alone. Thus, three improved performance levels are considered for the representation of
hybrid SHM systems. For the cost-benefit study, distinct operating points of all considered
SHM systems are listed in Table 3.2.

3.1.4 Damage Monitoring Equipment Weight Model

The mass of the SHM system is derived using the methodology presented in [169], which
is based on airframe geometry and size estimates for the considered Airbus A320 reference
aircraft. This section summarizes key assumptions and aspects of this approach:

For the instrumentation of the airframe with SHM, "[i]t is assumed that beam-type components
are monitored with FOS, while plate- and features-type components are instrumented with US
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Table 3.2: Selected OLM, DM, and hybrid SHM operating points in the cost-benefit study.

Scenario FP rate [-] TP rate [-] 𝑃�̂�𝑐,𝑚𝑎𝑥,𝑂𝐿𝑀 [%] SHM system
1 0 1 - Ideal DM
2 1·10−5 0.99 - Hybrid SHM system
3 1·10−3 0.99 - Hybrid SHM system
4 1·10−1 0.99 - Hybrid SHM system
5 4.8·10−1 0.99 - DM with 𝛩 = 73 and

non-redundant structure
6 4.56·10−4 0.9 - DM with 𝛩 = 73 and

redundant structure
7 - - 1·102 OLM
8 - - 1·10 OLM
9 - - 1 OLM
10 - - 1·10−1 OLM
11 - - 1·10−2 OLM

sensors. For beam-type structures, only the length is considered to derive the sensor weight.
[...] [A] factor 𝑐𝑓𝑖𝑏𝑒𝑟 to account for fiber laying such that the effective fiber length is longer
than the component length, [is considered]. [It is assumed] that the fiber-optic interrogation
(FOSI) system covers a total fiber length of 𝑛𝐹 𝑂𝑆𝐼 · 𝐿𝐹 𝑂𝑆𝐼 and weighs 𝑚𝐹 𝑂𝑆𝐼 [...]. Therefore,
the sensor mass for a beam-type component is

𝑚𝐹 𝑂𝑆 = 𝑐𝑓𝑖𝑏𝑒𝑟

(︂
𝑚𝐹 𝑂𝑆𝐼

𝑛𝐹 𝑂𝑆𝐼 · 𝐿𝐹 𝑂𝑆𝐼
+ 𝜆𝐹 𝑂𝐶

)︂
𝑙𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 + 2𝑚𝐹 𝐶 (3.45)

with the linear density 𝜆𝐹 𝑂𝐶 of the fiber-optic cable [and length of the structural component
𝑙𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡]. For each fiber, two fiber connectors are considered, adding a respective mass of
𝑚𝐹 𝐶 . The linear density [of the fiber-optic cable 𝜆𝐹 𝑂𝐶 ] is

𝜆𝐹 𝑂𝐶 = 𝜆𝑗𝑎𝑐𝑘𝑒𝑡 (1 − 𝑐𝑝𝑎𝑡𝑐ℎ) + 𝑐𝑝𝑎𝑡𝑐ℎ𝛿𝑝𝑎𝑡𝑐ℎ𝑡𝑝𝑎𝑡𝑐ℎ𝑤𝑝𝑎𝑡𝑐ℎ + 𝜆𝑓𝑖𝑏𝑒𝑟. (3.46)

With linear densities 𝜆𝑗𝑎𝑐𝑘𝑒𝑡 and 𝜆𝑓𝑖𝑏𝑒𝑟 of protective jacket and fiber, respectively. The factor
𝑐𝑝𝑎𝑡𝑐ℎ accounts for the fractional length sensor patches, with thickness 𝑡𝑝𝑎𝑡𝑐ℎ, width 𝑤𝑝𝑎𝑡𝑐ℎ and
density 𝛿𝑝𝑎𝑡𝑐ℎ [...].

In the case of a plate-type structural component, the number of sensors is obtained by dividing
its area with the sensor-dependent detection footprint. [It is assumed] that a Piezoelectric
Wafer Active Sensor (PWAS) that uses ultrasonic waves is needed approximately every 25.4
cm for crack detection in metal [170]. Assuming a rectangular arrangement, the detection
footprint 𝐴PWAS per sensor is given by

𝐴PWAS = 𝑑2
PWAS , (3.47)
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where 𝑑PWAS is the side length of the covered square. The total number of sensors for unit
coverage of a component with area 𝐴𝑝𝑎𝑟𝑡 is therefore

𝑛PWAS = 𝐴𝑝𝑎𝑟𝑡

𝐴PWAS
. (3.48)

[The area density of the PWAS 𝜌𝑃 𝑊 𝐴𝑆 is thus assumed by]

𝜌PWAS = 4𝑚PZT + (4𝑤𝑓𝑖𝑙𝑚𝑡𝑓𝑖𝑙𝑚𝜌𝑓𝑖𝑙𝑚 + 𝑛𝑤𝑖𝑟𝑒𝜆𝑤𝑖𝑟𝑒) 𝑑PWAS
𝑑2

PWAS
(3.49)

In addition to the mass of the sensing element 𝑚𝑃 𝑍𝑇 , a film of width 𝑤𝑓𝑖𝑙𝑚, thickness 𝑡𝑓𝑖𝑙𝑚

and density 𝜌𝑓𝑖𝑙𝑚 is considered. Wiring assumes a linear density of 𝜆𝑤𝑖𝑟𝑒, considering an
averaged number of signal and ground wires 𝑛𝑤𝑖𝑟𝑒 within a section of film of length 𝑑PWAS.
Overall, area density of the ultrasonic system, including interrogation equipment of mass
𝑚𝑈𝑆𝐼 and supporting 𝑛𝑈𝑆𝐼 sensors, is

𝜌𝑈𝑆 = 𝑚𝑈𝑆𝐼

𝑛𝑈𝑆𝐼 · 𝐴PWAS
+ 𝜌PWAS . (3.50)

The overall figure is calculated assuming interrogation equipment of mass 𝑚𝑈𝑆𝐼 , supporting
𝑛𝑈𝑆𝐼 sensors. [...] As for a single sensor to monitor a certain component feature,

𝑚PWAS = 𝑚𝑈𝑆𝐼

𝑛USI
+ 𝑚PZT + 𝑑PWAS𝑤𝑓𝑖𝑙𝑚𝑡𝑓𝑖𝑙𝑚𝜌𝑓𝑖𝑙𝑚 + 2𝑑PWAS𝜆𝑤𝑖𝑟𝑒 (3.51)

[...]. [For the power distribution network, it is assumed that] a voltage of 28V is em-
ployed, and that a voltage drop of 1% per 100 ft. is tolerable [171]. The overall cable
weight model considers two-wire copper cable, with 10–µm Aluminum shielding and 150–
µm polyvinylidenfluorid-insulation. The mass of the wire 𝑚𝑤𝑖𝑟𝑒 itself was calculated from the
electric power demand on the respective cable in the network using

𝑚𝑤𝑖𝑟𝑒 = 𝑐𝑤𝑖𝑟𝑒𝐿𝑤𝑖𝑟𝑒
𝜌𝐶𝑢

𝜎𝐶𝑢 · 𝑉 2
0 (𝜂 − 𝜂2𝐿𝑤𝑖𝑟𝑒)

𝑃𝑤𝑖𝑟𝑒. (3.52)

With length 𝐿𝑤𝑖𝑟𝑒, density of Copper 𝜌𝐶𝑢, electric conductivity of Copper 𝜎𝐶𝑢, allowed voltage
drop per unit length 𝜂, and power demand 𝑃𝑤𝑖𝑟𝑒. [...] [A] minimum acceptable wire diameter
similar to AWG22 [is assumed]. The overall mass of the sensor network is

𝑚𝑆𝐻𝑀 ≈
∑︁

𝑖

𝑚𝑖
PWAS𝑛𝑖 +

∑︁
𝑗

𝜌𝑗
𝑈𝑆𝐴𝑗 +

∑︁
𝑘

𝜆𝑘
𝐹 𝑂𝐶𝐿𝑘 +

∑︁
𝑙

𝑚𝑙
𝑤𝑖𝑟𝑒 (3.53)

With component indices i, j and k for each of the defined sensor types, considering component
feature counts 𝑛𝑖, and part areas and lengths 𝐴𝑗 and 𝐿𝑘, respectively. Regarding the power
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and data network, wire masses are summed with index l. [...] In case of ultrasonic sensors,
the power per sensor is calculated simply as

𝑃𝑊 𝐴𝑆 = 𝑃𝑈𝑆𝐼

𝑛𝑈𝑆𝐼
(3.54)

and per unit area

𝑝𝐴,𝑈𝑆 = 𝑃𝑈𝑆𝐼

𝑛𝑈𝑆𝐼𝐴PWAS
(3.55)

respectively. In the case of FOS, per fiber length

𝑝𝐿,𝐹 𝑂𝑆 = 𝑃FOSI
𝑛𝐹 𝑂𝑆𝐼𝐿𝐹 𝑂𝑆𝐼

(3.56)

Moreover, dissipation loss 𝑃𝑑𝑖𝑠𝑠 is considered in each cable in the power network, to calculate
the overall dissipation loss. Dissipation loss is considered per cable as

𝑃𝑑𝑖𝑠𝑠 ≈ 𝜂 · 𝑐𝑤𝑖𝑟𝑒𝐿𝑤𝑖𝑟𝑒 · 𝑃𝑤𝑖𝑟𝑒 (3.57)

The overall power demand of the sensor network is

𝑃𝑆𝐻𝑀𝑆 ≈
∑︁

𝑖

𝑃 𝑖
PWAS𝑛𝑖 +

∑︁
𝑗

𝑝𝑗
𝐴,𝑈𝑆𝐴𝑗 +

∑︁
𝑘

𝑝𝑘
𝐿,𝐹 𝑂𝑆𝐿𝑗 +

∑︁
𝑙

𝑃 𝑙
𝑑𝑖𝑠𝑠. (3.58)

With indices i, j and k summing components with each of the defined sensor types, considering
feature counts 𝑛𝑖, and part areas and lengths 𝐴𝑗 and 𝐿𝑗, respectively. Moreover, dissipation
loss 𝑃 𝑙

𝑑𝑖𝑠𝑠 is considered in each cable in the power network, to calculate the overall dissipation
loss. [...] The change in fuel flow �̇�𝐹,𝑃 resulting from increased system power demands is
calculated by

�̇�𝐹,𝑃 ≈ 𝑘𝑃 · 𝑆𝐹𝐶 · 𝑃𝑆𝐻𝑀𝑆

𝜈
(3.59)

[172]. Here, 𝑘𝑃 is the shaft power factor and 𝑆𝐹𝐶 is the specific fuel consumption. The
factors 𝜈 consider the efficiency chain of accessory gearbox, variable frequency generator
efficiency, and electrical conversion" [169]. The assumed mass and power figures for the
ultrasonic sensors, fiber-optic sensors, data network, and power network are summarized in
Appendix A.5.

Military OLM systems currently in service, such as OLMOS in the Panavia Tornado, primar-
ily use flight parameters to calculate structural loads and rely on a few strain gauges for
verification only [12, pp. 6–7]. As the overall SHM sensor weight of the OLMOS system
becomes negligible compared to the full instrumentation of the airframe, no weight penalty
is assumed for OLM in this thesis.

Hybrid SHM systems are assumed to have the same weight penalty as DM systems.
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3.1.5 Airframe Design Considerations

As noted in Section 2.1.1, SHM may render access doors obsolete, which can result in a
lighter design of the airframe. Figure 3.7 illustrates selected types of cutouts in the airframe
for different loading scenarios. Depending on the loading, cutouts can decrease or increase the
structural weight of the airframe. For lightly loaded beams, incorporating flanged lightening
holes instead of stiffeners may be advantageous in terms of weight considering minimum gauge
requirements or other restrictions due to the part size, as shown in Figure 3.7 A) [10, p. 165].
In moderately or heavily loaded beams, on the other hand, access holes may require weight-
increasing stiffeners to withstand required loads [10, p. 165]. Cutouts in the skin stringer panel
used on the wing and empennage are challenging because of stress concentrations; therefore,
increased sheet thickness and larger cross-sectional areas near the cutout add weight [10,
p. 177]. The exact extent of weight-driving structural improvements depends on the load
cases, hole size, material, position of the aircraft, and other concerns raised during a FMEA,
as different damage cases have to be considered.

Since this information is not available for the considered aircraft, a simplified weight estim-
ation method is used based on [10, pp. 162–206] and additional arbitrary assumptions. For
trainer and fighter aircraft, the area density of unpressurized access panels on the fuselage
is specified at 8.3 to 28.2 𝑘𝑔

𝑚2 , based on the analysis of 16 service doors on the F4, F104,
and F105 aircraft [173, 508 21-02]. For transport category aircraft, no statistics on access
panel weight could be obtained as part of this work. However, an analysis of 14 passenger
jet aircraft emergency doors in [173, 508 22-02] identified their weight to be between 5.8
and 25.3 kg, with a mean of approximately 10 kg. Even though the total weight penalty
may increase with the area of the cutouts, this empirically based approach provides a first
indication given the available data.

The MPD provides information on which access panels are used with every inspection task.
In case a specific access panel only serves structural inspection tasks, its integration into
the airframe may be avoided. Therefore, all inspection tasks using this access panel have to
be conducted by SHM, assuming that direct structural access is no longer needed. In this
case, no structural cutouts, including doublers, stiffeners, hinges, and locking mechanisms,
are required. The cost-benefit study assumes that the avoidance of a single structural cutout
during airframe design leads to a weight saving of 5.8 kg [173, 508 22-02].

A) Lightly loaded beam B) Moderately loaded beam C) Heavily loaded beam D) Skin-stringer panel
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Figure 3.7: Selection of structural cutouts on aircraft adapted from [10, pp. 162–206].
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3.1.6 Maintenance, Repair, and Overhaul Model

The operation and upkeep of the simulated aircraft are orchestrated in the service model,
where maintenance schedule planning, scheduled inspection and repair, and operation are
considered. This section outlines the individual steps of the simulation and introduces the
utilized methodologies.

In the maintenance schedule planning step introduced in Section 3.1.6.1, an individual usage-
dependent maintenance plan is constructed for the simulated aircraft using the inspection
requirements provided in the MPD. This step is executed before the first flight cycle and
after every scheduled inspection. Once a scheduled inspection or repair is due, as described
in Section 3.1.6.2, the pending inspection tasks are clustered and packaged to minimize
inspection and access times. Subsequently, the inspections are conducted either manually or
by means of automated systems, and detected damages are repaired. When scheduling the
next maintenance event, the future flight plan of the aircraft is considered so that maintenance
is carried out at an airport with an available maintenance base. Hereby, the individual tasks
are scheduled to maximize the time between inspections. During the simulation of aircraft
operation introduced in Section 3.1.6.3, a preflight check is conducted before every flight. This
check represents the pilot’s obligatory walkaround and the optional usage of SHM or other
automated system health checks. Depending on the assumed capabilities of these systems,
prognostic health management can additionally be used to update the maintenance schedule.
If a damage is detected during the preflight check, an unscheduled repair is initiated. In the
scope of this work, all simulated aircraft parts are assumed to be contained in the minimum
equipment list, and thus, work cannot be postponed to the next layover.

Finally, the aircraft is decommissioned when it reaches its regulatory end of life. The method-
ologies used to derive the corresponding criteria are introduced in Section 3.1.7. An overview
of the aircraft service model is provided in Figure 3.8.

3.1.6.1 Maintenance Schedule Planning

Airlines conduct their planning and scheduling process in subsequent hierarchical steps, as
outlined in Section 2.2.3. An optimization of flight schedules, fleet assignment, fleet routing,
aircraft maintenance, and crew assignment can be conducted by a variety of approaches to
maximize airline profit [80, pp. 205–207]. They generally address the optimization problem
in a sequential manner without covering all optimization phases in one model [84, p. 1].
Additionally, flight schedules have to be robust against distributions and profitable with
unreliable passenger demand [84, p. 2–3].

However, solutions to the optimization problems are not determined analytically but rather
through algorithms, which present a computational challenge to the researcher and practi-
tioner. In practice, the required number of steps to solve the problem with current algorithms
and methodologies, e.g., linear programming, typically grows exponentially with the increase
in problem size [80, p. 207]. For these non-deterministic polynomial (𝒩 𝒫) time algorithms,
optimal solutions for the flight schedule, fleet assignment, and aircraft maintenance rout-
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Figure 3.8: State machine diagram of the service model, which performs the maintenance sched-
ule planning, operation and scheduled inspections, and repairs of the simulated
aircraft.

ing for a typical airline are nearly impossible to obtain in a reasonable amount of time [80,
p. 207]. The scheduling of inspection and repair events in this work is thus based on a sim-
plified two-step approach, maximizing the inspection intervals for individual parts and the
entire aircraft. The cycle 𝑁 of the upcoming scheduled maintenance event M of the aircraft
A, written as 𝑁𝑀,𝐴, is determined by the cycle of the first upcoming inspection 𝑁𝑛𝑒𝑥𝑡,𝑇 of
task T out of all upcoming inspection tasks −−−−→

𝑁𝑛𝑒𝑥𝑡,𝑇 as follows

𝑁𝑀,𝐴 = 𝑚𝑖𝑛

⎛⎜⎜⎜⎜⎝
𝑁𝑛𝑒𝑥𝑡,1
𝑁𝑛𝑒𝑥𝑡,2

...
𝑁𝑛𝑒𝑥𝑡,𝑇

⎞⎟⎟⎟⎟⎠ . (3.60)

At 𝑁𝑀,𝐴, all pending inspection and maintenance tasks are completed such that the number
of cycles between the current inspection 𝑁𝑀,𝐴 and the next inspection 𝑁𝑀+1,𝐴 is maximized,
while the number of tasks due is minimized. Given the fixed inspection requirements in the
MPD in terms of FCs or FHs, moving an inspection task earlier by a number of cycles
𝑁𝛥, automatically moves up all consecutive events of that task by 𝑁𝛥. The time between
individually scheduled inspections is thus determined by the smallest inspection interval 𝐼𝑖

of a task T, such that

𝑁𝑀+1,𝐴 = 𝑁𝑀,𝐴 + 𝑚𝑖𝑛

⎛⎜⎜⎜⎜⎝
𝐼𝑖,1
𝐼𝑖,2
...

𝐼𝑖,𝑇

⎞⎟⎟⎟⎟⎠ . (3.61)
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Figure 3.9: The shortest inspection interval of a task drives the inspection interval of the air-
craft, with the remaining tasks being clustered in a way to decrease the overall
inspection effort of the aircraft. Adapted from [174].

The utilized scheduling process is illustrated in Figure 3.9.

While this approach does not optimize maintenance scheduling for cost, it provides a com-
putationally inexpensive method to construct an aircraft maintenance program that satisfies
regulatory requirements, considering aircraft availability and inspection effort.

3.1.6.2 Scheduled Inspection and Repair

Within the maintenance schedule planning, the cycle 𝑁𝑀,𝐴 of an upcoming scheduled aircraft
inspection is selected. During the inspection and repair event, the required work is organized
to minimize the required labor. The MPD provides an estimation of the length of every
task divided into access and inspection times based on information from the manufacturer.
Additionally, the MPD defines the zones to be accessed during the inspection. To minimize
the set-up or access time during the inspection, the pending inspection tasks are combined
in work packages to avoid multiple disassemblies of the same part. Since the maintenance
facility, staffing, and tooling are not considered in the work at hand, the modeling of task
packaging is straightforward. The total access time of a single aircraft inspection event
𝑊𝑀,𝐴𝑐𝑐,𝐴 is calculated by summarizing the access time per position, only considering the
task with the largest access time duration per aircraft position. Thus, 𝑊𝑀,𝐴𝑐𝑐,𝐴 can be
calculated by

𝑊𝑀,𝐴𝑐𝑐,𝐴 =
∑︁

⎛⎜⎜⎜⎜⎜⎝
𝑚𝑎𝑥(−−−−−−→

𝑊𝑀,𝐴𝑐𝑐,1)
𝑚𝑎𝑥(−−−−−−→

𝑊𝑀,𝐴𝑐𝑐,2)
...

𝑚𝑎𝑥(−−−−−−→
𝑊𝑀,𝐴𝑐𝑐,𝑃 )

⎞⎟⎟⎟⎟⎟⎠ , (3.62)

where −−−−−−→
𝑊𝑀,𝐴𝑐𝑐,𝑃 is a vector of all access times associated with tasks due at inspection 𝑀

by position P. During the inspection and maintenance event, all tasks due before the next
aircraft inspection are performed. The inspection can be carried out manually, where the
total work time 𝑊𝑀,𝑇 is given by

𝑊𝑀,𝑇 = 𝑊𝑀,𝑖 + 𝑊𝑀,𝐴𝑐𝑐, (3.63)
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Figure 3.10: Preventive replacement of structural components are simulated using the modeled
failure probability and specified task code of the inspection.

where 𝑊𝑀.𝐴𝑐𝑐 is the access time and 𝑊𝑀,𝑖 is the inspection time of a task. When using
SHM to carry out the respective inspection task, 𝑊𝑀,𝑇 = 0 is assumed. If a failure is found,
the part is replaced, and the corresponding damage simulation is reset to reflect a new and
undamaged part. Manual inspections are assumed to be perfect. The performance of using
an SHM system is described in Section 3.1.3.

To moderate the effects of the damage definition used for aircraft structures, inspected parts
can be replaced preventively. As introduced in Section 2.1.2, metallic fatigue is a continuous
process. The replacement decision for an individual part relies on a binary definition for
damage. As a result, structural parts that are defined as undamaged may be considered
damaged only one FC or FH after the inspection. Therefore, preventive replacements are
conducted during manual inspections based on their calculated failure rate, as illustrated in
Figure 3.10.

3.1.6.3 Preflight Check

Before every flight, a manual preflight check is conducted. During this check, damages in
positions with task codes given in Table 3.3 can be detected with a probability of 10%.
Alternatively, SHM systems can be used for the preflight check. Depending on the outcome
of the inspection, unscheduled repairs may be initiated at the current location of the aircraft,
possibly leading to delays.

3.1.7 Aircraft Decommissioning Model

The decommissioning process of aircraft is driven by economic considerations and regulatory
factors based on safety concerns. Assuming technological progress leads to a steady increase
in aircraft cost-efficiency per seat, airlines can replace aircraft after a certain time to achieve
economic benefits. However, they cannot postpone the replacement decision indefinitely since
the maximum usage of the aircraft is regulated to govern the occurrence of structural fatigue in
airframes. Therefore, the aircraft’s lifetime is limited in both economic and regulatory terms.
In this section, three independent aircraft decommissioning approaches are introduced. The
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Table 3.3: Failures detectable during a walkaround of parts connected to tasks with the following
task codes based on [175, p. 18].

Task code Definition
CHK Check for condition, circuit continuity, fluid reserve,

fluid level, leakage, tension and charge pressure
FC Functional check or test
GVI General visual inspection
OP Operational check or test
SV Drain, servicing, replenishment (fluid change)
VC Visual check

first is based on the optimal economic retirement driven by the performance improvement
of new alternative aircraft. The second is based on the currently used LoV described in
Sections 2.1.1 and 2.1.3, while the third is based on an OLM-enabled fatigue damage index
(FDI).

3.1.7.1 Economic Retirement

As a result of increasing aircraft efficiency and limited lifetimes, airlines can improve profitab-
ility by optimizing the timing of aircraft replacements. To provide guidance in this decision,
different investment appraisal methodologies have been proposed to identify the cost and
benefits associated with a replacement. An extensive overview of the most common tech-
niques and the methodologies used in this section are provided in [176]. In this thesis, the
NPV, which estimates the value a new aircraft adds to the airline over its lifetime, is used to
evaluate an investment decision. As a dynamic investment appraisal methodology, the NPV
considers the profitability of an investment over multiple periods (i.e. years) and takes into
account the varying value of money over time by discounting cash flows [176, pp. 91–147].
The NPV can be calculated by

𝑁𝑃𝑉 =
𝑇𝐼∑︁

𝑡=1

𝐶𝑡

(1 + WACC )𝑡
, (3.64)

where 𝑡 is the individual investment period, 𝑇𝐼 is the total number of investment periods,
and 𝐶𝑡 is the net cash flow in period 𝑡. For airlines, the Weighted Average Cost of Capital
(WACC) can be assumed at 8% [177]. The net cash flow 𝐶𝑡 of a period can be calculated by

𝐶𝑡 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
−𝐼0 for 𝑡 = 𝑚𝑖𝑛{𝑡, . . . , 𝑇}
𝑒𝑡 − 𝑎𝑡 else
𝑒𝑡 − 𝑎𝑡 + 𝑃𝑡 for 𝑡 = 𝑚𝑎𝑥{𝑡, . . . , 𝑇}

(3.65)

where 𝐼0 is the initial investment in period 𝑡 = 0, 𝑒𝑡 is the cash inflow in period 𝑡, 𝑎𝑡 is the
cash outflow in period 𝑡, and 𝑃𝑡 represents the proceeds of selling the investment after its
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use in period 𝑡. Assuming the disinvestment proceeds 𝑃𝑡 to be equal to the book value of
the disposed asset 𝐵𝑡, they can be calculated by depreciating the initial investment 𝐼0. In
practice, most airlines use a linear depreciation method [178]. However, to better represent
the market value of aging aircraft and the initially high cost of customizing an aircraft, the
sum-of-year-digits method is used in this work to depreciate the aircraft book value [70, p. 61].
A comparison of both depreciation methods is provided in Appendix A.7. The depreciation
in every period 𝐷𝑡 can be calculated with the sum-of-year-digits method by

𝐷𝑡 = 𝐼0 · 𝑡𝐸𝑂𝐿 − 𝑡∑︀𝑡𝐸𝑂𝐿
𝑛=1 𝑡𝑛

, (3.66)

where 𝐼0 is the initial investment and the number of periods until the aircraft is written off
at 𝑡𝐸𝑂𝐿 = 𝑡 (𝐵𝑡 = 0). Subsequently, the residual value 𝑃𝑡 can thus be calculated by

𝑃𝑡 = 𝐼0 −
𝑡∑︁

𝑛=1
𝐷𝑡. (3.67)

As a result of the assumed technological progress, the net income generated by every new
generation of aircraft improves. The net operating cost 𝑎𝑡 of a generation decreases with the
technological progress factor 𝜉. The rate of technological development is derived in Appendix
A.6 and estimated as an improvement in fuel efficiency per seat of 0.7968% annually [179–
196]. Furthermore, the investment cost 𝐼0 for every new aircraft generation can be assumed
constant over time when neglecting inflation. Different investment or replacement strategies
can now be generated, as illustrated in the decision tree in Figure 3.11.

In the first period, the airline has the choice to invest in a first-generation aircraft or wait one
period. In every subsequent period, the airline can decide between investing in the current
generation aircraft (and selling their old one), keeping the old aircraft, or not investing.
The corresponding cash flows of the investment decision and influences of the technological
progress factors are provided in Table 3.4.
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Table 3.4: Periodic cash flows 𝐶𝑡 and disinvestment proceeds 𝑃𝑡 of the available investments
over time [197, p. 209].

t 0 1 2 3 ... N
Aircraft A: 𝐶𝑡 −𝐼0 𝑒1 − 𝑎1 𝑒2 − 𝑎2 𝑒3 − 𝑎3 ... 𝑒𝑁 − 𝑎𝑁

Aircraft A: 𝑃𝑡 𝐼0 𝑃1 𝑃2 𝑃3 ... 𝑃𝑁

Aircraft B: 𝐶𝑡 −𝐼1 𝑒2 − 𝑎2 · 𝜉 𝑒3 − 𝑎3 · 𝜉 ... 𝑒𝑁 − 𝑎𝑁 · 𝜉
Aircraft B: 𝑃𝑡 𝐼1 𝑃2 𝑃3 ... 𝑃𝑁

Aircraft C: 𝐶𝑡 −𝐼2 𝑒3 − 𝑎3 · 𝜉2 ... 𝑒𝑁 − 𝑎𝑁 · 𝜉2

Aircraft C: 𝑃𝑡 𝐼2 𝑃3 ... 𝑃𝑁

A solution to the replacement problem can now be identified from the possible investment
strategies summarized in Table 3.4 by combining available investments to maximize the total
NPV over a given time frame. However, an optimal investment strategy for repeated invest-
ments that are not equal is not possible to derive analytically [176, p. 220, 197, p. 209]. Still,
a solution to this problem can be obtained by using branch-and-bound methods, dynamic
programming, or full enumeration. In the work at hand, a full enumeration approach is used.
Additionally, the airline is assumed to be always invested in only one type of aircraft.

3.1.7.2 Limit of Validity

From a regulatory standpoint, aircraft are decommissioned once their usage exceeds the LoV
specified for their type. As described in Section 2.1.3, the LoV is derived from the maximum
period of safe usage demonstrated during the full-scale fatigue test. Through additional tests,
the manufacturer can extend the LoV. With the LoV being measured by the maximum
number of flight cycles 𝑁𝐹 𝐶,𝐿𝑜𝑉 and maximum number of flight hours 𝑁𝐹 𝐻,𝐿𝑜𝑉 , the last
usable cycle of the aircraft 𝑁𝐸𝑂𝐿,𝐿𝑜𝑉 is defined as

𝑁𝐸𝑂𝐿,𝐿𝑜𝑉 = 𝑁 : 𝑁𝐹 𝐶 ≤ 𝑁𝐹 𝐶,𝐿𝑜𝑉 ∨ 𝑁𝐹 𝐻 ≤ 𝑁𝐹 𝐻,𝐿𝑜𝑉 (3.68)

For the Airbus A320, the initially specified LoV or design service goal (DSG) has already
been extended to the extended service goal (ESG) by means of additional full-scale fatigue
testing. The corresponding aircraft usage limits are summarized in Table 3.5.

Table 3.5: Airbus A320 original and extended service limits based on [198, 199, 77].

Service goal 𝑁𝐹 𝐶,𝐿𝑜𝑉 [-] 𝑁𝐹 𝐻,𝐿𝑜𝑉 [-]
DSG 48,000 60,000
ESG I 60,000 120,000
ESG II 90,000 180,000
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3.1.7.3 Fatigue Damage Index

The intention of limiting the usage of aircraft with the LoV is to prevent WFD. However,
the LoV does not consider the magnitude of the experienced fatigue driving loads during
operation. With the capabilities provided by SHM through DM and OLM, the occurrence
of WFD and its driving forces can be monitored directly. Therefore, an aircraft retirement
criterion that reflects the state of fatigue rather than the number of used cycles can be defined.
Thus, this section introduces the FDI as aircraft retirement criterion. The methodology
for calculating the FDI is based on a previous collaboration published in [200]. The non-
dimensionalized fatigue models simulating structural failure, as introduced in Section 3.1.1,
are not suitable for the calculation of the FDI since they rely on artificially calibrated crack
growth to simulate local structural failures rather than connect aircraft mission profiles to
crack growth. Therefore, additional standard fatigue life equations and assumptions are
introduced in this section to compute the FDI. Simplified models are also described to
estimate the proposed FDI for the current Airbus A320 fleet.

"Since the load spectrum during a flight does not occur with a fixed stress ratio 𝑅, an approx-
imation of the Haigh diagram [201] is used in order to map the load spectrum to an equivalent
load spectrum with 𝑅 = −1. The stress amplitude 𝑆𝑎,𝑅=−1 for 𝑅 = −1 is therefore depend-
ent on the mean stress 𝑆𝑚, the amplitude stress 𝑆𝑎 for a known 𝑅 ̸= −1, and the material
constant 𝑀𝜎.

for 1 < 𝑅:
𝑆𝑎,𝑅=−1 = 𝑆𝑎(1 − 𝑀𝜎)

(3.69)

for 0.5 < 𝑅 ≤ 1:
𝑆𝑎,𝑅=−1 = 𝑆𝑎

(1+𝑀)2

3+𝑀𝜎

(3.70)

for 0 < 𝑅 ≤ 0.5:

𝑆𝑎,𝑅=−1 = 𝑆𝑎
(1+𝑀𝜎)(3+𝑀𝜎

𝑆𝑚
𝑆𝑎

)
3+𝑀𝜎

(3.71)

for − ∞ ≤ 𝑅 ≤ 0:
𝑆𝑎,𝑅=−1 = 𝑆𝑎(1 + 𝑀𝜎

𝑆𝑚
𝑆𝑎

)
(3.72)

After computing the stress amplitude for 𝑅 = −1, the FDI, which describes the remaining
useful life by a factor between 0 and 1 (where FDI = 1 indicates no remaining useful life) can
be evaluated by the corresponding S-N curve and Miner’s rule (Eq. 3.73). Miner’s rule [202]
assumes that the fatigue damage of different stress amplitudes accumulates linearly, where
the fatigue damage is the ratio of the number of cycles of the applied load 𝑛𝑖 to the number
of cycles 𝑁𝑖, which can be withstood by the structure according to the S-N curve.

FDI =
∑︁

𝑖

𝑛𝑖

𝑁𝑖
(3.73)
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To consider the different fatigue drivers, the aircraft is divided into two main structural parts:
the wing and the fuselage [...]. Taxi time, payload, maximum flight altitude, and flight time
are considered causes for fatigue damages. For both the wing and fuselage the aluminum Al
2024-T3 with 𝑀𝜎 = 0.4 [153] is assumed. Moreover, the corresponding S-N curve (Eq. 3.74)
with a stress concentration factor of 𝐾𝑡 = 2.5, which is usually found at holes, is used (S-N
parameters: 𝐶1 = 63 MPa; 𝐶2 = 470 MPa; 𝐶3 = 3.50; 𝐶4 = 2.07) [203].

𝑁𝑖 = 10
𝐶3

[︁
𝑙𝑛

(︁
𝐶2−𝐶1

𝑆𝑎,𝑖−𝐶1

)︁]︁1/𝐶4

(3.74)

In order to compute the FDI of the wing, the stress amplitudes and the mean stresses during
flight have to be evaluated. The transport wing standard (TWIST) shown in Figure 3.12
depicts the frequency distribution of the bending moment at a wing root of civil and military
transport aircraft for 40,000 flights [204]. The TWIST was generated using measurements
and computations and is divided into three parts: loads during flight, loads on the ground
(due to taxi), and ground-to-air loads.
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Figure 3.12: Transport Wing Standard for 40,000 flights based on [204].

First, the fatigue life based on the design loads can be computed with Eq. 3.69-3.74. The
TWIST stresses are related to the mean stress, which is assumed to be 100 MPa for the
design loads at a maximum take-off weight (MTOW) of 𝑊𝑀𝑇 𝑂𝑊 = 73.5 t, maximum payload
𝑊𝑃 𝐿,𝑚𝑎𝑥 = 16.6 t, operating empty weight 𝑊𝑂𝐸𝑊 = 42.2 t, and maximum weight of fuel
𝑊𝑓𝑢𝑒𝑙,𝑚𝑎𝑥 = 20 t for an Airbus A320 type aircraft [205]. The corresponding number of cycles
are shown in Figure 3.12. Furthermore, the design flight time is set to 𝐹𝐻𝑑𝑒𝑠 = 2 h [205], and
the design taxi time to 𝑇𝑡𝑎𝑥𝑖,𝑡𝑜𝑡𝑎𝑙,𝑑𝑒𝑠 = 25 min [206]. These times are assumed to lead to the
numbers of cycles presented by the TWIST. Considering the taxi time rather than distance
allows for a straightforward computation of fuel burn and weight changes during taxiing and
further takes airport congestion into account [...].

Second, since both the takeoff weight 𝑊𝑇 𝑂𝑊 (herein estimated through the aircraft seat load
factor and fuel weight) and the flight time are known, relative changes can be taken into
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account for the fatigue computation. [It is assumed that the] mean stress is linearly dependent
on the aircraft weight, the number of cycles during flight is linearly dependent on the flight
hours, and the number of cycles on the ground are reduced in proportion to the reduction of
the taxi time. Now, the difference in the fatigue life represented by the change of the FDI due
to monitoring can be evaluated.

The stresses in the fuselage result mostly from the difference between inner and outer pressure.
Due to lift forces of the wing, the fuselage is also subjected to bending loads, [... which] is
neglected. Therefore, the tangential stress 𝑆𝑡𝑎𝑛 and axial stress 𝑆𝑎𝑥𝑖𝑎𝑙 present in the fuselage
can be modeled by Barlow’s formula (see Eq. 3.75) with the differential pressure 𝛥𝑝, average
of the fuselage diameter 𝑑𝑚, and sheet thickness 𝑡. Since the tangential stress is twice as great
as the axial stress, only the tangential stress is considered in the following. The thickness is
set to 𝑡 = 1.0 mm and according to [205] the fuselage diameter is 𝑑𝑚 = 4.14 m.

𝑆𝑡𝑎𝑛 = 𝑝 𝑑𝑚

2 𝑡
, 𝑆𝑎𝑥𝑖𝑎𝑙 = 𝑝 𝑑𝑚

4 𝑡
(3.75)

The differential pressure is mostly affected by the highest altitude reached on an individual
flight [...]. This altitude is assumed to be only dependent on the distance between origin
and destination as illustrated in Figure A.6 in the Appendix. The dependency is modeled in
Eq. 3.76, where 𝑝0 = 1013.25 hPa is the pressure at sea level, 𝐻0 = 8, 435 m, and 𝐻 is the
flight altitude.

𝑝 = 𝑝0

(︂
1 − 𝑒

− 𝐻
𝐻0

)︂
(3.76)

According to [205], the maximum design flight altitude is set to 𝐻𝑚𝑎𝑥,𝑑𝑒𝑠(= 11, 917.68 m).
Given that the pressure results in a pure swelling load with 𝑅 = 0, the mean stress 𝑆𝑚 and
the amplitude stress 𝑆𝑎 can be computed as

𝑆𝑚 = 𝑆𝑎 = 𝑆𝑡𝑎𝑛

2 (3.77)

The fuselage FDI corresponding to the design parameters can be computed with Eq. 3.69-3.74.
Since the actual flight altitude is known, it can be taken into account and the change of the
FDI due to monitoring can be computed. [The influences of operational usage parameters on
the FDI of the wing and fuselage of the aircraft are illustrated in Figure 3.13, changing only
one parameter, ceteris paribus.] The wing FDI shows a strong dependency on the seat load
factor. Due to a larger mass, the mean stress intensifies, increasing the FDI. In contrast, the
fuselage FDI is not affected by the seat load factor since it is completely driven by the flight
altitude based on previously mentioned assumptions. The fuselage FDI is also [assumed to be]
independent of the taxi time, whereas the wing FDI shows a minor dependency on it because
the taxi load’s mean stress is negative and the amplitude stress is rather small (see Figure
3.12). Furthermore, the wing FDI is assumed to be independent of the flight altitude, whereas
the fuselage FDI shows a strong dependency on it" [200]. The FDI for a varying average flight
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FDI of a single flight compared to the FDI of the certified aircraft mission profile,
adapted from [200].

distance over the entire aircraft lifetime is given in Appendix A.9. Aircraft usage parameters
are derived as described in Appendix A.8.

3.1.8 Fuel Consumption Model

The fuel consumption model aims to estimate the relative change in aircraft lifetime fuel
consumption resulting from increased aircraft dry weight driven by the introduced SHM
equipment mass.

The aircraft fuel consumption is estimated using a Breguet approximation, which is only
sufficiently valid for stationary cruise flight. However, the increase in fuel burn during a
climb and decrease in fuel burn during an equivalent descent are assumed to be equal and,
thus, cancel each other out. Furthermore, the SHM equipment is assumed to be retrofitted
without resizing the aircraft1. With the Breguet equation, the range 𝑅𝑓𝑙𝑖𝑔ℎ𝑡 of an aircraft is
given by

𝑅𝑓𝑙𝑖𝑔ℎ𝑡 = 𝐸 · 𝑉

𝑏𝐹 · 𝑔
· 𝑙𝑛

(︂
𝑚0

𝑚0 − 𝑚𝑡

)︂
(3.78)

where 𝐸 is the lift-to-drag ratio of the aircraft, 𝑉 is the aircraft velocity, 𝑏𝐹 is the specific
fuel consumption, 𝑔 is the gravity constant, 𝑚0 is the aircraft mass at take-off, and 𝑚𝑡 is
the fuel mass excluding reserves. After rearranging the Breguet equation to isolate 𝑚𝑡 and

1The payload-range performance of the aircraft is, therefore, incrementally decreased with every incremental
increase in SHM equipment mass.
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including in the aircraft weight without fuel 𝑚𝑍𝐹 𝑊 = 𝑚0 − 𝑚𝑡, the fuel mass for a given
flight distance 𝑅𝑓𝑙𝑖𝑔ℎ𝑡 can thus be calculated by

𝑚𝑡 = 𝑚𝑍𝐹 𝑊 ·
(︂

𝑒
𝑅𝑓𝑙𝑖𝑔ℎ𝑡·𝑏𝐹 ·𝑔

𝐸·𝑉

)︂
. (3.79)

Assuming that the introduction of SHM does not impact the flight distances flown by the
reference aircraft, the relative change in fuel burn through increased weight is given by

𝑚𝑡,𝑆𝐻𝑀 = 𝑚𝑍𝐹 𝑊 + 𝑚𝑆𝐻𝑀

𝑚𝑍𝐹 𝑊
· 𝑚𝑡 + �̇�𝐹,𝑃 · 𝑅

𝑉
(3.80)

where 𝑚𝑡,𝑆𝐻𝑀 is the fuel mass required for aircraft with SHM system, 𝑚𝑆𝐻𝑀 is the SHM
system mass, and �̇�𝐹,𝑃 is the increased fuel flow due to the increased onboard electrical
power demand driven by the SHM system. This approach is only valid if the distances flown
in practice are below the design range, considering an unchanged MTOW.

3.2 Airline Simulation

The implementation of SHM impacts the reliability and maintenance requirements of aircraft
and thus influences the execution of airline operations. Specifically, researchers suggest that
a reduction in airframe inspection effort increases aircraft availability and thus allows airlines
to schedule additional flights. Additionally, the replacement of manual inspections with SHM
systems allows for improved aircraft routing by decreasing the number of mandatory stops
at designated maintenance airports. Relaxing boundary conditions for aircraft routing may
enable more flights with a constant number of aircraft within a given time frame. With
tactical planning at airlines, SHM systems with predictive capabilities can lead to fewer
technical delays resulting from airframe failures and damages, currently affecting 0.01 to
0.5% of all departures [207–210]. Improved aircraft reliability can also reduce the number of
spare aircraft in cases of sudden failures. A detailed overview of benefits for airline operations
connected to SHM is given in Sections 2.2.2 and 2.2.3.

To estimate the magnitude of the proposed benefits, the following subsections derive and
describe methodologies to connect aircraft maintenance requirements and reliability to the
performance of airlines. The required scope of the introduced methodologies is defined in
Subsection 3.2.1. Assumptions based on initial studies and results of previously conducted
research on this topic are used to simplify the investigated problem. Subsequently, Subsec-
tion 3.2.2 introduces a method to derive the influence of predictive maintenance on airline
networks. Finally, an approach to link aircraft reliability and available spare aircraft to airline
performance is described in Subsection 3.2.3.

3.2.1 Definition of Airline Model Scope

Airlines are faced with complex and often 𝒩 𝒫-hard problems which cannot be solved using
analytical approaches, as mentioned in [80, pp. 205–208]. This circumstance is also reflected
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Figure 3.14: A) Annual fluctuation of global RPK based on [211, p. 1]. B) Daily Airbus A320
departures and local regression for 2018 based on data provided by OAG. C) Local
regression of weekly fluctuation in scheduled airborne A320 aircraft in 2018 based
on data provided by OAG. Gray area represents the 95% confidence interval of a
local regression. All Airbus A320 family variants and all airlines are included.

in the organization of airlines, where the overall optimization problem of maximizing airline
profitability is divided into numerous smaller problem sets, each addressed individually to
reduce complexity [80, p. 208–212]. Different aspects of airline operations are possibly im-
pacted by SHM. Therefore, flight scheduling, aircraft routing, maintenance, and daily tactics
or disruption management are considered separately in this work. Available data, model
requirements, and the representation of levers influenced by SHM are summarized in this
subsection to define the scope of the utilized airline model.

The first step in operating an airline is the creation of a flight schedule, which is gener-
ally optimized for maximum airline profits, considering the expected passenger demand and
available aircraft. Figure 3.14 A) illustrates the annual fluctuation in RPK, which oscillates
within 12.5% of the mean. The seasonality in demand is matched by a varying supply of
scheduled flights, as shown in Figure 3.14 B). The annual peak and minimum numbers of
scheduled Airbus A320 flights deviate by approximately 10% from the mean. However, the
daily variation is comparatively higher, floating between 30 and 100% of the weekly peak,
as illustrated in Figure 3.14 C). Given the fluctuating aircraft usage throughout the week, a
window of several hours exists daily, in which less than two-thirds of the required aircraft are
scheduled for flight. SHM possibly reduces the overall maintenance burden and thus allows
airlines to plan more flights for a single aircraft.
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Figure 3.15: Annual fluctuation in fleet demand allows opportunity-cost-free inspection and
maintenance events. The resulting interval between consecutive revenue neutral
inspections depends on the annual fluctuation in fleet usage and duration of the
inspection event.

However, the seasonality in demand provides airlines with the opportunity to conduct work-
intensive maintenance events during times with less demand. In a letter-check maintenance
approach for the Airbus A320, the work-intensive C-check and D-check are typically scheduled
every 18th and 72nd to 144th month, depending on the aircraft usage, and they require several
weeks of work [212, pp. 12–13]. Assuming the fleet size is scaled according to the peak
usage during July and August, the timeframe to conduct maintenance for the entire fleet
without losing revenue-generating flights can be calculated based on annual fluctuation in
fleet usage and the length of a maintenance event, as illustrated in Figure 3.15. Given the
annual fluctuation in passenger demand, airlines can conduct extended aircraft maintenance
events over several weeks without suffering opportunity costs in the form of lost revenue.
Additionally, a detailed investigation of the base maintenance process by [148] demonstrated
that the use of automated SHM technologies does not influence the critical path of the aircraft
inspection, leaving the overall duration of the maintenance event constant. Therefore, the
work at hand does not further investigate the impact of SHM on airline fleet schedules.

The next step for airlines, the optimization of the individual aircraft routing, is complicated
by regulatory and technological constraints in practice. The lack of required freedoms of air
may prevent an efficient routing [213, Ch. 4.1]. Inspection requirements call for airlines to
route aircraft to selected maintenance stations after a specified interval, even if another more
profitable routing may be feasible. Substituting regular manual structural inspections with
SHM allows aircraft to operate away from maintenance locations, thus enabling improved
routing. However, the driving inspection tasks behind frequent overnight or line maintenance
checks are not structural components but rather parts of the aircraft’s system and power
plant. Aircraft inspections quoted in the MPD can be categorized by ATA-chapters. Regular
inspection events are driven by work not concerned with the structural state of the aircraft,
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as illustrated in Figure 3.16. An impact of SHM on the schedule of regular inspections
only comes into effect if other schedule driving inspections are automated as well. The
shortest inspection interval driven by structural components is greater than 50 flight cycles.
For an aircraft operating in a hub structure, multiple opportunities for maintenance are
provided before the first structural inspection is due. For large point-to-point networks,
an increase in the time between inspections possibly yields improved aircraft routing. An
investigation of local arrival times and layover lengths for the Airbus A320 fleet based on
automatic dependent surveillance - broadcast (ADS-B) data reveals daily opportunities to
conduct frequent inspections, as illustrated in Figure 3.17. Approximately one-tenth of all
flights operate from airports with night curfews, providing a brief maintenance opportunity.
Additionally, a significant increase in the duration of layovers has occurred at airports without
curfews, either due to curfews at the next destinations, maintenance activities, or decreased
demand. Still, the average ground times at night are significantly higher at airports with
curfews. As opportunity cost free maintenance stops are available within the network and the
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Figure 3.17: Layover on airports A) without nightly curfews, B) with nightly curfews, and C)
impact of curfews on layover times. A total of 12,653,221 flights without curfews
and 1,458,881 flights with curfews are considered between 2017-09-24 07:10:00 and
2019-11-29 14:15:00 for 6443 unique Airbus A320 aircraft.

frequency of planned aircraft maintenance events is not determined by structural inspections,
the impact of SHM on the aircraft routing problem is not further evaluated as part of this
work.

Furthermore, SHM can be used to mitigate unexpected failures causing irregular operations
at airlines. As shown in Figure 2.15 on page 23, technical problems are the second largest
cause for delay. Predictive maintenance can be used to preventively conduct repairs to mit-
igate unexpected breakdowns. Alternatively, airlines can prevent delays from unexpected
breakdowns by resorting to unused spare aircraft that are not scheduled for regular opera-
tion. The number of required spare aircraft depends on the reliability of the aircraft. The
proposed influences of SHM on different steps in the airline planning process are summarized
in Table 3.6. Based on the initial investigation presented in this section, only the use of SHM
in airline disruption management is further considered.

To this end, the following subsections provide a model to estimate airline reliability based
on aircraft reliability, while considering the number of available spare aircraft. Hereby, ap-
proaches to investigate the effects of failures and false alarms during operation, as well as
predictive maintenance requirements, are introduced. A method to derive the influence of
predictive maintenance is also described in the following subsection.

3.2.2 Predictive Maintenance in Airline Networks

The unexpected failure of aircraft can lead to delays and disrupt airline operations. De-
pending on the magnitude of a previous delay, subsequent flights possibly have reactionary
delays. To address this problem, airlines are presented with a variety of strategies. In the
flight schedules, layover times can be increased to provide a buffer against unexpected delays,
resulting in a decrease in airline revenue, however. Alternatively, predictive maintenance on
the aircraft level allows airlines to enhance their scheduled inspection and maintenance activ-
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Table 3.6: Scope of airline model utilized in this thesis.

Airline Suggested SHM Initial investigation Considered in
hierarchy benefit airline simulation
Flight Decreased maintenance Flight schedule is seasonal. No
scheduling requirements to allow Fluctuation in demand

more flights allows opportunity cost
free maintenance

Aircraft Decreased inspection Inspection frequency is No
routing frequency allows better driven by aircraft systems

routing and powerplant
Maintenance Decreased inspection Ground time at night No
scheduling requirements, shorter provides opportunity cost

inspection, thus more free maintenance
flights

Disruption Avoid unscheduled Unexpected airframe, Yes
management inspections and repairs system and powerplant

failures can equally lead
to delays

Airport Base Off-base 1 Off-base 2 Off-base 3 Off-base 4
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Figure 3.18: Influence of reactive and predictive maintenance on airline punctuality.

ities. Therefore, unexpected latent failures can be addressed at a more convenient time before
they materialize. A comparison of the effects of an unexpected failure on aircraft delays is
illustrated in Figure 3.18. The benefits of predictive maintenance depend on the aircraft’s re-
liability, predictive maintenance performance, forecast horizon and share of aircraft coverage,
the airline network, locations of maintenance stations, and routing of the individual aircraft.

For every aircraft routing, a series of consecutively visited airports (ap𝑛)𝑘
𝑛=1 with 𝑎𝑝 ∈ AP is

defined, where AP are all airports served by the airline. For every airport ap𝑛 in the routing
of an aircraft, the corresponding failures 𝑓ap𝑛

=
[︁
𝑓1 𝑓2 . . . 𝑓𝑛

]︁𝑇
∈ 𝐹 shall be known, with
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𝐹 being a set of all possible failures of the aircraft. Using the methodologies introduced in
Section 3.1, the failures 𝑓ap𝑛

can be derived. The performance of predictive maintenance shall
be given by PM (𝑥, 𝑦,ℎ,𝐶𝑃 𝑀 ), with the FP rate 𝑥, TP rate 𝑦, predictive horizon in load cycles
ℎ, and the covered failures 𝐶𝑃 𝑀 , which specifies the failures 𝑓ap𝑛

that can be predicted. For
every ap𝑛, the corresponding layover duration (𝑙𝑎𝑝𝑛)𝑘

𝑛=1 is given. The minimum turnaround
time 𝑙𝑚𝑖𝑛 for the Airbus A320 is assumed to be 30 min [205, Ch. 5.2-5.3]. Unexpected failures
lead to unscheduled maintenance �⃗�ap𝑛

=
[︁
𝑟1 𝑟2 . . . 𝑟𝑛

]︁𝑇
∈ 𝑅𝑟, where 𝑅𝑟 represents the

length of the repair in the presence of a failure 𝐹 . 𝑅𝑟 is calculated by arbitrarily multiplying
the inspection and access time for a position provided in the MPD by ten. The total delay
time 𝑑𝑎𝑝𝑛

at an airport is thus given by

𝑑𝑎𝑝𝑛
=

𝑘∑︁
𝑛=1

�⃗�𝑎𝑝𝑛⏟  ⏞  
technical delay

+ 𝑑𝑎𝑝𝑛−1⏟  ⏞  
reactionary delay

− (𝑙𝑎𝑝𝑛 − 𝑙𝑚𝑖𝑛)⏟  ⏞  
make up for a delay

. (3.81)

The total delay 𝑑𝑎𝑝𝑛
is the sum of the technical delay occurring at that airport and the

reactionary delay 𝑑𝑎𝑝𝑛−1 from late departures at the previous airports less the excess planned
layover time exceeding the minimum layover time. Using predictive maintenance, potential
failures can be forecasted and avoided. For every ap𝑛, the service level (𝑠𝑛)𝑘

𝑛=1 ∈ 𝑆𝑎𝑝 is known,
with 𝑆𝑎𝑝 = {𝑀, 𝑀}, where 𝑀 denotes airports with maintenance facilities and 𝑀 without.
For every airline, the location of maintenance facilities is assumed to be known. Maintenance
can be conducted without a penalty in terms of delayed flights when the aircraft is at a
maintenance base and has a layover of more than five hours.

3.2.3 Airline Reliability and Provision of Spare Aircraft

A simplified model is introduced to capture the effect of changing aircraft reliability influenced
by SHM on the number of required spare aircraft and canceled flights for a given airline
network.

Within the model, airline networks are represented by airports and number of daily flights,
as illustrated in Figure 3.19. The number of scheduled inbound flights fl𝑖,ap𝑛

∈ N0 and
scheduled outbound flights fl𝑜,ap𝑛

∈ N0 for every airport ap𝑛 ∈ AP shall be known, where
AP is the set of airports within the airline network. Furthermore, the expected technical
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Figure 3.19: Simplified airline network consisting of airports and sums of scheduled flights used
to derive the impact of spare aircraft on cancellations and airline reliability.
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dispatch reliability per flight 𝜆𝐴𝐶 ∈ [0, 1] shall be known and is assumed independent of the
number of flights and operated aircraft. The expected number of canceled flights 𝑐ap𝑛

at
airport ap𝑛 is thus given by

𝑐ap𝑛
= fl𝑜,ap𝑛

(1 − 𝜆𝐴𝐶) . (3.82)

The dispatch reliability of the entire airline 𝜆𝐴𝐿 is thus given by

𝜆𝐴𝐿 = 1 −
∑︀|𝐴𝑃 |

𝑛=1 𝑐ap𝑛∑︀|𝐴𝑃 |
𝑛=1 fl𝑜,ap𝑛

. (3.83)

Assuming the existence of 𝑛𝑆𝐴,ap𝑛
∈ N spare aircraft at airport ap𝑛, of which each can replace

fl𝑆𝐴 ∈ N canceled flights per days, the expected number of canceled flights becomes

𝑐ap𝑛
= 𝑚𝑎𝑥{fl𝑜,ap𝑛

· 𝜆𝐴𝐶 − 𝑛𝑆𝐴,ap𝑛
· fl𝑆𝐴 · (1 − 𝜆𝐴𝐶) , 0}. (3.84)

In practice, 𝑛𝑆𝐴,ap𝑛
and fl𝑆𝐴 are time-dependent since their availability coincides with the

failure of an aircraft. However, this requires the routing of aircraft to be known, which is
not considered in the model. Another assumption is that spare aircraft can only be used
at a single airport. The probability of conducting all flights from a given airport without
cancellations 𝑃 (𝑋 ≥ fl𝑜,ap𝑛

)ap𝑛
, assuming a Bernoulli process, is given by

𝑃 (𝑋 ≥ fl𝑜,ap𝑛
)ap𝑛

=
𝑛∑︁

𝑖=𝑘

(︃
fl𝑜,ap𝑛

+ 𝑛𝑠𝑎,ap𝑛
· fl𝑆𝐴

𝑖

)︃
𝜆𝑖

𝐴𝐶 · (1 − 𝜆𝐴𝐶)(fl𝑜,ap𝑛
+𝑛𝑠𝑎,ap𝑛 ·fl𝑆𝐴)−𝑖 (3.85)

where fl𝑜,ap𝑛
is the number of scheduled flights, 𝑛𝑠𝑎,ap𝑛

· fl𝑆𝐴 is the sum of available spare
aircraft flights , and 𝑋 is the Bernoulli variable [214, p. 330]. The probability of fulfilling all
flights of an airline without cancellations 𝑃

(︀
𝑐ap𝑛

= 0
)︀

𝐴𝐿,𝑡𝑜𝑡𝑎𝑙
is given by

𝑃
(︀
𝑐ap𝑛

= 0
)︀

𝐴𝐿,𝑡𝑜𝑡𝑎𝑙
=

|𝐴𝑃 |∏︁
𝑛=1

𝑃 (𝑋 ≥ fl𝑜,ap𝑛
)ap𝑛

. (3.86)

The departure-weighted probability of having no cancellations at airports in the network
𝑃
(︀
𝑐ap𝑛

= 0
)︀

𝐴𝐿,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑
is given by

𝑃
(︀
𝑐ap𝑛

= 0
)︀

𝐴𝐿,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑
= 1

|𝐴𝑃 |

|𝐴𝑃 |∑︁
𝑛=1

𝑃 (𝑋 ≥ fl𝑜,ap𝑛
)ap𝑛

· fl𝑜,ap𝑛
. (3.87)

For the model, airlines are assumed to strategically position spare aircraft at airports where
the probability of operating all scheduled flights is lowest. The influence of ferry flights and
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last-minute flight schedule adjustments on the positioning of spare aircraft is neglected. The
location of the next spare aircraft ap𝑆𝐴,𝑛𝑆𝐴+1 is given by

ap𝑆𝐴,𝑛𝑆𝐴+1 = {ap𝑛|𝑚𝑎𝑥
(︁
𝑃 (𝑋 ≥ fl𝑜,ap𝑛

)ap𝑛

)︁
}. (3.88)

Depending on the network topology, spare aircraft affect the overall airline reliability differ-
ently. To distinguish the topology of an airline network in this work, the Freeman network
centrality index based on betweenness centrality is used, which "is a measure of similarity to
a perfect star", providing an intuitive understanding of an airline network layout [215, p. 15].
Appendix A.12 illustrates different network layouts and the corresponding Freeman network
centrality index. However, an accurate description allowing the reproduction of an airline
network requires additional metrics not considered in this work. Based on [216, 217], the
Freeman network centrality index based on betweenness is calculated as follows. "If 𝑔𝑗𝑘 is the
number of geodesics linking [airports] ap𝑗 and ap𝑘 in a network, and 𝑔𝑗𝑘(ap𝑛) is the number
of such paths that contain [airport] ap𝑛 then:

𝑏𝑗𝑘(ap𝑛) = 𝑔𝑗𝑘(ap𝑛)
𝑔𝑗𝑘

(3.89)

is the proportion of geodesics linking ap𝑗 and ap𝑘 that contain ap𝑛. To determine the centrality
of [airport] ap𝑛, [...] all these values for all unordered pairs of [airports] where 𝑗 < 𝑘 and
𝑗 ̸= 𝑘 ̸= 𝑖 [are summed up]:

𝐶𝐵(ap𝑛) =
𝑛∑︁

𝑗<𝑘

𝑛∑︁
𝑗<𝑘

𝑏𝑗𝑘(ap𝑛) (3.90)

[...] The betweenness 𝐶𝐵(ap𝑛) of a [airport] ap𝑛 [...] provides a measure of the overall
centrality of [airport] ap𝑛 in the network. [...] Let ap* be the node with highest centrality,
and then the Freeman centrality index of the network is as follows:

𝐶𝐵 =
∑︀𝑛

𝑖 [𝐶𝐵(ap*) − 𝐶𝐵(ap𝑛)]
𝑛3 − 4𝑛2 + 5𝑛 − 2 (3.91)

The Freeman network centrality index expresses the degree of inequality or variance in our
network as a percentage of a perfect star network of the same size. This measure takes 1 for
a star [or pure hub and spoke configuration] and 0 for a complete graph [pure point to point
configuration]" [216, pp. 112–113]. An overview of the centrality of Airbus A320 operated
networks is provided in Figure 3.20 itemized by airline. Additionally, the introduced spare
aircraft model is applied to two selected airlines, illustrating the impact of aircraft reliability
on airline reliability.
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Figure 3.20: The airline network layout determines the impact of spare aircraft on expected
airline cancellations, dispatch reliability, and probability of zero cancellations in
the entire network: A) Similarity of Airbus A320 networks to a hub layout for
every airline using the network centrality index 𝐶𝐵 based on OAG data from the
year of 2018, including local regression (black line) and 95% confidence interval
(gray area). B) Routes of selected airlines, representing two extreme network
configurations with 𝐶𝐵 = 1 and 𝐶𝐵 = 0.237. Subsequent placement of spare
aircraft occurs by maximizing the weighted airport dispatch reliability of every
airline. C) Average delay as a function of available spare aircraft. D) Dispatch
reliability of airline based on dispatch reliability at every airport weighted by the
number of routes served by this airport. The impact of spare aircraft is higher
in hub structure; however, the impact of aircraft reliability is higher in the point-
to-point structure. E) Probability that zero routes are canceled in a given day,
assuming each route is served once every day.
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3.3 Cost Model

The impact of SHM on the design, operation, and decommissioning of aircraft is analyzed
in different dimensions. To compare the investigated effects of SHM on airline profitability
and determine its economic value, a simplified model translates them into cost factors. Two
types of costs are considered in the study. First, the DOC, which covers expenditures on the
aircraft level, are typically broken down into cash operating cost (COC), cost of ownership
(COO), and additional operating cost (ADOC). Second, capital expenditures (CAPEXs),
which includes the costs associated with the financing of aircraft and investment into SHM
equipment, are covered. IOC, which includes expenses for passenger services, ticketing, sales,
promotion, ground services, and administration, is not considered since it is independent of
SHM. The methods utilized to translate the performance of aircraft into cost are introduced
in this section. All cost factors considered in the model are summarized in Table 3.7.

Table 3.7: Structure of cost model organized by type, category and factor of cost including the
considered impact of SHM.

Type Cat. Factor Component SHM Impact
DOC COC Flying operations Crew

Fuel System weight
Hull insurance
Misc. flying operations

Direct maintenance Airframe repairs Repair threshold
Airframe materials Repair threshold
Airframes inspections Automation
Aircraft engines
Deferrals and provisions

Applied maintenance Applied maint. burden

Net obsolescence Net obsolescence
and deterioration𝑎 and deterioration𝑎

COO Depreciation Airframes Service goal
Engines
Other flight equipment
SHM system Investment

ADOC Delay cost Crew Unsched. repair
Passenger compensation Unsched. repair

CAPEX - Interest Aircraft
Fractional spare aircraft Aircraft reliability
SHM system Debt-service costs

𝑎 "Provision for losses in value of expendable parts inventory" [DOT definition].
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The individual cost components are quantified using form 41 operating cost data reported
by major airlines to the United States DOT. The DOT provides data for every quarter
from 1990 to 2020 by aircraft type and airline. Only expenses attributed to the aircraft are
considered. Based on the form 41 operating cost data, the average expenditure per FH 𝐶𝑥

can be calculated including the corresponding standard deviation. A comprehensive overview
of the data and its application to the utilized cost model is provided in Appendix A.10. The
introduction of SHM is assumed to impact only selected cost factors, as follows. Furthermore,
airport fees, which vary significantly with the operated network structure and destinations,
are not considered. Additionally, possible impacts on the applied maintenance cost in the
form of optimized logistics, spare part budgeting, and improved engineering are not considered
because of the lack of operational data, even though improved situation awareness enabled
by SHM may influence these costs.

3.3.1 Cash Operating Cost

The COCs comprise expenses directly originating from flying the aircraft, including the cost
factors for flying operations, direct maintenance, applied maintenance, and obsolescence and
deterioration, which can be further broken down into individual components, as shown in
Table 3.7.

The cost for flying operations 𝐶𝐹 𝑂 includes the expenditures for crew 𝐶𝑐𝑟𝑒𝑤, fuel 𝐶𝑓𝑢𝑒𝑙, hull
insurance 𝐶𝑖𝑛𝑠, and miscellaneous flying operations 𝐶𝑚𝑖𝑠𝑐.. Since aircraft are assumed to be
owned by the airline, leasing is not considered in the cost for flying operations. Therefore,
the total expenditures for flying operation are given by

𝐶𝐹 𝑂 = 𝐶𝑐𝑟𝑒𝑤 + 𝐶𝑓𝑢𝑒𝑙 + 𝐶𝑖𝑛𝑠 + 𝐶𝑚𝑖𝑠𝑐.. (3.92)

However, the fuel cost per flight hour 𝐶𝑓𝑢𝑒𝑙 of the considered aircraft increases with the weight
added by the SHM system and additional power requirements. The fuel cost for aircraft with
SHM 𝐶𝑓𝑢𝑒𝑙,𝑆𝐻𝑀 is calculated by

𝐶𝑓𝑢𝑒𝑙,𝑆𝐻𝑀 = 𝑚𝑡,𝑆𝐻𝑀

𝑚𝑡
· 𝐶𝑓𝑢𝑒𝑙⏟  ⏞  

weight

+ �̇�𝐹,𝑃

�̇�
· 𝐶𝑓𝑢𝑒𝑙⏟  ⏞  

power requirements

(3.93)

where 𝑚𝑡 is the mass of fuel without SHM, 𝑚𝑡,𝑆𝐻𝑀 is the mass of fuel with SHM, �̇� is
the fuel mass flow rate without SHM, and �̇�𝐹,𝑃 is the fuel consumption increase from SHM
power requirements. Thus, the total expenditures for flying operations with SHM become

𝐶𝐹 𝑂,𝑆𝐻𝑀 = 𝐶𝑐𝑟𝑒𝑤 + 𝐶𝑓𝑢𝑒𝑙,𝑆𝐻𝑀 + 𝐶𝑖𝑛𝑠 + 𝐶𝑚𝑖𝑠𝑐.. (3.94)

The cost for direct maintenance 𝐶𝐷𝑀 includes expenditures for airframe repairs 𝐶𝑎𝑓 𝑟𝑒𝑝, air-
frame materials 𝐶𝑎𝑓 𝑚𝑎𝑡, airframe inspections 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡, aircraft engines 𝐶𝑒𝑛𝑔, and deferrals
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and provisions 𝐶𝑑𝑒𝑓&𝑝𝑟𝑜𝑣. The total expenditures for direct maintenance are therefore given
by

𝐶𝐷𝑀 = 𝐶𝑎𝑓 𝑟𝑒𝑝 + 𝐶𝑎𝑓 𝑚𝑎𝑡 + 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡 + 𝐶𝑒𝑛𝑔 + 𝐶𝑑𝑒𝑓&𝑝𝑟𝑜𝑣. (3.95)

The cost of airframe repairs with SHM 𝐶𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 are derived by comparing the total labor
required to conduct airframe repairs without SHM 𝐿𝑎𝑓 𝑟𝑒𝑝 to that with SHM 𝐿𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 .
Both 𝐿𝑎𝑓 𝑟𝑒𝑝 and 𝐿𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 are derived from the aircraft simulation, which was introduced
in Section 3.1. While SHM does not influence the process of repairing the structure, it can
impact the frequency of repairs and thus influences the total time spent on repairing the
airframe. Hence, 𝐶𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 is calculated by

𝐶𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 = 𝐿𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀

𝐿𝑎𝑓 𝑟𝑒𝑝
· 𝐶𝑎𝑓 𝑟𝑒𝑝. (3.96)

The ratio of airframe repair cost 𝐶𝑎𝑓 𝑟𝑒𝑝 to airframe material cost 𝐶𝑎𝑓 𝑚𝑎𝑡 is assumed to be
constant with and without SHM, such that

𝐶𝑎𝑓 𝑚𝑎𝑡,𝑆𝐻𝑀 = 𝐿𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀

𝐿𝑎𝑓 𝑟𝑒𝑝
· 𝐶𝑎𝑓 𝑚𝑎𝑡. (3.97)

Furthermore, the inspection cost of the airframe 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡 is based on the simulated aircraft
inspection effort 𝐿𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡. The airframe inspection cost with SHM 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡,𝑆𝐻𝑀 is thus
given by

𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡,𝑆𝐻𝑀 = 𝐿𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡,𝑆𝐻𝑀

𝐿𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡
· 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡. (3.98)

Assuming the maintenance cost of engines 𝐶𝑒𝑛𝑔 and the cost of deferrals and provisions
𝐶𝑑𝑒𝑓&𝑝𝑟𝑜𝑣 are unaffected by SHM, the expenditures for direct maintenance when using SHM
is thus given by

𝐶𝐷𝑀,𝑆𝐻𝑀 = 𝐶𝑎𝑓 𝑟𝑒𝑝,𝑆𝐻𝑀 + 𝐶𝑎𝑓 𝑚𝑎𝑡,𝑆𝐻𝑀 + 𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡,𝑆𝐻𝑀 + 𝐶𝑒𝑛𝑔 + 𝐶𝑑𝑒𝑓&𝑝𝑟𝑜𝑣. (3.99)

Both the cost for applied maintenance 𝐶𝐴𝑀 , which includes overhead from maintenance
activities, and the cost for obsolescence and deterioration 𝐶𝑜𝑏𝑠&𝑑𝑒𝑡, which covers the regularly
replacement of components, are assumed to be independent of SHM. Table 3.8 summarizes
the assumptions for every cost factor based on DOT form 41 data [7]. The standard deviation
of a cost factor when considering SHM is defined by

𝑆𝐷𝑐𝑓,𝑆𝐻𝑀

𝑆𝐷𝑐𝑓
= 𝐶𝑐𝑓,𝑆𝐻𝑀

𝐶𝑐𝑓
. (3.100)
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3.3.2 Cost of Ownership

As discussed in Section 2.2.1, an aircraft has a definite end of life after which it must be re-
placed. Therefore, every flight hour depreciates its value. The COO reflects this consumption
of capital invested into the aircraft as a function of its usage. In accounting, the depreciation
is not always determined by usage, but a variety of other depreciation methods are used, de-
pending on the airline and prevailing jurisdiction [178]. "Depreciation methods and residual
value estimates are disclosed in financial statements. Generally aircraft assets are depreciated
over 15 to 25 years with residual values of between 0 to 20%. The straight-line method of
depreciation is the most commonly used. [However, small] changes in useful economic life
and residual value estimates can have a significant impact on the profit or loss in a period"
[178, p. 12]. In this work, aircraft are not depreciated over calendar time but FHs. The
utilized form 41 data provides the cost for airframe depreciation 𝐶𝑑𝑒𝑝𝑟 𝑎𝑓 , flight equipment
depreciation 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒, and engine depreciation 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔.

However, airlines report depreciation costs only for aircraft they own. For leased aircraft,
the leasing costs 𝐶𝑙𝑒𝑎𝑠 are reported as part of their expenses for flying operations, or COC.

Table 3.8: Airbus A320 COC per FH based on DOT form 41 data.

Cost Factor Cost component Median MAD Mean SD N𝑎

[USD] [USD] [USD] [USD] [-]
Flying Crew [𝐶𝐶𝑟𝑒𝑤] 694.6 313.0 812.3 369.8 957
Operations Fuel [𝐶𝐹 𝑢𝑒𝑙] 1889.0 682.4 1992.8 714.3 957

Hull insurance [𝐶𝑖𝑛𝑠] 6.4 5.8 16.5 26.5 913
Misc. flying operations 79.2 42.7 87.9 64.5 913
[𝐶𝑚𝑖𝑠𝑐.]

Direct Airframe repairs 134.0 98.1 158.8 106.6 957
maintenance [𝐶𝑎𝑓 𝑟𝑒𝑝]

Airframe materials 53.0 35.4 73.6 57.3 901
[𝐶𝑎𝑓 𝑚𝑎𝑡]
Airframe inspections 95.0 56.1 115.5 70.7 957
[𝐶𝑎𝑓 𝑖𝑛𝑠𝑝𝑒𝑐𝑡]
Aircraft engines 181.9 201.3 223.7 174.5 949
[𝐶𝑒𝑛𝑔]
Deferrals and provision 188.5 20.2 172.6 60.9 39
[𝐶𝑑𝑒𝑓&𝑝𝑟𝑜𝑣.]

Applied Applied maintenance 176.4 77.8 188.5 85.8 729
maintenance Burden [𝐶𝐴𝑀 ]

Net obsolescence Net obsolescence 7.1 7.1 10.1 9.3 470
[𝐶𝑜𝑏𝑠&𝑑𝑒𝑡]

Total - 3505.2 - 3852.5 180.4 -
𝑎 Available data points (unique quarterly report and airline) for respective cost factor.
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However, the data provided by the DOT include both leasing and depreciation expenditures
for airlines if they rely on both ownership models within a reported quarter. Since this work
assumes aircraft are owned entirely by the airline, the leasing costs 𝐶𝑙𝑒𝑎𝑠 specified in the form
41 data are added to the depreciation cost as follows:

𝐶𝑑𝑒𝑝𝑟 𝑎𝑓 = 𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇

𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇
· 𝐶𝑙𝑒𝑎𝑠, (3.101)

𝐶𝑑𝑒𝑝𝑟 𝑓𝑒 = 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇

𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇
· 𝐶𝑙𝑒𝑎𝑠, (3.102)

𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔 = 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇

𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇 + 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇
· 𝐶𝑙𝑒𝑎𝑠, (3.103)

where 𝐶𝑑𝑒𝑝𝑟 𝑎𝑓 , 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒, and 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔 are the adjusted depreciation costs after distributing
the leasing cost 𝐶𝑙𝑒𝑎𝑠, and 𝐶𝑑𝑒𝑝𝑟 𝑎𝑓,𝐷𝑂𝑇 , 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒,𝐷𝑂𝑇 , and 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔,𝐷𝑂𝑇 are the depreciation
costs provided in DOT form 41. The allocation of leasing costs does not change the distribu-
tion of the different depreciation costs. Furthermore, a change in aircraft lifetime following
the introduction of SHM is assumed to affect the airframe depreciation cost only since air-
craft engines are regularly moved between aircraft and flight equipment is typically replaced
multiple times over the lifetime of the aircraft. Therefore, both 𝐶𝑑𝑒𝑝𝑟 𝑓𝑒 and 𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔 are
independent of SHM.

Since no SHM system is used on a large scale in commercial aviation as of the writing of this
thesis, the estimates for the investment costs are based on general assumptions. The total
investment cost for an SHM system 𝐶𝑆𝐻𝑀 𝑖𝑛𝑣 𝑡𝑜𝑡𝑎𝑙 includes the purchase price of the system
and required work for its installation.

The total investment cost for the system is specified by

𝐶𝑆𝐻𝑀 𝑖𝑛𝑣 𝑡𝑜𝑡𝑎𝑙 = 𝐴part · 𝐶𝑖𝑛𝑣 𝑎𝑟𝑒𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐, (3.104)

where 𝐶𝑖𝑛𝑣 𝑎𝑟𝑒𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 are the area-specific installation and purchase costs. The depreciation
per FH 𝐶𝑆𝐻𝑀 𝑖𝑛𝑣, assuming a linear depreciation, can be calculated by

𝐶𝑆𝐻𝑀 𝑖𝑛𝑣 = 𝐶𝑆𝐻𝑀 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒 + 𝐶𝑆𝐻𝑀 𝑖𝑛𝑠𝑡𝑎𝑙𝑙 𝑡𝑜𝑡𝑎𝑙

60, 000𝐹𝐻
. (3.105)

For OLM and hybrid systems, the purchase price is assumed equal to the cost of DM systems.
These assumptions are merely educated guesses, owing to the lack of existing programs. No
reference values have been published for existing military systems, and development costs
are not declared separately. However, the acquisition costs for SHM are quoted separately in
this work and may be adjusted with improved knowledge in the future.
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Additionally, amortization costs of flight equipment 𝐶𝑎𝑚𝑜𝑟𝑡 𝑓𝑒 are considered. Unlike depre-
ciation costs for tangible assets, amortization costs cover intangible assets that have no resale
value, such as the cost of branding the aircraft. The expenditures for every component of the
COO are quantified in Table 3.9. Summarizing the total COO per FH over 60,000 FHs, the
aircraft usage originally specified in the DSG and neglecting the cost of SHM, results in a
mean lifetime COO of USD 40,728,000 and median lifetime COO of USD 49,866,000. Given
the assumed COO and average list price for the Airbus A320 of USD 101M, a reduction on
the list price of 49% to 59% is implied, which is in line with typical discounts for airlines
[218, p. 1].

3.3.3 Additional Operating Cost

Additional operating costs 𝐶𝐴𝐷𝑂𝐶 capture expenses resulting from delays caused by technical
failures. The costs from delayed flights include hard delay costs, comprised of additional crew
cost expenses and passenger compensation, which are based on [219]. Of note, the study
presented by [219] specifically covered European airlines, and the results are published in
Euro, requiring conversion to USD. A loss in market share of the airline due to unpunc-
tuality, reactionary delays in the aircraft routing, and additional fuel cost and maintenance
expenditures are not considered. Delays due to technical failures are calculated in the aircraft
simulation. The additional crew cost resulting from a delay is therefore assumed to be

𝐶𝑑𝑒𝑙𝑎𝑦,𝑐𝑟𝑒𝑤 = 7.8 · 𝑡𝑑𝑒𝑙𝑎𝑦 · 𝑈𝑆𝐷

𝐸𝑈𝑅
, (3.106)

Table 3.9: Airbus A320 COO per FH based on DOT form 41 data. Depreciation of SHM is
calculated as part of this work.

Cost factor Cost component Median MAD Mean SD N
[USD] [USD] [USD] [USD] [-]

Depreciation Depreciation airframes 450.4 - 505.3 227.2 884
cost [𝐶𝑑𝑒𝑝𝑟 𝑎𝑓 ]

Depreciation flight 70.3 - 106.3 117.1 417
equipment [𝐶𝑑𝑒𝑝𝑟 𝑓𝑒]
Depreciation engines 131.8 - 174.1 115.9 906
[𝐶𝑑𝑒𝑝𝑟 𝑒𝑛𝑔]
Depreciation SHM NA NA NA NA NA
[𝐶𝑑𝑒𝑝𝑟 𝑆𝐻𝑀 ]

Amortization Flight equipment 26.3 24.4 45.4 41.2 471
[𝐶𝑎𝑚𝑜𝑟𝑡 𝑓𝑒]

Total - 678.8 - 831.1 139.7 -
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Figure 3.21: Regression of passenger delay cost driven by compensations in A) and crew delay
cost B). The utilized data is based on [219, p. 34, 37] and marked by a dot.

where EUR 1 = USD 1.2 [219]. The cost of a delay due to passenger compensation is assumed
at

𝐶𝑑𝑒𝑙𝑎𝑦,𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 =
(︁
(7.1207 + 0.7474 · 𝑡𝑑𝑒𝑙𝑎𝑦)2 − 50.7

)︁
· 𝑈𝑆𝐷

𝐸𝑈𝑅
(3.107)

[219]. Thus, the total delay cost 𝐶𝑑𝑒𝑙𝑎𝑦,𝑡𝑜𝑡𝑎𝑙 can be estimated as

𝐶𝑑𝑒𝑙𝑎𝑦,𝑡𝑜𝑡𝑎𝑙 =
{︃

𝐶𝑑𝑒𝑙𝑎𝑦,𝑐𝑟𝑒𝑤 + 𝐶𝑑𝑒𝑙𝑎𝑦,𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 for 𝑡𝑑𝑒𝑙𝑎𝑦 ≤ 300
67, 030 for 𝑡𝑑𝑒𝑙𝑎𝑦 > 300

. (3.108)

Once reaching a delay of 300 min, the flight is canceled and the total delay cost of USD 67,030
is assumed. A comparison of the delay cost presented by [219] and the derived delay cost
regression in Eq. 3.106 and Eq. 3.107 are provided in Figure 3.21.

Additional cost associated with the use of SHM can arise from reduced payload capacities. As
described in [174], "if SHM is considered as retrofit system in an existing aircraft, the SHM
weight reduces the payload capacity and thus the opportunity to generate revenue. However,
the magnitude of this effect depends on the payload and range distribution serviced by the air-
line. In cantilever wing aircraft, the maximum payload is effectively limited by the maximum
zero fuel weight (MZFW) and MTOW. [A reduced maximum payload decreases the revenue
generation only if an airline uses the entire load capacity of the aircraft.] Second, the location
within the aircraft where the SHM system is installed determines if the equipment weight is
considered as part of the aircraft zero fuel weight (ZFW) or not. Weight added to the wing
is not considered part of the ZFW, but only take off weight (TOW). However, the MTOW
limits the payload for missions beyond a certain range. Therefore, the impact of retrofit SHM
equipment weight on the revenue-generating capability of aircraft depends on the distribution
of typical payloads and ranges, as illustrated in Figure 3.22. The loss in revenue 𝛥𝑅𝑒𝑣 from
SHM equipment installed on the wing is based on [220] and calculated by
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Figure 3.22: Weight added to the fuselage increases 𝛥𝑊 𝑒𝑖𝑔ℎ𝑡𝐹 𝑢𝑠𝑒𝑙𝑎𝑔𝑒 and 𝛥𝑊 𝑒𝑖𝑔ℎ𝑡 equally, while
weight added to the wing is considered only through 𝛥𝑊 𝑒𝑖𝑔ℎ𝑡. Thus, SHM equip-
ment weight impacts payload capacity differently depending on location. Potential
airframe weight savings connected to the use of SHM are neglected in this figure.
The payload-range diagram is adapted from [221, p. 7, 174, p. 10].

𝛥𝑅 =

⎧⎪⎨⎪⎩
0, for 0 ≤ 𝛥𝑀𝑇 𝑂𝑊 ≤ 2%
4.8333 · 𝛥2

𝑀𝑇 𝑂𝑊 − 0.105 · 𝛥𝑀𝑇 𝑂𝑊 + 0.0002, for 2% < 𝛥𝑀𝑇 𝑂𝑊 ≤ 10%
undefined, for 𝛥𝑀𝑇 𝑂𝑊 > 10%

(3.109)

where 𝛥𝑀𝑇 𝑂𝑊 = 𝑚𝑆𝐻𝑀
𝑚𝑀𝑇 𝑂𝑊

and MTOW is assumed to be 73,500 kg. The revenue 𝑅𝑒𝑣 of the
aircraft is assumed to be USD 5,900 per flight hour for the reference aircraft. At a median
load factor of 81% and maximum average load factor of 95 %, it is assumed that 8 of the
160 seats mostly remain empty. Assuming a passenger weight of 100 kg, the first 800 kg of
equipment mass added to the fuselage does not impact the revenue-generating capabilities of
the aircraft. For every additional 100 kg, the revenue decreases by 5900 USD

152 = 38.82 USD per
FH" [174].

3.3.4 Capital Expenditure

CAPEXs result from borrowing capital to invest into the ownership of assets. In this work,
they comprise the interest for owning the aircraft 𝐶𝑑𝑒𝑏𝑡 𝐴𝐶 , the interest for owning spare
aircraft 𝐶𝑑𝑒𝑏𝑡 𝑠𝑝𝑎𝑟𝑒, and the interest for owning an SHM system 𝐶𝑑𝑒𝑏𝑡 𝑆𝐻𝑀 . The annuities
payable by the airline to the capital provider are assumed to be constant. They include
the redemptions that are considered in the COO and the interest payments represented
in the CAPEX. While the annuities stay constant over time, the ratio between interest
and redemption, which make up the annuities, changes. In order to provide a constant
cost breakdown per FH over time, both redemptions and interest are considered as lifetime
averages and are distributed equally to every FH. The redemption of the loan is represented
by the COO. Since they are typically paid over time rather than usage, the assumption is
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made that the airline pays back the loan over 𝑡𝑙 = 20 yr and 60,000 FCs, corresponding to
an average daily usage of 8.2 FHs. As introduced in Section 3.1.7.1, the WACC in aviation
can be assumed to be 8% annually from the outstanding loan.

The total interest 𝐶𝑑𝑒𝑏𝑡 𝐴𝐶 𝑡𝑜𝑡𝑎𝑙 payable by the airline over 𝑡𝑙 is computed by

𝐶𝑑𝑒𝑏𝑡 𝐴𝐶 𝑡𝑜𝑡𝑎𝑙 = 𝐶𝐴𝐶⏟  ⏞  
credit volume

·
(︂

𝑡𝑙 · 𝑊𝐴𝐶𝐶

(𝑊𝐴𝐶𝐶 + 1)𝑡𝑙 − 1 · (𝑊𝐴𝐶𝐶 + 1)𝑡𝑙 − 1
)︂

⏟  ⏞  
debt-cost factor

, (3.110)

where 𝐶𝐴𝐶 is the purchase price of the aircraft, assuming an annuity loan or level-payment
mortgage [222, p. 46]. The effects of WACC and credit period 𝑡𝑙 on the debt-service cost
factor are illustrated in Figure 3.23. The interest cost for the aircraft per FH 𝐶𝑑𝑒𝑏𝑡 𝐴𝐶 is thus
given by

𝐶𝑑𝑒𝑏𝑡 𝐴𝐶 = 𝐶𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑏𝑡 𝐴𝐶

60, 000𝐹𝐻
. (3.111)

Airlines can provide spare aircraft to address the issue of inherent unreliability. Assuming
that spare aircraft are not used until they are replaced, they do not depreciate. At a re-
placement after 𝑡𝑙, the aircraft has the entire 60,000 FHs to fly. However, their market value
has depreciated with the efficiency improvements of alternative aircraft, as described in Sec-
tion 3.1.7.1. Since the usage of spare aircraft results from the unreliability of the aircraft,
these costs are distributed via the CAPEX in the form of additional capital requirements.
The residual value of unused spare aircraft 𝐶𝑟𝑒𝑠 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 after the time 𝑡𝑙 = 20 yr is given by

𝐶𝑟𝑒𝑠 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 = 𝐶𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 · 1
(𝜉 + 1)𝑡𝑙

. (3.112)

The total cost to finance a spare aircraft is thus given by

𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 = 𝐶𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 − 𝐶𝑟𝑒𝑠 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶⏟  ⏞  
lost value

+ 𝐶𝑑𝑒𝑏𝑡 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 𝑡𝑜𝑡𝑎𝑙⏟  ⏞  
interest

, (3.113)

where 𝐶𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 is the purchase price of the spare aircraft and 𝐶𝑑𝑒𝑏𝑡 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 𝑡𝑜𝑡𝑎𝑙 is the total
interest cost for the spare aircraft, which are computed by Eq. 3.110. The cost for a spare
aircraft can now be distributed to the operating costs of every aircraft, given the total number
of aircraft 𝑁𝐴 in the fleet and total number of spare aircraft 𝑁𝑆𝐴:

𝐶𝑠𝑝𝑎𝑟𝑒 𝐴𝐶 = 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑟𝑒 𝐴𝐶

60, 000𝐹𝐻
· 𝑁𝑆𝐴

𝑁𝐴
. (3.114)
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Figure 3.23: Influence of WACC and credit period 𝑡 on debt-service cost factor.

The interest payable due to an investment into SHM is given analogous to Eq. 3.110 by

𝐶𝑑𝑒𝑏𝑡 𝑆𝐻𝑀 𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑆𝐻𝑀 ·
(︂

𝑡𝑙,𝑆𝐻𝑀 · 𝑊𝐴𝐶𝐶

(𝑊𝐴𝐶𝐶 + 1)𝑡𝑙,𝑆𝐻𝑀 − 1 · (𝑊𝐴𝐶𝐶 + 1)𝑡𝑙,𝑆𝐻𝑀 − 1
)︂

,

(3.115)

where 𝑡𝑙,𝑆𝐻𝑀 is the investment period in the SHM system and 𝐶𝑆𝐻𝑀 is the investment cost
into an SHM system. For retrofit SHM systems, 1 ≤ 𝑡𝑙,𝑆𝐻𝑀 ≤ 𝑡𝑙 holds.
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Chapter 4

Conceptual Integration of Structural
Health Monitoring in Commercial Air-
craft

This chapter describes the conceptual implementation of SHM into commercial aircraft. The
optimization problem faced by manufacturers, operators, and other respective stakeholders
when implementing SHM is discussed in Section 4.1. As a result, simplifications are presented,
on which the conducted cost-benefit analysis of SHM is based. Subsequently, a reference
airline is defined in Section 4.2 to describe the operative environment in which SHM is used.
Additionally, a reference aircraft is defined in Section 4.3. The definitions of both reference
airline and reference aircraft are based on actual Airbus A320 flight movements. Finally, the
investigated SHM scenarios are described in Section 4.5.

4.1 Considerations on Multi-Objective Optimization

The design and implementation of SHM systems in commercial aviation can be a multi-
objective optimization problem, characterized by multiple conflicting objective functions [223,
p. 1]. Generally, a solution to this problem "is represented by a curve [or surface,] constituted
by a set of points that are all equally important, differently from single-objective optimization
problems, where the solution is given by a single point" [223, p. 1]. However, with increasing
system complexity, the number of possible combinations of boundary conditions increases. In
the context of SHM, different optimization objectives across the airline system hierarchy exist,
as illustrated in Figure 4.1. Because of the complex impact of SHM on the operation of aircraft
and airlines, researchers and practitioners need to define suitable problem boundaries. As
described extensively in Section 2.4 (see page 31), the setup of cost-benefit studies covering
SHM in commercial aviation significantly impacts the analysis results. Once the scope is
defined, the multi-objective optimization problem can be solved using various methods.

In a priori methods, information about the preference among different objectives has to be
available, e.g., as expressed by a specific goal for every objective or by a transfer func-
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Figure 4.1: System design objectives are contradictory across the entire air transport system
hierarchy, from the design of aircraft structures, the SHM system itself, and the
overall aircraft design up to the organization of the airline. Given environmental
boundary conditions, optimum airline and aircraft system designs can be found.

tion, mapping all objectives to the same dimension [223, p. 22]. When transforming the
multi-objective optimization problem to a single-objective function problem, a point solution
becomes achievable [223, p. 25]. If SHM implementation is considered a strict business prob-
lem, each affected dimension may be transformed to airline profit. However, the operational
environment of airlines is highly heterogeneous, and the availability of detailed financial data
is poor, rendering this solution infeasible for this work.

With a posteriori methods, all non-dominant Pareto-optimal solutions to the multi-objective
optimization problem are identified and presented as a curve or surface. This can theoretically
be achieved by a full enumeration of the problem set or by a variety of other approaches, as
presented in [223]. With the numerous input parameters and significant time consumption
of a single simulation, this approach is considered impractical for this thesis because of the
required computational resources.

Further, interactive methods are neglected in the scope of this work, as they rely on a user to
incrementally reveal a preference [223, p. 22]. Also, non-preference methods are not considered
since they neglect weights between different objectives.

Therefore, instead of treating the introduction of SHM as a multi-objective optimization
problem across multiple airline hierarchies, a reference airline (Section 4.2) and reference
aircraft (Section 4.3) are defined to reduce the problem complexity. Their definitions reflect
the operational reality of a wide range of airlines or aircraft. SHM is evaluated by the cases
described in Section 4.5.

4.2 Reference Airline Composition

The reference airline used to investigate the effect of SHM on network-level airline metrics
is derived in this section. Based on selected airline characteristics that influence the im-
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pact of SHM, as discussed in Section 3.2, the reference airline is defined with respect to its
network centrality index, average flight time, number of airports in the network, and avail-
ability of maintenance stations. To quantify the selected metrics, ADS-B data gathered by
Flightradar24 (FR24) for 7,952 aircraft over 797 days between September 23rd, 2017 and
November 29th, 2019, amounting to 16,625,103 flights, and the OAG flight-schedule database
for 2018 are used. To avoid an over-representation of small airlines, the reference airline
metrics are quantified using aircraft-weighted median values.

The topology of the airline network, which accounts for the effect aircraft reliability has on
the provision of spare aircraft, is approximated by the network centrality index. As shown
in Figure 3.20 on page 74, improved aircraft reliability has a greater impact on the required
number of spare aircraft in a point-to-point network.

The average flight time per FC drives the scope of the aircraft maintenance plan and, there-
fore, determines the maintenance effort required for individual aircraft systems.

The flights between consecutive overnights at a station reflect the frequency with which
opportunity-cost-free maintenance stops are possible for the aircraft. In the scope of this
work, the aircraft station, or home base, is identified using FR24 data. The airport with
the most overnight stops, characterized by the last flight of a day before a longer ground
time, is assumed to be the home base of the aircraft. Subsequently, the number of flights
between two consecutive overnight stops at an aircraft’s home base can be computed. Any
maintenance activity can presumably be conducted at the home base. Every other airport
is considered to be off-base. The number of flights between consecutive overnight stops at
a station is therefore driving the influence of the prognostic horizon of remaining useful life
methods.

Respectively, the duration of overnights at a station provides an indication about the time
frame available for opportunity-cost-free maintenance.

The considered metrics are illustrated for every airline operating Airbus A320 aircraft in Fig-
ure 4.2. The reference airline is selected to best resemble the median operating environment
of the Airbus A320 aircraft. Each airline operating the Airbus A320 is compared to the
overall fleet-wide, aircraft-weighted median values for network centrality, aircraft flight time,
consecutive flights between overnight at a station, duration of overnight stops at a home base,
and the number of aircraft in the fleet. The resulting short list of suitable reference airlines
is summarized in Table 4.1. Based on the considered metrics, Juneyao Airlines is selected as
the reference airline, as it best resembles the operating environment of the median aircraft.
Of note, the cost model introduced in Section 3.3, which uses data for airlines based in the
United States of America, is applied to the reference airline without considering the local
operating cost structure, that is e.g., driven by labor and fuel cost.
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Figure 4.2: Comparison of A) network centrality index, B) flight time, C) number of flights
between consecutive overnight stops, and D) duration of overnight stops with regard
to airline size, based on data from FR24 and OAG for the Airbus A320. The gray
area represents a 95% confidence interval of local regression.

Table 4.1: Comparison of reference airline candidates with median Airbus A320 operating en-
vironment using fleet level metrics.

Metrics Aircraft Siberia Frontier Allegiant Juneyao
weighted airlines airlines air airlines
median𝑎 (reference)

Network centrality index [-] 0.56 0.81 0.58 0.26 0.59
Aircraft flight time [h] 2.01 2.74 2.37 1.97 2.03
Consecutive flights between 11.01 10.35 21.30 9.57 11.01
overnight at station [-]
Duration of overnight stop 10.62 8.74 9.55 10.79 10.50
at home base [h]
Airbus A320 in fleet [-] 86.65 81.00 88.00 92.00 68.00
𝑎 for all Airbus A320 airline fleets.
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4.3 Reference Aircraft

This section discusses the reference aircraft to be used in the cost-benefit study. Based on the
Airbus A320, the aircraft performance parameters, typical usage, failure behavior, structural
properties, and maintenance requirements are defined using publicly available information and
assumptions. However, reliability and maintenance performance metrics tracked by airlines
on the aircraft component level are typically not shared with the manufacturer and the public,
limiting the quality and quantity of available resources.

4.3.1 Aircraft Performance Parameters

The aircraft performance parameters assumed for the reference aircraft are summarized in
Table 4.2. Together with the assumed airline network and aircraft flight plan, the perform-
ance parameters are used to reconstruct operational loads and calculate aircraft fatigue to
investigate the effect of different decommissioning criteria on available aircraft lifetime. Spe-
cifically, a new decommissioning criterion based on monitoring fatigue is compared to the
numbers of fatigue-driving FCs and FHs, similar to the current LoV approach.

Table 4.2: Selected reference aircraft performance characteristics based on the Airbus A320,
adapted from [200, p. 2] including primary sources.

Performance characteristics Size Source
Additional fuel reserve 𝑊𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠

𝑎 2,500 kg Assumption
Cruise speed at FL 390 𝑀𝑐 0.79 [224]
Fuel consumption during taxi 𝐹𝑇 𝑎𝑥𝑖 0.1 kg/s Assumption
Fuel reserve factor 𝐹𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠

𝑏 1.05 Assumption
Lift-to-drag ratio 𝐿

𝐷 15 Assumption
Maximum payload 𝑊𝑃 𝐿,𝑚𝑎𝑥

𝑐 16,600 kg Assumption
Maximum takeoff weight (MTOW) 𝑊𝑀𝑇 𝑂𝑊 73,500 kg [218, pp. 26–27]
Maximum weight of fuel 𝑊𝐹 𝑢𝑒𝑙,𝑚𝑎𝑥 20,000 kg [218, p. 29]
Minimum payload (Crew, e.g.) 𝑊𝑚𝑖𝑠𝑐 600 kg Assumption
Minimum weight of fuel [𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝,𝑚𝑖𝑛]𝑑 5,000 kg Assumption
Number of seats 𝑁𝑆𝑒𝑎𝑡𝑠 160 [218, pp. 53–54]
Operating empty weight 𝑊𝑂𝐸𝑊 42,200 kg [225]
Specific fuel consumption 𝑆𝐹𝐶𝑐𝑟𝑢𝑖𝑠𝑒 16.88 g/(kN·s) [226]
Weight per passenger 𝑊𝑃 𝐴𝑋 100 kg Assumption
𝑎 Assumed fuel reserve additional to required fuel for specific flight distance.
𝑏 Flight distance–dependent fuel reserve.
𝑐 Defined as minimum payload plus the number of seats times the weight per passenger.
𝑑 A flight with less fuel is considered to be prohibited by airline policies.
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Figure 4.3: Average usage of Airbus A320 aircraft with regard to A) flight time, B) flight dis-
tance, both based on FR24 data, and C) seat load factor based on Sabre® data.

4.3.2 Operational Usage

The operational usage of the aircraft describes the assumed average flight time, flight distance,
and seat load factor of the reference aircraft. Flight time and distance of the Airbus A320
aircraft are derived from FR24 data. The average seat load factor of the considered aircraft
and airlines is based on Sabre® data for 2017. The operational usage of all Airbus A320
aircraft is illustrated in Figure 4.3. For the reference aircraft, a seat load factor of 81%, a
flight distance of 1290 km, and a flight time of 2 h are assumed, representing the average
flight of the median aircraft in the Airbus A320 fleet.

4.3.3 Aircraft Reliability

As previously noted, the public availability of aircraft reliability data is limited, specifically
on the component level. However, unexpected failures drive unscheduled maintenance, which
affects the overall cost of the airline. Within this study, airframe failures are simulated using
the methodologies presented in Section 3.1.1. The simulations of other failures are based on
the generic reliability assumptions presented in this section. The share between system and
structural failures and thus the leverage of SHM on aircraft dispatch reliability are influenced
by the presented reliability assumptions, which are based on the National Aeronautics and
Space Administration (NASA)-administered aviation safety reporting system (ASRS), the
EUROCONTROL central office for delay analysis, and scientific literature, specifically [209,
210].

The ASRS includes reports from "[p]ilots, [...] mechanics, ground personnel, [about incidences
or situations ...], in which aviation safety may have been compromised", such as incidences
where aircraft equipment failed during operation [227]. "All submissions are voluntary" to
improve safety and data quality [227]. The reported incidences also cover the failure of aircraft
equipment during operation. Using the number of recorded airborne hours for a specific
aircraft model reported by the DOT, the mean time between reported failure (MTBRF) for
commercial aircraft operating under US jurisdiction can be calculated based on the number
of observed and reported failures in the ASRS database. For an Airbus A320 operating in the
United States of America, the MTBRF can be broken down by ATA-chapter, as illustrated
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Figure 4.4: MTBRF rate for Airbus A320 operating in the United States of America, broken
down by ATA-chapter. The MTBRF rate is based on voluntary confidential safety
information submitted to ASRS between 2003 and 2020. Of the 51,012,370 FHs
assessed by the DOT, 3,401 problems were reported, leading to a failure-weighted
mean MTBRF of 466,072 FHs per ATA-chapter. Of the 2,945 incidences, a com-
ponent malfunctioned or failed, or it was improperly designed; in the remaining 456
cases, improper operation was the reason for a report.

in Figure 4.4. Based on the ASRS, the failure-weighted average MTBRF is 466,072 FHs
on the ATA-chapter level and 15,034 FHs on the aircraft level. However, the MTBRF only
covers failures detectable during regular operation, which typically includes primary flight
equipment with human-machine interfaces, e.g., autopilot, navigation, communication, and
lighting. Failure or fatigue in single structural components, except for obvious impact damage,
does not attract attention during operation. Furthermore, with the nature of the ASRS
reporting system, not all failures are reported, likely resulting in an MTBRF higher than the
actual MTBF. The highest MTBRF rate is calculated for the instruments in ATA-Chapter
31,107,394 FHs. The estimated MTBF for all components of the reference aircraft excluding
the structure is thus set to 90,000 FHs.

The EUROCONTROL central office for delay analysis regularly publishes all-causes delay
analyses, as illustrated in Figure 2.15 for Airbus A320 aircraft operating in 2019. Based
on this data, 4.27% of all Airbus A320 flights were delayed by more than 60 min, while
14.36% of all delays could be attributed to technical failures of the aircraft. Thus, assuming
a uniform distribution of delay causes, 0.61% of Airbus A320 flights experienced a technical
failure leading to a delay over 60 min, which corresponds to a technical dispatch reliability
of 99.39%. Assuming 2 FHs per FC implies an MTBF of 325.5 FHs on the aircraft level.

Additionally, MTBF rates for the Airbus A320 have been published in scientific literature.
The technical dispatch reliability for the A320 world fleet in September 2005 was specified
at 99.26%, corresponding to an MTBF of 270.3 FHs on the aircraft level, assuming 2 FHs
per FC [210, p. 2]. For a fleet of eight Airbus A320 operated by Croatia Airlines, the
technical dispatch reliability between June 2005 and May 2006 was between 98.57% and
99.59%, corresponding to an MTBF rate of 139.9 FHs and 487.8 FHs on the aircraft level,
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Table 4.3: Summary of selected MTBF, MTBRF and MTBUL rates for Airbus A320 and Boeing
757-200.

Aircraft Reliability Considered Source or
[Value] [Unit] period database

A320 15,034.0 MTBRF 2003 – 2020 NASA ASRS
A320 by ATA-Chapter 466,072.0 MTBRF 2003 – 2020 NASA ASRS
A320 in Europe𝑎 325.5 MTBF 2019 Eurocontrol CODA
A320 worldwide𝑎 270.3 MTBF 2005 [210, p. 2]
A320, Croatia Airlines𝑎,𝑏 139.9 MTBF 06/2005 – 05/2006 [210, p. 2]
A320, Croatia Airlines𝑎,𝑐 487.8 MTBF 06/2005–05/2006 [210, p. 2]
B757-200, 0 PUL 2,186.3 MTBUL 1992 – 2002 [209, p. 9]
B757-200, 1 PUL 1,135.1 MTBUL 1992 – 2002 [209, p. 9]
B757-200, 2 PUL 582.7 MTBUL 1992 – 2002 [209, p. 9]
B757-200, 3 PUL 101.0 MTBUL 1992 – 2002 [209, p. 9]
B757-200, 4 PUL 96.0 MTBUL 1992 – 2002 [209, p. 9]
𝑎 To convert dispatch reliability to MTBF, it is assumed that 1 FC = 2 FHs.
𝑏 Minimum value specified for Croatia Airlines.
𝑐 Maximum value specified for Croatia Airlines.

respectively, assuming 2 FHs per FC [210, p. 2]. For a cohort of 20 Boeing B757-200 aircraft
operated by a single operator between 1992 and 2002, a time-varying mean time between
unscheduled landing (MTBUL) of 2186.3 FHs to 96 FHs was observed [209, p. 9]. With
every previous unscheduled landing (PUL) of the aircraft, the MTBUL decreases [209, p. 9].
A summary of the different failure rates is given in Table 4.3.

4.3.4 Structural Properties

Using the additional information characterizing inspection tasks provided in the MPD, the
airframe is divided into fuselage, nacelles/pylons, and wings according to the ATA-systematic.
Each assembly consists of multiple positions, for which all inspection requirements are provided
in the MPD. Using publicly available resources, every structural position of the Airbus A320
is manually modeled to estimate its surface area. The resulting simplified aircraft model
enables weight estimates of the SHM system, as well as the airframe. The resulting surface
and weight distribution of the Airbus A320 reference aircraft is summarized in Table 4.4.
All aircraft positions are assumed to be assembled from sheet-like components, neglecting
nuts and bolts. The assumed properties for composite structures are 4.5 mm wall thickness
and a density of 1500 kg/m2. For metallic structures, a thickness of 3.5 mm and density of
2800 kg/m2 are assumed.
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Table 4.4: Breakdown of reference aircraft airframe surfaces by ATA chapter.

ATA chapter Material Sheet area [m2] Weight [kg] Share [%]
53 - Fuselage Composite 325.6 2197.9 12.4
53 - Fuselage Aluminium 800.5 7844.7 44.2
54 - Nacelles/Pylons Composite 22.0 148.8 0.8
54 - Nacelles/Pylons Aluminium 189.0 1852.2 10.4
55 - Stabilizers Composite 124.8 842.1 4.7
55 - Stabilizers Aluminium 93.0 911.5 5.1
57 - Wings Composite 21.5 144.9 0.8
57 - Wings Aluminium 389.9 3821.5 21.5

Subtotal Composite 493.9 3333.6 18.8𝑎

Subtotal Metal 1472.4 14429.9 81.2𝑏

Total - 1,966.3 17763.4𝑐 100.0
𝑎 The estimated share of composite materials 1.3% lower as in [57, p. 28].
𝑏 The estimated share of metallic materials is 0.3% higher, as in [57, p. 28].
𝑐 The estimated total airframe weight is 1.9% lower than the total 18,103 kg
given in [228, 508 52-01, 228, 501 52-01].

4.3.5 Maintenance Requirements

The maintenance requirements assumed for the reference aircraft are based on the Airbus
A320 MPD. A total of 3,663 individual maintenance tasks are considered in this thesis. A
summary of all tasks by ATA-chapter, including the number of positions, inspection intervals,
and labor requirements, is provided in Appendix A.13. Every task contains a single inspection
activity for a specified position of the aircraft.

The skill code specifies the required skill of the worker. Seven skill codes are distinguished
in the Airbus A320 MPD as follows. Airframe (AF) covers work on "hydro-mechanical, en-
vironmental, fuel, oxygen and cargo systems, [...] requiring a certain qualification such as:
flaps/slats, landing gear, trimmable horizontal stabilizer actuator or structure visual inspec-
tion" [175, p. 17]. Instruments (AV) comprises labor on the "autopilot, instruments, digital
equipment or fire protection" [175, p. 17]. Cabin (CA) involves "furnishing and galleys" [175,
p. 17]. Electrical (EL) specifies work on "electrical generation, distribution and associated
services and components" [175, p. 17]. Power plant (EN) includes "engines and auxiliary
power unit accessories or associated services" [175, p. 17]. NDT covers "all non-destructive
test inspection and borescope inspection" [175, p. 17]. Radio (RA) encompasses work on
radio and "radio navigation, audio interphone, cockpit voice recorder and passenger address"
[175, p. 18]. Finally, Utility (UT) covers labor on "toilets water, wastewater" [175, p. 17–18].

As part of the simulation, the skill codes further refine the problem boundary conditions. Only
inspection tasks requiring the skill codes AF and NDT are considered for the automation
with SHM if included in the structural or zonal program of the MPD. An overview of all
inspection tasks broken down by skill code is provided in Appendix A.1.
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Table 4.5: Threshold probability triggering preventive structural repair during inspection.

Task code Threshold structural fatigue probability
for preventive repair

GVI 2·10−3

DI 2·10−4

SDI 2·10−5

Table 4.6: Damages to parts with task codes CHK, FC, GVI, OP, SV or VC can be detected
during a walkaround check. Parts from "Structural Program" are excluded. Parts
from "Zonal Program" are included.

ATA chapter Detectable Not detectable
[N] [%] [N] [%]

Aircraft systems 563 15.3 409 11.1
Power plant 56 1.5 124 3.4
Structure 321 8.7 2198 59.9

Total 940 25.6 2731 74.4

Analogous to the skill code, inspection tasks are further categorized using task codes, which
specify the kind of work to be conducted [175, p. 18]. A summary of task codes for the Airbus
A320 is given in Table A.4. The task codes are utilized twofold in the present study.

First, task codes are used within the simulation to decide if preventive structural replacements
during a scheduled structural inspection are possible, which reflects NDT procedures in place
today. Preventive replacements are based on the simulated failure probability, which trig-
gers a structural replacement during scheduled maintenance, depending on three thresholds
associated with task codes of inspections, as summarized in Table 4.5.

Second, the casual discoveries of failures on the aircraft during a walkaround check are also
based on the task codes. Not all failures are necessarily visible during this check, confining the
discoverable failures to positions associated with inspections having the following task codes:
CHK, FC, GVI, OP, SV, or VC. The resulting overall share of positions with detectable and
undetectable damages are summarized in Table 4.6.

Furthermore, the inspection time specified in the MPD is doubled for every task considered
in the cost-benefit study since a series of activities connected to aircraft inspections is not
recognized. The person-hours originally quoted in the MPD can be considered optimistic
estimates. For the values quoted in the MPD, an aircraft is assumed to be in a general
maintenance condition before the inspection [175, p. 22]. Additionally, the following activities
are not included in the quoted inspection time: off-aircraft inspections performed in the
workshop1, troubleshooting, aircraft cleaning, one-time actions, embodied modifications, and
non-productive periods, such as shift changes, tool set-ups, and procedure planning [175,

1For long-range aircraft in 1997, the labor cost between on- and off-aircraft was 1 to 1.5 [229, p. 2].
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Figure 4.5: Simulated technical dispatch reliability of reference aircraft (𝜀𝐸 = 2.0%) in A)
absolute values and B) relative ratio, compared to selected sources [207, 208, 210,
231], considering only delays above 60 min. For [208] and [231], the technical
dispatch reliability is derived from all delays.

p. 22]. A large share of off-aircraft maintenance involves aircraft engines; therefore it can be
noted that doubling the inspection time contained in the MPD may lead to an overestimation
of structural inspection requirements.

4.4 Simulation Validation

To describe the service performance of the aircraft and measure the impact of SHM, pre-
viously defined operational and cost metrics are used. These metrics are quantified for a
reference aircraft without SHM and compared to reference values from existing literature in
the following two subsections. The results are obtained using Monte Carlo sampling. Because
of the complexity of the proposed methodology and required simulation time, the number of
Monte Carlo runs is set to 20. The resulting fractional accuracy, i.e., standard error around
a calculated mean 𝜀𝐸 of the obtained estimates, is given by

𝜀𝐸 = 𝑠√
𝑛 · |𝐸|

, (4.1)

where 𝑠 is the standard deviation, 𝑛 = 20 is the number of Monte Carlo runs, and |𝐸| is the
expectation of a respective metric [230, p. 425].

4.4.1 Operational Performance

The simulated dispatch reliability of the reference aircraft without SHM is illustrated in
Figure 4.5, together with selected reference values from literature. Hereby, every unscheduled
maintenance before a flight leads to an assumed delay greater than 60 min. The figure shows
the simulated technical dispatch reliability is in line with references for the Airbus A320, which
has high reliability compared to other aircraft. Furthermore, the ratios of the technical delay
causes of the structures to those of the systems and power plant are approximately equal for
the reference aircraft and the considered references.
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Figure 4.6: Simulated failures over aircraft lifetime for components contained in the A) struc-
tures program (𝜀𝐸 = 0.5%), B) zonal program (𝜀𝐸 = 1.1%), and C) systems and
powerplant program (𝜀𝐸 = 0.3%) of the MPD.

The numbers of failures over the aircraft lifetime are illustrated in Figure 4.6. While the
quantity of component failures in the structures program increases over time from fatigue,
the number of simulated failures in the zonal program remains almost constant, as they reflect
random failures caused by ground operations and foreign object damage (FOD). Similarly, the
simulated failure rates of components in the systems and power plant program are distributed
almost equally over the aircraft lifetime, with a slightly decreasing tendency at the end of
the lifetime.

A more detailed breakdown of structural failures, as shown in Figure 4.7, reveals the nature of
these failures and repairs. The majority of repairs are conducted during scheduled inspections,
which include the repair of failures, which rapidly increase in the second half of the aircraft
lifetime, and preventive structural replacements, which are conducted by means of NDT. An
absolute or relative reference value could not be obtained as part of this thesis. Unscheduled
structural repairs are triggered by failures discovered during a walkaround check. The average
of 16.5 structural failures leading to unscheduled structural repairs is 16.3% higher than the
combined 7.8 FOD and 6.0 ground-handling damages per 30,000 FCs stated in [232, p. 2,
233, p. 28]. Furthermore, the number of undiscovered structural damages on the aircraft
increases during the first half of the aircraft’s lifetime. Subsequently, the number of unrepaired
structural failures decreases as a result of the extensive scheduled structural inspections
mandated in the MPD. With the damage-tolerant design of the airframe, it is assumed
that a failed structural component does not lead to a disintegration or crash of the entire
aircraft.

A breakdown of total lifetime inspection and repair efforts by inspection program is provided
in Figure 4.8. The required inspection times for the components in the structures or zonal
program of the MPD make up 35.6% of the total inspection time. No reference could be
obtained to verify the presented breakdown of the inspection effort.

The aircraft inspection and repair effort over time is illustrated in Figure 4.9 and compared to
reference values in issues of the trade journal "Aircraft Commerce" from 1999 and 2006, based
on [8, 234]. To break the total maintenance effort quoted in "Aircraft Commerce" down into
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Figure 4.7: Detailed overview of simulated structural repairs of reference aircraft. A) Cumu-
lated number of repairs at a scheduled inspection (𝜀𝐸 = 0.6%), B) preventive re-
placements during structural inspections (𝜀𝐸 = 0.8%), C) unscheduled structural
repairs triggered during walkaround checks (𝜀𝐸 = 1.1%) [232, p. 2, 233, p. 28], and
D) number of failed structural components within the aircraft at any time during
the operation (𝜀𝐸 = 1.0%). The increasing number of scheduled inspections after
10,000 to 20,000 FCs improves the discovery of structural failures, which reduces
the number of undiscovered latent damages. The inspection quality depends on the
requirements defined in the MPD and remains unchanged throughout the lifetime
of the aircraft.
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Figure 4.8: Overview of simulated inspection, preparation, access, and repair times for refer-
ence aircraft by MPD inspection program. A table including values is provided in
Appendix Table A.14.

inspection and repair times, a ratio of inspection to repair times of 1:2.5 is assumed. For the
reference aircraft, the repair time of a position is estimated to be 125 times the corresponding
inspection time stated in the MPD.

A more detailed view of the location and time of maintenance conducted on the reference
aircraft is provided in Figure 4.10. The classifications of inspection and repair efforts in
"base" and "off-base" are derived from the aircraft flight plan and available maintenance
stations of the airline. Work conducted after the last flight of the day is considered to be
"overnight," for which scheduled inspections are planned. All other inspections between two
consecutive flights during the day are classified as "turnaround." A similar categorization
for line and base maintenance is typically used, where line maintenance is characterized
as work conducted during regular operation to achieve airworthiness of the next flight, or
in "line" [236, p. 2]. When assuming that transit, ramp, service, pre-flight, daily, weekly,
and supplemental checks specified in literature are conducted half at overnight and half at
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Data Reference aircraft A320 − Aircraft Commerce 1999 A320 − Aircraft Commerce 2006
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Figure 4.9: Comparison of simulated A) deterministic inspection effort and B) Monte Carlo–
sampled repair effort (task-based maintenance using MPD) with values (letter-
check-based maintenance) published in [8, p. 46, 235]. For the comparison, the
simulated inspection time is doubled since the MPD neglects maintenance set-up
times away from the aircraft, such as crew preparation and tool gathering. Under
the given assumptions, the reference aircraft causes 5% more inspection effort com-
pared to literature. The mean total inspection time is 51,826 h with 𝜀𝐸 = 0.0%.
The mean total repair time is 121,220 h with 𝜀𝐸 = 0.7%.
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Figure 4.10: Reference aircraft maintenance effort depending on the time of day and location for
A) inspection 𝜀𝐸 = 0.0% and B) repairs 𝜀𝐸 < 6.8% (neglecting off-base overnight
repair effort).

turnaround, in addition to the base maintenance work conducted at overnight checks, the
total share of overnight maintenance work (inspection and repair) is 72.5 to 84.5%[8, 234].
In comparison, the simulated share of inspections conducted during an overnight stop is
86.8%, and the simulated share of repairs conducted during an overnight stop is 59.3% for
the reference aircraft.

The number of required spare aircraft to realize a predefined reliability of the reference airline
is illustrated in Figure 4.11. The most reliable airlines achieved 90% punctuality in 2019,
and the technical dispatch reliability of aircraft regularly exceeds 95%. The question can
be raised of whether airlines even rely on idle spare aircraft placed throughout the network.
However, the leverage of spare aircraft on dispatch reliability tends to increase with rising
network centrality.
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Figure 4.11: A) Layout of the Juneyao network with 88 destinations, B) expected cancellations
per departure, and C) airline dispatch reliability with an assumed target of 97.5%.
The technical dispatch reliability of the reference aircraft is 99.4%. To achieve
the targeted route weighted airline dispatch reliability in the presented Juneyao
network, it is estimated that five spare aircraft are required, representing 5.7% of
the number of airports. Given the 68 aircraft in the network, the required number
of spare aircraft equals 7.4% of the total operating aircraft count.

4.4.2 Cost Performance

The model used to translate the operational performance of the aircraft into cost is based
on form 41 data provided by the DOT for a single reference aircraft operated by a single
reference airline. The resulting costs per FH of the reference aircraft are summarized in
Table 4.7. Since the model is based on data provided by airlines based in the United States
of America, the extent and distribution of the costs are unique to this region, and the cost
structures of airlines operating in other regions or operating other aircraft may differ.

Delay costs are based on the time required to repair unexpected component failures. Based
on the data provided in the MPD, the required repair time for a failure is estimated to be
125 times its inspection time. The CAPEXs are calculated for an aircraft operating over
20 years for 60,000 FH and 30,000 FC. The timing of an investment in a substitute aircraft
depends on the efficiency of available aircraft entering the market at a respective time in the
future. To consider this, a technology progress factor for aircraft of 0.8% per year is assumed.
For the reference airline, the target dispatch reliability is achieved when five spare aircraft
are distributed among the destinations in the network. Therefore, the spare aircraft count is
equal to 5.7% of the number of airports in the network and 7.4% of the number of operating
aircraft.
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Table 4.7: Total operating cost for reference aircraft based on US DOT form 41 data and the
literature.

Cat. Cost component Cost [USD/FH] 𝛥 [%] Source
Simulation Literature

COC Crew 694.6
Fuel 1,889.0
Hull insurance 6.4
Misc. fly ops 79.2

Total flying operations 2,669.2

Airframe materials 53.0 84.3 −37.1 [8, p. 46]
Airframe repairs 134.0 𝑎𝑏135.7 −1.3 [237, 238]
Aircraft engines 181.9
Deferrals and provisions 188.5
Airframe inspections 95.0 𝑎𝑐58.0 63.8 [237, 238]

Subtotal direct maintenance 652.4 716.3 −8.9 [239, p. 12]

Applied maintenance burden 176.4
Net obsolescence 7.1

Subtotal indirect maintenance 183.5

Total maintenance 899.8 834.7 7.8 [9, 240]
to 1089.0 to −17.4

COO Depreciation airframes 450.4
Depreciation flight equipment 96.6
Depreciation engines 131.8

Total depreciation 678.8 841.7 −19.4 [218]

ADOC Technical delay cost 150.3 𝑑88.3 70.2 [241, 242]
to 135.0 to 11.3

CAPEX CAPEX Aircraft 703.9
CAPEX Spare AC 59.1

Total CAPEX 763.0
𝑎 Compensation of USD 67.19/h for maintenance workers.
𝑏 Reference aircraft requires 2.02 person-hours of repair per FH.
𝑐 Reference aircraft requires 0.86 person-hours of inspection per FH.
𝑑 Assuming that 14% of delays are of technical nature.
𝑒 Assuming 180 passengers per flight, USD 300 compensation cost per passenger and
delay, and 99.5% technical dispatch reliability.
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4.5 Investigated Structural Health Monitoring Concepts

In the work at hand, the financial and operational impacts of SHM on the reference aircraft
and airline are quantified. SHM based only on DM and OLM is investigated using four
representative concepts. Therefore, the assumed performance metrics and the investigated
benefits of scheduled DM, automated DM, scheduled OLM, and automated OLM are sum-
marized in this section. Hereby, the distinction of the SHM operation mode as scheduled
or automated describes if the information provided by such a system is only used during a
scheduled maintenance event or throughout the operation of the aircraft.

In this line, scheduled DM is used to directly substitute manual scheduled inspections of the
airframe specified in the MPD. However, the built-in scheduled DM does not trigger ad-hoc
inspections during aircraft operation. Therefore, the impact of scheduled SHM on main-
tenance scheduling and aircraft dispatch reliability is not considered. Additionally, the DM
system is assumed to have varying predictive capabilities, allowing the prognosis of damages,
enabling their restoration before they materialize. Finally, aircraft lifetime increases are con-
sidered, enabled by changed decommissioning criteria. Analogously, automated DM is used
to directly substitute manual scheduled inspections of the airframe. Unlike scheduled DM,
automated DM is assumed to warn the aircraft operator about an existing structural damage
outside of scheduled inspection events. Therefore, automated DM can lead to unscheduled
maintenance activities, resulting in delays. The assumed operating procedures of scheduled
and automated DM, including possible monitoring system outputs and corresponding actions,
are described in Figure 4.12.
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Figure 4.12: Assumed operating procedure of DM and its influence on aircraft maintenance. A)
Scheduled DM occurs during scheduled structural inspections to replace manual
labor. B) Automated DM occurs after every FC of the aircraft and requires ad-hoc
manual inspections and repairs in case of a DM system alarm.
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Figure 4.13: Influence of OLM on aircraft operation and maintenance. A) Scheduled OLM
occurs during scheduled inspections. B) Automated OLM provides information to
the operator about the structural state of the aircraft after every FC.

Scheduled OLM allows to skip manual inspections during scheduled maintenance events. Since
OLM does not directly monitor a damage-dependent phenomenon, assumed design loads and
initial crack lengths are used to derive the probability of present damage. If the probability of
a present fatigue damage is not expected to exceed a specified threshold, a scheduled manual
structural inspection may be skipped. This work assumes OLM does not require dedicated
built-in equipment within the aircraft but relies on acceleration, attitude, position and ve-
locity measurements provided by the inertial reference system. Automated OLM schedules
ad-hoc inspections of the structure once a predefined-risk threshold on the presence of struc-
tural fatigue is exceeded. OLM does not monitor a damage-dependent phenomenon but is
based on monitored loads and crack growth statistics. Therefore, exceeding a threshold does
not necessarily require an immediate repair or manual inspection of the structure resulting
in aircraft delays, and the next scheduled inspection event is sufficient, which is assumed
to occur every 18 FCs, as illustrated in Figure 3.9 (on page 56). The operating procedure
of OLM and its impact on the operation of the aircraft are illustrated in Figure 4.13. The
assumed SHM performance of the investigated DM and OLM systems are summarized in
Table 4.8.

Finally, this work investigates how hybrid SHM systems based on DM and OLM perform
compared to independent DM or OLM systems.
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Table 4.8: Summary of investigated SHM system benefits and performance assumptions.

Scheduled Automated Scheduled Automated
DM DM OLM OLM

Performance assumptions
False positive rate [%] 0–48 0–48 - -
True positive rate [%] 90–100 90–100 - -
Risk threshold [%] - - 0.1–100 0.1–100
Prognostic horizon [FC] 0–10,000 0–100 - -

Investigated benefits
Inspection time �X �X �X �X
Airframe weight �X �X � �
Dispatch reliability � �X � �
Airframe damages �X �X �X �X
Lifetime increases �X �X �X �X
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Chapter 5

Results

Based on the introduced methodology and assumptions, this chapter presents the impact of
SHM on the reference aircraft and airline. In the first section, the operational impacts of
SHM in terms of aircraft inspection and repair efforts, structural integrity, dispatch reliability,
spare aircraft use, airframe lifetime, and weight impact are covered. Subsequently, Section 5.2
presents economic considerations connected to SHM. This includes a profitability-based air-
craft decommissioning strategy, which indicates if SHM should be used for airframe lifetime
extension or weight savings through improved lightweight design but decreased structural
fatigue life. Additionally, the impact of SHM on individual aircraft COC, CAPEX, addi-
tional operating costs, maintenance costs, and spare aircraft costs are summarized. SHM is
evaluated as a possible investment project for airlines in Section 5.3. Section 5.4 presents
implications of the presented results on the design space of SHM.

5.1 Operational Impact of Investigated Structural Health Mon-
itoring Concepts

SHM influences the operation of the aircraft by providing information on the state of the
airframe. The respective effects on the reference aircraft are shown on the basis of structural
maintenance effort, structural integrity, dispatch reliability, spare aircraft provision, increased
airframe lifetime, and change in airframe weight.

5.1.1 Structural Maintenance Effort

The total labor time required for airframe maintenance is divided into inspection and repair
effort. Each is presented for aircraft using scheduled DM, automated DM, scheduled OLM,
or automated OLM. SHM systems operating in a scheduled mode are assumed to be used
only during regularly planned maintenance checks. In contrast, automated SHM is used after
every FC. For DM systems operating in an automated mode, an alarm triggers an ad-hoc
manual inspection. If the structure is determined to be damaged, repairs immediately follow.
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Figure 5.1: Structural inspection effort of aircraft using SHM compared to reference aircraft
when using A) scheduled DM, B) automated DM, C) scheduled OLM and D) auto-
mated OLM.

Otherwise, the DM system has produced a false alarm. The incurred time penalty of a false
alarm equals the inspection time specified in the MPD.

The resulting airframe inspection effort with SHM compared to the reference aircraft without
SHM is illustrated in Figure 5.1. The simulation results indicate that the inspection effort
for structural components can be reduced by up to 100% when using DM. For DM systems,
the figure indicates that the required inspection time is dependent on the false-alarm rate of
the DM system, as every alarm triggers a manual inspection before a possible replacement.
For scheduled DM, all considered operating performances lead to a decrease in inspection
time during planned maintenance. Since automated DM is used after every FC, high false-
alarm rates lead to an inspection effort significantly higher than the inspection requirements
of the reference aircraft. However, the presented inspection requirements are an artefact
of the rate with which the automated DM system is used, which is further addressed in
Section 5.4. With scheduled OLM, a significant number of planned manual inspections can
be skipped if the allowed risk threshold of present structural fatigue remains above 1 %, given
the assumptions. For a lower risk of structural fatigue, manual inspections cannot be avoided,
yielding no inspection time savings compared to the reference aircraft. For automated OLM,
the manual inspections are not scheduled using the MPD but are triggered ad-hoc using the
risk threshold. Therefore, a low risk threshold leads to more manual inspections than for the
reference aircraft.

The simulated repair effort for aircraft using SHM compared to the reference aircraft is
provided in Figure 5.2. The operational loads on aircraft with SHM are equal to the reference
aircraft, leading to equivalent structural fatigue. For the reference aircraft, most structural
damages are repaired, and only a few remain undetected over the aircraft’s lifetime. Given
the simulated manual inspection capabilities with NDT techniques, some structural parts
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Figure 5.2: Average number of structural repairs and missed damages over lifetime of aircraft
with and without SHM.

are also replaced preventively before a failure. For scheduled DM, the simulated work re-
quired for corrective and preventive replacements is similar to that for the reference aircraft.
Since automated DM is used after every FC for all monitored structural parts, the number
of corrective repairs approaches zero with only a few FCs of the predictive horizon. In this
case, structural fatigue damage exceeding the tolerable limit is avoided, and all corrective
maintenance events on structural parts with intolerable damages are transformed into pre-
ventive maintenance actions, where structural parts are repaird just before tolerable damages
become intolerable. For scheduled OLM, the number of detected damages decreases with a
higher failure risk. Conversely, a lower tolerated failure risk results in the distribution of
structural repairs comparable to that of the reference aircraft. For automated OLM, more
manual inspections allow the discovery of more unrepaired damages over the aircraft’s life-
time compared to the reference aircraft without SHM. Additionally, the share of preventive
maintenance increases with automated OLM, as the effective increase in inspection frequency
for individual parts increases the chance to prevent failures.

5.1.2 Structural Damage Detection

SHM impacts the detectability of structural damage and influences the structural integrity of
the aircraft during operation. Since the exact airframe geometry and experienced structural
loads are unknown, the simulated number of FCs between the occurrence and its repair
is used to infer the impact of SHM on structural integrity. The average time required to
repair a damage within each of the investigated SHM concepts is illustrated in Figure 5.3.
The median number of FCs to repair structural fatigue damages occurring on the reference
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Figure 5.3: Time between structural fatigue damage and repair given in FC for the A) reference
aircraft and aircraft using SHM based on B) scheduled DM, C) automated DM, D)
scheduled OLM, and E) automated OLM.

aircraft is 1400, with 25% remaining damaged for more than 1850 FCs and 25% damaged for
less than 1100 FCs. When substituting planned manual inspections with scheduled DM, the
average time between structural failures and repair does not significantly deviate from that of
the reference aircraft. However, for automated DM, which is used after every FC, structural
fatigue damages are discovered almost immediately, as every structural component of the
aircraft is checked after every flight. With scheduled OLM, the manual inspections during
scheduled maintenance can possibly be skipped. As shown in Figure 5.1 C), a risk threshold
of 1% of present fatigue damage does not allow the skipping of any manual inspections.
Therefore, no significant changes in the average number of FCs to repair a structural damage
can be seen. However, a higher tolerable risk of a present fatigue damage allows more
manual inspections to be skipped. As OLM does not directly monitor a damage-dependent
phenomenon, a higher risk tolerance increases the time until a structural failure is detected
and repaired. For automated OLM, which is used either after every FC or overnight stop for
all covered structural parts, the number of FCs until repair decreases with a smaller threshold.
However, improved structural integrity is achieved with an increase in manual inspections,
as shown in Figure 5.1 D).

5.1.3 Dispatch Reliability

SHM systems can negatively impact aircraft dispatch reliability if structural damages are
uncovered during a regular aircraft turnaround instead of a scheduled maintenance event. As
scheduled SHM is only used during planned maintenance events, neither scheduled OLM or
scheduled DM are assumed to impact the dispatch reliability of the aircraft. For automated
DM, exceeding a risk threshold does not necessarily lead to an immediate manual inspection
event but rather requires an inspection during the next planned maintenance event. However,
automated SHM can lead to poorer dispatch reliability within the simulation depending on
the prediction performance and false alarm rate. According to the definition of automated
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Figure 5.4: Impact of automated DM on dispatch reliability. A) Share of delayed flights, B) ad-
ditional turnaround time in case of a false alarm, and C) timing of repairs, where
scheduled repairs are conducted during a planned overhaul and unscheduled repairs
during an aircraft turnaround.

DM used in the [67, p. 27], any alarm from such a system will result in an immediate
maintenance event. The predictive capability of the DM system is represented by a forecast
horizon, which indicates how far in advance an upcoming alarm is known. Figure 5.4 shows
that the number of flights impacted by delays through false alarms increases with the false
positive rate. Until a false alarm rate of 0.01% is reached, the produced delay caused by a
structural inspection is on average just under one hour. However, the predictive horizon can
reduce the number of unscheduled damages, as the inspection can be planned as part of a
scheduled maintenance event.

Figure 5.5 illustrates the impacts of false alarms and predictive horizon on the overall dispatch
reliability of the simulated aircraft. The figure indicates that the false alarm rate of automated
DM systems affects the share of flights that experience technical delays. Under the given
assumptions, a false alarm rate of over 1·10−6 per FC per structural component leads to
a severe increase in aircraft delay compared to the reference aircraft. In this line, technical
delays can be reduced if the DM system can signal an alarm in advance of a structural failure.
Given the assumed flight plan of the aircraft, a prognostic horizon of over 50 FCs reduces the
number of technical delays caused by the airframe to a level similar to the reference aircraft
since failures can be repaired preventively during a scheduled maintenance event.

5.1.4 Provision of Spare Aircraft

By impacting the aircraft dispatch reliability, automated DM also influences the overall airline
reliability. Airlines can counteract this by making use of spare aircraft held in reserve. The
effect of an automated DM system’s false alarms and prognostic horizon on route-weighted
airline reliability and expected cancellations are illustrated in Figure 5.6 based on the number
of available spare aircraft. Assuming the airline targets a predefined overall reliability, an
excessive false alarm rate and short predictive horizon require additional spare aircraft.
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Figure 5.5: Simulated share of delayed flights for aircraft with automated DM for A) varying
false alarm rate, assuming no prognostics, and B) different prognostic horizons,
assuming a false alarm rate of 1.5·10−6 per FC.
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Figure 5.6: Simulated impact of automated DM on required spare aircraft, A) and C) displayed
in terms of route-weighted airline dispatch reliability and B) and D) expected num-
ber of cancellations, depending on fatigue prediction horizon and FP rate. A de-
crease in technical dispatch reliability resulting from unscheduled repairs, which are
initiated by the automated DM system, can be addressed by either using additional
spare aircraft, increasing damage forecast horizons, or decreasing FP rates.
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5.1.5 Airframe Service Limit

To prevent widespread structural fatigue, airframes have a predefined end of life expressed
in FCs and FHs, which are established with full-scale fatigue testing. Extending this limit
currently requires additional extensive fatigue tests by the aircraft manufacturer. Instead of
defining a single service limit for the entire fleet, SHM helps define service limits for individual
aircraft by monitoring the consumed structural life during every FC. Relying on this service
limit definition provides additional FCs and FHs to aircraft that did not experience their
certified design loads. To investigate the benefit of such a decommissioning approach, the
aircraft’s end of life is defined by an FDI, which equals 100% once the structural life of the
airframe is consumed. The proposed FDI relies on a comparison of certified airframe fatigue
levels with those of an actual individual aircraft. Hereby, the health state of the airframe
can be determined by tracking loads acting on the structure with OLM or observing fatigue
damages directly with DM systems.

To demonstrate the potential lifetime increases, external factors driving loads on the aircraft
are investigated as part of this thesis. This includes the experienced payload, top of descent,
and taxi time on flights by individual aircraft within the Airbus A320 fleet. The estimated
lifetime increases for aircraft of the Airbus A320 fleet are illustrated in Figure 5.7, assuming
the Airbus A320 DSG is the original service limit. Despite the additional FCs and FHs of
the aircraft, levels of tolerable structural fatigue are not exceeded, as an FDI of 100% reflects
a fatigue level of an aircraft operating on the certified design mission. For the considered
reference aircraft, an individual service limit based on the proposed FDI yields a lifetime
extension of 60%.

5.1.6 Weight Impact

SHM equipment increases the airframe weight but enables airframe design changes with
lighter structural components. A decrease in airframe weight can be achieved by both the
removal of access panels and doors used only for structural inspections and relaxation of
fatigue damage tolerance requirements for structural components.

The analysis presented in [169] estimated the increase in airframe weight resulting from the
introduction of DM equipment. The assumed DM system is based on fiber-optic sensors for
beam-like components and ultrasonic sensors for plate-like components. Under the assump-
tions presented in Section 3.1.4, the overall weight of the DM system is heavily dependent
on the number of ultrasonic sensors, as shown in Figure 5.8 A). Additionally, Figure 5.8 B)
presents the corresponding magnitude of potential inspection time savings subject to the
instrumented area, where the marginal benefit decreases with an increasing share of instru-
mented structural components.

SHM also provides the opportunity for airframe design changes that decrease the weight of
the airframe. The substitution of manual inspections by SHM systems may render the use of
access panels for inspections currently required by CS25 useless. Based on data indicating the
access required for each individual inspection task listed in the MPD, access panels and doors
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Figure 5.7: Aircraft operating until the DSG, defined in FCs and FHs, reach 25–75% of their
certified fatigue level. Allowing an aircraft to be decommission using its actual
fatigue unlocks additional FCs and FHs without exceeding the certified fatigue
levels. For the considered reference aircraft (arrow), the use of a fatigue damage
based decommissioning criterion in the form of the proposed FDI allows a lifetime
extension of 60% (dotted arrow). Adopted from [200].
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Figure 5.8: Impact of introducing a DM-based SHM system in terms of A) added equipment
weight and B) decreased manual inspection effort. The depicted instrumentation
order is cost-optimized rather than by inspection time savings per area. Adapted
from [169].
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Figure 5.9: Access panels exclusively used for structural inspections, possibly expendable after
the introduction of SHM.

exclusively used for structural inspections are identified. In this line, Figure 5.9 summarizes
expendable access panels for major zones of the Airbus A320, which become obsolete when
using SHM. Only eight access panels on the aircraft are used extensively for structural
inspections, with the remainder of 139 openings serving other purposes. As neither the exact
geometry and material of the aircraft’s access panels and openings are known as part of
this work, a precise computation of possible weight savings by foregoing the installation of
structural cutouts on the airframe is infeasible.

However, an estimate of the weight impact without the consideration of loads, FMEA, and
other effects can be given based on the experience with other aircraft. Based on empirical
evidence, the weight of access panels on the pressurized fuselage can be assumed to be ap-
proximately 10 kg [173, 508 21-02]. For all other access points located on unpressurized parts
of the airframe, the weight of each access panel can be specified at 0.83 to 2.82 kg when
assuming a panel area of 0.1 m2. If only one access panel located on the top of the fuselage
is connected to the pressurized cabin, the total weight savings by removing access panels
enabled by SHM are estimated between 15.81 and 29.74 kg (compare to Section 3.1.5). Of
note, the described design changes may negatively impact repair procedures in the case of
damage, as time consuming disassembly procedures may be required when direct access is
needed.

5.2 Financial Impact of Selected Structural Health Monitor-
ing Concepts

This section summarizes the effects of SHM on aircraft and airline finances. First, an im-
proved tracking of structural fatigue is deemed more profitable when utilized for delayed
airframe retirement instead of lighter fatigue-prone structures, when optimizing the aircraft
decommissioning economically. Given the increased aircraft lifetime, the simulated impact
of SHM on cash operating cost and capital expenditures, aircraft procurement cost, additional
operating cost, fuel cost, maintenance cost, and spare aircraft cost is presented.
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5.2.1 Economic Aircraft Decommissioning

The retirement of aircraft is driven by not only technical lifetime limits set by the LoV
but also financial factors. SHM can improve either airframe design or technical lifetime
limits, depending on the optimum economic date of retirement, as proposed in Section 2.2.1.
If structural fatigue limits require the decommissioning of the airframe before the aircraft
reaches its optimum economic end of life, SHM can be used for structural lifetime extension.
Vice versa, if the economic retirement is required before the structural decommissioning limit
is reached, the design of fatigue-prone airframe components has been too conservative, and
thus, they are unnecessarily heavy. In this case, SHM can achieve lighter designs of fatigue-
prone structures by enabling more frequent or continuous inspections and relaxing fatigue
requirements.

The time of optimal economic aircraft retirement is determined by maximizing the NPV of a
finite asset replacement chain, based on the following assumptions. The reference airline has
a WACC of 8% per annum. The replacement aircraft requires an investment of USD 50M.
The annual revenue per aircraft is USD 23.8M, and operating costs are USD 20.23M, of
which 40% comprise fuel cost. Aircraft depreciate with the sum-of-years’ digits method,
which is explained in more detail in Appendix A.7. As it is assumed that airlines generally
intend to continue their business, an investment horizon of 200 years is selected. At the given
WACC, the considered investment horizon is rather academic, as the investment decisions are
mainly driven by developments within the first two decades. Additionally, the market value
of used aircraft is assumed at book value. Under these assumptions, the airline optimizes
the investment into new aircraft by timing the introduction of a replacement aircraft. When
specifying the economic time of replacement as a fraction of technological lifetime, the impact
of increased lifetime limits and improved fuel burn on airline replacement decisions and the
NPV of the investment can be investigated.

The model results are presented in Figure 5.10. As a reference, the average historical age
of Airbus A320 aircraft at the time of decommissioning is illustrated in Figure 5.10 A); Fig-
ure 5.10 B) shows the modeled driver behind aircraft retirements; and Figure 5.10 C) presents
the associated NPV of the aircraft investment chain. The optimum economic retirement of
the aircraft is determined as a fraction of the technical lifetime and is based on the technical
lifetime and annual improvement in fuel burn of an alternative aircraft. Proceeding from the
historical averages of retirement age and annual fuel burn improvements, the effect of the
estimated 60% increase in technical lifetime for the reference aircraft on the airline NPV can
be investigated.

First, SHM can increase the NPV of the aircraft investment chain and thus extend the
technical airframe lifetime. Second, the hypothetical increase in the fatigue life of a new
aircraft can allow for weight reductions in fatigue-prone structures. Based on equation 3.29,
a 60% potential increase in structural fatigue life allows a 14.5% weight decrease of aluminum
sheets if the lifetime increase is forfeited. At an average seat load factor of 80%, the take-off
weight reduction is 3.7%1. An equal amount in fuel burn reduction over the aircraft lifetime

1This is the theoretical maximum, as only a fraction of the airframe is designed for fatigue [243].



5.2 Financial Impact of Selected Structural Health Monitoring Concepts 115

Figure 5.10: Historical average until decommissioning, optimal economic retirement and NPV
of a finite investment chain covering 200 years, where airlines continuously replace
their assets.

translates into an additional 0.26% fuel burn reduction annually over 14 years—the historical
average Airbus A320 lifetime. As shown in Figure 5.10 C), the NPV that is achievable
when operating the aircraft longer is significantly greater than when reducing fuel burn.
Therefore, under the presented assumptions, lifetime increases enabled by SHM should be
fully materialized and not used for structural weight optimizations during the design phase.

5.2.2 Cash Operating Cost and Capital Expenditure

A lifetime increase enabled by SHM can reduce the average aircraft depreciation cost and
CAPEX per FH. Assuming that the credit period remains unchanged and the overall in-
terest costs are constant, the 60% lifetime increase of the reference aircraft leads to a 37.5%
reduction in airframe depreciation cost and CAPEX per FH. As a result, the overall aircraft
depreciation costs decrease by 24.9%. The impact on the COO and CAPEX of the aircraft
are summarized in Table 5.1.

5.2.3 Additional Operating Costs

Additional operating costs include expenses incurred from the integration of SHM due to
either lost revenue from reduced payload capabilities or possible increases in technical delay
cost.

Without resizing the aircraft, SHM equipment weight impacts both the TOW and ZFW
and decreases the aircraft’s capability to generate revenue. Each increment of retrofit SHM
equipment weight added to the aircraft reduces the payload and fuel that can be added
before the MTOW or MZFW is reached. As outlined in Section 3.3.3, the location of the
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Figure 5.11: SHM mass counts towards different aircraft weights depending on its position
within the airframe. A) Impact of DM equipment weight on aircraft ZFW and
TOW. B) Cost of MZFW limitation assuming an average seat load factor for the
reference aircraft of 80%. C) Cost of MTOW limitation assuming an average flight
time of 2 h per FC.

SHM system within the airframe determines if added weight counts towards both TOW and
ZFW or only TOW. While additional weight on the wings is only added to TOW, weight
added to the fuselage or stabilizers impacts TOW and ZFW. Using the estimated mass of the
DM system, the changes in ZFW and TOW, along with their impact on revenue generation,
are illustrated in Figure 5.11. The MZFW limitation requires the airline to leave revenue-
generating seats empty once the share of airframe instrumented with DM equipment exceeds
60%, given the presented assumptions of this study. Furthermore, limitations in the MTOW
inhibit the airline from operating routes exceeding a certain range, thus incurring additional
lost revenue.

Next to its impact on the revenue generated by the aircraft, automated SHM can disrupt the
turnaround process by producing alarms followed by a fatigue-damage inspection or repair,
which leads to technical delay costs.

Since automated OLM quantifies a risk rather than detecting actual structural fatigue dam-
age, exceeding the risk threshold does not typically require an immediate repair of the airframe
during turnaround but rather at the following overnight maintenance stop. Therefore, no ad-

Table 5.1: Change in COO and CAPEX through increased aircraft lifetime.

Cat. Cost component Cost [USD/FH] 𝛥 [%]
Reference SHM

COO Depreciation airframes 450.4 281.5 −37.5
Depreciation flight equipment 96.6 96.6 0
Depreciation engines 131.8 131.8 0

Subtotal depreciation 678.8 509,9 −24.9

CAPEX CAPEX aircraft 703.9 439.9 −37.5
CAPEX spare AC 59.1 36.9 -37.5

Total CAPEX 763.0 476,8 −37.5
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Figure 5.12: The unscheduled repair of structural fatigue damages increases turnaround time
and leads to additional delay cost. Predicting such damages can improve the timing
of their repair, which reduces associated delay cost, as shown in A). If automated
DM produces alarms when the structure is intact, departures are delayed by addi-
tional inspections, which increases delay cost as shown in B). Flight cancellations
are assumed to occur when delays exceed 300 minutes, with a fixed associated
cost. Beyond this threshold, additional false alarms do not result in further delay
costs.

ditional operating costs in terms of passenger compensations are considered for automated
OLM as part of this work, as the system is assumed to not influence the turnaround process.

The automated DM system, on the other hand, triggers an alarm that requires an immediate
manual inspection and possibly a repair since it monitors a damage-dependent physical phe-
nomenon directly. Therefore, no overdraft tolerance is assumed for automated DM, requiring
the operator to consider the aircraft not airworthy once an alarm is produced. Depending on
the length of a technical delay, the airline incurs additional crew expenditures and passenger
compensation costs, as summarized in Figure 5.12, depending on the prognostic horizon and
false positive rate of the automated DM system. With an increasing prognostic horizon,
imminent structural damages can be addressed earlier on a scheduled maintenance stop to
avoid interruptions during a turnaround. On the other hand, an increasing false alarm rate
directly increases the overall number of alarms and thus the amount of aircraft turnaround
time during which airframe inspections are required.

5.2.4 Fuel Cost

The addition of a DM system influences the fuel burn of the aircraft by increasing equipment
weight and onboard power consumption. If the change in airframe weight stems from a
retrofitted SHM system and the weight increase is marginal compared to the overall aircraft
weight, the fuel cost is estimated to be USD 0.016 per added kilogram of equipment weight
and FH [86, pp. 7–8]. The resulting changes in fuel costs are illustrated in Figure 5.13 for
a variable DM coverage ratio. However, the fuel cost depends on jet fuel prices, assumed at
USD 0.6/kg, and the average flight time of the aircraft, given at 2 h per flight.
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Figure 5.13: Impact of added DM equipment weight and power consumption on aircraft fuel
cost per FH, assuming an average flight time of 2 h per FC.

5.2.5 Maintenance Cost

SHM influences the inspection cost and repair cost of the simulated aircraft, when substituted
for manual inspections, as summarized below.

SHM systems are intended to decrease inspection costs but can produce false alarms, which
trigger unnecessary manual inspection events, as illustrated in Figure 5.14. For scheduled
DM, all considered scenarios lead to significant inspection cost savings. While a DM system
that is not producing any false alarms leads to inspection cost savings of up to USD 95
per FH, the false positive rate has a stronger adverse effect on financial performance when
the DM system is automated. As alarms require a manual inspection before a repair is
deemed necessary, a high false alarm rate in automated DM systems can lead to structural
inspections outside planned intervals, even increasing the airframe inspection costs. The same
occurs with OLM, where scheduled OLM during planned maintenance events at best allows
manual inspections to be skipped and at worst does not impact the total inspection effort.
As OLM requires manual inspections once the defined risk threshold is exceeded, only 80%
of structural inspection costs can be avoided when using such a system. Since the required
area-specific inspection effort is not constant for the entire airframe, a leverage effect can be
used when instrumenting the aircraft.

Further, SHM also influences repair costs, as illustrated in Figure 5.15. While failing to
detect structural damages decreases the repair cost, the structural integrity of the airframe
is affected adversely, as previously shown in Section 5.1.2. However, automated SHM can
improve the detectability of structural fatigue damages, resulting in more repairs and thus
slightly increased structural repair cost of USD 14 at most, compared to the reference aircraft.
For automated DM, an increasing true positive rate improves damage detectability and thus
cost. For OLM, the damage detectability and thus repair costs are reduced with a decreasing
risk threshold. With automated OLM, the number of structural damages that are repaired
during the aircraft’s lifetime can increase moderately if a small risk threshold is selected. At
the same time, automated OLM systems with a small risk threshold heavily increase the cost
of structural inspection.
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Figure 5.14: Structural inspection cost when using A) scheduled DM, B) automated DM,
C) scheduled OLM, and D) automated OLM.

Figure 5.15: Structural repair cost when using A) scheduled DM, B) automated DM, C) sched-
uled OLM, and automated OLM compared to reference aircraft.
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Figure 5.16: Number of spare aircraft required to compensate the decline in aircraft dispatch
reliability resulting from an A) insufficient predictive horizon (assuming a false
alarm rate of 1·10−4%) and B) high false alarm rate (assuming a prognostic horizon
of zero FC) of automated DM.

5.2.6 Spare Aircraft Cost

Based on a given reference aircraft reliability and network topology, a high airline dispatch
reliability possibly requires the use of spare aircraft even without SHM, as shown in Sec-
tion 3.2.3. However, since automated DM adversely impacts the technical dispatch reliability,
additional spare aircraft may be needed to compensate additional delay costs summarized in
Section 5.2.3. The required number of additional spare aircraft compared to the reference
airline without SHM is summarized in Figure 5.16. Hereby, the aircraft dispatch reliability
and thus the number of required spare aircraft depend on the targeted airline dispatch reli-
ability, the DM system’s predictive horizon, and its false alarm rate. To achieve the targeted
dispatch reliability for the reference airline of 97.5%, one spare aircraft is required, resulting
in additional CAPEX of USD 11.82 per FH.

5.3 Structural Health Monitoring as Airline Investment

Using the results of the presented cost-benefit analysis, the different SHM approaches can
be evaluated as investment opportunities from an airline perspective. First, the investment
value of the investigated DM and OLM systems are discussed. The impact of the considered
SHM systems on total aircraft operating cost is illustrated as function of the airframe cov-
erage ratio in Figure 5.17. Hereby, all cost factors discussed previously are combined. The
airframe coverage is defined as airframe surface area covered by the SHM system divided by
the total airframe surface area. Based on the optimum airframe surface coverage ratio for
different SHM systems, the NPV of a corresponding investment project over time is shown in
Figure 5.18. Finally, the theoretical cost-savings potential of a perfect DM system is discussed.

Both scheduled and automated DM show significant improvements in aircraft operating cost,
depending on the false alarm rate and coverage ratio. Given the introduced weight model,
the aircraft operating costs significantly increase when instrumenting more than 75% of the
airframe. Regardless of the operating mode, DM systems with very low false alarm rates
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Figure 5.17: Overall impact of A) scheduled DM, B) automated DM, C) scheduled OLM, and
D) automated OLM on the operating cost of the reference aircraft. The resulting
optimum coverage ratio is marked by "x". Note that automated DM requires
lower FP rates compared to scheduled DM to avoid additional cost-intensive ad-
hoc inspections.

approaching zero achieve overall cost savings of USD 50–75 per FH, when 25 to 40% of
the airframe surface is instrumented. The optimum coverage ratio is dependent on the sys-
tem performance and cost, where increasing instrumentation cost and FP rate decrease the
optimal DM coverage ratio.

For scheduled and automated OLM, significant savings in aircraft operating costs are only
found when selecting a high risk threshold. While this can lead to an airframe coverage ratio
of almost 100%, adverse impacts on the structural integrity of the airframe can be expected,
as described in Section 5.1.2. For scheduled OLM, a decreasing risk threshold forfeits the
cost benefits of skipping manual inspections, as the OLM also incurs investment cost. For
automated OLM, the scheduling of ad-hoc inspections can significantly increase the total
operating cost depending on the selected risk threshold.

Assuming the SHM system is sized to its optimum airframe coverage ratio, the NPV for the
airline when investing in such a system can be calculated. Figure 5.18 shows the NPV of
the investigated SHM systems over their lifetime, which are defined by the aircraft service
goals. All presented systems are NPV positive, with a NPV of USD 1.39M for the perfect DM
system. Hereby, the assumed installation cost per m2 of structure includes the entire purchase
and installation costs of the system. However, depending on the monitoring performance,
their break-even times vary. In practice, airlines require investments to break even after a
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Figure 5.18: NPV of investment into A) scheduled DM, B) automated DM, C) scheduled OLM,
and D) automated OLM with an optimal coverage ratio, depending on installation
cost and monitoring performance.

certain time. With an assumed break-even time of three years,2 the feasible design space
of the DM systems can be limited further. For a system with an installation cost of over
USD 1,000, a break-even requirement of three years, for example, cannot be met.

Finally, the theoretical cost-savings potential of a perfect DM system is presented to indicate
the maximum cost savings connected to SHM when no false alarms are produced. Further-
more, the simulated weight of the DM equipment, presented in Figure 5.8, is theoretically
reduced, where a 100% weight reduction represents a weightless DM system. The impact of a
perfect DM system on the operating costs of the reference aircraft and its corresponding NPV
are illustrated in Figure 5.19. As shown, less equipment weight and lower instrumentation
cost yield a larger share of the instrumented airframe. The maximum achievable NPV of an
investment into a perfect, weightless, and costless DM system is USD 1.70M.

5.4 Practical Implications for Design Space of Structural Health
Monitoring Concepts Based on Damage Monitoring

Based on the simulated impact of SHM systems on the operational and financial performances
of the aircraft and airline presented in previous sections, implications on the design of SHM
systems are presented in the following. Using strain measurements from a DM demonstrator

2Operational planning horizons and amortization periods of commercial airlines typically do not exceed
five years [244, p. 149].
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Figure 5.19: Impact of a perfect DM system on A) aircraft operating costs as a function of cov-
erage ratio and instrumentation cost and B) corresponding NPV. The equipment
weight variation is based on the simulated DM equipment weight. The resulting
optimum coverage ratio is marked by "x".

test performed by IABG, trade-off dimensions in the calibration of sensor performance and
prognostic horizon are discussed.

With the installation of SHM systems, various performance calibrations are required, which
impact the operational efficiency of the aircraft. Without compromising safety margins and
allowing cost to be decreased, a high damage detectability, low false alarm rate, and far-
reaching prognostic horizon are targeted. The connection between these three targets is
illustrated in Figure 5.20 A), based on strain measurements of a sensor used in a SHM
demonstrator test conducted at IABG. The change in maximum measured strain indicates
the occurrence of current or future structural fatigue damages. Hereby, a high damage
detectability requires a low damage-indicator threshold. A low threshold promotes safety by
enabling the detection of signs of minor fatigue and ensures the feasibility of a far-reaching
prognostic horizon.

However, because the measured signal oscillates over time, a low damage indication threshold
may be surpassed frequently, resulting in poor damage classifier performance, schematically
illustrated in Figure 5.20 B). In poor damage classifiers, a high damage detectability requires
a lax damage classification threshold, which produces a high number of false alarms. As
the utilized damage indicator threshold increases, accompanied by a decreasing predictive
horizon, the size of the indicator relative to the oscillation of the measured signal (or signal-
to-noise ratio) increases, thus enabling better classifiers. Based on the results presented in
Section 5.1, this circumstance in the calibration of damage indicators and classifiers impact
scheduled DM and automated DM differently. As the inspection intervals specified in the
MPD for most structural components are above 10,000 FCs (compare Table A.13), so is the
required prognostic horizon to prevent premature preventive replacements. For automated
SHM, on the other hand, the simulation results indicate that a prognostic horizon of around
75 FCs (depending on the airline network) is sufficient to conduct all unscheduled structural
replacements during on-base overnight checks of the aircraft. Thus, the damage indicator
threshold for automated DM can be set at a much higher level than for scheduled DM,
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Figure 5.20: A) Connection between damage classification performance and predictive hori-
zon based on results of IABG demonstrator test [245]. B) Schematic impact of
prognostic horizon H1 to H3 on achievable damage classification performance.

leading to an almost perfect classifier. Even though the feasibility of this approach has
been demonstrated at IABG, a priori knowledge of critical loads and structural properties is
required for a correct sensor placement to successfully measure fatigue driving cracks in the
structure.

5.5 Performance Enhancement of Hybrid Structural Health
Monitoring Systems Using Data Fusion

As indicated in the presented results, the fixed risk threshold used to trigger manual inspec-
tions and repairs when using OLM leads to either premature actions or missed damages.
However, the aim is to increase the consumable fraction of structural life ideally to 100%
of its fatigue life. To this end, a combination of OLM and DM in hybrid systems can in-
crease the fraction of consumable life when structural replacements are driven by the risk
of fatigue damage. In this work, their interaction is modeled in an HMM, which represents
the combination of DM and OLM to calculate the underlying risk of fatigue in the struc-
ture. An OLM-driven structural replacement is not based on monitoring individual damages
but rather inferring damages according to the initial crack length distribution. Therefore,
this approach cannot maximize the consumable life until fatigue damage. To this end, the
proposed combination of DM and OLM represented by an HMM can increase the fraction
of consumable life until fatigue damage occurs, as illustrated in Figure 5.21. Depending
on the classification performance of the DM system, represented by the Lehman parameter,
the consumable lifetime increases with DM performance. Additionally, the selected damage
classification threshold impacts the performance, where a high TP rate achieved by a small
damage classification threshold increases the fraction of consumable lifetime together with
the FP rate. A Lehman parameter approaching zero is only of theoretical concern, with the
consumable life until fatigue damage approaching 100%.
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Figure 5.21: Increase in consumable structural lifetime until the predefined risk of fatigue dam-
age is reached, when using a combination of OLM and DM, assuming the DM
system does not produce false alarms. The presented results are based on an
information fusion process represented by an HMM, previously published in [163].
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Chapter 6

Discussion

Work-intensive structural inspections make up 18% of all aircraft maintenance costs or 3–4%
of aircraft operating costs [6, p. 275–277, 7, 8, p. 46]. In this context, an automated built-
in inspection system, known as SHM, is discussed as a solution to decrease manual labor
requirements during airframe inspections without adversely impacting structural safety [11–
19]. This thesis expands on current but partially contradicting cost–benefit studies that focus
on the individual isolated aspects of SHM. A holistic approach is taken to assess the techno-
economic impact of SHM on both aircraft and airline performance [34]. To this end, this
chapter discusses the results of this thesis by interpreting key findings, drawing comparisons
to similar studies, and discussing methodological limitations.

6.1 Key Findings

The results of the techno-economic evaluation of SHM demonstrate this technology’s cap-
ability to decrease the reference aircraft’s total operating cost. The optimum design of the
analyzed SHM system depends on its economic environment and technological properties.
The fraction of airframe instrumented with SHM is driven primarily by the cost of labor and
capital, the purchase price of the SHM system, and the targeted aircraft dispatch reliability.
For DM-based SHM systems, partial airframe instrumentation is preferable to full coverage
as the weight of sensors, cables, and data processing units affect aircraft fuel consumption.

For the Airbus A320–based reference aircraft, the operating cost can be reduced by up to
1.9% with ideal DM without impacting the structural integrity of the airframe. With OLM,
the operating cost can be reduced by up to 3.4%. Even though OLM exceeds DM in total
operating cost savings, OLM can negatively impact the structural integrity of the airframe,
as this ensemble-based monitoring approach does not directly observe a damage-dependent
physical phenomenon. Therefore, the results indicate that high cost savings from OLM come
at the expense of longer times between fatigue damage and repair.

Given the capital cost of the airline, the NPV of an investment into a costless DM system with
a perfect classifier is up to USD 1.39M. If the weight of such a system approaches zero, the
NPV increases to USD 1.7M. On the contrary, increasing FP rates and instrumentation cost
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together with decreasing damage risk thresholds reduce the NPV of an investment into SHM.
To improve the monitoring performance, hybrid SHM is evaluated, where the ensemble-based
information of OLM is fused with the individual-based information of DM, thus increasing
the NPV of SHM.

Furthermore, the results indicate that aircraft retirement based on the actual fatigue condition
of the airframe instead of a uniform fleet limit defined in FC and FH allows additional
lifetime for aircraft, where experienced loads fall short of design assumptions. Finally, based
on the investigated Airbus A320–type reference aircraft, information gathered by SHM is
more valuable for airlines when applying it to airframe lifetime extensions rather than to the
ex-post weight reduction of fatigue-prone structures to reduce fuel consumption.

6.2 Interpretation of Results

The presented results have significant implications on the development of monitoring systems,
the integration of SHM into conceptual aircraft design, and airlines using SHM.

Regarding the design of automated DM, the results indicate that a forecast horizon of 50 FC is
sufficient to allow for upcoming structural fatigue damages to be repaired during a scheduled
maintenance event. However, for automated DM to be NPV positive, the FP rate must be
low enough so that unscheduled structural repairs are avoided during aircraft turnarounds. In
the IABG SHM demonstrator test, damage classification was almost perfect for short forecast
horizons of approximately 250 FC or less, underscoring the benefits of automated DM.

Additionally, the results show that an overall airframe coverage ratio with SHM between 25 %
and 70 % maximizes operating cost savings. The size and performance of an SHM system
depend on the location within the airframe and rely on a cost–benefit analysis. Since the
information gathered by SHM is considered more beneficial when used to increase fatigue life
instead of reducing weight, SHM should not be considered for structural-weight savings when
designing the aircraft. During the aircraft design process, SHM should only be considered
when it can substitute structurally complex weight–driving access panels and doors. Detailed
cost–benefit studies are needed for every aircraft type to reveal promising hotspots where
SHM can be used, characterized by high area-specific inspection requirements.

Additionally, the benefits of SHM are dependent on the network in which the aircraft is
operated and the organization of airline maintenance activities. To take advantage of auto-
mated SHM, airline maintenance operations must accommodate dynamic, ad-hoc structural
maintenance. The ability to perform opportunity cost–free structural maintenance during
overnight checks defines the requirements for the forecast horizon of an SHM system. Since
airline demand is seasonal, a forecast time horizon that allows structural maintenance to be
identified a year in advance may be advantageous so that off-season maintenance can be per-
formed, depending on the airline’s business model. In addition, the use of SHM may result in
structural maintenance being spread out over the life of the aircraft rather than concentrated
in a small time frame. Therefore, the introduction of SHM requires flexibility in maintenance
organizations when clustering, packaging, and scheduling maintenance tasks. Furthermore,
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the weight of an SHM system may reduce the revenue-generating payload, depending on the
average seat load and flight distances, which results in additional opportunity costs. The
study shows that these costs can significantly exceed the potential savings of structural in-
spection and life extension. Therefore, the cost of inadequate coverage of structural parts
with SHM tends to be less than the additional expenses of over-coverage.

6.3 Comparison of Findings to Similar Studies

Previous cost–benefit studies of SHM presented diverging results, which are compared with
those of this thesis in the following. Hereby, DM- and OLM-based SHM approaches are
covered along with their results on the aircraft and airline levels.

The thesis assumes that the technological basis for implementing SHM exists, which is sup-
ported by previous studies. The use of mountable eddy current sensors for SHM was demon-
strated in [139]. However, besides the suggestion of "substantially reduced inspection costs
and life extension," the authors presented no detailed cost benefit. For composite structures,
the successful use of FBGs to localize an artificial damage is achieved by [145] and con-
firmed by [141]. Without addressing cost savings, the feasibility of SHM based on CVM and
Lamb waves was demonstrated in practice, where five Embraer aircraft were instrumented
with sensors and cables for hotspot monitoring [137]. Additionally, [138] studied the trade-
offs between the sensor performance, sensor count, and overall sensor network performance
and evaluated methods for optimum sensor placement on a structural coupon. [137, 138]
suggested that a DM-based SHM system has to be tailored to a specific application.

In this thesis, operational aircraft usage data are considered in two ways. First, OLM-based
SHM systems are utilized to substitute manual inspections. [29, 143] reported on the suc-
cessful use of OLM-based SHM to model airframe fatigue both for military and civil aviation,
which can improve the scheduling of manual inspections. Second, operational data can im-
prove the planning of airframe retirement, as suggested with the proposed FDI. A similar
approach was presented by [29] with a flight dynamics model to determine the loading cycles
at fatigue-critical locations of general aviation aircraft. The presented approach "provides ac-
ceptable estimates of the residual fatigue life of the aircraft, thereby allowing a cost-effective
and streamlined structural integrity monitoring solution" [29].

In addition to the technical feasibility at the structural level, the implications of SHM have
already been evaluated at the aircraft level. Scheduled SHM was suggested for rear passenger
and service doors in the Embraer 190, where it could lead to a reduction of 120 working hours
every 12000 FC used for a structural fatigue inspection [135]. The reduction in work could be
increased to over 250 hours if the SHM systems were able to detect corrosion [135]. Addition-
ally, a higher aircraft availability was proposed, leading to more revenue-generating flights
[135]. Moreover, [22] reported a decrease in aircraft downtime from structural maintenance
by up to 79 %. In contrast, [148] claimed that the integration of SHM would not significantly
decrease the length of the critical path during aircraft maintenance. While time savings from
automating structural inspections with SHM are considered in the thesis, the impact of SHM
on the critical path of the overall maintenance event, and thus its total length is neglected.
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Furthermore, improved "damage detection [is suggested] to decrease the time between struc-
tural failure and repair," which can be leveraged to manufacture the "structure 15% lighter
when doing condition-based maintenance" [25]. Similar to [25], thesis results indicate a max-
imum weight savings potential for fatigue-prone aluminum structures of 14.5%. However,
not all components of the airframe design are driven by structural fatigue. Additionally,
the presented results indicate that airlines benefit more using SHM to increase the airframe
lifetime rather than decrease structural weight. Furthermore, this thesis proposes additional
weight savings when manual inspections are replaced by DM-based SHM and structural access
becomes obsolete. Replacing access panels and doors with lighter structures without cutouts
enables airframe weight savings of 15.81 to 29.74 kg, or 0.09% to 0.17% of the assumed total
airframe weight of 17,763.4 kg.

Conversely, the required SHM equipment increases the weight of the airframe. For a 25%
instrumented airframe, the DM system weighs approximately 300 kg (1.6% of the airframe
weight); for a 50% instrumented airframe, the DM system weighs roughly 900 kg (4.8% of
the airframe weight). In comparison, the weight of a DM-based SHM system for the entire
Boeing 7371 airframe is approximately 500 kg, or 3% of the total structural weight [31].
With airframe coverage ratios greater than 35%, the calculated weight of the DM system
in the thesis exceeds the weight assumed in [31]. While the cost–benefit study considers
lighter SHM systems, the estimated weight of the proposed DM system is highly dependent
on the comparatively heavy ultrasonic sensors. In [31, 32], the SHM system weight resulted
in high added costs due to increased fuel burn and lost revenue. Thus, aircraft operating
cost increases of 39% to 69% are estimated when using scheduled SHM as a substitute for
manual inspections during a C-check [31, 32]. While reduced revenue through decreased
payload capacity is considered in the presented study, the observed seat load factor of 81%
is assumed as the typical transported payload. Therefore, the revenue-generating payload is
not expected to be reduced for SHM systems weighing below a certain threshold.

Without impacting the probability of failure, condition-based maintenance enabled by auto-
mated SHM was shown to decrease the maintenance cost of composite structures by 33.6%
[149]. Based on the maintenance cost structure assumed in this thesis, where airframe ma-
terials cost USD 53 per FH, airframe repairs cost USD 134 per FH, and airframe inspections
cost USD 95 per FH, a 100% airframe coverage with scheduled DM can decrease the struc-
tural maintenance cost by up to 33.7%. The cost of additional airframe weight driven by DM
equipment and the optimal airframe coverage ratio were not considered by [149]. Mainten-
ance cost savings estimated in this thesis are reduced to 27% when automated DM is used, as
damages can be discovered and repaired in between scheduled maintenance intervals. While
automated DM can increase repair cost through improved damage detection, it improves
structural integrity.

From another perspective, increasing structural health awareness enabled by SHM can feed
into integrated vehicle health monitoring to optimize maintenance for the entire aircraft,

1Differences in each MTOW, length, wingspan, and wing area between Boeing 737-800 and Airbus A320-200
are less than or equal 5%.
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expanding to additional maintenance functions such as logistics [30]. However, these benefits
are not considered in this thesis.

6.4 Limitations

The practical implications of this study are limited because of the lack of availability of tech-
nical, operational, and financial data, which also influences the selected research design. The
first part of this section details the gaps in the available data. The remainder of the section
outlines the limitations of the methodology used and provides a link to data accessibility.

6.4.1 Data Availability

Even though the technical feasibility of SHM was demonstrated in [29, 137–139, 141, 143, 145],
its benefits depend on the technological and business environment in which it is operated.

On the technical level, the exact airframe geometry, structural properties, loads applied
during operation, FMEA results, and full-scale fatigue test data were not available for this
thesis, as they comprise proprietary information of the aircraft manufacturer or operator.
Therefore, the components of the reference aircraft that drive the design for structural fatigue
are unknown. Further, the occurrence of FOD is only considered on the aircraft level, as
spatially resolved data could not be obtained. The inspection requirements of the aircraft
are based on the MPD. However, repair procedures and connected process metrics are not
publicly available and therefore based on general assumptions. The overall architecture of
DM-based SHM systems relies on a remodeled approximation of the airframe.

Additionally, the performance assumptions for DM-based SHM are derived from the IABG
demonstrator, which represents a simple wing section with a manhole under one-dimensional
loading. In practice, complex geometries, practical load cases, and different damage types
are expected but not considered in this work. The SHM performance estimates from the
IABG demonstrator are applied to the entire airframe, owing to the lack of more suitable
data. Additionally, no component-specific reliability data were available for any system of
the aircraft. Failures are therefore simulated using MTBF data derived from aircraft dispatch
reliability. However, this approach does not allow the identification of local system failure
hotspots that may influence structural maintenance planning.

On the business side, the airline cost structure is reconstructed using publicly available records
provided by the DOT for aircraft operators based in the United States of America, which
breaks down airline cost into high-level cost factors, such as "labor–airframes" and "materials–
airframes". A more detailed cost breakdown that allows the reconstruction of individual
maintenance processes was not publicly available. Furthermore, the airline maintenance or-
ganization is complex—the scheduling of aircraft maintenance, packaging and clustering of
inspection tasks, spare parts inventory management, staffing, logistics, and coordination of
additional functions require optimization. With no reference case for the aircraft maintenance
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management available as part of this thesis, only the clustering and packaging2 of inspec-
tion tasks are considered to avoid an overestimation of maintenance preparation time. The
inspection times provided in the MPD, which serve as a basis for this thesis, are based on
aircraft in maintenance-ready condition.

Additionally, the airline maintenance organization is influenced by the overall aircraft pro-
curement strategy. Airlines can decrease asset acquisition costs by relying on used aircraft,
which in turn require efficient maintenance to be profitable. Alternatively, new aircraft or
aircraft with limited use are acquired to decrease their variable cost. Thus, maintenance
process times can vary between airlines. This information is often proprietary, as it reveals
the profitability structure of a maintenance organization. As a result, maintenance process
data are not available as part of this thesis. However, this information would identify time-
consuming inspections and the critical path during airframe maintenance, which would help
quantify the overall benefits of SHM.

6.4.2 Research Design

The limited accessibility of data also shaped the research design. Methodological limitations
extending to the simulation of structural damages, airframe design modifications, modeling of
inspections and repairs, aircraft decommissioning, organization of maintenance, and assumed
airline strategy are discussed.

This study only considers structural fatigue when evaluating the influence of SHM on airframe
design, neglecting FOD, corrosion, and other failure modes. Structural fatigue is simulated
with a Paris-Erdogan crack growth approach, in which an arbitrary distribution for the
initial crack length is assumed. Although this approach provides a valid approximation of a
growing crack, the material properties and loading of the structure have to be known. Since
this information was unavailable, crack growth factors for every structural component are
fitted using inspection thresholds and intervals stated in the MPD. This method does not
accurately remodel the fatigue of individual structural coupons, but it produces a number
of fatigue damages on the aircraft level comparable to practical experience. However, this
approach does not account for WFD, which drives airframe lifetime limitation. Additionally,
to avoid overestimating the structural fatigue of components with short inspection intervals,
such as the landing gear, the magnitudes of calculated crack growth factors are capped to
an arbitrary maximum. Since the simulated fatigue behavior can only be compared at the
aircraft level, the location of structural fatigue hotspots estimated in this thesis with respect
to the reference aircraft cannot be validated.

The introduction of SHM can also impact airframe design. Long inspection intervals can
be shortened by using built-in test equipment, keeping the aircraft in service, which allows
for weight-improved airframe design. The calculated weight savings are based on plate-like
aluminum structures designed to withstand fatigue. Complex geometries, variable load scen-
arios, and differences in component materials are not considered in this study. Additionally,

2Process by which similar inspection tasks that require access to the same zone of the aircraft are combined
to decrease the overall preparation effort.
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the effect of decreasing the thicknesses/weights of the plate-like structures, which may in-
troduce other design-driving failure cases, such as buckling, is neglected. The actual design
driver of the analyzed structures is unknown. In addition to the redesign of fatigue-prone
structures, the replacement of access doors and panels is evaluated. Depending on their
loading, structural cutouts require additional design features to lead the load path through
the component appropriately, which increases weight. Therefore, panels and cutouts that are
specific for structural inspections can be rendered obsolete by SHM. However, the impact of
these openings on the access to a structure in the case of an alarm by the SHM system is un-
known. Supplemental information, such as how often a specific area is affected by structural
failures, is needed to evaluate the consequences of inspection cutouts.

Continued airworthiness efforts are simulated for the airframe and other technical systems of
the aircraft. During scheduled structural maintenance of the reference aircraft, NDT, DI, and
GVI are considered as inspection methods. They are distinguished by the probability with
which they can detect structural fatigue. If the risk of fatigue exceeds the threshold defined
for a specific inspection method, a preventive replacement of the structural component is
triggered. However, as the assumed thresholds are based on arbitrary assumptions rather than
test data, the actual lengths of structural cracks are unknown. Additionally, this work does
not consider human factors, thus assuming perfect manual inspection and repair processes.

The impact of SHM on aircraft retirement is evaluated using the proposed FDI. In practice,
this approach can be realized both by DM- and OLM-based SHM. Although the FDI can
be implemented by relying only on readily available flight data without increasing structural
weight, it can also be calculated using DM if all lifetime limiting structures are instrumented.
Since structural components that limit the lifetime of the airframe are unknown, the benefit
of delaying aircraft decommissioning with SHM is evenly attributed to the airframe coverage
ratio. Thus, only fully instrumented airframes are assumed to achieve the entire proposed
lifetime increase.

Based on the seasonality of air transport demand, the maintenance capacity is assumed to be
sized to the required annual maximum. Therefore, no capacity constraints are considered for
maintenance stations. However, simultaneous detections of structural damages on multiple
aircraft with automated DM may result in an unexpected, sharp increase in maintenance
demand, which is not considered in this study. Additionally, no distinction is made between
daytime and nighttime maintenance, neglecting any fluctuation in worker availability, shift
surcharges, and logistic response time.

The selected reference aircraft and airline are based on an analysis of 16,625,103 flights
between September 2017 and November 2019 recorded by FR24 and a scheduled flight data-
base for 2018 provided by OAG. Using a simple reference aircraft and reference airline reduces
the computational effort of the study and provides representative results, but the benefits of
SHM under atypical aircraft usage are not covered.

Furthermore, the payloads experienced by the aircraft during operation are approximated
using seat load factor data provided by Sabre. While this provides a good estimation of the
number of passengers on each flight, the impact of SHM is driven by the actual weight of the
payload. Payload transported in the cargo bay of the aircraft and differences in passenger
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weights are neglected. In addition, only the average seat load factor is used—lost revenue
from removing payload on flights with a high seat load factor cannot be compensated by a
flight with a low seat load factor. Therefore, the opportunity cost of decreased payloads due
to SHM equipment weight is systematically underestimated.

Additionally, no aircraft scheduling is performed on the airline level. The impact of aircraft
dispatch reliability on the use of spare aircraft and the overall airline dispatch reliability is
estimated using a statistical approach. Since this work does not perform flight scheduling,
delay propagation and aircraft repositioning through ferry flights within the network are
neglected.

Finally, the quantitative analysis of SHM in this thesis does not consider any cost from
regulatory requirements, which includes sensor redundancy, staff training, and certification,
among others. Because of insufficient data availability and methodological limitations, the
presented results on the overall cost and benefit of SHM in commercial aviation are subject
to considerable uncertainty.



135

Chapter 7

Concluding Summary and Outlook

Concluding Summary

This thesis explores the cost and benefits of Structural Health Monitoring (SHM) in com-
mercial aviation using a holistic approach that takes into account physical and technical
constraints of the monitoring system as well as organizational and financial constraints of the
airlines.

In Chapter 1, the conceived benefits of SHM in commercial aviation are presented. Although
technical solutions are available, their broad commercial application is currently lacking. This
seemingly paradoxical situation is attributed to the lack of comprehension of the effects SHM
has on the economics of aircraft and airlines. To better plan the future deployment of such
technologies, this thesis aims to investigate the economic impact of SHM at the aircraft and
airline levels and identify and quantify profitable applications.

Chapter 2 summarizes and discusses fundamental technological, organizational, and legal
contexts that influence the introduction of SHM in commercial aviation. Based on the re-
quirements for the structural integrity of airframes, available SHM solutions and their general
capabilities are discussed. The performances of the available SHM approaches strongly de-
pend on the material, present load cases, damage types of the monitored structure, and
targeted damage detection accuracy, rendering a general specification of their performances
difficult. Furthermore, technical and regulatory requirements in terms of the probability of
detection, true positive (TP) rate, and economics, like system durability, false positive (FP)
rate, and weight, are discussed. Finally, current cost–benefit analyses of SHM are summarized
to reinforce how their study scopes impact the stated cost and benefits of SHM in commercial
aviation.

Chapter 3 introduces methods to evaluate the cost and benefits of SHM. Using the Airbus
A320 as a retrofit aircraft, the effects of different SHM systems on operational and financial
factors are investigated. Airframe fatigue and damages are simulated using the crack growth
model of Paris-Erdogan. The calibration of SHM systems for damage detection is based on a
demonstrator test performed at Industrieanlagen-Betriebsgesellschaft (IABG). Even though
the transferability of demonstrator data to the aircraft level is limited to selected load scen-
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arios and damage cases, indicators of the expected performance are obtained. Subsequently,
the interactions of damage detection systems and load monitoring systems to improve SHM
performance are explored using a Hidden Markov Model to increase the technical potential of
SHM. Additionally, simplified scheduling methods are introduced to simulate aircraft main-
tenance processes. Furthermore, this work provides a simplified approach to evaluate the
effect of predictive structural maintenance enabled by SHM on airline reliability. Finally, a
cost model is presented to analyze SHM from an investment-decision point of view.

Chapter 4 details the ramifications of the organizational and technological environment in
which SHM is used. Subsequently, a reference aircraft and airline are defined to conduct
the cost–benefit studies of SHM, and the introduced methods are validated for the selected
reference case. Since SHM is not yet used commercially, thus lacking real-world data, the
impact of SHM is estimated based on an extrapolation of the current system.

In Chapter 5, the cost and benefits of SHM in commercial aviation are analyzed. First, the
impact of SHM on operational aspects of aircraft operations is shown. Based on a subsequent
discussion of different SHM concepts and design parameters, the financial influences of SHM
are presented. Finally, SHM is evaluated as an investment from an airline perspective. The
results show that load monitoring allows for improved aircraft decommissioning decisions,
representing the greatest benefit of introducing SHM. In addition, the use of load and dam-
age monitoring as a retrofit system can be financially beneficial for airlines that operate
their aircraft similarly to how the specified reference aircraft is operated, depending on their
performances and system costs. However, the introduction of non-ideal SHM, which adds
mass and produces false alarms, is only advantageous for selected hotspots of the aircraft.
In general, SHM is only valuable for systems that do not produce a significant number of
false alarms. The net present value (NPV) of an ideal damage monitoring (DM) system is
estimated at USD 1.39M over the aircraft’s lifetime. Maintenance requirements for the SHM
system, increased aircraft system complexity, and employee training are not considered in
this thesis.

Chapter 6 discusses the key results and their impact on further research and industry prac-
tice. A detailed comparison of existing studies supports the assumptions made for this thesis,
validating the presented results with respect to possible lifetime extensions, weight savings,
and inspection benefits. However, trade-offs at the airline level exist, specifically with life
extension and weight savings, which were only partially addressed in previous studies. Dis-
crepancies between the literature and thesis results are primarily due to different assump-
tions. Finally, the limitations of the data and methodology are discussed. Since most of
the required data extend to proprietary company information, the applied methodology is
adapted to compensate for the data gaps.
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In the work at hand, the connection between the performance of SHM systems and their
financial impact is analyzed. Therefore, several assumptions are made that possibly impact
the overall proposed benefits of SHM.

On the monitoring system level, the use of demonstrator test data limits the transferabil-
ity of results to the entire airframe. Investigated hotspots presenting a beneficial area for
SHM may require the detectability of damage modes not covered by the considered SHM
system. Additionally, the limited availability of airframe manufacturing data, aircraft loads,
and selection of crack growth model may underestimate the possibilities of load monitoring
for damage detection. Therefore, more detailed experiments on a wider variety of parts can
improve the knowledge about the expected sensor performance. Additionally, the suggested
combination of multiple load and damage monitoring systems by means of sensor and data
fusion can be experimentally evaluated. Furthermore, the available data from airlines, in-
cluding aircraft flight performance, operated routes, weather, and maintenance records, may
be evaluated in more detail to better predict widespread fatigue damage, a driver for aircraft
decommissioning.

The utilized aircraft simulation model can be expanded using higher-quality geometrical,
material, load, and failure behavior data provided by an aircraft manufacturer. Additionally,
such input aids studies on the feasibility of co-opting information for the damage monitoring
of systems already installed in the airframe. Furthermore, the study conducted in this work
assumes SHM is a retrofit system, neglecting its influence during conceptual aircraft design.

Finally, the current setup of the air transport system leads to an almost exclusive focus on fuel
efficiency, as it is the largest cost driver for airlines and dictates the environmental impact
of the aircraft. Therefore, the airframe has to be as light as possible while withstanding
loads for a prescribed duration. The optimum trade-off between airframe weight, durability,
and inspectability is dictated by the price of jet fuel and labor cost. Instead of focusing on
marginally improving this trade-off with SHM, the use of regenerative energy sources and
means of propulsion to mitigate environmental impacts will perspectively allow for a more
robust airframe design to decrease inspection cost, even without SHM.
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A.1 Task and Skill Codes in Airbus A320 Maintenance Plan-
ning Document

Table A.1: Definition and scope of work associated with skill codes used in the Airbus A320
MPD [175].

Skill code Definition Scope of work
AF Airframe Hydro-mechanical, environmental, fuel, oxygen,

and cargo systems. Associated servicing requiring
a certain qualification such as flaps/slats, landing
gear, THS actuator, structure visual inspection

AV Instrument Autopilot, instruments, digital equipment,
fire protection

CA Cabin/utility Furnishing, galleys
EL Electrical Electrical generation, distribution

and associated services and components.
EN Power Plant Engines, APU accessories,

and associated services
NDT Non-destructive test All NDT and borescope inspection inspections

Table A.2: Breakdown of skill codes in Airbus A320 MPD by ATA chapter.

Skill code Aircraft systems Power plant Structure
[N] [%] [N] [%] [N] [%]

Airframe (AF) 588 16.0 25 0.7 2017 54.9
Instrument (AV) 34 0.9 - - - -
Cabin / Utility (CA) 49 1.3 - - - -
Electrical (EL) 175 4.8 - - 2 0.1
Power Plant (EN) 74 2.0 149 4.1 28 0.8
Non Destructive Testing (NDT) 9 0.2 6 0.2 472 12.9
Radio (RA) 35 1.0 - - - -
Utility (UT) 8 0.2 - - - -

Total 972 26.5 180 4.9 2519 68.6
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Table A.3: Definition of task codes in Airbus A320 MPD [175].

Task code Definition
BSI Borescope inspection
CHK Check for condition, leaks, circuit continuity,

check fluid reserve on item, check tension and pointer,
check fluid level, check detector, check charge pressure,
leak check/test.

DI Detailed inspection
DS Discard
FC Functional check/test
GVI General visual inspection
LU Lubrication
OP Operational check/test
RS Remove for restoration
SDI Special detailed inspection
SV Drain, servicing, replenishment (fluid change)
TPS Temporary protection system
VC Visual check

Table A.4: Breakdown of task codes in Airbus A320 MPD by ATA chapter.

Task code Aircraft systems Power plant Structure
[N] [%] [N] [%] [N] [%]

Borescope inspection (BSI) - - 5 0.1 - -
Check𝑎 (CHK) 25 0.7 3 0.1 1 0.0
Detailed inspection (DI) 189 5.1 67 1.8 1441 39.3
Discard (DS) 64 1.7 24 0.7 - -
Functional check/test (FC) 144 3.9 3 0.1 23 0.6
General visual inspection (GVI) 80 2.2 32 0.9 518 14.1
Lubrication (LU) 21 0.6 2 0.1 12 0.3
Operational check/test (OP) 232 6.3 13 0.4 56 1.5
Remove for restoration (RS) 95 2.6 1 0.0 - -
Special detailed inspection (SDI) 21 0.6 19 0.5 467 12.7
Drain, Servicing, Replenishment (SV) 25 0.7 4 0.1 - -
Temporary protection system (TPS) 19 0.5 - - - -
Visual check (VC) 57 1.6 7 0.2 1 0.0

Total 972 26.5 180 4.9 2519 68.6
𝑎 Condition, leaks, circuit, fluid level, tension, detector and charge pressure [175, p. 18].
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A.2 Summary of Common Airframe Inspection Technologies

Table A.5: Summary of common technological approaches for airframe inspection, adapted from
[62, p. 226].

NDT
methods

Advantages Disadvantages

Visual Inexpensive, highly portable, im-
mediate results, minimum training,
minimum part preparation

Surface discontinuities only, gener-
ally only large discontinuities, mis-
interpretation of scratches

Dye
penetrant

Portable, inexpensive, sensitive to
very small discontinuities, minimum
skill required

Locates surface defects only, rough
or porous surfaces interfere, test
part preparation required, cleanli-
ness required, direct visual detec-
tion of results required

Magnetic
particle

Can be portable, inexpensive, sens-
itive to small discontinuities, im-
mediate results, moderate skill re-
quired, detects surface and subsur-
face, relatively fast

Surface accessibility required, test
interference with rough surface,
part preparation required, ferro-
magnetic materials only, part de-
magnetizing required after test

Eddy
current

Portable, detects surface and sub-
surface, discontinuities, moderate
speed, immediate results, sensitive
to small discontinuities, thickness
sensitive, can detect many variables

Surface accessibilty to probe, test
interference with rough surface,
electrically conductive materials,
skill and training required, time
consuming for large areas

Ultrasonic Portable, inexpensive, sensitive to
very small discontinuities, immedi-
ate results, little part preparation,
wide range of materials and thick-
ness can be inspected

Surface accessibility to probe, test
interference with rough surfaces,
highly sensitive to sound beam, high
degree of skill required to set up and
interpret, couplant usually required

X-ray
radiography

Detects surface and internal flaws,
can inspect hidden areas, perman-
ent test record obtained, minimum
part preparation

Safety hazard, expensive slow pro-
cess, highly directional, sensitive to
flaw orientation, high degree of skill
and experience required, depth of
discontinuity not indicated

Isotope
radiography

Portable, less expensive than X-
ray, detects surface and internal
flaws, inspect hidden areas, perman-
ent test record obtained, minimum
part preparation

Safety hazard, highly directional,
sensitive to flaw orientation, high
degree of skill and experience, depth
of discontinuity not indicated



162 A Appendix

A.3 Considered Results of Current Cost-Benefit Studies on
Structural Health Monitoring

Table A.6: Overview of considered studies covering the cost and benefit of SHM deployed in
aircraft.

Abbreviation Type Application Cost Change Reference
Bol 07 Quantitative Inspect. and maint. 0% [148]
Che 14 Quantitative Inspect. and maint. −15% [149]
Che 14 Quantitative Inspect. and maint. −34% [150]
Che 14 Quantitative Inspect. and maint. −52% [150]
Der 16 Quantitative Inspect. and maint. −79% [22]
Don 18 Quantitative Inspect. and maint. 39% [31]
Don 18 Quantitative Airframe weight 3% [31]
Don 18 Quantitative Inspect. and maint. 69% [32]
Fit 11 Quantitative Inspect. and maint. 52% [33]
Llo 08 Quantitative Inspect. and maint. −30% [23]
Pat 10 Quantitative Inspect. and maint. −50% [24]
Pat 11 Quantitative Inspect. and maint. −35% [25]
Pat 11 Quantitative Airframe weight −15% [25]
Pat 12 Quantitative Inspect. and maint. −5% [26]
Sun 18 Quantitative Inspect. and maint. −30% [151]
Wan 17 Quantitative Inspect. and maint. −67% [27]
Wan 18 Quantitative Inspect. and maint. −83% [28]

qualitative Airframe weight decrease [145]
qualitative Decomissioning decrease [29]
qualitative Structural Modelling non [246]
qualitative Inspect. and maint. decrease [135]
qualitative Inspect. and maint. decrease [140]
qualitative Inspect. and maint. decrease [139]
qualitative Inspect. and maint. decrease [141]
qualitative Inspect. and maint. decrease [137]
qualitative Inspect. and maint. decrease [142]
qualitative Inspect. and maint. decrease [147]
qualitative Inspect. and maint. decrease [136]
qualitative Inspect. and maint. decrease [144]
qualitative Inspect. and maint. decrease [138]
qualitative Inspect. and maint. decrease [146]
qualitative Inspect. and maint. decrease [143]
qualitative Inspect. and maint. non [30]
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A.4 Experimental Setup of IABG Damage Monitoring Demon-
strator

As part of the STRUBATEX project, an experiment was conducted at IABG to demonstrate
the applicability of residual life estimation methods for metallic structures. For this purpose,
several strain gauges were strategically placed on a structural specimen that resembled the
lower surface of an aircraft wing to determine strain gauge reliability for identifying and
detecting cracks in the structure. The corresponding test setup is shown in Figure A.1.
Based on the collected data, methods for predicting crack growth were also evaluated.

The corresponding damage classification performance for selected methods is shown in Fig-
ure A.2. The performance of the method to correctly detect cracks depends on the sensor
position and the data evaluation method. Although the conditions during the structural test
were not equivalent to the environmental conditions during the operation of the aircraft, the
presented classification results can be used as a first performance indication of a damage
monitoring system. However, in commercial applications, the performance will be influenced
by other parameters, such as component geometry.

A detailed description of the demonstrator setup, including the sensor placement strategy, is
given in [245].

BC

Load

Sensor 7A

Sensor 6A

Sensor 

1A | 1B

A) Experimental setup B) Instrumentation C) Specimen after failure

Figure A.1: SHM demonstrator test conducted at IABG. A) General experimental setup. B)
Instrumentation for test specimen with strain gauges. C) State of specimen after
experiencing a failure. Adapted from [245, p.9–10].
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Figure A.2: Damage classification performance of the considered sensors in IABG SHM demon-
strator test using different damage classification approaches.
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A.5 Mass and Power Assumptions for Structural Health Mon-
itoring Sensor Network
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A.6 Historical Development of Aircraft Fuel Efficiency
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Figure A.3: Development of aircraft specific fuel consumption at entry into service for varying
flight distances [179–187, 187–196], reproduced from [249]. The illustrated data is
summarized in Table A.9.

Table A.9: Data for fuel consumption development of reproduced from [249].

Model First flight Seats Distance Fuel efficiency Ref.
[Year] [nm] [l/(Pax·100 km)]

Airbus A220-100 2013 125 1000 2.28 [184]
Airbus A220-300 2015 160 1000 2.00 [185]
Airbus A220-300 2015 135 1000 1.85 [179]
Airbus A319 1995 124 1000 2.95 [186]
Airbus A319Neo 2015 136 1000 1.93 [179]
Airbus A320 1987 150 1000 2.61 [186]
Airbus A320 1987 150 2151 2.43 [189]
Airbus A321-200 1996 180 1000 2.50 [186]
Airbus A321NeoLR 2016 154 3400 2.43 [190]
Airbus A330-200 1997 293 1000 2.37 [186]
Airbus A330-200 1997 241 3000 3.11 [191]
Airbus A330-300 1992 262 3000 2.98 [191]
Airbus A330neo-900 2016 310 3400 2.42 [192]
Airbus A340-300 1992 262 3000 3.25 [191]
Antonov An-148 2004 89 1000 3.86 [180]
Antonov An-158 2010 99 1000 3.57 [180]
Boeing 737 MAX-7 2017 140 1000 1.94 [179]
Boeing 737 MAX-8 2017 162 1000 2.04 [187]
Boeing 737 MAX-8 2017 168 3400 2.13 [187]

(continued on next page)
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(continued)
Model First flight Seats Distance Fuel efficiency Ref.
[-] [Year] [-] [nm] [l/(Pax·100 km)] [-]
Boeing 737 MAX-9 2017 180 1000 2.02 [187]
Boeing 737 MAX-9 2017 144 3400 2.53 [190]
Boeing 737-600 1998 110 1000 3.15 [182]
Boeing 737-700 1997 126 1000 2.79 [182]
Boeing 737-700 1997 128 1000 2.71 [186]
Boeing 737-800 1997 162 1000 2.44 [182]
Boeing 737-800 1997 160 1000 2.68 [186]
Boeing 737-800W 1997 162 1000 2.45 [187]
Boeing 737-900ER 2006 180 1000 2.38 [182]
Boeing 737-900ERW 2006 180 1000 2.37 [187]
Boeing 747-400 1988 416 2151 3.24 [189]
Boeing 747-8 2011 467 3000 2.65 [193]
Boeing 757-200 1982 190 1000 3.02 [186]
Boeing 757-200 1982 200 1000 2.59 [183]
Boeing 757-200W 1981 158 3400 3.00 [190]
Boeing 757-300 1998 243 1000 2.40 [183]
Boeing 767-200ER 1984 181 3000 3.34 [194]
Boeing 767-200ER 1984 224 3000 2.75 [194]
Boeing 767-200ER 1984 193 3400 3.25 [190]
Boeing 767-300ER 1988 218 2151 3.09 [189]
Boeing 767-300ER 1988 218 3000 3.09 [194]
Boeing 767-300ER 1988 269 3000 2.56 [194]
Boeing 767-400ER 1999 245 3000 2.95 [194]
Boeing 767-400ER 1999 304 3000 2.44 [194]
Boeing 767-400ER 1999 304 3265 2.43 [181]
Boeing 777-200 1994 305 3000 2.80 [195]
Boeing 777-200ER 1996 301 3000 2.89 [191]
Boeing 777-300 1997 368 3000 2.68 [195]
Boeing 787-8 2009 291 3400 2.26 [187]
Boeing 787-8 2009 238 3400 2.68 [190]
Boeing 787-9 2013 304 3400 2.37 [192]
Irkut MC-21 2017 163 1750 2.33 [196]
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A.7 Aircraft Depreciation Methods

The methods used to depreciate the book value of aircraft can differ between airlines [178],
and depending on the depreciation method, book values over time can differ. The book value
of a reference aircraft with a purchase price of USD 50M is illustrated in Figure A.4, when
depreciated over 30 years using two different methods. The straight-line method is typically
used in the airline industry [176]. In comparison, the sum-of-years’ digit method leads to
a higher depreciation at the beginning of the aircraft’s lifetime. This thesis aims to use a
depreciation method that ideally represents the market value of an aircraft. Since aircraft
typically require additional refurbishing and inspections over their lifetimes, the second half
of the lifetime is typically not as valuable as their first. To represent this behavior, the
sum-of-years’ digits method is used in this work to depreciate the book value of the aircraft.
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Figure A.4: Difference in book value over time when using different depreciation methods.
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A.8 Approximation of Aircraft Usage Data for Fatigue Dam-
age Index

The approximation of aircraft usage data for the calculation of the fatigue damage index
(FDI) is based on [200]. The considered Airbus A320 fleet operations are based on ADS-B
data provided by Flightradar24. A total of 7,9511 aircraft are covered over 797 days between
September 23rd, 2017 and November 29th, 2019, amounting to 16,625,103 flights. The dataset
contains an average of 2.62 flights per aircraft per day, thus covering only a fraction of all
flights. The usage behavior of the fleet is thus extrapolated, assuming that the available
data is representative of all aircraft. The payload on each flight is approximated by the
average seat load factor on a specific origin-destination pair for a single airline, based on leg
data provided by Sabre®. The average taxi time is considered by continent based on data
made available by Eurocontrol. Available usage data is replicated until the aircraft is retired,
assuming unchanged usage behavior over the entire aircraft lifetime. Differences between
aircraft variants and versions are neglected. Within the scope of this work, the actual takeoff
weight and top of descent on each flight are not available and thus approximated as follows:

A.8.1 Takeoff Weight

Fuel weight and consequently takeoff weight on each flight are calculated by

𝑊𝑇 𝑎𝑥𝑖𝐹 𝑢𝑒𝑙,𝑑𝑒𝑠𝑡 = 𝑇𝑇 𝑎𝑥𝑖,𝑑𝑒𝑠𝑡 · 𝐹𝑇 𝑎𝑥𝑖, (A.1)

where 𝑇𝑇 𝑎𝑥𝑖,𝑑𝑒𝑠𝑡 is the required taxi time at the destination in minutes and 𝑊𝑇 𝑎𝑥𝑖𝐹 𝑢𝑒𝑙,𝑑𝑒𝑠𝑡 is
the weight of fuel required at the destination for taxiing in kilograms. The resulting aircraft
takeoff weight without fuel for propulsion can be calculated by

𝑊𝑇 𝑂𝑊 𝑤/𝑜𝐹 𝑢𝑒𝑙 =𝑊𝑂𝐸𝑊 + 𝑊𝑚𝑖𝑠𝑐

+ 𝐿𝐹 · 𝑁𝑆𝑒𝑎𝑡𝑠 · 𝑊𝑃 𝑎𝑥

+ 𝑊𝑇 𝑎𝑥𝑖𝐹 𝑢𝑒𝑙,𝑑𝑒𝑠𝑡

(A.2)

The weight of required fuel for the cruise flight is derived using the Breguet range equation.
To approximate the total fuel weight, a reserve fuel weight 𝑊𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠 is considered to account

1On July 25, 2019, a total of 8,316 Airbus A320s were operational.
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for the planning of an alternate airport. Furthermore, the total weight of fuel is increased by
a factor 𝐹𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠 to consider the required fuel for takeoff and holding patterns.

𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝 =
(︁
𝑊𝑇 𝑂𝑊 𝑤/𝑜𝐹 𝑢𝑒𝑙 + 𝑊𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠

)︁
· exp

⎛⎝ 𝑑𝑓𝑙𝑖𝑔ℎ𝑡

𝑎·𝑀𝑐
· 𝑔 · 𝑆𝐹𝐶𝑐𝑟𝑢𝑖𝑠𝑒

𝐿
𝐷

− 1

⎞⎠
· 𝐹𝐹 𝑢𝑒𝑙,𝑟𝑒𝑠

(A.3)

Additionally, airline procedures require a predefined minimum of fuel 𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝,𝑚𝑖𝑛 on takeoff,
considered by

𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝 = 𝑚𝑎𝑥 (𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝, 𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝,𝑚𝑖𝑛) . (A.4)

In the work at hand, 𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝,𝑚𝑖𝑛 is considered equal for all airlines. Furthermore, the
weight of the aircraft upon takeoff is limited by the MTOW set by the manufacturer:

𝑊𝑇 𝑂𝑊,𝑇 𝑜𝑡𝑎𝑙 = 𝑚𝑖𝑛
(︁
𝑊𝑇 𝑂𝑊 𝑤/𝑜𝐹 𝑢𝑒𝑙 + 𝑊𝐹 𝑢𝑒𝑙,𝑝𝑟𝑜𝑝, 𝑊𝑀𝑇 𝑂𝑊

)︁
. (A.5)

The aim of this approach is to provide a fair proxy of the fuel weight in practice rather than
calculate the exact fuel consumption during flight. The consequent takeoff weight over the
flight distance for varying seat load factors is illustrated in Figure A.5.
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Figure A.5: Assumed aircraft takeoff weight for a given flight distance and load factor, based
on [200].

A.8.2 Maximum Flight Altitude

The maximum altitude of every flight is based on the aircraft performance considered by
Eurocontrol, summarized in Table A.10. Depending on the distance between origin and des-
tination, the aircraft climbs to the highest attainable flight level, neglecting the semicircular
separation rule. The resulting maximum altitude over distance is given in Figure A.6.
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Table A.10: Considered aircraft climb performance, based on [224].

Flight phase Rate of climb [ft/min] Speed
Initial climb 2,500 175 kt
Climb to FL 150 2,000 290 kt
Climb to FL 240 1,400 290 kt
MACH climb to FL 390 1,000 MACH 0.78
Cruise 0 MACH 0.79
Initial descent to FL 240 1,000 MACH 0.78
Descent to FL 100 3,500 290 kt
Approach 1,500 250 kt
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Figure A.6: Assumed takeoff weight and top of descent as function of aircraft flight distance,
adapted from [200].
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A.9 Sensitivity of Fatigue Damage Index Towards Variable
Aircraft Usage

"The influence of the flight distance on the FDI is visualized in Figure A.7, assuming that a
single aircraft has been operated on a single flight distance for its entire life until the extended
service goal (ESG). As a result of limiting flight cycles and flight hours at predefined values,
it can be seen that a longer flight distance than the considered average in the ESG leads to
fewer flight cycles until decommissioning r to smaller FDIs. Likewise, a shorter flight distance
results in decreased weight of fuel and flight hours. Accumulating these shorter flights over
the aircraft lifetime until the service goal is reached reduces the fatigue indices of both the
wing through less weight and the fuselage through lower flight altitudes" [200].
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Figure A.7: Influence of average flight distance over aircraft lifetime on flight cycles, flight hours,
takeoff weight, and the FDIs of the wing and fuselage.
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A.10 Cost Model Input Data

The considered cost components are based on United States department of transportation
(DOT) form 41 data. To simplify the cost model, the individual cost factors used by the
DOT are partially summarized using an allocation systematic described in Table A.11. A
total of 1,409 combinations of fiscal quarter, aircraft, and airlines are considered. The cost
of fuel, crew, leasing, and combined maintenance efforts constitute the overall share of cost
of ownership (COO). The comparatively large deviation in fuel cost per flight hour (FH)
results from varying fuel prices over time and different load factors, A320 family aircraft-
engine combinations, and stage lengths.

Crew costs provided in the Form 41 data do not include the costs for flight attendants. To
factor in their costs in the overall direct operating cost (DOC), flight attendant costs are
considered equal to crew costs.
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Figure A.8: Airbus A320 family COO based on quarterly reports for major US airlines from
1990 to 2020, adjusted to 2020 USD.
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Figure A.9: Leasing and depreciation costs are distinguished depending on the ownership situ-
ation of the aircraft. The sum of both multiplied by the aircraft lifetime is assumed
to reflect the purchase price of the aircraft.
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Table A.11: Allocation systematic from US DOT cost factors to thesis cost factors.

Category DOT cost factor Thesis cost factor
Flying Pilots & copilots Crew
operations Other flight personnel Crew

Trainees & instructors Crew
Personnel expenses Crew
Professional & technical fees Misc. flying operations
Aircraft interchange charges Misc. flying operations
Aircraft fuel Fuel
Aircraft oil Misc. flying operations
Rentals Allocated to depreciation cost
Other supplies Misc. flying operations
General Hull insurance
Employee benefits & pensions Crew
Injuries, loss, & damage Misc. flying operations
Payroll Crew
Other than payroll Misc. flying operations
Other expenses Misc. flying operations

Direct Labor–airframes Labor airframes
maintenance Labor–aircraft engines Direct maintenance aircraft engines

Airframe repairs Airframe repairs
Aircraft engine repairs Direct maintenance aircraft engines
Aircraft interchange charges Misc. direct maintenance flight eqpt.
Materials–airframes Airframe materials
Materials–aircraft engines Direct maintenance aircraft engines
Allowance–airframes Misc. direct maintenance flight eqpt.
Allowance–aircraft engines Direct maintenance provisions

Applied maintenance Flight eqpt. Applied maintenance

Net obsolescence Expendable parts Net obsolescence
& deterioration & deterioration

Depreciation Airframes Depreciation airframes
Aircraft engines Depreciation engines
Airframe parts Depreciation airframes
Aircraft engine parts Depreciation engines
Other flight eqpt. Depreciation other flight eqpt.

Amortization Flight eqpt. Amortization expense

Expense of Flying operations Expense of interchange
interchange

Other depr. Developmental expense Other depr. & amort.
& amort. Other intangibles Other depr. & amort.

Maintenance eqpt. Other depr. & amort.
General ground property Other depr. & amort.
Capital leases Other depr. & amort.
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A.11 Global Airport Night Flying Restrictions

Table A.12: Airports with night flight restrictions, based on [250].

Airport IATA code
ABZ BVA FKB LAX MXP RTM TRK
ACC CBG FMM LBA NAP SAN TRN
ADL CCR FMO LBG NCE SBA TSA
AEP CDG FNC LCY NRK SCK TTN
AGF CDW FOK LEJ NRN SCN TVL
AHO CEF FRA LGB NRT SDL TXL
AIT CEQ FUE LGW NTE SDV UME
AMS CGF GIB LHR NUE SEA VIE
APF CGI GIG LIS NWI SEL VNY
ASE CGN GLA LMP NYL SIO WAW
AUS CIA GOT LNZ OAJ SJC WLG
AZO CLW GRZ LPL ODE SJF YKF
BAH CMI GSE LTN ONT SMO YOW
BBU CPH GVA LUG OPO SNA YQT
BCT CPT GYD LUX ORL SOF YUL
BDA CRL HAJ LYS ORY SOU YVR
BDR CUF HAM MAD OSL SPK YXD
BED CVT HHN MAN OST STL YYZ
BFI DAL HNL MBJ PAD STN ZRH
BHD DBV HPN MEB PAE STP
BHX DCA HVN MFE PBI STR
BIO DEC HWD MGL PDK SUA
BIQ DEN HYA MIR PED SUN
BLQ DIJ INN MLI PIE SVQ
BMA DOM ISP MOB PNE SXB
BOD DRS ITM MOD PRG SXF
BOH DSA ITO MPL PSM SXM
BOS DTM JAC MRS PSP SYD
BQH DUS JAD MRU PUS SZG
BRE EDI JER MRY PVD TBU
BRN EMA JNB MSE QEF TEB
BRS ERF KEL MSP QLD TEX
BRU EXT KHH MST RAR TLS
BSL FAB KIR MTH REK TLV
BUD FAO KRN MTN RGU TMP
BUR FCO KWI MUC RIC TOA
BVA FDH LAS MVY RST TRF
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A.12 Freeman Network Centrality Index for Selected Topolo-
gies

CB = 0 CB = 0 CB = 0

CB = 0 CB = 0.05 CB = 0.08

CB = 0.29 CB = 0.67 CB = 1

Node

Edge

Figure A.10: Selected network topologies and corresponding Freeman network centrality index
adapted from [217, pp. 232–236].
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A.13 Summary of Reference Aircraft Maintenance Tasks
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A.14 Reference Aircraft Inspection Effort

Table A.14: Breakdown of reference aircraft inspection requirements by program.

Program Category Required work [h]
Structures Inspection 9,978.2
System and powerplant Inspection 28,946.2
Zonal program Inspection 1,464.4
Structures Preparation 2,507.2
System and powerplant Preparation 1,507.4
Zonal program Preparation 1,220.3
Structures Access 2,559.9
System and powerplant Access 2,921.5
Zonal program Access 699.6
Structures Repair 28,366.2
System and powerplant Repair 78,565.0
Zonal program Repair 14,289.6




