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ABSTRACT

Helicopter dynamic componehts are substantiated against fatigue using the
safe life methodology. The advance of usage monitoring systems suggest
the extension of the safe life according to measured usage, leading to
maintenance credits. The question is whether the extended life is
associated with a different probability of failure due to elevation of safety
factors embedded within the safe life methodology.

The fatigue substantiation process was studied and its conservatisms were
identified. Both S-N curve behaviour and service loading have been
investigated. Three components were studied. One was a location on the
lift frame, the others were a main rotor blade linkage and a rotor pitch
change link. The variation in manoeuvre loads and usage during normal
operation of a UK military helicopter was statistically estimated. Service
loads were measured using strain gauged components and a data recording
system. Usage was monitored by manual identification and recording of
manoeuvres throughout the helicopter flight.

It was found that usage variability is very great, with coefficients of
variation in excess of 100% for the majority of manoeuvres. It was found
‘that usage measured in service was significantly more benign for all types
of mission, than that assumed in design. Mechanical test results showed
significant errors in damage accumulation and mean stress models for life
prediction. Monte Carlo simulations demonstrate that calculated
probability of failure is dominated by material and modelling errors; usage
and manoeuvre load variability playing a minor role.
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1. Introduction

1.1 Background

Safety factors and design safe lives for UK military (and civilian)
helicopters have been derived 20-30 years ago and are still in use today
despite modern developments in fatigue life assessment, and the advent of
Fatigue Usage Monitoring Systems (FUMS). In addition, airworthiness
certification in MOD aircraft is moving towards a more quantitative
probabilistic approach.

_ The reliability of the safe-life approach being used in helicopters started to
be questioned shortly after the results of a round robin in 1980 concerning
a hypothetical problem [1] in which participants (various helicopter
manufacturers) were asked to determine the retirement life of a helicopter
pitch link. The results showed variations in predictions from 9 to 2,594
hours. Even though all the analyses used conservative assumptions on
loads, strength etc, none of them could quantify the overall risk associated
with a component’s fatigue life.

Usage monitoring. systems in helicopters offer the great benefit of -
maintenance credits on safe life parts. Maintenance credits are the
possibility of cost savings via service life extension past the original safe
life, if previous usage has been sufficiently benign. Practical
implementation of usage monitoring has a number of difficulties. Many of
these are associated with issues of what the original safe life represents in
terms of probability of failure. How can it be ensured that a life extension
indicated by a usage monitoring system, will not at the end of the
extension have an unacceptable probability of failure- in effect, an
airworthiness hazard?

Extensions in life predicted via a fatigue analysis alone, will not
adequately represent changes in probability of failure arising from
increased time in service. The level of life extension where this effect will
have a significant influence on probability of failure is unknown.



Further issues are associated with variability and uncertainty of fatigue
damage arising from individual manoeuvres. This arises partly through
variability in service loads, partly through uncertainties in knowledge of
the material or component S-N curve, and errors in the fatigue analysis
process itself. Examples of the latter include errors in Miner’s rule, and
errors in the rule (usually Goodman) for mean stress corrections. Errors
and uncertainty are overcome in deterministic fatigue analyses by applying
factors of safety. However the uncertainties remain and can become an
issue in usage monitoring wherever real values of loads, rather than
conservatively assumed values of damage are measured. Without
knowledge of the cause and extent of uncertainty in fatigue damage, it is
difficult to ensure that any life extension will not result in unacceptable
increases in probability of component failure.

In view of these factors it is timely to develop a fatigue substantiation
approach based on the statistics of real service load data and of component
fatigue properties. Such an approach will allow interpretation of load and
material factors in probabilistic terms, and will allow full advantage to be
taken of the benefits in life extension offered by FUMS without adverse
changes in probabilities of component failure.

1.2 Research project objectives

(1) To identify the various stages of the helicopter fatigue substantiation
process, and to quantify using both analysis and experiments, the
uncertainties and conservatisms involved in each stage.

(2) Using modern methods of probabilistic fatigue life assessment (Monte
Carlo simulations), to determine the contribution of each stage identified
in (1) to the overall probability of failure of selected components

(3) To quantify the increase in failure probability with service life of
selected components and to establish the benefits to component failure risk
of fatigue usage monitoring, (FUMS)



(4) To use results of 1,2 & 3 above to determine the changes in risk
associated with application of FUMS to existing safe life methodology.

This to be done for service periods within and also service beyond the

_nominal design safe life.

1.3 Methodology

Original Approach

Original approach to attempt quantitative calculations based on Sea
King — use material and usage data from this application to obtain
realistic specific probabilities of failure- not possible because of
lack of usage data for Sea King

" Had decided to conduct experimental work on Sea King upper plate

material 2S 97 high strength steel

Other data taken from a variety of sources and helicopter types
Calculated lives and probabilities only have significance in a
relative not absolute sense ’

Original intention to study effects of Westland calculation
procedures in some detail- not done largely because of the above

Approach

Experimental

Investigations of the accuracy of Miners law and the Goodman mean
stress correction

Measurement of material properties S- N data at a range of R values-
assess accuracy & conservatisms of Goodman

Calculation of lives under Rotorix spectrum using Miner and
Goodman

Validation tests under identical Rotorix spectrum

Assess Errors

Notched and smooth sample validations

Modelling and simulations

e Deterministic analysis of helicopter usage MDRE data

e Damage calculations using design authority S- N data

e Effects of loads analysis procedures



Monte Carlo simulations

e Effects of usage variability - MDRE data

e Effects of variability in manoeuvre damage content- Lynx OLM
data, combined with DA S-N data

e Effects of S-N data variability combined with usage and OLM data

e Effects of Usage monitoring system error

e TFailure probabilities interpreted as probability of damage sum
becoming equal to one (1) ’

1.4 Thesis structure‘

An outline of the contents of each chapter is given below:

Chapter 1 provides background information to the project objectives and
methodology.

Chapter 2 contains the outcome of a literature survey on the subjects of
fatigue design of helicopter components, usage monitoring, statistical
considerations and probabilistic approach to fatigue substantiation of
helicopters.

Chapter 3 includes the experimental investigation regarding the accuracy
of fatigue substantiation methodology tools as applied to helicopters.

Chapter 4 describes the results from the statistical analysis of available
helicopter usage and loads data. The effect of variability was studied
deterministically.

Chapter 5 demonstrates the application of a probabilistic fatigue life
methodology, based on Monte Carlo simulation. The effect of variability
from different sources is estimated taking into account the associated risk
of failure.

Chapter 6 expresses the research conclusions and recommendations for
future work.



2. Fatigue substantiation of helicopter components

2.1 Fatigue design principles

Fatigue failure investigations have led to the observation that the fatigue
process embraces two domains of cyclic stressing or straining that are
significantly different in character, and in each of which failure is
probably produced by different physical mechanisms. One domain of
cyclic loading is that for which significant plastic strain occurs during each
cycle. This domain is associated with high loads and short lives, or low
numbers of cycles to produce fatigue failure, and is commonly referred to
as low-cycle fatigue. The other domain of cyclic loading is that for which
the strain cycles are largely confined to the elastic range. This domain is
associated with lower loads and long lives, or high numbers of cycles to
produce fatigue failure, and is commonly referred to as high-cycle fatigue.
Low cycle fatigue is typically associated with cycle lives from one up to
10* cycles, and high-cycle fatigue for lives greater than about 10* cycles.
This project is dealing with high cycle fatigue.

2.1.1 Fatigue design criteria

Infinite-Life Design

Unlimited éafety is the oldest criterion. It requires design stresses to be
safely below the fatigue endurance limit. For parts subject to many
millions of almost uniform cycles, like engine valve springs, this is still a
good design criterion.

Safe-Life Design

The practice of designing for a finite life is known as “safe-life” design. It
is used in many industries, such as automotive, railroad, pressure vessels,
jet engines and helicopter dynamic components. The safe life must include
a margin for the scatter of fatigue results and for other unknown factors.
The calculations may be based on stress-life relations, strain-life relations,
or crack growth. The margin for safety may be taken in terms of life, in
terms of load, or by specifying that both margins must be satisfied.



Fail Safe Design ,

Fail-safe fatigue design criteria were developed by aircraft engineers. They
could not tolerate the added weight required by large safety factors nor the
danger to lives implied by small safety factors. Fail-safe design recognizes
that fatigue cracks may occur and arranges the structure so that cracks will
not lead to failure of the structure before they can be detected and repaired.
Multiple load paths and crack stoppers built at intervals into the structure
are some of the means used to achieve fail-safe design. This philosophy is
applied mainly to airframes.

Damage Tolerant Design

This philosophy is a refinement of the fail-safe philosophy. It assumes that
cracks will exist — caused either by processing or by fatigue — and uses
fracture mechanics analysis and tests to check whether such cracks will
grow large enough to produce failures before they are sure to be detected
by periodic inspection. This philosophy is better applied to materials with
slow crack growth and high fracture toughness.

2.1.2 Fatigue loading

When an engineer faces the design of a fatigue sensitive element in a
structure, he is interested in the fatigue response of the available materials
to various loadings that may occur during the life of the structure. That is,
he is interested in the effect of various loading spectra and associated
stress spectra, which will be in general a function of the design shape and
the use of the structure.

The simplest fatigue stress spectrum is a zero-mean sinusoidal stress-time
pattern of constant amplitude and fixed frequency. Such ‘a stress-time
pattern is shown in Fig.2.la. Utilising the sketch of Fig.2.1, we can
conveniently define several useful terms and symbols; these include:

Snax = maximum stress in the cycle

R
Sm = mean stress = __'Ex._z._“lli
Smin = minimum stress in the cycle
: . -S .
S, = alternating stress amplitude = —=——— > min

S, = range of stress = Smax = Smin



S
S

min

R = stress ratio =

max

A spectrum with R=-1 is often referred as completely reversed cyclic stress

spectrum.

A type of stress-time pattern often encountered is the nonzero mean
spectrum shown in Fig. 2.1b. This pattern is very similar to the completely
reversed case except that the mean stress is tensile or compressive.

g
5 Spw=0 Sam Lo

Smiu =

SITNIX L

(ar)

Sm - T T

Stress

Smin —

(&)
Fig. 2.1_ Constant-amplitude stress time patterns. (a) Completely reversed, R=-1,

(b) Nonzero mean stress.
2.1.3 The mean S-N Curve

To calculate fatigue lives, some relationship must be obtained between
cyclic loads and the corresponding fatigue damage produced for a
particular component. In other words, an S-N curve (or curves) needs to be

constructed for each component. An S-N curve is one which defines the

relationship between the endurance, N, of a material as a function of the

applied stress or load amplitude, S. N is given in terms of the number of
load cycles endured prior to failure at a given value of S.



A commonly used equation [2] to represent the S-N curve from N =1
(static strength UTS), to N = (the endurance limit, Siy) is that
proposed by Weibull in 1961: S =S, +(UTS Sy, )e "’

where the values of the constants UTS, Sins, d, and B are obtained from the
test data by a least squares fit. This equation and its many variations can
be found in the literature [3, 4, 5] along with the constants used to define
the curve shapes. These constants vary widely from manufacturer to
manufacturer. The several S-N curves which arise when the standard curve
shapes are drawn through the test points are then consolidated into one

curve which is the statistical mean of all the curves (Fig.2.2). This is the
"Mean S-N Curve".

S c

o /-———————- Standard Gurve Shape

sl : Mean Curve

......
o - o m u

- W e e e B 4w
.......

ey
P PR R o K
o e S e e e -

i

‘Log N
Fig. 2.2_ Derivation of the Mean S-N Curve from the test results

2.1.4 Cumulative damage theories

The first cumulative damage theory was proposed by Palmgren in 1924 and
later Adeveloped by Miner in 1945 [6]. This linear theory, which is still
widely used, is referred to as the Palmgren-Miner rule or the linear damage
rule. The theory may be described using the S-N plot in Fig. 2.3.
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Fig. 2.3_ Illustration of spectrum loading where n; cycles of operation are accrued
at each of the different corresponding stress levels S; , and the N; are cycles to
failure at each S;.

By definition of the S-N curve, operation at a constant stress amplitude S,
will produce complete damage, or failure, in N; cycles. Operation at stress
amplitude S; for a number of cycles n; smaller than N; will produce a
smaller fraction of damage, say D;. D; is usually termed the damage
fraction. Operation over a spectrum of different stress levels results in a
damage fraction D; for each of the different stress levels S; in the
spectrum. When these damage fractions sum to unity, failure is predicted;

D1+D2+...+Dk-1+Dk_=1
The Palmgren-Miner rule asserts that the damage fraction at any stress
level Si is linearly proportional to the ratio of number of cycles of

operation to the total number of cycles that would produce failure at that
stress level; that is

D=
AL

By the Palmgren-Miner rule, then, we may write that:



Failure is predicted to occur if:

k ni
;7@21

This is a complete statement of the Palmgren-Miner rule, or the linear
damage rule. It has one sterling virtue, namely, simplicity; and for this
reason it is widely used.

1.0 T 1 1 I

§51>82>04>87
0.8

0.6 -

Damage, D

0.4

0.2

] |
0 0.2 0.4 0.6 0.8 1.0
Cycle ratio, n/N

0

Fig. 2.4 Damage VS Cycle ratio for various stress levels S

Unfortunately, it suffers from a number of drawbacks that make it often

inaccurate. In many cases, the cumulative damage index D= Z—— can
i=1

vary from 0.8 to 1.2 and in some cases may be extremely un-conservative
D=0.14 [7]. Hence in many industries, where the Palmgren-Miner rule

approach is adopted, the life fractions are added together unt11 ZF =0.75,

= N,
at which time failure is assumed to occur. This uncertainty is unfortunate
since under some conditions the reserve fatigue strength must be
considerable. The method fails to account for R-ratio effects requiring an
S-N curve for each R-ratio, load sequence effects (e.g. for stress-life based
evaluation when large amplitude cycles precede smaller cycles the actual
life is less than predicted), mean stress effects, notch effects, and the effect

10



of prior static loading. Also it does not account for any damage caused by
small amplitude cycles beneath the S-N curve [8]. Despite its
shortcomings, the Palmgren-Miner rule can provide a simple technique for
obtaining an approximation of life under conditions of variable amplitude
loading. When used with an appropriate cycle counting scheme (e.g., rain-
flow counting), the method can be used to produce life estimates very
quickly for extremely complex random loadings, which can be a
considerable task when using other techniques.

In a survey for cumulative fatigue damage and life prediction theories by
A. Fatemi and L. Yang [9] many of the models proposed since Palmgren-
Miner rule are introduced. There exist six major categories in cumulative
fatigue damage modelling:

(1) linear damage evolution and linear summation

(2) non-linear damage curve and two stage linearisation approaches

(3) life curve modifications to account for load interactions
(G.Schott, B.Donat and M.Schapter — [10])

(4) approaches based on crack growth concept

(5) models based on continuum damage mechanics and

(6) energy-based methods.

No clear boundaries exist among some of these approaches. Linear damage
rules cannot account for load sequence and interaction effects due to their
linear nature. The first non-linear load-dependent damage theory

represented by the power relationship, D=Z[—]]z—[’—-) , where x; is a
variable quantity related to the i™ loading level, was proposed by Macro
and Starkey in 1954 (Fig. 2.4). In two stage linearisation approaches, the
damage process is divided into two stages of crack initiation [11] and
crack propagation and the linear damage rule is then applied to each stage
[12], [13]. Life curve modification approaches are based on modifying the
material S-N curve by reducing the Sinr. Also the approach is load-level
~ dependent, and as a result can account for the load sequence effects [14],
[15], [16]. Approaches based on the crack growth concept including macro
crack growth retardation models have enjoyed some degree of acceptance
“since crack growth can directly be related to the physics of the damage
process. Franke and Dierkes [17] presented in their work a model with a
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new exponent, which is based on a crack growth boundary condition. The
results are compared with experimental data from the literature —showing
satisfactory agreement — and with other power law theories. Continuum
damage mechanics approaches are relatively new approaches, modelling
the material damage process at the continuum scale. These approaches
were originally developed to model creep damage and later extended to
include the fatigue damage process. Cheng and Plumtree [18] have
presented a model based on continuum damage mechanics and ductility
exhaustion that was capable of describing cumulative damage during
variable cyclic loading. It showed good agreement with a few experimental
results. Bhattacharya and Ellingwood have presented a model using
continuum damage mechanics and focused in the crack initiation region.
Cumulative damage theories based on energy have mainly been developed
since the late 1970s [19] and have the potential to unify the damage caused
by different types of loads such as thermal cycling, creep and fatigue.

Though many damage models have been developed, unfortunately, none of
them enjoys universal acceptance. Each damage model can only account
for one or at best a limited number of phenomenological factors, such as
load dependence, multiple damage stages, non-linear damage evolution,
load sequence and interaction effects, overload effects, small amplitude
cycles below fatigue limit and mean stress. Due to the complexity of the
problem, none of the existing predictive models can encompass all of these
factors. The applicability of each model varies from case to case.
Consequently, the Palmgren-Miner linear damage rule is still dominantly
used in design, in spite of its major shortcomings. Also, the most common
method for cumulative damage assessment using linear elastic fracture
mechanics has been based on integration of a Paris Type crack growth rate
equation, with modifications to account for load ratio and interaction
effects. |

More efforts in the study of cumulative fatigue damage are needed in order
to provide design engineers with a general and reliable fatigue damage
analysis and life prediction model (Chaudonneret and Robert [20]
presented an analysis of the different approximations in life prediction
algorithms and concluded that insufficiencies do exist, resulting from the
laws ordinarily used).
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2.1.5 Nonzero mean stress effect

Because normally only constant amplitude tests are carried out the design
S-N curve is related to one mean load (the test load). However the actual
loading of the component can be at various levels due to environmental
and pilot technique variations. Therefore the cyclic loads of the actual load
spectrum have to be adjusted to the mean load of the S-N curve (test load).
Without this adjustment the actual loads will not cross the design curve
(because it is based on conservative loading) and the life cannot be
estimated.

Most commonly used is a reduction based on a diagram that gives the
relation between mean load and endurance limit referred to as modified
Goodman diagram or Soderberg diagram. It is assumed that one cyclic load
S; at mean load Sp; gives the same damage as one cyclic load S, at mean
load Sn2 , S; being equal to:

E(S,,)

G, =
2 E(S,)

The procedure is illustrated in Figure 2.5

ENDURANCE L CYCLIC
LIMIT - : LOAD
) S-N CURVE
TEST MEAN LOAD
S, .

---.---J-----u - -

' S-N CURVE
: ~ FLIGHT MEAN LOAD

SII! . S -l MEAN wAD

(test)  (flight) NUMBER OF CYCLES

Fig. 2.5_Mean stress correction [21]
In general the addition of non zero mean stress will result in diminished

fatigue life. In the presence of a mean stress (om), an approximation can be
made by converting the stress amplitude to an equivalent completely
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reversed stress amplitude that would result in the same cycles to failure.
Three commonly used relations for making this conversion in stress-life
calculations are presented in Fig. 2.6

Soderberg Line

Goodman Line

Sa Gerber Parabola

UTS

Sm
Fig. 2.6_4 A constant life diagram

the Goodman relation S =3, inf [1 (UTS )]

the Gerber relation S Smf [1 (UTS )]2

and the Soderberg relation S =5 inf [1 (Sy )J

where Sins is the endurance limit of the material, UTS is the ultimate
tensile strength of the material, and Sy is the yield strength of the material.
The Soderberg line is generally quite conservative. The Goodman line is
fairly accurate for ductile materials; and the Gerber parabola generally
describes the behaviour of ductile materials well. Master diagrams for
alloy steel show dependency of the mean stress effect on the number of life
cycles (high, low cycle fatigue, see Fig. 2.7 [22]). In fatigue design, the
Goodman relationship tends to dominate, although conservative in most
cases. Several ways to overcome this conservatism are suggested in the
literature [23], [24].
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2.1.6 Cycle Counting - Rainflow counting

Cycle counting is referred to a mapping of real load time histories to cycle
type loadings. This manipulation can be done in many ways, depending on
the purpose of the analysis. For fatigue analysis the appropriate methods
should be concerned with stress ranges since it is an important factor in the
calculation of fatigue lives. Many range methods exist [25]: Range Pair,
Hayes, Rainflow, Ordered Overall Range Counting, Racetrack Counting
and Hysteresis Loop Counting. The Rainflow counting method is
considered as the most accurate and it is also known as the Range Pair
Range method.

The process of analysis takes into account the turning points in groups of
three. The sequence is counted as a cycle if the stress range of the second
and third turning points exceeds the stress range of the first 2 points. The
cycle range is then defined as the range of the first 2 points, and the mean
stress is defined as the mean of the first two points. If a cycle is counted it
is removed from the history, if no cycle is counted, the process is moved
ahead by one peak or valley. If the cycle includes the starting points in the
history, it is counted as a half cycle, as are all cycles remaining at the end
of the process. The method is best demonstrated by the example at Fig. 2.8
below, which also indicates which cycles are counted.
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2-

Figure 2.8_Rainflow Counting Example

2.1.7 The influence of stress concentration

Geometry effects, like notches, are influential to the stress distribution of a
component under loading. The local stress at a stress concentration will be
different to that at a point remote from the stress concentration, which is
normally where strain gauges are located. It is necessary to define the
stress at such points in terms of a function of the stress measured
elsewhere on a component. This is done in the following 2 stages [26].

a. The local stress and strain histories at the tip of the notch must be
known from knowledge of the imposed loads on a notched component.

b. The fatigue life that can be expected for the local stress and strain
histories must be determined.

The fatigue strength is significantly reduced by the introduction of a stress
raiser such as a notch or hole. Actual machines and components always
have some stress raisers such as fillets, keyways, screw threads, press fits
and holes. Fatigue cracks in structural parts usually initiate at such
geometrical irregularities. The notch or hole introduces three effects in a
stressed component [27].
Increase the concentration of stress at the root of the notch or hole. A
stress gradient is set up from the root of the notch toward the centre of
specimen. A triaxial state of stress is produced at the notch root.
The ratio of the maximum stress in the region of the notch to the
corresponding nominal stress is the stress concentration factor K;.

actual maximum stress

Kt = " -
nominal stress
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In some situations, the value of the stress concentration factor can be
calculated using the theory of elasticity, or can be measured by using
photoelastic methods or finite element methods. Fig.2.9 illustrates the
general description of force line and stress concentration factor [28].

-] Sé“rt-«

Actuat
distribution
| it natehed:

W E: section

) distribution

)

* .
. T s A
o

in pesight

) o wction . E )M

Fig. 2.9 Force Lines and the Stress Concentration Factor [28]

Adequately accurate values of K have been determined by experiment for
a great variety of notch sizes, shapes, configurations and for many loading
conditions as illustrated in Fig. 2.10 [29].
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Fig. 2.10_Stress concentration factors for a shaft with a groove subjected to axial
load [29]
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The effects of notches on the fatigue strength is determined by comparing
the (S-N) curves of notched and unnotched specimens. The effectiveness of
the notch in decreasing the fatigue limit is expressed by the fatigue stress
concentration factor K;, which is defined to be the ratio of the effective
fatigue stress that actually exists at the root of the notch to the nominal
fatigue stress calculated as if the notch has no stress concentration effect.
effective fatigue stress

K¢= . .
nominal fatigue stress

Unlike the theoretical stress concentration factor K;, the fatigue stress
concentration factor depends on the material as well as on the geometry
and the loading type. To account for the influence of material
characteristics, a notch sensitivity factor q has been defined to relate the
actual effect of a notch on fatigue strength of a material to the effect that
might be predicted solely on the bases of elastic theory. The definition of
notch sensitivity factor is given by:

K, -1

K, -1

The reason for subtracting unity from the numerator and denominator in

q:

this definition is to provide a scale for q that ranges zero for no notch
effect to unity for full notch effect. That is, for full notch effect K¢ is equal
to K;. The notch sensitivity factor has been found to be a function of both
material and notch radius (see Fig. 2.11) [30]
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Fig. 2.11_Notch sensitivity factor (q) as a function of notch radius [30]
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2.2 Fatigue design of helicopter components

The key points of the fatigue substantiation procedure of helicopter
components are presented in Fig. 2.12. An analysis of every step has been
made, based on available information [2], [3], [31] and issues concerning
uncertainties arising from the methodology are noted. Statements are
subject to change on the emergence of new and more accurate information.

1 3 4
Fl\"[z:.terlal Usage Recorded
asue Spectrum Load Data
Behaviour
| N\ e
Safety
l Factor Safety
Factor
2 5
Component Derivation of
Fatigue Spectrum
Behaviour Used in
\ Calculatjons
Safety

\4 / 6 Factor
Damage | > Safe Life

Summation

Fig. 2.12_Map of Fatigue Substantiation in Helicopter Design

In the following, each step of the fatigue substantiation procedure in
helicopter design is briefly described.

1 Material Fatigue Behaviour

To establish the S-N curve shape and Variability of a material, tests on
coupons are carried out. Coupons are simple and inexpensive test
specimens reproducing a single mode of fatigue failure.

2 Component Fatigue Behaviour |

The endurance limit of an actual component is determined by testing a
limited number of components under constant amplitude stress levels.

3 Usage Spectrum

Information on how the helicopter will be operated is provided by the
customer to the design authority in the form of a mission spectrum.
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4 Recorded Load Data

For the derivation of the actual flight loads, measurements are carried out
on prototype helicopters that carry out manoeuvres as defined in the usage
spectrum.

5 Derivation of Service Spectrum

During the production phase, recorded load data are processed and
combined with the usage spectrum to generate the service spectrum used in
the final calculations for a safe life.

6 Damage Summation

Miner’s linear damage rule is employed for the damage calculation based
on component data and the service spectrum.

Step (1) Material Fatigue Behaviour
Step (2) Component Fatigue Behaviour

The fatigue behaviour of the material has been established experimentally.

Constant amplitude tests were carried out in the past, providing S-N curves

for each material.

These tests concern smooth coupons and in order to apply the results on

real components, the following procedure is followed. '
S . ~ ..

The data are represented on a —vs. Life plot, so that the stress axis is
inf

dimensionless and an equation can be used to fit the experimental data:

S=Sinf(1+ij, or —S—=1+—i , where S: stress amplitude, Si,s: fatigue
N7 Sing N’

endurance limit.

Sinf ____¥ | R S ¥\

Life, N cycles Life, N cycles

Constants A, y are considered to be dependent only on the material (e.g.
Steel, Titanium etc) and have been derived experimentally for coupons,
several years ago [2].
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The fatigue endurance limit (Sinr) calculation for the components is based
on the results obtained from tests on coupons.

It should be noted that constants A, y are assumed to be the same for the
components as for coupons, although real components have different
properties in fatigue, (e.g. stress concentration, non smooth surface, non
uniaxial loading).

Three or four fatigue tests are carried out on components, and an S-N
curve is fitted through each of the results on an —§—vs. Life diagram.

inf

A

S
Sinf

Life, N cycles

e
>

Knowing A, y, S and N, the fatigue endurance limit Sy is calculated from

-1
S, . =S.(1+ij .
N}’

The distribution of the data for the components is assumed to be the same
as for the coupons. Hence, it is assumed that the same scatter and
variability exists.

Sa

Mean S$-N Curve

'Safe’ S - N curve ~

| factored on life /\ —— | 146
= 'Safe' S - N curve T
factored on strength

N
Fig. 2.13_S-N Curve Showing the Effect of Life and Strength Factors
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As a safety measure, the S-N curve is reduced by three standard deviations
(30) or equivalently safety factors are applied on strength and life, e.g. for
‘Lynx Dogbone component 1.46 on strength and 4.2 on life is applied [32]
(Fig 2.13). '

It would be possible to apply a best fit instead of using the constants A, y
the scatter would be reduced leading to a reduction of the applied factors.
More experimental results on the S-N curve exist in the literature. These
extended data may be used to enhance our knowledge on the material’s
fatigue behaviour.

Step (3) Usage Spectrum

The usage spectrum is provided by the customer. The RAF, based on
statistical data on the flight missions, specify helicopter usage rates. The
usage is split into different manoeuvres and each manoeuvre is assigned a
percentage of usage in 1 flight hour. RAF gives very strict definition of the
manoeuvres, leaving possibly high damaging manoeuvres unattended (e.g.
Level flight produces more damage than expected, when all the flight is
used and not just the accurately executed manoeuvres [32]). As an
alternative way, the use of sorties instead of individual manoeuvres could
be considered.

Step (4) Recorded Load Data

Flight loads are acquired from instrumented (strain-gauged) prototype
helicopters, that carry out several manoeuvres and the recorded data are
analysed to give the actual stresses. There is an uncertainty on how
accurately the recorded data are manipulated to provide the actual stresses
experienced by the component.

In order to calculate the damage caused by each manoeuvre, the following
procedure is adopted: Approximately 10 examples of each manoeuvre are
split into LOW (ground-air-ground) and HIGH frequéncy and the damage
summation is carried out sepérately for each frequency. It should be noted
that with today’s tools it is possible to calculate the complete load
spectrum more accurately. After the separation, each manoeuvre is
assumed to have a constant mean stress. The rainflow counting method is
applied through the whole loading spectrum and the damage calculation is
carried out. It should be noticed that in order to evaluate the reliability of
the application of rainflow counting method, it is important that the gating
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level used is known. Cycles less than the gate level are omitted. It is
applied to stop large numbers of small, presumably non damaging cycles
from complicating the calculation. It should be kept in mind that the higher
the gating level, the less conservative the prediction will be. A safety
factor of 1.2 is applied on top of the loading spectrum, when limited load
data exist (less than 10 occurrences of the maximum load).

The following remarks point some issues on steps (3)-(4):

e Division of load spectrum in LOW-HIGH frequency.

e Gating level in cycle counting.

e Non-valid manoeuvres may contribute significantly more or less in
damage. Also damage may arise from cycles in between the
manoeuvres (transition, interaction). There may be significant
differences depending on the component.

e Safety factors applied (1.0 to 1.2)

e Simplification of loading spectra

Step (6) Damage Summation

As a damage summation criterion Miner’s rule summed to unity is used.
When test loading fails to represent the actual service loading as closely as
possible, an uncertainty factor of 0.75 instead of 1.0 is applied. It should
be noted here that in order to take into account mean stress effects, the
Goodman relationship is used. For both Miner’s rule and Goodman’s
relationship an experimental investigation will be carried out aiming to
quantify the uncertainty and conservatism involved in each one.

2.3 HELICOPTER HEALTH AND USAGE MONITORING

Many and varied techniques have been applied to the problem of
monitoring the pattern of usage of a helicopter and the condition of critical
~ components. As indicated by the heading of this Section, the majority of
the methods used can be split into two categories: health monitoring (HM)
and usage (or fatigue) monitoring (UM). Usage monitoring can be further
subdivided into flight loads and flight condition monitoring (Fig 2.14).

23



Helicopter Health and Usage Monitoring (HUM)

‘Health Monitoring (HM) Usage Monitoring (UM)
Flight Condition Flight Loads
Monitoring (FCM). Monitoring (FLM)

Fig. 2.14_The various categories of helicopter health and usage monitoring

Usage monitoring is necessary and is related to the uncertainty that exists
over how helicopters are used. Helicopter design authorities can only make
assumptions as to the type of missions and manoeuvres that the helicopter
will carry out. However, the versatility of helicopters can lead to future
usage beyond the originally envisaged design roles.

However, installation of a monitoring device on helicopters could establish
the severity and type of missions flown or loads experienced which in turn
would permit appropriate adjustment of the safe-life accordingly.

Safety Benefit ~ Cost Benefit

Damage Limit /
T Severe Usage
Damage T
Design Usage Spectrum
Benign Usage
Service Life (time) ’ Design Safe
Life

Fig. 2.15_ Benefits of Uéage Monitoring
Health and usage monitoring can increase helicopter safety and has the

potential to decrease operating costs by increasing the time between
component replacements.
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2.3.1 USAGE MONITORING

Usage monitoring (UM) examines the usage of a helicopter and then makes
an estimate of how much safe-life remains in a component before it must
be replaced. UM can be divided into two types as indicated in Fig. 2.14:
flight condition and flight loads monitoring. Usage monitors can be
exclusively of one type or the other, or can incorporate elements of both.

2.3.1.1 Flight Condition Monitoring

The aim of flight condition monitoring (FCM) is to identify how severely
(or benignly) an individual helicopter is flown by determining the flight
conditions which occur during flight. By éstablishing how the helicopter is
used, an estimate can be made of the fatigue life expended in a particular
component, provided that some link between flight condition and resultant
fatigue damage can be found. This link is generally achieved by flight
testing. Strain-gauging numerous components on a flight test helicopter
that flies through a series of predetermined manoeuvres. Component loads
are measured during different flight conditions.

The types of parameters which are measured on an FCM-equipped
helicopter can include: control stick positions, altitude, outside air
temperature etc. Since FCM relies on the measurement of several
helicopter and environmental state parameters, it is sometimes referred to
as parametric monitoring.

Once the flight test data are obtained, component loads, and hence fatigue
damage, can be estimated. Fatigue damage will normally be estimated by
using the safe-life technique. A diagrammatic representation of how a
typical FCM system works is shown in Fig. 2.16.
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Read Flight R Estimate Other
Input | Parameters as Required
Parameters .
Correlate conditions
Identify Flight to loafi spectra from
s » test flights
Conditions

Y

Calculate Fatigue
Damage

Fig. 2.16_ Sequence of events in a flight condition monitoring system.

2.3.1.2 Flight Loads Monitoring

Flight loads monitoring (FLM) is similar to FCM in that they both attempt
to quantify in-flight fatigue damage. Unlike FCM, however, FLM rely on
the output from strain gauges to determine loads on several key
components. Indirect methods are still used, though, to estimate the loads
on components that are impractical, inaccessible, or not necessary to strain
gauge.

Read Strain R Calculate
Gauges g Loads
A 4
Correlate based on
models and test flights
v

- Calculate Loads in
Non-Strain-Gauged
Components

Calculate Fatigue
Damage

Y

Fig. 2.17_Sequence of events in a flight loads monitoring system.

The components which are strain gauged are mainly those in the rotating
system since these are the ones most prone to fatigue failures. The strain
gauge signals must be transferred from the rotating system to the fixed
system through the use of slip rings [33] or radio telemetry. These methods
are likely to cause maintenance problems on in-service aircraft.
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Strains are converted to loads that are then used to derive loads in non-
strain-gauged components. After this, the fatigue damage is determined in
the same way as is done in an FCM system.

2.3.1.3 Flight Condition versus Flight Loads Monitoring

The following list summarises some of the advantages and disadvantages

of the two systems.

. FCM is compatible with the way that a helicopter is designed. A

helicopter design is based on a usage spectrum which is defined in terms of '
the percentage time spent in various flight conditions and not in terms of

component loads.

. The conservatism in FCM depends upon flight tests. If flight tests do
not achieve the most damaging conditions for each flight condition it will
be necessary to use safety factors in the safe-life calculations

. FLM systems eliminate the uncertainty of the FCM during indirect
estimation of loads and it is possible to detect peak loads.

. A high-fidelity flight regime recognition algorithm is essential for
FCM systems. The algorithm must be capable of recognising all the
required flight conditions. However, the recognition of low speed
manoeuvres in particular has always been difficult. This problem is yet to
be adequately addressed.

. An FCM system should be easier and less expensive to install than
an equivalent FLM system.

. Strain gauge signals can become corrupted by electrical noise as
they are transferred across slip rings so this requires the addition of filters
or error correction software to reduce the amount of bad data.

. Routine rotor head maintenance of helicopters equipped with an
FLM system will become more complicated because of the presence of
strain gauges and slip rings.

. FCM systems can provide a history of how the helicopter was used
in a way that is easily understood, i.e. percentage times in various flight
conditions and the resulting component loads. Such knowledge is useful in
setting up mission spectra for new and derivative helicopter designs, but it
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is especially useful for helicopter operators. By being able to correlate
actual usage with fatigue damage, operators have the chance to alter their
usage to minimise damage and hence operating costs.

. Some FLM systems that are currently being researched propose
doing away with strain gauges in the rotating system and have them only in
the fixed system. This reduces the expense of an FLM system, but
introduces another level of calculation (and uncerta;inty) into the process
by having to determine rotating system loads from fixed system loads.

There is no easy answer as to whether flight condition or flight loads
monitoring is better, or whether a hybrid system, combining aspects of
both FCM and FLM should be used. The decision on what to use depends
on several parameters, such as: cost, reliability, maintainability, ease of
use and applicatioh etc.

2.3 Statistical — Probabilistic

In the following a description of basic statistical tools is presented and a
review of probabilistic approaches to fatigue substantiation of helicopters
using Monte Carlo simulation.

2.3.1 Introduction to statistics - Statistical Representation of Fatigue
Data

As many natural phenomena the precise fatigue life cannot be predicted
with certainty due to the randomness of the process.

A continuous random variable, such as fatigue life, can be completely
described by a cumulative distribution function (cdf). A cdf will have a
probability density function associated with it, as indicated by the
definition below:

F(x) = Pr(X <x)= [ £(6)do

which can be represented graphically as in Fig. 2.18
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2.3.2 Types of Distributions

The distributions generally used with fatigue analysis are: normal,

lognormal and Weibull distributions. These distributions are shown at Fig.
2.19
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Fig. 2.19_Common Distributions

2.3.2.1 Normal Distribution.

A Normal (or Gaussian) distribution has the following pdf:

1 ) ’/zA
S () =—==e 1N for-o <x< o
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It is characterised by a symmetric bell-shape. The curve falls off at both
sides and large deviations from the measured value are extremely rare [34].
Accuracy improves with population size. The normal distribution is
generated by additive co-operation of many random quantities, such as
peoples’ height.

2.3.2.2 Log-Normal Distribution.
A log normal distribution has the following pdf:

f(x)= 1 e-((lnx-l)/g)‘/z

¢Van

where the mean, A, and the standard deviation, {, are transformed into the
logarithmic domain:

2 0': _ 1.,
¢ =In(1+-%) and ,1_1n(p,)—55

X

A lognormal distribution is generated by multiplicative co-operation of
many random quantities so that the effect of a random change is in every
case proportional to the previous value of the quantity. A typical shape of
log normal distribution is shown on Fig. 2.20.
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Fig. 2.20_Lognormal Distribution

2.3.2.3 Weibull Distribution.

Usually, the fatigue strength or the endurance limit values listed from
experiments represent the arithmetic mean derived from multiple
experiments.
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Different sets of experiments conducted on the same material may not give
the same arithmetic mean of the critical strength parameter. To address this
issue, Weibull [35] proposed the concept of a probability of failure, P, at a
given failure strength, of normalised by an average value of a critical stress
Ocr,ave (which may be identified with the average value of tensile fracture
strength, o, for a brittle solid or with the fatigue limit

o for a metallic alloy). At low values of o¢ P goes to zero, and at very
high values of o, P goes to one.

Weibull defined the failure probability as follows

P=1-P,=1-expl - (i) ]
o7.0

Where my is known as the Weibull modulus, and oo is a reference
strength.

A three parameter Weibull distribution has the following pdf:

s R

W—E\W—-E

7 =£+(w—a)r(1+-;;J
e o a1 L2
o, =(w-¢) [F(HJF(HI‘H

where I' is the gamma function. A full explanation of the parameters is
given at Reference [34]. It is normally composed of 3 parameters which
are: a characteristic value, w, Weibull slope, k, and a characteristic
minimum life, €. These terms are related to the mean and standard
deviation in a complex manner. When ¢ is taken as zero, the formulation
becomes a 2 parameter Weibull distribution

2.3.3 Definitions of Statistical Terms

The basic concept of statistical theory is to extract trends of the behaviour
of the system under consideration by evaluating average values of the
quantities of interest. These ensample averages are defined as follows:
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2.3.3.1 Measures of Centrality

(1) Mean — The mean (p) refers to the arithmetic mean unless stated

otherwise. It is the average value of an element, obtained by adding all the
data (x;) and dividing by their number (N).

N

xi

!1-?:_-", I

(2) Geometric Mean - The geometric mean (pug) is the average value of an

element, obtained by multiplying all the data from x; to x, and taking the

n'® root.

U =8%.X,...x,

(where x; >0)

A non-typically large sample element has less influence on the geometric
mean than it has on the arithmetic mean.

(3) Median — The median is simply the value of the middle element when
all elements have been put in ascending order.

(4) Mode — The mode is the value of the element which occurs most
frequently within the sample or population.

2.3.3.2 Measures of spread

Range — The value between the largest and smallest element

Variance — The variance is a measure of the dispersion or spread of a
random variable. It is defined as the average of the squared deviations
from the mean:

N
z ('xi - /1)2
= ——_—-=l

0_2_1
N

Standard Deviation — The positive square root of the variance(o)
Coefficient of Variation (CoV) — For processes with non-zero mean the

CoV is defined as: COV =2
7]
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It is convenient to normalise the standard deviation with the mean, when
comparing the dispersion of 2 or more random variables with different
units and magnitude.

2.3.4 Statistical Considerations

There are a number of sources of uncertainty in the analysis of fatigue
results, in general, and in the use of the stress-life approach. These arise
from: ‘

Uncertainties and/or errors in the estimation of material properties which
include micro-structural variability from one specimen or batch to another
as well as experimental errors in the measurement of properties in the same
batch of materials.

Uncertainties in the modelling of applied stresses, for a given service
condition and environment. This variability stems from two sources: (i) the
variability in the stress amplitudes during a known service cycle as a
consequence of such factors as vibrations, and (ii) lack of knowledge about
the exact distribution of stress cycles which occur over the design.

Uncertainties in the a priori estimation of the ‘environment’ and in the
ensuing variation in loading intensity. For example, in wind turbine and
high speed transportation applications the ‘environment’ and ‘loading
intensity" refer to the wind speed. In the fatigue analysis of automobiles,
they generally refer to the ‘driver profile’ or the road condition. In
offshore structural design, they refer to the “sea state'[37].

Uncertainties in modelling, predictions and life estimates for fatigue

processes. Such uncertainties are analysed using known statistical
approaches to derive the level of reliability or probability of failure.

2.3.5 Monte Carlo simulation

A popular and powerful tool among others [38] for analysing fatigue in
probabilistic terms is Monte Carlo simulation, which is considered in this
project. Monte Carlo simulation provides approximate solutions to
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mathematical problems by performing statistical sampling experiments by
computer [39].

2.3.5.1 The Application of Monte Carlo Simulation to Fatigue Analysis

The safe life substantiation process is assumed to depend on some distinct
material or process parameters. Each of these parameters is associated with
a probability density function. In order to estimate the overall probability
of failure Monte Carlo simulation is used.

In Monte Carlo simulation, a computer random number generator selects a
value between 0 and 1 each time a value for an input variable is needed.
The random number is converted into a specific value of the input variable
from the appropriate pre-defined cumulative distribution function (cdf).

2.3.5.1.1 Cumulative Distribution Function

For specific cases it is appropriate to analyse the implication of the
variables on the expected cdfs. The cdf can be considered as a failure rate
diagram as shown by Fig. 2.21 below. [40]

99 %
A B B
o
'z
A gGO%
= Fatigue Life
&
1%

potential improvement In durablity
by reducing variabliity

Fig. 2.21_Failure Rate Diagram

The effects of varying the mean strength, and of the variability in that
strength, are shown in Fig. 2.21. Design A has a lower mean strength than
design B but also has a lower CoV, as indicated by the gradient of the cdfs
(failure rate diagram). This means that if a large number of components A
and B were subjected to the same service conditions, the scatter in service
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life would be greater for design B. Furthermore, the earliest failures of
design B (e.g. the first 1%) would occur before the same percentage
failures had occurred with design A. Even though design B displays greater
fatigue resistance on average, the early failures could lead to a perception
that it was a poorer design. Benefits in minimum fatigue lives are best
achieved by increasing the mean strength without increasing the overall
variability, as in design B’.

2.3.5.2 Probabilistic investigations

Probabilistic methods have been applied to fatigue life substantiation by a
number of researchers. A Monte Carlo analysis was carried out by Irving et
al [41] in the context of methods for realising the potential benefits of
FUMS and included an investigation of the damage law and of loading and
usage variability. A statistical analysis of the overall reliability of a
helicopter was carried out by Viswanathan et al [38] who discussed models
for strength and load spectrum variabilities. Zhang at Reference [42]
investigated fatigue life prediction under random loading using a
probabilistic damage rule and a probabilistic stress-life relationship.

Moon, Menon and Brandt [43] used the US Navy SDRS fitted to a fleet of
50 US Navy rotorcraft to explore the variation in usage distribution in the
helicopter population. They found that usage variability in each manoeuvre
was better modelled using a Weibull distribution. However, the fit was far
from perfect. Variability in usage was large, with coefficients of variation
ranging from 33% to 273%. These workers also present limited data on the
variability of loads in each manoeuvre, with coefficients of variation
ranging from 15% to 57%. They use this in conjunction with material
fatigue data to perform Monte Carlo Simulations to derive the cumulative
distribution of probability of failure of selected components.

Thompson and Adams [44] also performed a Monte Carlo simulation
concerning three UH-60 main rotor components. They note that component
strength was the overwhelming factor in the determination of component
life and that the effects of spectrum and flight loads tended to average out
over a lengthy period of simulation. Boorla and Rotenberger [45]
performed a flight loads variability analysis using a Bell OH-58C
helicopter. Load variability appears to be normally distributed with a
median coefficient of variability of approximately 13%. It was also noted
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that use of peak loads to characterise load variability may result in more
scatter than is truly representative of inherent load variability.

Zion [46] carried out a variability study on two BH Model 234 dynamic
components indicating that current deterministic methods are conservative
enough to exceed six nines reliability. The study was based on loads and
strength variability but it is also noted that operational variability in the
fleet would be beneficial for component reliability when load severity of
the flight test aircraft is high relative to the fleet. Harris et al [47] applied
a probabilistic methodology to calculate the retirement life of a critical
helicopter dynamic component, demonstrating a potential gain of 30% in
life compared to the conservative deterministic approach.

Neal et al [48] used the Bootstrap method to carry out a sensitivity analysis
on component reliability. Variability is introduced for the following
factors: spectrum load, mean S/N curve and Miner’s rule. Factors varied in
combination as well as individually with CoV ranging from 1% to 5%.
Strength variability for steel was assumed around 7%. Results show that
small amounts of variability in load or strength result in substantial
reduction in reliability. In contrast Miner’s rule variability had little effect.

2.3.5.3 Robust estimation of total probability of failure

To realise the full potential of the probabilistic approach it is necessary to
consider all uncertainties collectively. It was recognised that for the
probabilistic approach to succeed it would be necessary to attain better
models for the following categories of the substantiation process:

a. Variability in loading and usage

b. Variability in material properties.

c. Geometry effects.

d. Variability and uncertainties in analytical methods (Miner summation,
Goodman).
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3. Experimental study of fatigue substantiation tools

A considerable amount of research time was devoted to experimental work.
This was necessary in order to validate analytical approaches employed in
helicopter design. Areas of focus were damage summation rule and mean
stress effect under both constant and variable amplitude loading. Therefore
fatigue tests were carried out to validate Miner’s rule and Goodman
equation under typical helicopter loading spectra, using specimen material
and geometry based on actual component.

3.1 Real case study

The selection of specimen properties and loading spectra were subjected to
certain restrictions.

In order for the experiments to represent a realistic situation the specimen
was based on an existing helicopter component. The helicopter type was
required to be a non-current model for which appropriate loading data
would be available in order to use for variable amplitude testing. The Sea-
King helicopter and its main-rotor upper plate was initially selected (Fig.
3.1).

Based on that, appropriate specimens and grips were designed and
manufactured. After the commencement and partial completion of testing
under constant amplitude loading it was realised that appropriate dynamic
loading data from the Sea-King could not be provided. This was due to the
old age of the storage media and the low quality of the data acquisition
system that was used at the time. It was unsuccessfully attempted to
reconstruct a loading sequence based on some limited, written on paper,
data regarding the Sea-King helicopter.

Hence, it was decided and approved to use the loading sequence of a
current helicopter type. The Lynx helicopter and its main rotorhead was
selected. The following paragraphs describe in more detail the various
steps of the methodology.
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Fig. 3.1 Sea-King Helicopter and its main rotor upper plate

3.2 Material properties

The material selected for the experiments was a quenched and tempered
high strength steel (BS 2S97) as used on Sea King helicopter main rotor
upper plate. The material was hardened (850°C Oil), tempered (600°C),
stress relieved (570°C) and was supplied in bars of 19.05mm diameter. The
chemical composition of the material is shown in table 3.1 and the
mechanical properties in table 3.2.

BS 2S 97 - 2.5% Nickel-Chromium-Molybdenum Steel

Chemical Composition

C Si Mn P S Cr
0.32% 0.24% 0.53% 0.004% 0.008% 0.68%
Mo Ni Cu Al Sn

0.51%% 2.5% 0.14% 0.026% 0.012%

Table 3.1 Chemical composition of 2597 steel (2.5% INICrMo)

Hardness Tensile 0.2% Proof Elongation on
(Vickers) strength (MPa) Strength (MPa) 50 mm
Min 310 1000 540 12%
measured 351 1124 1025 21%

Table 3.2 Mechanical properties of 2597 steel
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The material’s hardness was tested three times on three different
specimens, giving results within the above specified limits (351HV
average, max. 364HV, min. 342HV).

Also, three tension tests were carried out to determine the Ultimate Tensile
Strength of the material. The results were within the limits presented in the
above table (UTS: 1124MPa average, max. 1133MPa, min. 1115MPa). The
result of a test is presented on Fig. 3.2.

It should be noted that for steel materials it is generally accepted that up to

a point, the ultimate tensile strength is in direct relation with the fatigue
endurance limit [3].

1200 -
1000 -
800 -
600 -
400 -
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Fig. 3.2_ Data plot of tensile test results

3.3 Design of grips and specimens

In order to carry out the necessary fatigue tests the appfopriate gripping
fixture was designed and manufactured. The grips were employed to hold
securely and in proper alignment the specimens during the test. Initially it
was planed to use a modified version of existing grips (Appendix A,
Fig.A1l) due to easiness of manufacture and low cost. Further study on the
subject led to the decision of designing and manufacturing new grips that
would be more robust under fully reversed loading (R=-1) and able to
ensure proper alignment during testing. These grips were modelled
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(Fig.A2) and analysed using finite element methods (Fig.A3) on I-Deas
CAD/CAE software package. In the following the grips were manufactured
according to the mechanical drawings shown on Figs.A4, A5, A6.

Two types of cylindrical samples were machined from round bars to ASTM
E466 standard. Manufacturing drawings are in appendix A. Smooth
samples have a gauge diameter of 8mm and a gauge length of 30mm.
Notched samples simulate the main rotor upper plate at a point of high
stress concentration (Fig. 3.3). Theoretical stress concentration factor at
that point is Kt=2.3 [49] and the same applies for the notched specimen
according to finite element analysis and information based on graphs for
the specific geometry [50, 51].

Fig. 3.3 Point of high stress concentration on Sea King main rotor upper plate

3.4 Testing equipment

All fatigue tests were performed on a servo hydraulic, digitally controlled
test machine comprising a Mayes frame and an Instron 8500 digital control
unit (Fig. 3.4). The capacity of the machine was 100 kN. Loads were
measured to an accuracy of 0.1%. Testing frequency ranged up to 24Hz
depending on load level. For variable amplitude fatigue tests, a computer
was used to input the sequence of peak and trough commands to the testing
machine.
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Fig. 3.4 Hydraulic, digitally controlled test machine

3.5 Experimental results under constant amplitude loading

Experiments were performed using constant amplitude loading with
smooth and notched specimens. All fatigue lives were to specimen
separation. The aim of tests under constant amplitude is to develop the S-N

curve of the material and to examine the effect of non zero mean stress.

3.5.1 Development of S-N curve

Fatigue data in the high cycle fatigue range can be displayed on a plot of
cyclic stress level versus the logarithm of life. These plots called S-N
curves constitute information of great importance in the safe life approach
of fatigue design. The concept of Miner’s rule for cumulative damage is

entirely based on the S-N curve as seen in chapter 2.
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The steps to develop the S-N curve begins with a selection of a group of
well-prepared specimens of the material. Then a number of stress levels
that span the stress range is selected and tests are run at each level. For
each run, the specimen is carefully mounted so that no spurious stresses
appear. The machine is set at the appropriate stress level and the cycle
counter is restarted. The test is run until the specimen fails or runs out
(approaches 10° to 107 cycles). The stress level and the cycles to failure
(or run out) is recorded. After that another stress level is selected and the
preceding procedure is repeated. The procedure is repeat until tests have
been run at all stress levels. Finally the obtained data are plotted on a
stress-life diagram.

For the development of S-N curve, uni-axial loading with ratio R = -1
(fully reversed tension — compression) was used. This way the mean stress
would be zero, and no need for correction would be necessary. The
frequency of loading varied considerably depending on the stress level. For
example at high stress level (>780 MPa) the used frequency was limited to
0.5 Hz to avoid high temperature because of limited heat dissipation. On
the other hand at lower stress levels (~550 MPa) the maximum achieved
frequency was 25Hz.

e - Experimental Data

— = = Weibull S-N Curve Fitting Experimental Data
y =560 (1+200/x0%8%) )

T Polynomial Curve Fitting Experimental Data
% = -17.919x> + 349.86x2 - 2267.8x + 5450.7
~ — = S-N Curve as in Def Stan 00-932 for Rotating
tg Bending

1

U] -~
kel - ~ -
§ 600 - R e el —————
o} ——
E o«— runouts
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1) .
£
n
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Fig. 3.5_ Plot of stress VS cycles (S-N) data.

42



The experimental results are shown in Table B1 — Appendix B. The plot of
experimental data, together with published data [52] for the same material
under rotating bending is shown on Fig 3.5.

As expected the S-N curve for uni-axial loading lies below the one for
rotating bending. This is due to the limited volume of material that is
subjected to maximum stress in rotating bending compared to the case of
uni-axial loading, where the cross-sectional area is uniformly loaded [3].
The same experimental data in a broader range of life cycles are also
shown on Fig. 3.6 with a four parameter Weibull curve fitting the data
(Eq.3.1).

1200 -
o 13.34
) S =560 -1+ AT T
& 1000 | (Vv +753)
Py
g ® Exp. Data
Zé" 800 4 o — 4 par. Weibull Curve
] A=0.39
§ B=753
& C=1334
v 600
»  °

400 T T T T T T L

0 1 5 6 7 8

> LogV) *

Fig. 3.6_ Stress Amplitude VS Life Cycles plot at ratio R = -1 with fitted S-N curve

Tests were also carried out on notched specimens at stress ratio R= -1.
This was done to investigate the influence of geometry to the fatigue
behaviour of the selected material. Specimens were designed and
manufactured according to ASTM E466 (Fig. A8). Results are shown in
Fig. 3.7 together with results for smooth specimens
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Fig. 3.7_ Stress Amplitude VS Life Cycles plot at ratio R = -1

A curve is fitted through the experimental results described by a four
parameter Weibull equation (EXP_W4). On the plot is also presented a
curve (Westland) as employed by Westland Helicopters for similar
material. The parameters of the Weibull equation (Eq. 3.1) as used for both
curves are presented in Table 3.3.

The fitting method is similar to that used by Westland. It involves manual
adjustment of A, B parameters in a Microsoft Excel spreadsheet to achieve
minimum values of the square of the Pearson product moment correlation
coefficient (R-squared).

S C
=l+—
S,.,,f (N+B)

Eq. 3.1_ Four Parameter Weibull Equation
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Weibull Equation Parameter Values

Curve A B C Sinf (MPa)
EXP-W4 0.7 4500 ~ 360.8 560
Westland (smooth) 0.7 8640 651.7 525
Westland
0.453 800 82.2 223
(notched Kt=2.3) '

Table 3.3_ Weibull equation parameters

It is apparent that Westland curve has a lower endurance limit (Siyr) at high
number of cycles but at stresses above 600MPa gives a larger number of
life cycles, because of the S-N curve mid-section shape. The influence of
the S-N curve shape in terms of damage is discussed in paragraph 3.6.2
‘Damage calculation.

In Fig. 3.7 it is seen that the presence of notch has a detrimental effect to
the fatigue performance of the material. The theoretical stress
concentration factor K; for the specific geometry of notch is K{=2.3 as seen
in paragraph 3.3.

In view of the experimental results the fatigue notch factor K¢ (Eq. 3.2) at
high number of life cycles, is almost equal to Kt, with Si;r of un-notched
specimen 560MPa and Sj,r of notched Specimens 214MPa. This indicates a
high value of notch sensitivity (q - Eq. 3.3). A further experimental
investigation would be required to develop a better view of the material
behaviour at stresses near its endurance limit (Siyr) for both smooth and
notched specimens.

_ Endurance (S, ;)_of _un—notched _specimens

K
4 Endurance_(S,;) _of _notched _specimens

Eq. 3.2_ Fatigue notch factor

K, -1
K, -1

Eq. 3.3_ Notch sensitivity factor

q:
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3.5.2 Mean stress effect

Constant amplitude tests were performed at stress ratios, R, of -1 to 0.9.
High stress ratios, (R values of 0.8 and 0.9) were investigated because a
typlcal dynamic rotor component experiences a large number of cycles at
s. Cycles of high ratio and small range are usually omitted
traditional fatigue substantiation process, but were included in

these ratio
during the
this investi

Figure 3.8

gation in order to establish whether they are damaging or not.

shows the constant amplitude fatigue tests plotted as stress

amplitude versus life, for a range of R values.
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Fig. 3.8_ Stress Amplitude Vs life at stress ratios, R, -1, 0.1, 0.3, 0.5, 0.8, 0.9.
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The endurance limit at R -1 for these tests was 560 MPa, decreasing to less
than 60 MPa for tests at R = 0.9. It is noticeable that the S-N curve shape
at high R ratios (0.8 and 0.9) approaches a horizontal line in which life is a
highly sensitive function of stress amplitude. The stress level that will
cause an almost instant failure is very close to the stress level that will
lead to infinite life (non-damaging). In fatigue safe life design, this area is
avoided and high R ratios stress amplitudes are designed to be well below
the endurance limit. However, the effect of small cycles at high R ratio
should be considered in association with large cycles at lower R ratios,
when both are present in a variable amplitude load spectrum as will be
seen in paragraph 3.6. Under these circumstances, small high R ratio
cycles may be damaging even though they are of range less than the
endurance limit.

Equation 3.4 is a modified Goodman equation using exponent parameter m.
When parameter m equals unity the equation becomes Goodman’s linear
relation and when m equals two equation 3.4 represents Gerber’s parabola.

Sa =St {1"(5}"5)’”:’

Eq. 3.4_ Parametric version of Goodman’s equation

Where S, - stress amplitude
UTS — material ultimate tensile strength
Sinr — stress amplitude at fatigue endurance limit
Sm — mean stress
m — exponent — parameter

Figures 3.9 and 3.10 show the experimental results at various R ratios on a
3D (Stress Amplitude - Mean Stress — Life) plot, together with a graphical
representation of linear Goodman equation and modified Goodman
equation (Eq. 3.4) for parameter m equal to 1.5 and 2. The R ratio planes at
which experiments were carried out are also shown.
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Fig. 3.9 3D plot of Stress Amplitude VS Mean Stress VS Life (view 1 - high cycle)
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Fig. 3.10 3D plot of Stress Amplitude VS Mean Stress VS Life (view 2 - low
cycle)
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In an attempt to accurately describe the experimental data at various R
ratios (mean stress effect) an analytical equation was developed based on
Goodman equation and the four parameter Weibull equation describing the
S-N curve at R = -1 (Fig 3.6).

1

m}\a
C'Sinf° 1- Sm
UTS
S =Sy -|1-[
UTS

Eq. 3.5_Life Cycles (N) as a function of Stress Amplitude and Mean Stress

N = -B

Where A,B,C parameters from fitted S-N curve at R = -1
UTS material ultimate tensile strength
Sinf stress amplitude at fatigue endurance limit
Sm mean stress
S stress amplitude
m exponent — parameter (Eq.A2)
m= ! RN G +1-UTS — k-8,
UTS-S,) | (8, \
1_&ﬂ3)

Eq. 3.6_ parameter m as a function of Stress Amplitude and Mean Stress
Where k, 1, q are parameters from fitted S-N curves at various stress ratios R.

Given stress amplitude and mean stress, equation 3.5 calculates the number
of cycles to failure as required in fatigue substantiation procedure.

Figures 3.11 to 3.15 show the plots of stress amplitude VS life cycle at
stress ratios 0.1, 0.3, 0.5, 0.8 and 0.9 with the fitted curve using equation
3.5 and 3.6 with parameter values: k=1.1,1=2.2, q = 1.5.

It can be seen that linear Goodman (m = 1) is always conservative and that
the parametric equation is capable of describing the data well. It is
noticeable that the S-N curve shape at high R ratios (0.8 and 0.9)
approaches a horizontal line. Components at that high R ratio will most
probably experience a quick failure or infinite life. The effect though of
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cycles at high R ratio should be seen in association with cycles at lower R
ratios (load interaction effect) as indicated by the experimental results
under variable amplitude loading. Equation 3.5 can accurately describe the
experimental results and thus allow for Miner’s rule ihaccuracy to be
estimated alone and independent to mean stress effect when comparing
calculated and experimentally measured damage under variable amplitude
loading (see paragraph 3.6).

Equation 3.6 is able to describe the behaviour under various stress ratios R
of other materials as well, for example titanium, where linear Goodman

equation is non-conservative [23].

In figures 3.11 to 3.15 Mod. Goodman curve is based on equation 3.5.
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Fig. 3.11_ Stress Amplitude VS Life Cycles plot at ratio R = 0.1
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Fig.3.13 _ Stress Amplitude VS Life Cycles plot at ratio R = 0.5
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3.6 Experimental results under variable amplitude loading

Experiments were performed using variable amplitude loading with smooth
and notched specimens. All fatigue lives were to specimen separation.
Experimental life was compared to analytically calculated life under the
same variable amplitude loading.

3.6.1 Variable amplitude loading spectrum

The loading spectrum chosen for the variable amplitude tests was a fatigue
loading sequence developed for the Lynx helicopter main rotorhead mast.
The loading sequence, called Rotorix [53], was compiled using an
adaptation of the procedure used in the development of the standardised
helicopter blade loading sequence, Felix and Helix [54, 55]. Like Helix
and Felix, there are 25 levels in the sequence, numbered at intervals of 4
with the largest peak at level 100. Four versions of Rotorix called Rotorix
16, 20, 28, and 34 were developed for these tests, all representing 190.5
flight hours and 140 sorties. Rotorix 16 contains cycles of range 16 units
(16% of max) and above (Fig 3.16). Ranges smaller than 16 units are gated
out. Similarly the other three sequences have cycles of ranges less than 20,
28 and 34 units, removed. The sequence of remaining manoeuvres was
retained after the gating process. The process is shown in figure 3.15. The
level 16 cycles represented in Rotorix 16 are from the rotor motion, and
occupy over 90% of the entire spectrum. The remaining cycles arise from
manoeuvre loads. Level 16 cycles are removed in Rotorix 20 and the other
gated spectra. The numbers of cycles in each sequence are shown in table
3.4 and examples of the spectra in Figure 3.17. In the process of gating
small range cycles, every manoeuvre retained at least one cycle to maintain
its identity. The maximum stress in the spectrum was set to 1020 MPa for
the major part of the investigation with selected tests conducted at 980 and
950 MPa.
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Fig.3.16_ The first 2 million cycles of Rotorix 16 sequence.

Load Cycles per pass
Spectrum| Number of
level Load Cycles
R16 1,978,110
R20 113,065
R28 53,435
R34 10,170

Table 3.4_ Number of load cycles of Rotorix sequence per spectrum level

Fig.3.17_Rotorix 16 and 28 load sequences showing the effect of cycle omissions
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Fig.3.18_ Effect of different level of omission on stress ratio R distribution
for Rotorix rotorhead loading sequence.

The distribution of the stress ratio R for different Rotorix levels is shown
on Figure 3.18. Level 16 is selected for being more accurate. It is clear that
a large number of small range cycles that dominate the loading sequence
have very high mean stress values of between R=0.8 and 0.9, which makes
more important the evaluation of Goodman relationship at these high
ratios. To validate Miner rule under typical helicopter loading spectrum,
Rotorix 16, 20, 28 and 34 were used.

3.6.2 Damage calculation

Damage calculations were performed using Rotorix loading spectrum,
Miner’s rule and modified Goodman’s equation (Eq. 3.4). Three different
versions of the spectrum were used depending on the level of omission of
small range cycles, Rotorix Level 16, Level 20, Level 28 and Level 34.

Damage calculations were carried out using a modified version of a
program written in C language originally by Mr. R.Hudson at Cranfield.
The program counts the cycles of the spectrum using the rainflow method
and uses Miner’s rule to estimate the accumulated damage on a cycle by
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cycle basis.- The S-N curve is defined as a four parameter Weibull equation
(Eq. 3.1) and correction for the mean stress effect is carried out using a
parametric version of Goodman’s equation (Eq. 3.4).

Damage calculations are performed for various values of spectrum
maximum stress level. The maximum stress level has an immediate effect
to the damage caused by the spectrum. At high stress levels damage is
accumulated faster leading to shorter fatigue lives. Calculations are carried
out varying three independent parameters. These are: the Rotorix version
(Levels 16, 20, 28 and 34), the S-N parameters (two sets are used EXP:
curve fitted through the experimental data and WHL: curve as employed by
Westland Helicopters for similar material, see table 3.3) and the value of
the parameter m in Eq.3.4, concerning the mean stress effect correction.
For the parameter m, three cases were investigated, m=1 — Linear
Goodman, m=2 - Gerber Parabola and m=1.5 — intermediate condition.

—=—EXP_m=1

. LE+06 -
2 -0 - WHL_m=1
Q. 1.E+05 & _m—0-—0"""
5 —4—EXP_m=1.5
Q0 1E+04 -
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% LE -0 - WHL_m=2
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g

1.E+00 1 ; — !

940 960 980 1000 1020 1040

Logritmic Damageaxis  max stress level (MPa)

Fig. 3.19_ Micro-Damage per pass of the spectrum Vs spectrum max stress
level (logarithmic damage axis)

Figure 3.19 shows the effect of Goodman parameter m and the effect of S-
N curve fitting parameters. It is evident that the effect of S-N curve fitting
is non-important. Calculations have shown that there is no difference in the
predicted lives to failure for any of the 4 spectra,. This is believed to be
because none of the gated cycles removed from the spectra would be
damaging in a linear damage summation. To illustrate this, Figures 3.20 a
and b show the rainflow cycle content of Rotorix 28 and Rotorix 16
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together with a histogram showing the damage allocation to each of the
cycle groups. Cycles removed from this and the other histograms by gating
all fall on the other side of this line and are non damaging. Clearly this is
at variance with the variable amplitude test results, which predict that
cycles down to level 16 are all damaging in the presence of the larger

range cycles (see paragraph 3.6.3).
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Fig. 3.20_ Rainflow counted cycles (a) and damage (b) histograms for Rotorix 16
and 28 spectra.
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Fig. 3.21_ Damage calculations and experimental results under Rotorix loading
spectrum, varying max. stress level
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The lines on figure 3.21 are calculated lives for the tested spectra for a
range of peak stress values, calculated from the measured constant
amplitude data and the load spectrum, assuming Miners linear damage law,
and the Goodman mean stress correction. In this case parameter m is based
on equation 3.6 and represents in a better way the behaviour of the
material under constant amplitude loading at various stress ratios R. The
results show similar behaviour in terms of calculated damage to the Gerber
parabola.

3.6.3 Experimental results

The results of the variable amplitude tests under Rotorix 16, 20 28 and 34,
at the three maximum stress values are shown in table 3.5 and figure 3.22.
It can be seen that all experimental results fall above the life curve using
linear Goodman (m=1) (continuous line) and below the life curve using
m=1.5 (dotted line) and of course well below the life curves that used
Gerber parabola (m=2) or the modified Goodman where parameter m was
modified to accurately describe the material behaviour under constant
amplitude loading (see Fig. 3.21 for comparison of EXP m and
EXP_m=1.5). Hence, accurate description of mean stress effect, using
Eq.3.5 and S-N parameters from fitted experimental data at R = -1 yield
significantly non-conservative lives. '

Damage calculations using Miner could not differentiate between different
version of Rotorix spectrum, although experiments show the opposite. The
results show that for 1020MPa maximum stress, life to failure expressed as
~ flight hours, decreases from about 5,000 hours for Rotorix 34 to around
1,000 hours for Rotorix 16. Therefore, all cycles down to level 16 are
damaging, as their addition to the spectrum decreases flight hours to
failure. The other point to note in figure 3.22 is the conservatism of the
Goodman correction, which will go some way to removing the non
conservatism found in the Miner summation.

The more sparse results at lower maximum stress levels confirm the broad
trends although data from Rotorix 16 spectra are not incluted, since a
complete test using Rotorix 16 at that low stress level would require
approximately an uninterrupted testing period of three months.
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Experimental Results for Experimental Results for
Un-notched Specimens Notched Specimens
Rotorix Max. Flight Rotorix Max. Flight
Level Stress Hours Level Stress Hours
(MPa) (MPa)

R16 1020 1,241 R16 1020 1,692
R16 1020 909 R28 1020 2,475
R20 1020 2,148 R28 1020 2,874
R20 1020 3,178 R28 980 9,461
R28 1020 1,700 R16 980 2,856

R28 1020 3,014
R34 1020 4,614
R16 980 2,239

R28 980 10,508
R34 980 37,336
R28 950 15,318

Table 3.5_ Experimental results under Rotorix loading spectrum

Test results on notched specimens using Rotorix 16 and 28 show
similarities to the test results from smooth specimens. Hence the effect of
small range cycle omission is independent of component geometry.

It can be seen that use of Rotorix 28 instead of Rotorix 16 would lead to 40
times faster execution of testing, due to fewer loading cycles (Table 3.4).
On the other hand there is a non-conservative average difference of 60%
for high stress level (1020 MPa) and 75% for lower stress level (980MPa)
between the two spectra. The differences in lives are non-conservative
since Rotorix 16 gives smaller lives in every case, hence the omission of
small range cycles (non damaging according to Miner and Goodman rules)
in favour of a simpler loading spectrum should be avoided.

Differences between R16 and R28 tests are significant at 98.7% confidence level
using Student’s t-test for all tests (notched and smooth specimens) at 1020MPa
max stress level. Differences between R16 v R20 and R16 v R28 are significant
at 90% and 95% confidence level respectively for tests on smooth specimens at
1020MPa max stress level. Smaller confidence levels are due to limited number
of experimental results (two examples for each spectrum)
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Fig. 3.23_ Damage calculations and experimental results under Rotorix loading

spectrum (at 1020MPa), varying Si,¢

Figure 3.23 shows that the non-conservatism of EXP_m curve can not be

attributed to
experimental

inaccuracy in Sijyr estimation. From figure 3.23 and .

results at 1020MPa we have maximum life with Rotorix 34

equal to 4614 flight hours and minimum life with Rotorix 16 equal to 909

flight hours. Assuming correct estimation of Goodman with EXP_m curve
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the error for Sipr would be of 18% in estimation of mean, equal to two
standard deviations, assuming material Si;f COV 10% (see Chapter 2).

This raises the question of how realistic is the assumption of Goodman
being independent of Miner and invites new theories to be applied. The
most popular alternative theories to Miner also use mean stress correction.
It would be beneficial for a theory beyond S-N curve and load ratio effect
[11, 17] to be evaluated and compared against the experimental results.
These theories though require totally different testing equipment and
methodology from that used for the project and in general the helicopter
industry.

3.7 Discussion

Significant scatter is evident from experimental results under constant and
variable amplitude loading. Figures 3.5 and 3.6 show that scatter increases
when stress amplitude approaches the endurance limit. Fatigue is a
stochastic phenomenon with inherent variability and the fatigue limit is an
artefact of constant amplitude fatigue tests in order to describe the material
behaviour for component design purposes. The effect of variability is
depicted on figure 3.24 where S-N curves are shown for probability of
failure from 1% to 99% assuming Sj,y normally distributed with
COV=10%.
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Fig. 3.24_ S-N-P curves or R-S-N curves for tested material assuming Sj
COV=10%. Note: P = probability of failure; R = reliability =1 - P.
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The observed scatter is associated with the inherent variability of fatigue
failure. To identify the source of variability it is necessary to examine the
‘mechanism leading to crack initiation, since the initiation stage covers
most of the specimen’s life for the selected material (2597 high strength
steel). Fatigue crack initiation is a consequence of cyclic slip in slip bands.
It implies cyclic plastic deformation as a result of moving dislocations at
low stress levels (below yield stress) limited to a small number of grains
usually at the surface of the material (Fig. 3.25) A [56]. Macroscopic
parameters influencing the phenomenon (surface quality, residual stress,
environmental condition etc) remain constant from sample to sample
during testing. Inherent variability exists mainly due to scatter of the local
conditions for micro-crack nucleation which are non-controllable
(variation of the shape, size and orientation of grains and/or inclusions
contributing to an inhomogeneous stress distribution on a micro level).
Test results under variable amplitude loading (table 3.5) also show the
effect of inherent variability. The experimental results at 1020MPa for
Rotorix 16, 20 and 28 vary form 36% to 43% difference in total life.

free a b ¢ d
surface S U i | s T

new '
fresh
surface

intrusion

[ N N

"1st cycle 2nd cycle

Fig. 3.25_ Cyclic slip leading to crack nucleation.

It was attempted to draw conclusions regarding material behaviour under
Rotorix spectrum by observing the fractured surface of samples. For this
reason several tested specimens were examined under a Scanning Electron
Microscope. Pictures taken from several samples show similar results.
Appendix C includes pictures from sample No. 77 tested under variable
amplitude loading Rotorix28. Figure C1 shows dimples from the final
overload fracture region. Unfortunately, fractography has shown little clear
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indication of fatigue striations (Fig. C2-C4) and this is characteristic of all
high strength steels [57].

Gating of small range, high R cycles as non damaging when performing
design calculations, on the basis of the present results is a non
conservative procedure. To a great extent, on the load spectra studied in
this work, the error is offset by the conservatism of the Goodman law in
accounting for mean stress effects.

In general, specimen fatigue tests under both constant -and variable
amplitude loading have demonstrated conservative and non conservative
errors in damage calculation techniques for rotorcraft.

In extensions of this work it is hoped to investigate the real errors in
Miner’s rule more comprehensively than has been done so far. This may
require a different approach to the fatigue problem from the safe life
approach. Perhaps a crack growth or energy-based approach. There is also
the possibility of a more sophisticated methodology that would describe
the stochastic behaviour of the material, based on theory of chaos.

In damage calculations, the accuracy of Goodman and Miner is frequently
not considered. Only direct experimental measurements, as has been done
in this work, can estimate the true extent of the errors. An extensive work
on the issue could investigate the real errors in Miner more
comprehensively. Once the errors are known, they may be represented in
simulations and permit accurate estimates to be made of the probability of
failure (see Chapter 5).
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4. Deterministic approach to fatigue substantiation of
helicopter components

The effect of variability in usage, loads, damage and life calculation
techniques was initially studied using the deterministic methodology.
Statistical analysis was carried out on data sets of usage and loads to
estimate distribution type and parameters that could describe the data. Also
the effect of errors in damage calculation techniques was studied in terms

of their effect on calculated component life.

4.1 Source of data

Fig. 4.1 Westland Lynx helicopter

As explained in paragraph 3.1 main source of real data was the Westland
Lynx helicopter (Fig. 4.1). All data were provided by UK Royal Air Force.
Load data came from three Lynx components: the dogbone rotor linkage,
the spider rotor component and a lift frame component (station 420A).
Appendix D shows pictures of the three components and the approximate
position of the strain gauges that measured the load data.
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4.1.1 Usage data

Usage data were gathered during a Manual Data Recording Exercise
(MDRE) carried out by UK RAF. Service measurement of manoeuvre
occurrence was performed on a lap top computer by observers flying with
the helicopter. The measurement records what manoeuvre the aircraft is
carrying out and for how long. A total of 22 helicopters flying 72 hours (49
missions) was observed to produce the data analysed in this work. Data
were supplied in Access data base format containing more than 23,000
events in total. The manoeuvre usage spectra were analysed in terms of
operation type and also were compared with the design spectrum. Four
types of operation, namely training, anti- tank, personnel carrying (CT
Trooping) and utility missions were investigated (Table 4.1).

Lynx Helicopter Mk 7 (Army)

Mission Type N(.). .of recorded
missions

Anti tank 12

CT Trooping | 16

Training |18

Utility 3

TOTAL 1 49

Table 4.1_ Lynx helicopter recorded missions from MDRE

The original design usage spectrum of the Lynx Mk 7 helicopter is shown
in Table 4.2, together with a modified spectrum which reflects the more
limited range of manoeuvres recognized by the usage measurement
technique. A few manoeuvres, notably cruise turns and control reversals
either were not recognised or did not occur in the service measurement of
manoeuvre usage. The percent time which these manoeuvres represented
were reallocated proportionately among the remaining manoeuvres so that
the total manoeuvre time still totalled 100% of a flight hour. It is seen that
large usage percentage manoeuvres generally have less variability (CoV)
than the manoeuvres of smaller usage percentage. The statistical analysis
of data was performed on a sortie by sortie basis and the coefficient of
variation 1is calculated assuming a normal distribution for every
manoeuvre.
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. Design Measured

Manoeuvre Usage

A B Mean | COV
1 [0-0.2VNE 10.05 {10.49 |6.18 68%
2 |0.2-0.4VNE 5.43 5.67 |3.34 68%
3 |0.4-0.6 VNE 6.33 6.61 |3.89 68%
4 |10.6-08VNE 12.66 | 13.21 [ 37.53 |51%
5 10.8-0.9VNE 19.40 |20.23 | 8.65 170%
6 |0.9-1.0VNE ‘ 0.90 0.95 |3.06 336%
7 | VNO - 50kts (60deg) 0.80
8 | VNO - 20kts (45deg) 1 0.64
9 | VNO - 20kts (30deg) 0.96
10 | 0.9 VNE (30deg) 2.51 2.63 |0.01 441%
11 | 1.0 VNE (20deg) 0.11 0.13 |0.01 700%
12 | Control Reversal 0.50
13 | Autorotation 0.50 0.53 |0.26 315%
14 | Hover 14.10 | 14.71 | 9.35 91%
15 | Sideways 2.01 210 048 166%
16 | Rearwards 1.01 1.06 |0.01 320%
17 | Spot Turns 1.86 195 |1.75 98%
18 | Hover Control Reversals 1.13
19 | Climb 5.53 5.77 ]0.84 180%
20 | Descent 5.57 5.81 ]0.25 242%
21 | Take-off 0.21
22 | Transition to Hover 0.70 0.74 |0.49 135%
23 | Transition from Hover 0.70 0.74 {049 135%
24 | Landing 0.35 0.38 |0.06 259%
25 | Rotor Turning on Ground | 6.03 6.30 |23.37 |46%

Total 100.0 | 100.0 | 100.0

- Table 4.2_ Lynx Mk7 — Usage percentage per manoeuvre

This is supported by the results at Table 4.3 for four significant
manoeuvres: Hover, Sideways, Spot Turn and Climb (their contribution to
damage is shown at figures 4.20, 4.21). Both a Normal and a three
parameter Weibull distribution were fitted through the data. Figures 4.2 to
4.9 show the usage distribution and the cumulative usage distribution for
the studied cases. It is observed that Normal distribution gives better
results in more cases. Goodness of fit check was based on the chi square
method and was preferred over the Kolmogorov - Smirnoff method for
providing confidence levels for any case (chi-square is a continuous
function). Weibull distribution was problematic when many sorties
contained no example of the manoeuvre (Sideways, Climb). In some cases
though [43, 44] it is regarded that usage variability is better described by a
Weibull distribution. An investigation on the matter would require a larger
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and more comprehensive set of data from an integrated usage monitoring
system. For most of the other manoeuvres the limited amount of data did

not allow a comprehensive study.

Normal distribution

3 parameter Weibull distribution

Lynx MK7

manoeuvre Level of

mean | CoV | confidence

Level of
confidence

HOVER 9.35 | 91% | 92.90%

0.93 | 8.04 | 0.630 | 98.59%

SIDEWAYS | 0.48 | 166% | 91.13%

1.75 | 0.19 |-0.003 0.00%

SPOTTURN | 1.75 | 98% | 68.10%

066 | 1.58 | -0.090 | 36.99%

CLIMB 0.84 | 180% | 87.30%

1.30 | 0.45 |-0.012 0.41%

Table 4.3 Data fitted distribution parameters
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Fig. 4.8_ Usage Distribution for Lynx Mk7 Climb manoeuvre
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4.1.2 Load data

The investigation was performed using 10 hours of flight load data
gathered on a Westland Lynx Mk 9 helicopter. Data were recorded as 55
channels of flight parameters, of which 7 were strain or bending moment
data from specific components. In this research load data from the dogbone
rotor linkage, the spider rotor component and a lift frame component
(station 420A) were studied. Prior to supplying the data it was necessary to
remove the many ‘dropouts’ that were found in the data due to random
faults in the instrumentation equipment that caused full scale deflections of
the recording trace. The dropouts caused spurious results when analysing
the data. Analysis was performed using programs written in C and Fortran
code. For graphical representation of data SOMAT SAFE package was
used. Representative examples of stress versus time data for the first two
components are shown in figures 4.10 4.11 and 4.12. There is an apparent
difference in loading pattern. Dogbone experiences many cycles of small
amplitude at high mean stress (similar to Rotorix) and spider arm has most
cycles with mean stress around zero. It should be noted that all load data
were provided for use with the appropriate S-N data.

The data had factors embedded that produced values of stress that are not
representative of the material properties (dogbone — titanium, spider arm —
steel S99, 420A lift frame — aluminium). This was probably done to take
into account the component geometry and strain gauge type and position. It
was not possible to acquire data in a ‘virgin’ format i.e. before the design
authority applied any kind of factors. Since the aim of the project was to
investigate the methodology and the extent of variability and its effect on
total life, and since the factoring methodology remains constant (hence
introduces no variability) the damage calculation method used the loading
data as they were. This means that the stress values in figures 4.10, 4.11
and 4.4 should be received as indications of the loading form but not for
the absolute values of stress. Actually for dogbone it is effective bending
moment(lb-ins), for spider arm it is load (Ibs) and for 420A lift frame it is
micro strain.
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1566b)
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4.2 Damage calculation method

The damage calculation method could be described by the following steps:

. Specify manoeuvre

. Rainflow cycle count manoeuvre

1
2
3. Combine with WHL S N data
4

. Derive life

The strain or bending moment vs time data were converted to stress vs

time data based on procedures provided by the design authority. The

stress-time history between a start and stop point for each manoeuvre was

- then rainflow cycle counted. The rainflow spectrum was then used together

with the component constant amplitude S-N curve, in a Miner summation

calculation of the damage and damage rate for each occurrence of each

manoeuvre type. Failure was defined as a damage sum of unity. The

Goodman equation was used to account for mean stress effects using the

UTS values.
4 Weibull fon —— = —
parameter Weibull equation S (N+B) y
Helicopter component
Parameter Dogbone Spider arm Lift frame
UTS 35200 Ib-ins 6587 lbs 7866.01 micro
strain
Sint 16456 Ib-ins 1135 Ibs 149.47 micro strain
A 0.63 0.6667 0.55812
B 0 0 470.8
C 4886 5260 593.6
Strength factor 1.46 1.42 1
Life factor 4.2 3.75 1
Load factor - 1.2 1.2 1.2

Table 4.4_ S-N fatigue data and factors

<
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Fig. 4.13_ S-N curve at R=-1 for dogbone
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Fig. 4.14_ S-N curve at R=-1 for spider arm
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Fig. 4.15_ S-N curve at R=-1 for 420A lift frame

Constant amplitude (S-N) fatigue data for each component was supplied by
the design authority (Table 4.4 and Figs 4.13, 4.14, 4.15). For
deterministic analysis, as noted earlier, factors to reduce the S-N curve
were applied to account for scatter in component properties.
Strength factor is applied to Sinr :

Sing

Strength _ factor

and life factor is applied to C parameter

C
(Load _ factor)”

This procedure leads to the working S-N curve [58, 59]. For lift frame
component no factors are applied. For investigation of the effect of usage

S

inf_ Factored =

Factored ~—

and manoeuvre variability, these factors were applied to the S- N curve to
ensure that a significant number of manoeuvres were damaging. Having
calculated the damage content of each manoeuvre, the damage rate was
derived by dividing by the manoeuvre duration.
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4.3 Usage variability results

Next a study based on statistical analysis of MDRE data is presented.
Results and comparisons are made in regards to damage (based on WHL
procedures and data) and time in order to estimate the effect of usage
variability. The statistical analysis of measured usage data was carried out
on a manoeuvre per manoeuvre basis leading to a comparison of measured
usage against the assumed design usage spectrum in terms of time and
damage. |

A comparison of the measured incidence of manoeuvres (or usage)
compared with the original design usage spectrum is shown in figure 4.16,
4.9 for a selection of the most commonly occurring manoeuvres. Not
surprisingly there are significant deviations from the original spectrum,
with some manoeuvres having greater incidence than design, ( e.g. forward
flight at 0.6-0.8 VNE) and others less ( e.g. hover and forward flight at
0.8-0.9 VNE). The coefficients of variation of the usage (std dev/mean
values) were very large for all manoeuvres in all types of operation and
frequently exceeded 100%. This is shown in figures 4.16, 4.17 as range
bars around the mean levels. Table 4.2 shows a complete list of time spent
in individual manoeuvres expressed as a percentage of the time allocation
in the design spectrum.
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Fig. 4.16_ Measured usage Vs design usage spectrum on Lynx Mk 7. Data points
are mean values, Bars represent one standard deviation.
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Fig. 4.17_ Measured usage Vs design usage spectrum on Lynx MKk 7. (up to 3%)

Figures 4.18 and 4.19 show the differences in measured and design usage
mean values for the most significant manoeuvres, expressed as % time
occupied by the manoeuvre in a flight hour. There are major changes in
how the helicopter spends each flight hour, when design and measured

usage values are compared. Forward flight, hover and rotor turning on the

ground occupy almost 70% of the design spectrum and almost 90% of the

measured spectrum. As these manoeuvres are largely undamaging these
differences do not matter greatly from the viewpoint of component life.
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Fig. 4.19 Measured mean usage percentage — all mission types - Lynx MKk7
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Figures 4.20 and 4.21 show a similar plot but based on damage caused by
the incidence of the manoeuvres shown in figures 4.18 and 4.19, rather
than time. The damage figure used is that caused by a single instance of
the manoeuvre, with 50% probability of occurrence. Because the overall
average damage per hour is reduced from that of the design spectrum by a
factor of about 2.5 for the dogbone component, it is possible for
manoeuvres to have a reduced incidence from the design spectrum, but a
greater measured percent damage contribution. An example of this is the
hover manoeuvre.

Spot Turns Other
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Climb
5%
vV Sideways
o 36%
Descent
6%
‘% e e
e
‘% et esel . .-_-_--.@:ﬂ?:ﬂ/
R
Hover
36%

Fig. 4.20_ Damage per hour contribution of each manoeuvre using Design
spectrum — Dogbone component. '
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Fig. 4.21_ Damage per hour contribution of each manoeuvre using measured usage
spectrum — Dogbone component.

In figures 4.20 and 4.21, the majority (70-80%) of the damage in the
dogbone component is caused by hover and sideways flight, with other
manoeuvres making little contribution. Monitoring helicopter usage for
this type of operation therefore reduces largely to monitoring the incidence
of hover and sideways flight and perhaps one or two other manoeuvres.
The contribution of other manoeuvres to accumulated damage is negligible.
This comparison is for the dogbone rotor component, other components
have different results.
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Fig. 4.23_ Damage per hour contribution of each manoeuvre using measured usage

spectrum — Spider.
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In figures 4.22 and 4.23, the majority ( 70-80% ) of the damage in the
spider arm component is caused by descent, 0.9 VNE (30deg) and 1.0 VNE
(20deg) with other manoeuvres making no contribution. Monitoring
helicopter usage for these manoeuvres would be adequate for the spider
component alone. This analysis is for the spider arm rotor component,
other components will have different manoeuvres which cause the most
damage, and differing damage levels.

Figures 4.24, 4.25 show a comparison taken from the MDRE data for
selected manoeuvres of the percent time spent in each manoeuvre for
different types of service operation. Figures 4.26, 4.27 show the percent
damage contribution for the figures 4.24, 4.25 data. Significant differences
both in terms of percent time and percent damage were found between the
different types of service. However the overall conclusions noted earlier
still applied. For the dogbone in terms of time spent in manoeuvres,
forward flight and hover manoeuvres were responsible for the majority of
time in flight, but in terms of damage hover and sideways flight were
responsible for the majority. For the spider arm descent, 0.9 VNE (30deg)
and 1.0 VNE (20deg) manoeuvres have little contribution in terms of time,
but in terms of damage these manoeuvres are responsible for the total.
These conclusions were irrespective of the operation type, with one or two
exceptions.

Figures 4.24, 4.25, 4.26 and 4.27 imply that different usage types will have

different mean damage values and different times to achieve the limit of
safe life. In theory, usage monitoring would allow extension of lives.
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Figure 4.28 compares the total damage content of the different usage types
against that predicted by the design usage spectrum. The design spectrum
by definition contributes 100% damage per flight hour. Three of the four
types of usage, all result in significantly less damage 66-68% ‘than
predicted for the design spectrum. The fourth usage is more benign with
only 55% of the design spectrum damage. These are deterministic
calculations. To explore the effect of variability in damage caused by
usage, Monte Carlo simulations were done in which different types of
usage were systematically varied at different intervals.

Changes in mean damage levels caused by usage change have been
demonstrated to be significant. In the example given, 66% increases in life
could have been obtained by operation of a manoeuvre based usage
monitoring system for rotorcraft operating the utility spectrum.

120.0% A
100.0% 100.0%
. 0 z
- 80.0% -
4 :
£ 60.0% - 55.4%
©
o
40.0% -
20.0% -
0.0%
(0] (@) 1 X o)} >
(@)} C - O c =
o — [ © — :__:
< = =
Design Mission type

Fig. 4.28_ Damage for each mission type, compared to assumed design usage
spectrum. Damage content of each manoeuvre fixed.
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Fig.4.29_ Damage calculation results for dogbone component for various usage
spectra
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Fig.4.30_ Damage calculation results for spider component for various usage
spectra '
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Damage calculations carried out for dogbone and spider components use
the assumed design usage spectrum along with measured spectra.
Calculation is based on WHL procedures (S-N curve, factors) and recorded
loads. For each manoeuvre several examples exist, hence the variability in
calculated life (mean 50% and min = worst case). Figures 4.29, 4.30
present the life calculation results for various usage spectra (based on
MDRE data analysis) depending on aircraft mission type. Also three cases
are identified where usage of damaging manoeuvres (Man.7 and 12) has
been reduced by 50% and/or 80%. Usage monitoring of these two
manoeuvres is necessary to be accurate and continuous. Actual usage
(MDRE) is less damaging than assumed design usage, leading to an
increase of life by a factor of 1.2 to 1.4.

Statistical analysis of mission data has shown that design usage spectrum
is not always conservative for some components. Figures 4.31, 4.32 and
4.25 show the results for dogbone, spider arm and 420A lift frame
respectively. Comparing the damage caused from the usage of each sortie
(mission flight) against the damage from the design spectrum it is
concluded that only for spider arm the design spectrum is in every case
conservative. For the other two components there are some sorties that
produce significant damage. The results of the comparison is shown in
tables 4.5 and 4.6 analysed also per mission type. It is seen that different
mission types contain extra damaging sorties for each component. For the
dogbone it is the trooping and training missions, and for 420A lift frame it
is anti-tank, trooping and utility mission types. It should be noted that for
the spider component the most damaging manoeuvre is the control
reversals at 0.9 VNE [59] which exist in the design spectrum but is a rare
manoeuvre and was not recorded during the MDRE. This could explain
why no actual sortie produced more damage than the design spectrum. It is
seen that the range of lives is significant (most damaging vs least
damaging sortie). |
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Lynx MK7- All types of sorties (47) _ Stn 420A (LF 1.0, 50% dam)
Design Spectrum Life = 3,276 h

Table 4.5_ Results per mission type for doghone

No. of sorties more
Stn420A | damaging than Design
Spectrum
Utility loutof 3
Training OQoutof 18
Trooping 1 outof 14
Anti-Tank 3outof 12
TOTAL 5outof 47
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Table 4.6_ Results per mission type for 420A lift frame
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Fig.4.33_ Frequency occurrence plot of all sorties for 420A lift frame
No. of sorties more
Dogbone | damaging than Design
Spectrum
Utility Ooutof 3
Training 2outof 18
Trooping Soutof 14
Anti-Tank Ooutof 12
TOTAL 7 outof 47



4.4 Loads variability results

Load variability investigations for dogbone and ‘spider arm components
have been alreédy carried out [58, 59]. In the following the statistical
analysis of loading data regarding the lift frame component (420A) is
presented. Appendix E contains the results with plots of cumulative
probability distribution of damage rate (Fig. 4.34) for all the manoeuvres
in the design spectrum for 420A lift frame component
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Fig. 4.34_ Cumulative probability distribution of damage rate for 78 examples of
transition to hover manoeuvre for 420A lift frame component
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Fig. 4.35_ Frequency distribution of damage for 78 examples of transition to hover
manoeuvre for 420A lift frame component

Calculations of fatigue damage for individual manoeuvres showed that as
‘found in other recent work [41], [60] repeated occurrences of the same
manoeuvre produced substantially different load spectra and fatigue
damage values. A typical example of damage distribution for the 420A lift
frame component is shown in figure 4.35 for the transition to hover
manoeuvre. It can be seen that many occurrences of the manoeuvre
resulted in zero damage with individual damage values approaching a
largest value of 140 micro damage in a sample total of 78. The most
common damage value was around 14 micro damage. The largest damage
value was therefore about ten times greater than the most common. The
general forms of the distributions were similar in all manoeuvres and all
components, although the mean values of damage differed greatly. For
instance forward flight was generally un-damaging, while control reversals
almost without exception produced substantial damage.
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4.5 Effect of safety factors

Deterministic calculations showing the effect of factors on loads and S-N
curve were carried out. For the damage calculations the data and methods
supplied by the design authority were applied.

Figure 4.36 presents the effect of the load factor. Calculated lives using
various load factors from 0.9 to 1.3 are expressed relative to life with load
factor 1. It is seen that a load factor of 1.2 as it is commonly used leads to
7.7 times reduction in life for the dogbone component.

Figure 4.37 shows the effect of Strength and Life factors applied to the
mean S-N curve. Figure 4.38 presents the effect of the S-N factors to life
for varying Sinr with a 20 to 30 times reduction in life when both factors
are applied. It should be noted that in Monte Carlo simulations (see chapter
5) strength variability is simulated by varying Si,s. Figures 4.39 and 4.32
present the effect of Goodman (m) and Miner (D) on calculated life.
Differences of 20% in Goodman parameter m lead to 50% influence on
life. Miner’s effect is as expected linear with life.
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Fig. 4.36_ Life(h) VS Load factor (1.2 in design) for dogbone
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4.6 High and low frequency analysis

Design Authority fatigue calculations are made using a concatenated
spectrum made up from different flights or worst case manoeuvres from
different flights. This causes fatigue cycles additional to those contained
within individual manoeuvres — these are artificial and never really existed
in the original flights. This extra damage is added in design authority
fatigue substantiation. Calculations were carried out to determine the total
damage in a flight compared with sum of manoeuvre damage from the
same complete flight. Figure 4.41 depicts a typical helicopter flight
pattern.

High frequency analysis is based on the application of the rainflow cycle
counting method for each manoeuvre individually. A damage is associated
with each manoeuvre using the damage calculation method as described in
paragraph 4.2. The total damage of the flight is the summation of damage
from all manoeuvres. It should be noted that for the particular
investigation the total flight was attributed to manoeuvres, that means that
the time length of the complete flight was exactly the same as the sum of
the manoeuvre lengths.

Low frequency analysis is applied in order to take into account cycles that
are omitted during high frequency analysis. These are the transition from
one manoeuvre to another, especially when this is accompanied with
significant change in the average stress of the manoeuvre. In practice for
this investigation low frequency analysis is applied as follows:

The maximum and minimum stress values of every manoeuvre is
identified.

Two lists are formed from these values. One in descending order of all
maximum stress values and one in ascending order of all minimum stress
values. A cycle is formed from the first value of each list i.e. max
maximum with min minimum. This process continues until all cycles are
exhausted. The damage of each cycle is calculated and their total is added
to the damage from the high frequency analysis.

For this analysis three flights were used and damage calculations were
performed for three components (dogbone, spider arm and lift frame
component). Results are shown in figure 4.42. The calculated damage of
the complete flight using the rainflow cycle counting method is expressed
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as 100% and is regarded as the actual damage. All damage results from
high and low frequency analysis are expressed as percentages of damage
from total flight (100%). It is seen that high frequency analysis is non-
conservative in every case. It should be noted that the closure option of the
rainflow cycle counting technique is used, i.e. any incomplete cycle at the
end of the counting process of the spectrum is automatically closed by the
addition of an extra point. Errors of high frequency compared to total
flight vary from 1% to 23% depending on component and flight. On the
other hand low frequency analysis is conservative in every case.
Additional damage varies from 7% to 91% compared to high frequency
damage and from 6% to 68% compared to flight damage depending on
component and flight. The reason of high frequency inaccuracy lies with
the fact that the cycles from manoeuvre to manoeuvre is omitted. On the
other hand, Low frequency analysis introduce non existing cycles that lead
to overestimation of damage.

Until recently the design authority employed engineering judgment to
overcome the over conservatism of low frequency analysis wherever
necessary. Current design authority policy is to treat manoeuvres in
groups, so that a realistic loading sequence would be formed when
performing low frequency analysis. A proposed way would be to form a
representative flight that would have its characteristics (length, manoeuvre
sequence etc) determined from a statistical analysis of a large number of
recorded representative actual flights. Application of rainflow cycle
counting method to that flight would give realistic results of damage. As a
measure of safety, that result would be compared with the most damaging
recorded flight leading to any necessary modifications.

Although the materials studied are used for helicopter components and the
loads and usage data are measured values, the calculated lives shown
cannot be interpreted as bearing any relation to component safe lives
substantiated by the Design Authority or which might occur in service.
This is because the factors used will be different to those imposed by the
Design Authority. Trends and comparisons may still be made; inferences
on absolute lives cannot.
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5. Probabilistic approach to fatigue substantiation of

helicopter components

The Monte Carlo simulation method was employed to study the effect of
variability in fatigue substantiation stages to calculated component life.
The influence of usage and manoeuvre load variability on probability of
component failure was modelled together with the influence of errors in
Miners law and mean stress correction (Goodman). Material variability
was taken into account through variability of endurance limit (Siqg).

5.1 Model description and parameters

For Monte Carlo simulations a program was written in C code. The
program is capable to take into account the variability in four stages of the
fatigue substantiation process using the results from the analysis of
available data for usage and loads (see chapter 4). 26 input parameters are
required before every run. Appendix F contains analytical description of
all the parameters together with explanations. The four stages that are
modelled in Monte Carlo simulations are: a) material properties, simulated
via variability of the endurance limit following a normal distribution, b)
damage calculation errors, simulated via variability of Miners damage sum
(D) and Goodmans modified equation exponent (m) following normal
distributions, c) usage spectrum, simulated via variability of the percentage
of time associated with each manoeuvre following normal distribution, and
d) loads, simulated via random pick of a manoeuvre example from the
available data. Parameters that have a variability that follows a normal
distribution are associated with a mean value and a coefficient of variation
(CoV).

Important options in the program regarding usage and loads variability are
two parameters a) intervals type and b) rate of change. These two options
allow a better study of the effect of variability of usage and loads (see
paragraph 5.2.1). Intervals type refers to usage and how its variability will
be applied during simulation. There are three options for intervals type: 1)
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fixed, here it is assumed that usage remains constant throughout the
simulation, 2) per flight, here it is assumed that usage changes every flight,
3) per component, here it is assumed that usage changes every time a
component reaches the failure criteria (total damage = D). The option of
interval type 2 (per flight) combined with a rate of change define how
often the usage is changing within the life time of a component. Rate of
change for usage is effective only with option of interval type 2 (per
flight). Rate of change for loads defines how often a new example of a
manoeuvre loading spectrum is selected. This option leads to useful
conclusions as seen in paragraph 5.2.1.

The program is explained with a flow chart in figure 5.1. Initially a usage
spectrum is acquired from a text file containing the average usage as
percentage time of every manoeuvre, with a COV for every manoeuvre if
elected. Then the material properties, Miner and Goodman parameters are
selected based on program input parameters i.e. mean values and
associated COVs. Following that and based on the previous data a damage
calculation is carried out for every example of every manoeuvre. This is
the stage of the program where most of the running time is spent. There are
several thousand cycles that need to be compared against the material S-N
curve (based on input parameters, Siyr, and m). Depending on selected
intervals type, a new set of manoeuvre intervals will be selected (usage
spectrum). After that, one example from each manoeuvre will be randomly
selected. Based on the previously selected parameters, the total damage
will be calculated. All manoeuvres will proportionally contribute to the
total damage based on the usage spectrum. If total damage is smaller than
Miners criterion (D) the component will execute another flight loop (1
hour of flight) by selecting a new usage spectrum and new set of
manoeuvre examples, based on interval type and rate of change parameters.
If the total damage is equal or greater than Miners criterion, the component
has failed and its life (hours of flight, or number of flight loops) is
calculated. A new component loop will start, unless the number of failed
components is adequate (for example 10,000 to 100,000 components).
Results are statistically analysed and represented on a cumulative
probability of failure versus life (hours of flight) plot.
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5.2 Usage and Loads variability

Monte Carlo simulations were carried out using results from statistical
analysis of data for usage and loads. Simulation results with variability of
usage and loads lead to interesting conclusions regarding their averaging
out effect. Also utilising the usage variability option of the Monte Carlo
simulation program it was possible to study the influence of inaccuracies
in a usage monitoring system applied on every aircraft. For these
simulations no variability was assumed for material Si,s. Factored S- N
curves were used to calculate a damage distribution for each manoeuvre.
This was repeatedly sampled, together with the measured usage
distributions found in the different service types. The damage was
accumulated, until failure was predicted at a damage sum of unity. The
process was repeated to yield a distribution of lives for the different usage

types.

5.2.1 Averaging effect

Monte Carlo simulations have shown that when usage and loads vary
frequently enough, the effect of their variability on component life is
minimised. Especially when it is varied in parallel with material
parameters like endurance limit, Miner criterion and Goodman parameter
m.

Figure 5.2 shows the result of four Monte Carlo simulations in which
usage is changed at different intervals from 1 hour to 500 hours. In this
calculation the damage content for each manoeuvre was first calculated
from fixed load and fixed S-N curves. The incidence of each individual
manoeuvre was then allowed to vary randomly, independently of the other
manoeuvres, assuming a normal distribution. Once the incidence of each
manoeuvre had been fixed, damage was accumulated for defined period,
and the total added to the distribution at the end of the period. Usage of
each manoeuvre was then re selected and the process repeated.
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Fig. 5.2 Effect of frequency of usage change on cumulative probability of failure.
(Dogbone component fixed S/N curve with factors applied, measured usage CoV
80%)

The period of accumulation of fixed usage was varied from 1 flight hour
up to 500 flight hours. This corresponds to changing helicopter usage after
different periods of flight. Figure 5.2 shows that frequent changes of usage
spectrum produce distributions of life with little or no variability. In
contrast keeping usage fixed for extended periods result in distributions
with large coefficients of variation, and a wide distribution. Figure 5.3
gives insight into the averaging effect by showing the damage against life
hours for 100 components together with distribution parameters (CoV and
standard deviation) of life hours. Each line in the top plots represent one
component through its life from zero damage to damage equal one. The
rate of change of usage is 100, 10 and 1 hour. It is seen that variability
decreases with rate of change. Life curves with 100 hours rate of change
have wider spread compared to 10 hours rate of changé. The interpretation
of the results is in close analogy with the random walk problem [61].
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Fig. 5.3_ Effect of frequency of usage change on damage variability
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damage VS life hours damage VS life hours damage VS life hours
1 1 1
08 // . 08 // o 08 //
2.6 g 0.6 £ 0.6
E i £ / g /
0.4 0.4 s 04 —~
S0z |2 S0z L ® 02 -
. / g ) / B P I
0 T 1 0 T 1 0 T 1
0 5000 10000 0 5000 10000 0 5000 10000
life hours life hours life hours

Fig. 5.4_ Effect of frequency of loads change on damage variability
(Loads intervals (change) every 100h, 10h, 1h, Usage and material held constant,
Dogbone component)

Figure 5.4 shows the results of similar analysis concerning loads
variability. In this case variability stems from random pick of manoeuvre
examples. Results show that loads variability tends towards a mean value
faster that usage variability. Random pick of manoeuvre examples has
little effect on life. It is not possible though to assume a mean value of
manoeuvre loading for each manoeuvre when material variability is taken
into account. This is because different values of Sj,;r and Goodman
parameter m will lead to different damage content of each manoeuvre
example. Hence loads variability should be incorporated in every Monte
Carlo Simulation, except in cases were the most damaging manoeuvre
example is used per manoeuvre which leads to conservative results
(reduced lives).
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Fig. 5.5_ Varying all parameters: Strength, Miner, Goodman, Usage, Loads.
(Right plot focuses in the region of up to 40,000 hours life)

Figure 5.5 shows the results of Monte Carlo simulation with all parameters
varying (Material strength, Miner, Goodman, Usage and Loads). It is
evident that life curves present significant variability. Most of them lead to
high number of life hours, with only few leading to lives less than 50,000
hours. It should be noted that this simulation concerns only 100
components and hence the minimum life is not comparable to safe life.
Actually it is associated with a one in a hundred probability of failure.
Comparing this result with results in figures 5.3 and 5.4 it is evident that
variability of damage curves is greater in the last case. It should be noted
that this simulation was run with rate of change 100, 10 and 1 hour for
usage and loads variability giving very similar results. This leads to the
conclusion that usage and loads variability is not particularly significant in
the presence of variability in material properties (Sinf), Miner and
Goodman, as is also seen in figure 5.6.
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Figure 5.6 shows the results of Monte Carlo calculations where simulation
of the variation of S- N curve and model errors , shown in figure 5.6, are
combined with the influence of usage change at 1 hour and 500 hour
intervals. The resultant curves are very similar to the curve with errors in
figure 5.13, demonstrating the importance of material and modelling
variability over and above variation caused by usage and loads changes.

5.2.1.1 Discussion

Monte Carlo experiments showed that there was almost no variation in
component accumulated damage arising from manoeuvre damage
variations. Although the scatter in damage content for each manoeuvre in
the design spectrum is large (see chapter 4, paragraph 4.4), when damage
is accumulated during flight, with random occurrences of individual
manoeuvre damage levels, it was found that the variability in accumulated
damage decreased so that within a few tens of flight hours, the variation in
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accumulated damage on a component became very small. Under these
conditions an almost constant mean damage value can be used to represent
damage in each manoeuvre type.

This conclusion is true for random variation in manoeuvre damage alone.
If an individual helicopter experiences loads which are systematically
greater or smaller than a random mean, then there will result a systematic
increase or decrease in the accumulated damage values. This could arise
for instance from poorly maintained rotor track and balance.

The observation that manoeuvre damage variation is unimportant in
determining variability in accumulated damage is largely a consequence of
the relatively small damage levels associated with each manoeuvre
occurrence. Damage levels for individual manoeuvres are most commonly
between zero and 30 microdamage, although the larger values can attain
several hundred microdamage. Even at this level, 100-1000 repeats are
required to produce failure, and more typically 10 4 .10° repeats are
required. This is easily sufficient for the average accumulated damage to
approach a virtually constant mean level. However, persistent changes in
mean load or damage level, caused by changes in rotorcraft mass, pilot
technique, malfunction or misalignment of components could cause non
conservative changes in accumulated damage. The extent to which this
occurs is unknown and suggests that unless flight loads can be monitored
using flight parameters, that some form of Operations Data Recording
during the service life of the rotorcraft is desirable.

The great variability in incidence of individual manoeuvres is also under
many circumstances unimportant in determining probability of failure.
This is due to the same reasons as was the case for manoeuvre damage
variation. The circumstances where it is important are where the usage
change is infrequent, or where the period of the change is comparable to
the mean life of the component. Figure 5.2 illustrated that changes in life
of up to a factor of 2 were possible at a cumulative failure probability of
10" for lives between 4,000 and 8,000 hours. However, in figure 5.6 the
usage changes are combined with S-N variation and model errors in a
simulation where safety factors have been removed. The latter results in
longer overall lives and the usage change interval of 500 hours becomes a
smaller fraction of the mean life. This will have the effect of reducing the
influence of usage change on overall variability.
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5.2.2 Accuracy of Usage monitoring system

An investigation was carried out regarding the effect on predicted life of
the accuracy of a usage monitoring system. Monte Carlo simulations were
conducted to estimate this effect for three helicopter components
(dogbone, spider arm, 420A lift frame). During the simulation it is
assumed that inaccuracies are due to wrong recognition of manoeuvres i.e.
a manoeuvre flown by the helicopter is associated with a different one by
the usage monitoring system. The simulation results are presented as
percentages of the life that would be calculated with the actual usage of the
helicopter (average life -100%). The accuracy is expressed as percentage
of manoeuvres that are correctly recognised. For example an 80% accurate
system would associate 80% of the time to the correct manoeuvres the
remaining 20% is randomly associated to other manoeuvres. Three levels
of accuracy were assumed 90%, 80% and 70%. The results are shown in
figures 5.7, 5.8 and 5.9 for dogbone, spider arm and 420A lift frame
components respectively.
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Fig. 5.7 Effect ofusage monitoring system accuracy for dogbone component
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It is evident that the effect of Usage Monitoring System inaccuracies is-
important and highly depends on the degree of inaccuracy and the
component under investigation. Results show that spider arm appears most
sensitive due to high variability in damage content of manoeuvres (only
few are damaging [59]). Dogbone and 420A show similar behaviour. In
general it is seen that 10% inaccuracy can lead to more than 20% loss in
reliable fatigue life.

The fact that the non recognised manoeuvres are randomly associated with
other manoeuvres may not be true for an actual usage monitoring system.
In reality there will be a number of manoeuvres that are similar in terms of
input parameters (speed, altitude, control positions etc). Inaccuracies
would be among these manoeuvres and if the damage content of these
manoeuvres is similar, then the influence on calculated life would be less
important. Further analysis would require an investigation of specific
usage monitoring systems to estimate their accuracy, the sources of
inaccuracies and their effect to estimated component life.

5.3 Material properties variability

Monte Carlo simulations were carried out to simulate the effect of
variability in material properties to calculated component life. Simulations
were performed for dogbone and spider arm components made of titanium
and high strength steel respectively. The 420A lift frame component had
" no safety factors applied to the S-N curve according to information from
the design authority. It was not clear how the design authority took into
account the material variability for the 420A component. Supposedly the
component is subjected to periodic inspections and a combination of safe
life and fail safe design is incorporated.

Variability in the S-N curve was simulated by assuming that the endurance
limit (Sinr) varied about a normal distribution (Fig. 5.10) with a coefficient
of variation of 10%. This value of COV is quoted in references [44, 46, 48]
as being appropriate for these materials.
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Figures 5.11 and 5.12 show the results of Monte Carlo simulations with all
parameters varying. Two cases were studied for each component. One case
with Sijnr CoV of 10% and one case with CoV of 8%. The second case
represent the implementation of more sophisticated and expensive
manufacturing methods that would lead to improved control over the
component material properties (reduced strength variability). The
comparison of the two cases may lead to useful conclusions regarding the
investment into improved manufacturing methods. For the dogbone
component there is a potential gain of 1.7 times increase in calculated life
due to a decrease in Sjyr variability from 10% CoV to 8% at the same
probability of failure. For the spider arm component the potential gain is
1.3 times in calculated life. Apparently the potential gain depend on the
component type and this should be taken into account during the
consideration of manufacturing improvements.

It should be noted that for Spider arm the Design usage spedtrum is used
because the MDRE spectrum gives very little damage leading to erroneous
results (damagmg manoeuvres for spider arm were not recorded adequately
i.e. Ctrl reversals at 0.9 VNE_ velocity)
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5.4 Damage calculation tools inaccuracies

In dainage calculations, the accuracy of Goodman and Miner is frequently
not considered. Monte Carlo simulations were performed to study the
influence of inaccuracies on the probability of failure. Error in Miner
damage summation was modelled by assuming that failure could occur at a
normally distributed value of damage (D), with a mean of 1 and a
coefficient of variation of 8.5%. this value was selected because safety
factors applied to Miners rule often assume that failure occurs at a damage
sum of 0.75. Assuming that this represents 3 standard deviations on a
normal distribution with a mean of unity, implies a COV of about 8.5%.
Experimental evidence [7] of accuracy of Miners rule predictions tends to
suggest much larger values of CoV. However, these are for widely
different component materials and loading types, rather than the individual
ones considered here. Goodman rule accuracy was similarly modelled, with
a COV of 5% corresponding to the scatter in mean stress effects found
experimentally.
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Figure 5.13 shows the effect of errors in Goodman and Miner on
cumulative probability of failure. In these simulations the S-N material
data was allowed to vary, assuming a normal distribution of Sins. Usage is
fixed and load spectrum for each manoeuvre type is fixed. As noted earlier,
damage variations arising from manoeuvre loads rapidly converge to an
almost constant value, and similarly virtually constant values of
accumulated damage are produced by rapid changes in usage type. The
changes in cumulative probability of failure caused by S- N curve variation
alone, are compared with the effect of adding in random errors arising
from the Miner and Goodman calculation models. At a low cumulative
probability of failure of 10* the addition of modelling errors reduces life
by a factor of almost three.

The simulation results suggest that material S-N data together with
modelling errors are the major factors influencing variability and
probability of failure of rotorcraft components. In chapter four the large
scatter in manoeuvre loads together with usage variability were identified.
However the large scatter appears to be relatively unimportant when
combined with material properties variability. Combining the experimental
observations of significant errors in both Miner and Goodman seen in
chapter three with simulation results, it is suggested that increased
emphasis should be placed on defining the component S-N curve and its
associated scatter with high confidence.

5.5 Safe life and risk of failure with application of usage
monitoring system and probabilistic methodology

Usage variability has been evaluated in chapter four. Comparisons - of
calculated lives based on measured usage against life predicted using the
design usage spectrum so that significant increases in life could have been
obtained by operation of a manoeuvre based usage monitoring system.

Monte Carlo simulations allow the verification of the capability of
increases in life at low probability of failure while taking into account the
variability of material properties. It has been seen that measured usage
gives larger lives than the design spectrum, when applying deterministic
safe life calculation techniques. It is important though to estimate the risk
associated with the maintenance credit claimed by the application of usage
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monitoring systems. It is necessary to investigate whether or not the use of
the claimed extended life would lead to an increase of the. probability of
failure. On the other hand, if there is a decrease of the probability of
failure, it is useful to estimate the over-conservatism in the safe life
calculation technique. In this case a reduction of safety factors could be
suggested, which leads to concerns on persuading the Aviation Authorities
about the associated risk.

Monte Carlo simulations can provide useful information for the above
questions. Simulations with usage variability alone (based on measured
data) could approximate the behaviour of a fleet of helicopters with usage
monitoring, that experience variable usage and component life is estimated
using current safe life calculation methodology. Also, simulations with
variability associated to all model parameters can represent an
approximation of reality or the results of the adaptation of a probabilistic
methodology for calculation of component lives.

Usage monitoring on every helicopter can be simulated with usage
variability per component (every helicopter is associated with a usage
based on recorded usage data) with different CoV per manoeuvre based on
analysis of measured data (table 4.2). Loads variability will average out as
seen in paragraph 5.2.1 and is simulated via random pick of manoeuvre
load spectrum example. Variability of model parameters is described in
table 5.1.

Model parameter Variability

Strength (Sinf) 10% CoV

Miner (D) 8.5% CoV
Goodman (m) 5% CoV

Loads Rate of change per 1h
Usage Rate of change per component

Table 5.1_ Description of model parameters in Monte Carlo simulations regarding
application of usage monitoring.
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Figures 5.14, 5.15 and 5.16 present three cases of possible outcomes and
conclusions from Monte Carlo simulations regarding application of usage
monitoring and probabilistic methodology. The green line represents the
application of usage monitoring on every aircraft and use of safe life
calculation for damage calculation. The vertical dashed blue line
represents the deterministic safe life of the component with all safety
factors applied. The red line represents a probabilistic approach to life
calculation where all model parameters are taken into account with their

respective variability.

In case one (Fig. 5.14) the application of usage monitoring leads to non-
conservative results. The apparent gain in life is associated with increased
risk of failure, that can be quantitatively identified as shown on the plot.

Case L Fixed manoeuvre damage content - safe life calculation.
Application of Usage Usage varying MDRE data (per component or A/C)
Monitoring (simulates Usage Monitoring on every A/C)

1S non-conservative.

All parameters varying

_ Quantitatively defines
the increase in risk

Service Life

Safe Life L L
Apparent gam in life due to Usage Monitoring
(based on current safe life calculation techniques)

Fig. 5.14 Casel of possible simulation results
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In second case (Fig. 5.15) the application of usage monitoring leads to
maintenance credit by maintaining an acceptable probability of failure.
Also it is useful to notice that there could be an additional benefit by
moving towards a probabilistic fatigue substantiation methodology
combined with usage monitoring. Case three (Fig. 5.16) is presenting the
unlikely situation where safe life was not adequately conservative due to
unexpected deviation from the design usage spectrum. In this case usage
monitoring leads to safety credit that can be identified in terms of risk and

in terms of service life.

Fixed manoeuvre damage content

Case 2. e life caleulai

. . . . = saile 1iie cailcuiation.
Apphca‘uon of Ugage Monltorlqg leadg to Usage varying MDRE data (per
maintenance .credlt, whgn combmgd with component or A/C) (simulates
current safe life calculation techniques Usage Monitoring on every A/C)

All parameters varying

=]

I Life extension due to Usage Monitoring
- Acceptable (in terms of risk).

Service Life
Safe Life Possible gain in life extension (maintenance credit) due to Usage Monitoring
and by moving towards a probabilistic fatigue life calculation methodology.

Fig. 5.15 Case2 of possible simulation results
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Case 3.

Application of Usage Monitoring leads to
safety credit, when combined with current
safe life calculation techniques

pr— >

Fixed manoeuvre damage content
- safe life calculation.

Usage varying MDRE data (per
component or A/C) (simulates
Usage Monitoring on every A/C)

All parameters varying

prm— OMCD

(in terms of risk)

Safety Credit due to Usage Monitoring

Service Life

Safe Life

Safety Credit due to Usage Monitoring

(in terms of life)

Fig. 5.16 CaseS of possible simulation results
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Cumulative Probability vs Life hours spider component
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Fig. 5.18 Simulation results for spider arm component

Figures 5.17 and 5.18 show the simulation results for the dogbone and
spider arm components. Results for dogbone component (Fig. 5.17) appear
to belong between cases two and three. The application of usage
monitoring combined with safe calculation methodology lead to same
result as the safe life methodology using design usage spectrum at a
probability of failure equal to 10"4. At the same probability of failure a
probabilistic methodology would yield an increased life by a factor of 2.6.
The design usage spectrum appears to be adequately defined for the case of
the dogbone component. On the other hand the safe life methodology
appears to create over conservatism when compared to the probabilistic
approach.

Results for the spider arm component belong to case two where application
of usage monitoring with safe life methodology leads to some life
extension which is acceptable in terms of risk at 10 4 probability of failure.
The potential benefit though appears to be limited to an increase of a factor
1.1 on life. The same potential benefit appears for the application of a
probabilistic methodology. For the spider component it appears that the
safe life methodology gives similar results to probabilistic methodology in
contrast to the results for the dogbone component. Also the design usage
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spectrum is adequately conservative to compensate for the variability of in
service usage.

Both simulation results are evaluated at probability of failure of 10™*. This
was elected due to the extended time required to acquire results at a lower
probability of failure. The simulation program needs almost a month
running time for each curve. The simulation stage that consumes most of
the time is the damage calculation from the manoeuvre loading spectra.
This is required to be performed for every component, for all manoeuvre
examples, since material properties vary per component. Several
suggestions have been made about an acceptable probability of failure. The
suggested values range from 107 [62] to 10™* [63]. The US army requires
demonstration of six nines reliability (10°® probability of failure). The
selection of the appropriate value as an acceptable probability of failure
could be part of investigation. For the purposes of this project though,
where assumptions had to be made for various stages of the model a value
of 10 would be adequate. Also it should be noted that one of the main
goals was to compare the contribution of usage monitoring together with
methods and techniques employed for fatigue design. This comparison was
performed against life hours under the same probability of failure (1074,

Among the assumptions that were made was the confidence regarding the
description of the variability of the simulation parameters. The amount of
data (usage and loads) was not large enough for every manoeuvre to
analyse and fit confidently a Weibull distribution (see Table 4.3) with
associated parameters as performed in other similar work [43]. Also the
fact that the simulations were performed for different components than the
one that was initially selected and had experiments performed (see section
3.1), does not add confidence to the parameters regarding the material
behaviour.

Nevertheless all results presented give valuable information about the
influence of every significant step in the fatigue substantiation process. It
should be noted that for better simulations it is important to obtain more
real data from operational helicopters.
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5.6 Discussion

Monte Carlo method was used for probabilistic analysis during this
project. Some limitations of the technique exist and are discussed in the
literature [64], [65].Most significantly; the fact that in order to simulate
very small probabilities of failure it is necessary to carry out a large
aumber of simulations which is time consuming. It is suggested [66] that
the number of simulations (runs) for a 95% confidence level in the failure
probability must be three times greater than the inverse of the cumulative
failure probability, whilst some authors suggest an even greater number of
runs [67]. An additional disadvantage of the Monte Carlo method is its
inefficient integration within the design process. For example the use of
finite element analysis models would increase the necessary hardware
capacity and small changes in design concept stage would require the
simulations to be performed repeatedly. Alternative techniques to Monte
Carlo exist (direct analytical integration, propagation of errors, g-function
methods etc), but a study of them was not feasible within the scope of this
research.

In Monte Carlo simulations there are two options regarding usage
variability. First, usage variability per component means that the usage
spectrum is selected only once at the beginning of the component life, and
remains the same until failure. Secondly, usage variability per hour or
multiple of hours means that a new usage spectrum is selected many times
within the life period. The first case is representing a fleet and the second
case is representing one aircraft. In the second case the aircraft will vary
its usage many times within its life span, which will lead to the averaging
out effect as has been seen in section 5.2.1. It is necessary to note here that
an aircraft by aircraft analysis of the usage data is appropriate for fleet
simulation and a sortie by sortie analysis is appropriate for single aircraft
simulation. An analysis of the data on an aircraft by aircraft basis would
reduce the variability (averaging out effect), since the average length of a
period recording aircraft usage would be a lot longer than the length of one
flight (average 1-2 hours). For the current investigation it was not possible
to perform this type of analysis because the available usage data came
from very few aircraft.
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In Monte Carlo simulations every variable is supposed to be independent
from each other. This is a matter of discussion for material properties
(endurance limit Sinr, Miner sum D and Goodman parameter m). On the
other hand usage and loads variability are independent, since they are two
different procedures that are combined only during the life calculation
process. It should be noted though that in the case of a monitoring system
that extrapolates loads based on usage monitoring this would not be the
case. During this project it is supposed that loads are measured accurately
and independently from usage. The three material parameters used in the
simulations are part of the methodology that attempts to describe and
predict the material behaviour under various loading conditions. The S-N
curve is the main tool which is expanded to a three dimension plot (Stress
amplitude-N life cycles — Stress mean) with the introduction of Goodman
equation. The approach adopted for the project and the current
methodology of the helicopter industry is based on macroscopic
observations (life cycles at failure) and attempts to fit equations to the
observed data and methods to combine the available data. Hence, it is not
possible to understand the material mechanisms that lead to the
observation and consequently acquire a better knowledge of the
interactions and dependencies of the parameters that are currently used.
This would involve a more sophisticated approach to the fatigue problem
with models based on micro- or nano- scale observations that use advanced
theories to describe and predict the stochastic behaviour of the material.

Uncertainty in the variability of different parameters impacts the Monte
Carlo simulations. For example, the tail sensitivity problem is a well-
known problem in reliability analysis since the very beginning. As
indicated by Mathew and Neal [48] the estimates of the extreme tail
quartiles and their corresponding reliabilities can be unstable unless large
data sets are used. This is the justification for accurately fitting the tail of
the data sample by appropriately using a Normal or Weibull distribution.
Using data from Table 4.3 in a Monte Carlo simulation for dogbone
component where the only parameters varying were the usage of
manoeuvres fitted using Normal and Weibull distributions (see section
4.1.1). Figure 5.19 show the influence of distribution type to component
life. Variability of usage is per component. At low probability of failure
(10"*) there is a 30% difference on life, Fitted Normal distribution with
wider tail characteristics (see figures 4.2 - 4.9), contributes to more
variability, hence lower life.
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Cumulative Probability vs Life hours
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Fig. 5.19_ Simulation results (dogbone component) using different - distribution
types for usage variability

The reliability of input data is one important aspect of structural risk and
reliability analysis. The collection of representative data and accumulation
of practical data is a valuable asset for risk and reliability assessment. The
fact that reliability assessment deals with relatively rare events and
working with such small probabilities, a large number of data or the
accurate estimation of the population is highly necessary for accurate
prediction. The exact reliability would require the true population to be
known, which it could require some sampling of a million specimens or by
pooling tens of thousands groups of data. Of course, this is impossible in
term of practicality, cost and availability of data. However, it should be
keep in mind that statistical and probabilistic theories are implemented and
employed for approximating the true population in the best suitable manner
using limited amount of data and small sampling, rather than for
determining the exact distribution of the population. This indicates that
uncertainty exists even in reliability analysis such as performed here, and
it is the analysts' duty to approximate the population in the best possible
manner.

121



6. Conclusions and recommendations for future work

6.1 Conclusions

This research has investigated factors contributing to safe life and fatigue
usage damage calculations. Comprehensive investigations have been made
into errors and uncertainties in the safe fatigue life calculation process,
particularly those associated with Miners summation and mean stress
corrections. This has been supplemented by extensive studies of loads and
usage (manoeuvre) variability throughout service operation on three
components in a military helicopter.

It has been identified through experiments and damage calculations that
omission of small range cycles during experimental fatigue testing is non-
conservative due to Miners rule inadequacy. At the same time Goodmans
mean stress correction appears conservative enough to lead to reasonable
results when combined with Miners rule for the specific material under
investigation.

Extensive statistical analysis of available usage and loads data was
performed. The calculated distributions of service lives were compared
with lives from an average usage for all mission types, and also with the
distribution predicted for the design usage spectrum. Variability is
significant and application of usage monitoring systems may lead to
maintenance credit of a factor of two on life depending on component and
usage profile.

Monte Carlo simulations demonstrate that damage population variability is
dominated by the coefficient of variation of the S- N curve and by errors in
damage calculation models (Miner, Goodman). Effects of loads and usage
variability is of a different order to that of S-N data scatter due to
cumulative averaging effect of usage variation- S-N data effects are not
subject to this effect. Measured variability in manoeuvre load spectra and
in manoeuvre usage contribute little under most circumstances.
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The risk associated with the application of Usage Monitoring and possible
credits (safety or maintenance) can be predicted by Monte Carlo
simulations. ‘

Reduction of material properties variability may lead to life benefits, that
are component dependant.

Errors in usage monitoring system has a large effect on failure
probabilities, working within a constant S-N curve.

The risk associated with the application of usage monitoring systems has
been identified and is in principle calculable.

6.2 Recommendations for future work

Use of Crack Growth life calculation method and compare with Stress-Life
technique under helicopter variable spectrum loading.

Use of Bayesian updating method to improve initial assumptions during
design (assumed usage and associated variability) by analysing HUMS data

as they arrive.

Experimental study using actual components experiencing realistic multi
axial loading conditions.

Investigation of the increasing failure probability associated with
increasing incidence of corrosion and mechanical damage.
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Appendix A _ Specimens and test grip assembly drawings
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Fig.A1 Modified version of existing grips (V notch)
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Fig.A2 3D model of designed grips assembly
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Fig.A4 Mechanical drawing of inner collet
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Fig.AS5 Mechanical drawing of outer collet
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Fig.A7 Designed coupon specimens (un-notched)
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Appendix B _ Experimental results table

Specimen| Diameter| Rratio | P, (KN) | P,, (kN) S, S Smax Sg F Test Lifch_lycles Lifefc'{cles
ratio | P, n requency| at failure | at failure
No. (mm) (MPa) (MPa) | (MPa) | (MPa) (Hz) ) Log(N)
1 7.981 |Tension test, displacement controled, to determine material UTS
2 7.948 |Tension test, displacement controled, to determine material UTS
3 7.977 |Tension test, displacement controled, to determine material UTS
16 7.978 |09 2.80 53.20 56.0 1064.2 | 11202 | 10532 5 29 1.462
33 7.953 0.9 2.80 53.20 56.4 10709 | 11273 | 1193.7 15 7382000 6.868
34 7.955 09 .| 2.80 53.20 56.3 10704 [ 11267 | 1181.1 5 32 1.505
14 7.961 5.70 51.30 114.5 1030.6 | 1145.1 [ 1378.1 5 47 1.672
15 7.985 5.70 51.30 113.8 10244 | 11382 [ 1284.8 15 7155000 6.855
26 7.953 5.70 51.30 114.7 1032.7 | 11474 | 14123 5 44 1.643
27 7.984 5.70 51.30 1139 1024.7 | 1138.5 | 12884 10 12567 4.099
28 7.966 5.70 51.30 1144 1029.3 | 1143.7 | 13576 10 41522 4.618
29 7.991 5.70 51.30 113.7 10229 | 11365 | 12633 15 7538000 6.877
30 7.971 5.70 51.30 114.2 1028.0 | 11422 [ 13377 5 61 1.785
35 7.983 5.70 51.30 113.9 10249 | 1138.8 | 1292.1 15 796687 5.901
36 7.957 13.50 | 40.50 271.5 814.5 10859 | 985.8 20 8012000 6.904
37 7.973 13.80 | 41.40 2764 829.2 1105.6 | 1053.9 15 97547 4.989
38 7.951 14.00 | 42.00 282.0 845.9 11279 | 1139.6 8 86460 4.937
39 7.961 14.00 | 42.00 281.3 843.8 1125.0 | 1128.1 17 94125 4.974
40 7.980 1440 | 43.20 287.9 863.8 1151.7 | 1243.5 5 10 1.000
32 7.955 18.80 | 3491 3783 702.5 1080.7 | 1008.6 15 101355 5.006
45 7.981 19.00 | 35.29 379.8 705.3 1085.1 | 1019.6 20 2112284 6.325
44 7.966 19.20 | 35.66 385.2 715.4 1100.7 | 1059.9 8 28307 4.452
42 7.968 19.30 | 35.84 387.1 718.8 11059 | 1073.7 8 64074 4.807
43 7.978 19.50 | 36.21 390.1 724.4 1114.5 | 1097.3 8 44480 4.648
31 7.968 20.00 | 37.14 401.1 744.9 1146.0 | 1189.1 5 23 1.362
56 7.978 22.00 | 26.89 440.1 537.9 978.0 844.0 23 7501000 6.875
19 7.989 22.75 | 2781 453.8 554.7 1008.5 | 896.0 22 1908096 6.281
22 7.975 22.75 | 27.81 455.4 556.6 1012.1 | 902.3 22 1279558 6.107
21 7.972 22.78 | 27.84 456.4 557.8 10142 | 906.0 22 72956 4.863
23 7.970 22.78 | 27.84 456.6 558.1 1014.7 | 906.9 22 2852220 6.455
25 7.988 2278 | 27.84 454.6 555.6 1010.1 898.8 22 264014 5.422
20 7.990 22.83 | 27.90 455.3 556.5 1011.8 | 901.8 22 50045 4.699
18 7.969 23.00 | 28.11 461.1 563.6 1024.7 | 9249 20 84072 4.925
24 7.956 23.00 | 28.11 462.6 565.5 1028.1 | 931.0 20 139869 5.146
51 7.958 24.35 | 29.00 489.6 583.0 1072.6 | 1017.2 7 18464 4.266
53 7.989 2440 | 29.00 486.8 578.5 1065.3 | 1003.0 7 20653 4.315
52 7.953 24.50 | 30.00 4932 603.9 1097.1 | 1065.9 7 16786 4.225
55 7.950 26.20 | 32.00 527.8 644.7 1172.5 | 1237.6 7 2301 3.362
54 7.986 27.00 | 33.00 539.0 658.8 1197.9 | 13024 5 22 1.342
13 7.959 27.00 0.00 542.7 0.0 542.7 542.7 5 3018053 6.480
7 7.972 27.50 0.00 550.9 0.0 550.9 550.9 24 8732877 6.941
4 7.970 29.00 0.00 581.3 0.0 581.3 581.3 20 6442000 6.809
10 7.970 29.00 0.00 581.3 0.0 581.3 581.3 15 5504000 6.741
11 7.952 29.50 0.00 594.0 0.0 594.0 594.0 24 68119 4.833
12 7.959 29.50 0.00 5929 0.0 592.9 592.9 20 234330 5.370
8 7.960 30.00 0.00 602.8 0.0 602.8 602.8 16 127661 5.106
5 7.960 31.00 0.00 622.9 0.0 622.9 622.9 17 75124 4.876
9 7.951 31.00 0.00 624.4 0.0 624.4 624.4 10 230523 5.363
6 7.953 32.00 0.00 644.2 0.0 644.2 644.2 15 99492 4.998
17 7.978 36.00 0.00 720.2 0.0 720.2 720.2 5 7654 3.884
50 7.988 37.00 0.00 738.3 0.0 7383 738.3 15 23903 4.378
46 7.950 39.00 0.00 785.7 0.0 785.7 785.7 5 18455 4.266
49 7.965 41.00 0.00 8229 0.0 8229 822.9 0.4 7102 3.851
48 7.976 45.00 0.00 900.6 0.0 900.6 900.6 0.3 1561 3.193
41 7.955 48.00 0.00 965.8 0.0 965.8 965.8 0.4 876 2.943
57 7.985 51.00 0.00 1018.4 0.0 10184 | 10184 0.2 51 1.708

Table B1_ Cd‘iivshtah\t Amplitude experimental results
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Appendix C _ Fractography — SEM pictures
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Fig, C2_ SEM picture from sampleNo.77 tested under R28
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Fig. C4_SEM picre from sampleNo.77 tested under R28
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Appendix D _ Helicopter components
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Fig. D1_ Westland Lynx helicopter main rotor head feathering sleeve (Dogbone)
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Fig. D3_ Westland Lynx helicopter Station 420A Starboard rear Main Rotor

gearbox attachment fuselage fitting.
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Appendix E_ Loads data analysis results

In the following the results from the statistical analysis of loads data is
presented. The analysis was carried out for the 420A lift frame component

for all the manoeuvres in the design spectrum. No example existed for

manoeuvre 7. The following table shows the manoeuvres and the results of

statistical analysis.

420 A lift frame - Damage rate per manoeuvre

Manoeuvres

Damage rate

(microdamage per sec)

No. of 50% cum
examples prob average max

Manoeuvre 1 - Level Flight 0.1 to 0.2 VNE 44 0 0.0324 0.7311
Manoeuvre 2 - Level Flight 0.2 to 0.4 VNE 46 0 0.0297 0.5555
Manoeuvre 3 - Level Flight 0.4 to 0.6 VNE 26 0 0.0342 0.4632
Manoeuvre 4 - Level Flight 0.6 to 0.8 VNE 88 0 4.5722 | 82.2996
Manoeuvre 5 - Level Flight 0.8 to 0.9 VNE 72 0 3.2172 | 69.0574
Manoeuvre 6 - Level Flight 0.9 to 1.0 VNE 39 0 0.0001 0.0037
Manoeuvre 7 - VNE-50 kts @ 60 degrees - Nil - - - -
Manoeuvre 8 - VNO-20 kts @ 40 degrees 7 0 0.0030 0.0208
Manoeuvre 9 - VNO-20 kts @ 30 degrees 8 0 0.0000 0.0000
Manoeuvre 10 - 0.9 VNE @ 30 degrees 13 0 0.0010 0.0098
Manoeuvre 11 - 1.0 VNE @ 20 degrees 0 0 0.0000 0.0000
Manoeuvre 12 - Control Reversals @ 0.9 VNE 38 0 0.2965 8.4601
Manoeuvre 13 - Autorotations 5 0 0.0417 0.1691
Manoeuvre 14 - Hover 174 0 0.1959 3.9996
Manoeuvre 15 - Sideways Flight 22 0 0.0018 0.0184
Manoeuvre 16 - Rearwards Flight 13 0 0.0100 0.0462
Manoeuvre 17 - Spot Turns 17 0 0.0071 0.0807
Manoeuvre 18 - Hover Control Reversals 17 0 0.0800 1.3467
Manoeuvre 19 - Climb 77 0 0.0217 0.6617
Manoeuvre 20 - Descent 53 0 0.0179 0.2178
Manoeuvre 21 - Take Off 29 0 0.0000 0.0000
Manoeuvre 22 - Transition to Hover 78 0.0593 0.9866 | 12.0995
Manoeuvre 23 - Transition from Hover 72 0 0.0041 0.2961
Manoeuvre 24 - Landing 24 0 0.0167 0.2747
Manoeuvre 25 - Rotors Running on Ground 47 0 0.0349 0.2551
Total 1009

Table E.1_ Damage rates per manoeuvre for 420A lift frame component

The following 24 plots show the cumulative probability distribution of damage rate

for all manoeuvres.
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Cumulative Probability Cumulative Probability

Cumulative Probability

Manoeuvre 1 - Level Flight 0.1 to 0.2 VNE (44)
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Manoeuvre 2 - Level Flight 0.2 to 0.4 VNE (46)

1.0 —e
09+ -

0.8

0.7
0.6 j
0.5
0.4
0.3 1
0.2 1
0.1 1
0.0 T u s

0 0.2 0.4 0.6
Damage Rate (microdamage per second)

Manoeuvre 3 - Level Flight 0.4 to 0.6 VNE (26)
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Cumulative Probability

Cumulative Probability

Cumulative Probability

Manoeuvre 4 - Level Flight 0.6 to 0.8 VNE (88)
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Manoeuvre 5 - Level Flight 0.8 to 0.9 VNE (72)
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Manoeuvre 6 - Level Flight 0.9 to 1.0 VNE (39)
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Manoeuvre 8 - VNO-20 kis @ 40 degrees (7)
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Manoeuvre 9 - VNO-20 kits @ 30 degrees (8)
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all examples give zero damage

Cumulative Probabili

Manoeuvre 10 - 0.9 VNE @ 30 degrees (13)
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Cumulative Probability Cumulative Probability

Cumulative Probability

Manoeuvre 11 - 1.0 VNE @ 20 degrees (8)
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all examples give zero damage

Manoeuvre 12 - Control Reversals @ 0.9 VNE
(38)
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Manoeuvre 13 - Autorotations (5)
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Manoeuvre 14 - Hover (174)
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Manoeuvre 15 - Sideways Flight (22)
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Manoeuvre 16 - Rearwards Flight (13)
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Manoeuvre 17 - Spot Turns (17)
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Manoeuvre 18 - Hover Control Reversals (17)
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Manoeuvre 20 - Descent (53)
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Manoeuvre 21 - Take Off (29)

all examples give zero damage

oo o=
AN O o
Lo T

Cumulative Probability
©SooQo
N Wb O

e
-—
1

o
o

T T T T 1

0 0.002 0.004 0.006 0.008 0.01
Damage Rate (microdamage per second)

Manoeuvre 22 - Transition to Hover (78)
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Manoeuvre 23 - Transition from Hover (72)
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Manoeuvre 24 - Landing (24)
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Manoeuvre 25 - Rotors Running on Ground (47)
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Appendix F _ Monte Carlo simulation program

A program was written in C language to perform the Monte Carlo simulations. 26 input
parameters were specified before each run.

Input parameters:

<number of component lives N>

<COV of sinfin>

<lives output file>

<A> ’

<sinfin input file>

<B>

<C>

<mean of m>

<UTS>

10.  <load factor input file>

11.  <strength factor>

12.  <life factor>

13. <life_limit>

14.  <location of cycle files>

15.  <random no. file>

16.  <interval type(1,2,0r3)>

17.  <constant damages (y/n)?>

18.  <manoeuvre lengths etc. input file name >
19. <covofm>

20.  <mean of miner>

21.  <cov of miner>

22.  <check dump of miners, sinfs and ms(y/n)?>
23.  <check dump of intes and manexs (y/n)?>
24.  <arg24> (loads rate of change per 1h, 10h ...)
25.  <arg25> (usage rate of change per 1h, 10h ...) works with interval type 2.
26.  <arg26> - damage recording rate (hours)

ORXNNANR DD =

In the following the parameters and their role in simulation are described with a flow
chart of the program’s functions.
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S-N parameters A, B, C 4 =]+ ——-
P it S,  (W+B)
Material
Strength
UTS

Endurance: Sinf — mean and CoV
(normal distribution)
Calculation
Miner: ? | — mean and CoV (normal dlstrlbutlon)

Factors
Applied on S-N curve
Life factor: LF
Strength Factor: SF
Applied on loads
Loads Factor: LdF

~ Loading Spectra

N

Usage Spectrum
Percentage of time spent in each manoeuvre:
Jsage - mean and CoV (normal distribution)
Loads rate of change
Usage rate of change
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START

A 4

Read set of manoeuvre
intervals (mean Usage)

A 4

Select component material
properties (Sinf, D, m)

A 4

Calculate damage for all
manoeuvre examples

Intervals type
1,20r3

3 = per component

Select set of manoeuvre
intervals (Usage variability)

\ 4

_ COMPONENT LOOP

Select set of manoeuvre

FLIGHT LOOP

examples (Loads variability)

A 4

Calculate damage of flight

A 4

Calculate component life

END
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Select set of manoeuvre
intervals (Usage variability)

2= per flight

Intervals type
1,20r3

1 = fixed

3 = per component



