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ABSTRACT- Damage tolerant design, aircraft inspection
and maintenance are key factors for ensuring aircraft
airworthiness. Damage tolerance is a property of a
structure relating to its ability to sustain defects safely
until repair can be achieved. Aircraft structural
inspections define the size of life-limiting defects that could
be present at a given time. Inspection requirements are
determined by the anticipated service loads, the desired
service life, and by the damage tolerance designed into the
structure. This paper outlines the damage tolerance
concept and how to apply this concept in design phase of
the project for specifying the requirement of inspection
(last phase of the DT Evaluation process), including
threshold (time of the first inspection), inspection intervals
(Time between 2 different inspections) and inspection type
(based on clear approach for assessing the visible
detectable crack length) which comply with the technical
and economical requirements. The paper considers the
technical concept and best practices of damage tolerance
analysis and inspection program in a detailed, simplified
and organized way for facilitating the process which could
be considered as an approach for compliance with
requirements that issued by civil regulating authorities.

Keywords - Aircraft Structure, damage tolerance, inspection
program, threshold inspection, repeat interval.

l. INTRODUCTION

Damage tolerance technology is a discipline which when
applied to aircraft structure allows safe operation of the
airplane even in the event that undetected accidental, corrosive
or fatigue induces damage may occur for whatever reason,
within the expected operational life of the aircraft. Damage
tolerance includes three major elements, residual strength of
the damaged structure, crack propagation and inspection. [1]

In general a damage tolerance evaluation of an aircraft
structure results in an inspection program with specified
inspection threshold, frequency and type. This inspection
program results from an engineering evaluation considering
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the growth of cracks under expected in-service loading spectra
starting from in-service detectable crack sizes to a crack size
which would cause catastrophic failure under limit loading
conditions. All conditions which effect crack growth such as
the environment must be accounted for.

Il. DAMAGE TOLERANCE — AIRWORTHINESS

REQUIREMENTS

In order to develop a damage tolerant structure, certain laws
and specifications must be met. All aircraft related laws and
authority requirements can be found in FAR (Federal Aviation
Regulations) and CS (Certifications  specifications)
documents; FAR for the USA, determined by the FAA
(Federal aviation Administration) and CS (Certification
Specifications) for Europe, regulated by EASA (European
Aviation Safety Agency). For any aircraft with a maximum
take-off weight (MTOW) higher than 12500 Ibs, the
documents needed to check are FAR-25 or CS-25. Damage
Tolerance requirements appear in sections FAR-25.571 and
CS-25.571, where the same goals are stated in both documents
to achieve a damage tolerant design.
One of the major acceptable means for complying with
damage tolerance design requirements is adequate inspection
program which must show the inspection and maintenance
procedures for principal structural elements that contribute
significantly to the carrying of flight, ground or pressurization
loads and whose integrity is essential in maintaining the
overall integrity of the airplane. [2], [3], [4], [5].

1. DEFINITION OF INSPECTION
CONSIDERATIONS AND REQUIREMENTS

The demonstrated damage tolerance of the structure must be
supported by a comprehensive inspection program to ensure
detection of the damage before it becomes critical.
Information must be provided to allow a program to be
defined for Structure Significant Item (S.S.I’s) giving the
required threshold and repeat inspection intervals, together
with the extent of the inspection and the methods to be used.
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e Threshold Inspection:

An estimate of the fatigue strength of each critical location
selected for a damage tolerance evaluation must be made. A
scatter factor will be applied to this life estimate to establish
the declared crack free life of the structure.

The number of flights set as the threshold interval for
inspections of a particular item must be less than this declared
crack free life. For areas susceptible to accidental damage the
initial flaw concept will be used to determine the threshold as
well as the repeat interval for inspections. [6]

e Repeat Inspection Interval:

The repeat inspection interval will be based on the crack
propagation life from a defined detectable damage in the
critical location of the structure to the demonstrated residual
strength damage level. [6]

IV.  THRESHOLD AND INSPECTION INTERVAL

ASSESSMENT

This section presents the scatter factors to be applied to fatigue
and damage tolerance lives derived by calculation or obtained
from a representative test (evaluation phase). These factors are
used in establishing the inspection requirements for the
aircraft primary structure.  The factors presented are
recommended factors to be used in the design phase of the
project. [6]
A definition of the fatigue and crack propagation life terms
used is given in figure (1) below:
a

Terit

Cdet

N flights

Fig (1) Definition of Fatigue crack propagation life term. [6]

DBD Data Basis for Design

Table (1) Fatigue and crack propagation life terms. [6]
4.1 Recommended Factors to be used in design:

The Data Basis for Design (DBD) defines the fatigue life and
inspection aims for the structure in terms of a structural
endurance (design service goal) and directed inspection
thresholds and repeat inspection intervals, refer to figure (2)
below for getting an idea of these terms.

Entry Into Service I T T Design Service Goal

Inspection

threshold Repeat Inspections

Fig (2) Design service goal,
Inspection Interval. [3]

Inspection threshold and

Table (2) below provides an example:

Inspection Repeat .
Examples DSG Threshold Inspection
Interval
Global 7500 | 17000 8500 4250
A220 60000 30000 15000
A380 19000 7600 3800

Table (2) Examples of DSG, inspection threshold and repeat
inspection interval for transport airplanes. [3]

It is recommended that the following factors are used for
establishing inspection targets (Threshold inspection and
repeat Intervals). [6]:

4.1.1  Threshold Inspection: Figure (3)

The threshold inspection objective for directed detailed or
special detailed inspection is given in the DBD. This value
should not be greater than half the fatigue life design aim. [7],
[8].

Threshold inspection, T, is normally covered by S-N
calculation but it is important that consideration is given to the
initial flaw concepts for regions where initial damage is likely
to occur during the manufacturing process (rogue flaws)

Calculated fatigue life, Nc > 5 Threshold inspection objective.

When using the initial flow concept it is recommended that:

I For single load path structure, n; > 2 Threshold

For all multiple element structure, nj > 2

Nc Calculated fatigue life (flights)
N Life at detectable crack length (flights

et gth (flights) When using S-N data for design:
N Life between initial flaw and critical crack length

: under limit loads (flights)

Toep.
n Life between detectable and critical crack length
under limit loads (flights)

Toep Threshold inspection as defined in the DBD inspection objective, Toso
I Repeat Inspection Interval (flights) 1.
Ioeo Repeat inspection interval as defined in the DBD
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Where n; is the life between the assumed initial flaw size
and the critical crack size under limit load application as
shown in figure (1).

412

The required repeat inspection objective for directed detailed
or special detailed inspection is given in the data basis for
design. [6]

The repeat inspection interval is normally determined by crack
propagation and residual strength analysis, although
consideration may be given to probabilistic analysis.

Repeat Inspection Interval: Figure (4)

For design the crack propagation life (n) repeat inspection
interval, lpgp

I For single load path structure n > 3 Repeat Inspection
Interval, Ipsp

For multi-element structure, where inspectable crack
length is less than one load path failure n > 2, Ipgp

For multi-element structure, where inspectable crack
length is not less than one load path failure.

n >3 Ipep

Threshold Specification
Using Inltlal Flaw
Concept

Fig (3) Scatter Factors to be applied to threshold
Specifications for Design. [6]

Repeat Inspection
SpeC|f|cat|ons
Single Element Multi- Element
Struture Structure

Using Fatlgue (S-
N) Life Concept

Inspecta
e Crack
grater
than one
load path
failre

Inspectable
Crack less
than one
load path

failure
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Fig (4) Scatter Factors to be applied to repeat Inspection
specifications for Design. [6]

V.  SPECIFYING TYPE OF INSPECTION
Two inspection programs are used for the surveillance of
the structure:

a) The Zonal
surveillance.
b) The directed Inspection Program.

inspection program for general

The following term is essential in maintenance program;
accordingly clear definition is stated in next paragraphs.

e Inspection: An examination of an item against a
specific standard.

e Inspection- Detailed:

An intensive visual examination of a specified detail,
assembly or installation. It searches for evidence of
irregularity using adequate lighting and where necessary,
inspection aids such as mirrors, hand lens, etc. Surface
cleaning and elaborate access procedures may be required. [9],
[10]

e Inspection — General Visual:

A visual examination that will detect obvious unsatisfactory
conditions/discrepancies. This type of inspection may require
removal of fillets, fairings, access panels/doors, etc. work
stands, ladders. Etc. may be required to gain proximity. [9],
[10]

e Inspection — Special Detailed:

An intensive examination of a specific location similar to the
detailed inspection except for the following differences. The
examination requires some special technical technique such as
non-destructive test techniques, dye penetrant, high powered
magnification, etc... and may require disassembly procedures.

e The Zonal Inspection Program:

The zonal inspection program is composed of general visual
inspection tasks for each zone of the aircraft (surveillance of
systems, power plant and structure for general conditions)

The inspections are specified by quoting the relevant zone
number, zone description, access and inspection interval
required. [9], [10]

The inspection tasks do not provide a description of all items
to be inspected within each zone because the inspector is
supposed to have an adequate level of knowledge of the

aircraft design.
e The Directed Inspection Program:

In case that the zonal program is not adequate to ensure the
safety of the aircraft, a specific and precise structure
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maintenance program is defined using the “Directed

Inspection Program”. [9], [10]
Two inspection levels are used:

e The detailed inspection corresponding to a
detailed visual inspection as defined in the
definitions.

The special detailed inspection, using special

techniques where necessary (e.g NDT)
The units to define the inspection interval are:

a) Flights (for fatigue surveillance)

b) Calendar time or flight hours (for environmental
surveillance)

c) Flights or calendar time (for accidental damage

surveillance, dependent on the consequences to be

considered.

Inspection threshold and
inspections: (Example A-320)

repeat intervals for directed

Fatigue damage surveillance

Threshold: 20000 F
Repeat interval: 7500 F and 15000 F

Environmental damage surveillance:

8 Years
4 years and 8 years.

VI.  SELECTION LEVEL OF INSPECTION

The objective is to select the lowest level of inspection,
which is practicable, economical and effective from the
following:

a. General visual inspection
b. Detailed inspection
c. Detailed special inspection.

Refer to figure (5) which describes the process of
selecting the level of inspection, the process starts with
preparation phase and evaluation phase of damage tolerance
evaluation and then transfer to selecting the level of
inspection, if the visual inspection is possible it will be
efficient and effective from economical point of view to go
forward to select the lowest level in visual inspection itself,
based on specific methods which will be described later,
detectable crack size of this level is determined to be as an
input for specifying the threshold and repeat interval, then
decision should be taken to adopt this level of inspection or to
go to the higher level based on applicability and effectiveness
of calculated intervals and threshold. In case the visual
inspection is not possible or applicable, NDT methods should
be considered as a main choice. Same process for calculating
minimum detectable crack size for selected NDT method
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should be followed to check the applicability, efficiency and
effectiveness of the threshold and repeat intervals. [11]

6.1 Assessment of Detectable Crack length by visual
Inspection:

For determining the detectable crack length in case of
visual inspection, the following method is applied. In this
method the following parameters are considered:

Level of inspection

Access to view

Size of item

Lighting condition

Surface conditions

Material thickness and edge effect
Hidden crack length.

The flow diagram shown in figure (6) shows the method used
to determine the detectable crack length. [6]

6.2 Selection of ratings for each parameter

a. Viewing Rating:
This is governed by how close the eye is to the item being
inspected, the distance being graded as follows, (table 3)
below.

When general visual inspection is considered then the
viewing rating should be selected according to the zonal
inspection condition.

When detailed inspection is considered a viewing rating of
3 must be selected.

0 No access — Hidden item or distance greater
than 3 meters

1 “Poor” when the distance is 1.5 meter to 3
meters.

2 “Moderate” when the distance is 0.5 meter to
1.5 meter

3 “Good” when un-restricted, as close as
needed

Table (3) Viewing Rating. [6]

Congestion rating:

Congestion is divided into three conditions
depending on the number of components in the area
to be inspected and the complexity of the equipment.
They are to be judged as follows:

1 Congested
2 Moderate congestion
3 Clear area

Table (4) Congestion Rating. [6]
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Whatever inspection level is considered, general visual or
detailed, congestion rating should be selected in accordance
with the SSI (Significant Structural Item) area.

C. Size Rating:

The size of the item or area to be inspected is to be assessed as
follows:

Size of the zone:

e Large area: such as complete skin in the case of the

fuselage or wing.
Medium area: for approximately a square meter or less.

Size of SSI:

e  “Large fitting” such as frames, spar, etc.
“Medium size fittings” to include portions of frames,

spars, ribs and intercostals or stringers, etc.

Surface conditions will vary according to the nature of the
paint, presence of sealant and cleanliness.

Two ratings are considered as follows:

Areas or items liable to be covered in sealant
1 or subjected to excessive grease, oil or dirt
contamination
2 Clean areas

Table (7) Surface Rating. [6]

Detailed inspections to be rating as 2, due to preparation of
surface before inspection.

The basic detectable crack length, Lgas, can now be obtained
from the chart on figure (7) by inserting the feasibility rating
number and reading off the basic visible detectable length.

3 : 9 H Viewing ratin Ci ratin Lighting ratin Surface ratin
e  “Small fittings” items of not more than approximately St — e e s
10 . il gty ook mmtoer e i st | coved st orsuect | 4
[{ fancit it lo Excessive greasz, oil or
centimeters square. T |V e | Gn contamnason | |
{1 Poor-when the distanceis 2 2
The size rating is obtained from the following table: earara__ |3 - .
[]1 daylight - inside a/c with | o exuessive picase,
b . Congested 2 artificial lighting
H A 8] o ** | Moderate corgestion | 3 Clean area 3
Rating Item/ Area Size O 5inske o Sk e T
Congested 3 Concentrated lishting as ‘:‘Z;’“‘““"",Lg;f”;”ff} 3
[] Good-when uestridted, as [ & feqiiad on__ ||
1 Large area 1 5 hoodid Moderate corgestion | 4 =
Clear arza 5
2 Medium area/large fittings e cmmf" —
SReraling 1(2|3|a]s i rating 1]2]3|4
3 Medium size fittings
La!ge area 1 1 2 2 3 1 295 (200 140 | 100
Medium area, 2 oo v | w
4 Small area ogoning | 2] 1]2]2]% |3 Aol eTz
_ . Medium sizefiting| 3 | 1 [ 2 [ 3| 24| a =~ Twolos Tio fao
Table (5) S|Ze Ratlng. [6] Sitalanes alr|z|s|af> o |70 |22] 10| s

General visual inspection requires an assessment based upon
the size of the zone as described in the zonal program,
whereas for a detailed visual inspection, the real size of the
concerned SSI has to be taken for assessment.

d. Lighting rating:

Lighting conditions and quality will vary from bright sunlight
to the use of a torch and mirror. The three ratings considered
are to be associated with the type of inspection involved.

1 Exterior of aircraft shadow e.g. landing gear bay
without directed light

5 Exterior aircraft in full daylight, inside aircraft
with artificial light

3 Concentrated lighting as required.

Table (6) Lighting Rating. [6]

Rating 1 and 2 should be used for general visual inspection
(normal cabin light can be used as necessary)

Rating 3 is to be used for detailed visual inspection.

€. Surface Rating:
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small ftting

Fig (7) Chart for determining Basic detectable
[3]

6.3 Effective Detectable Crack length:

Two effects should be considered and applied for basic

detectable crack length to get the effective detectable crack
length refer to figure (6), the effects are:

crack length.

Material gauge effect
Edge effect

6.3.1 Visible Detectable Crack length: (Lvis)

The basic detectable crack length, Lgas, is obtained from the
chart on figure (7) by inserting the feasibility rating number
and reading off the basic visible detectable length.

a. adjustment for material gauge effect:

The thicker material of an item, the tighter a crack is held
together and, therefore the more difficult is to detect. To cater
for this the basic detectable crack length is adjusted as shown
in table below:
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For material thickness less .

than 5 mm multiply X 1
For material thickness n 5 .

mm 0 10 mm multiply X 1.25
For material thickness .

greater than 10 mm multiply X'1.5

Table (8) Material Gauge Effect Adjustment. [6]

b. adjustment for edge effect:

For cracks which originate from or terminate at the edge of a
member, the detectable length is to be multiplied by 0.5. For
non edge cracks multiply by 1.

The visible detectable crack length is defined as follow:
Lyis = Lgas X (gauge Factor) X (edge Factor)
Where: Lg,g is basic detctable crack length
6.3.2  Effective Detectable Crack Length: (Loer)

The visible detectable crack length after adjustment is
determined for visual inspection only and does not take
account of any hidden length of cracks.

When determining the propagation time from detectable
length to critical length this hidden portion of the crack is to
be considered. The effective detectable crack length is defines
as follows:
Lpgr = Lyis + Ly
Where:
Lygr is effective detectable crack length

Ly,s is visible detectable crack length
Ly is hidden crack length
6.3.3  Hidden Crack Length: (Lr)

The determination of the hidden crack length is dependent on
many factors including: design, local loading and material
selection. Thus, its determination can only be accurately
performed by the stress office of the manufacturer. Figure (8)
below shows a part of the cracked element can be hidden by
fasteners, rivets, supports, brackets...etc.

o

X

Visible part of the crack

//'v

N3

Crack

Effective detectable crack length: | a,,,

Fig (8) Hidden crack length. [3]
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6.4 Assessment of Detectable Crack length for Special
Detailed Inspection (NDT):

With reference to figure (5), when detailed visual
inspection is not appropriate, the use of NDT methods has to
be considered to determine if the detectability can be
improved sufficiently to achieve practical inspection
intervals.

In this case, considering the crack propagation curve, it is
necessary to determine the crack length which should be
detected to obtain the appropriate inspection interval. [12],
[13].

The most appropriate NDT method has to be selected
considering the following:

e  The desired detectable crack length.
The geometry and materials of the SSI

The probable damage locations.

Once a NDT method has been selected, its qualification will
have to be done to confirm the effectiveness of the selected
task. Figure (9) below depicts probability of detection for non
destructive test methods that used in inspection. [12], [13]

Probability of detection
For training purpose only

100% " ’ -
HFEC MP LP us LFEC XR

HFEC
LCELD /

//’// //,
A |
E f // % )4 // g ‘
£ 30% / “

7

\g

4 5 6

Crack length (mm)

7 10 11

Fig (9) NDT Methods, Probability of Detection. [3]
VII.  CONCLUSION

Through the paper, detailed approach for specifying threshold,
inspection interval was introduced with highlighting the best
practices that followed by aircraft manufacturers for issuing
structural maintenance program. As one of the main objectives
of damage tolerance design, inspection program should be
clearly defined based on technical analysis, test results and
experience that gathered through different projects. Feedback
from operators of the product could be great input for
justifying or tuning of inspection program. [16]. this paper
could be a reference for students, engineers, design
organizations and maintenance organization for understanding
the approach of specifying the inspection program for the
aircraft.
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Fig (5) Selection the level of Inspection. [6]
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Fig (6) Assessment of Detectable Crack Length — Metallic Structure. [6]
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