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Abstract. The aero-gas turbine engine is subjected to a variety of loadings, both mechanical and 
thermal. While each flight in a civil operation is very similar to every other flight, the combination 
of loadings introduces complexity even for simple parts such as discs. This paper reviews the 
cycles which have to be assessed for a number of engine parts showing the different considerations 
which arise. From this it can be seen that the most critica! applications, for which sorne validation 
testing is commonly performed, involve conventional fatigue lifing but with temperature excursions 
in the core of the engine but as the interface with the airframe is approached the temperature is less 
important but the fatigue cycle gets significantly more complicated. Damage tolerant approaches to 
structural integrity introduce fracture mechanics considerations, largely concerned with the growth 
of cracks rather than the fracture condition. 

1 INTRODUCTION 

As the size of modern gas turbine aero-engines 
increases, the demands made to satisfy the structural 
integrity of the individual parts is increased. A 
modern Trent engine, for example, is passing about 
l 000 kg of air through the core per second which is 
needed to develop a thrust of around 446 kN 
(100,000 lbs). At the same time there is an ever 
increasing demand for improved reliability and 
reduction in cost of operation such that more and 
more parts are being assessed for fatigue and damage 
tolerance. This paper reviews the basis of these 
assessments for a range of engine parts. 
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Fig. 1 Low pressure shaft speed, N 1, during a civil 
flight. 

In a civil operation the cyclic loads on the engine are 
generally extremely repetitive with each and every 
flight being essentially similar to the previous one. 
The main difference between two hour flights and, 
say, twelve hour flights, is the length of time spent at 
cruise conditions. Examining a typical history of fan 

shaft speeds in a civil flight, see fig. 1, the following 
phases can easily be identified:-

l. 

2. 

3. 

4. 

5. 

6. 

Take-off when the engine works 
hard, but the fan speed is limited by 
the speed of sound at the tip. 
Conventionally take-off lasts until 
the aircraft attains an altitude of 
1500 feet. 

Climb, during which the air thins 
and cools so that to maintain the 
same thrust levels the fan shaft 
speed must increase. 

A throttle back into cruise during 
which the engine maintains a steady 
fan speed at perhaps 80% of 
maximum. 

Descent during which the engine is 
near idle and the fan shaft rotates at 
about 25% maximum speed. 

Approach in which the aircraft 
manoeuvres to land. This may 
include severa! cycles between idle 
and high thrust depending on how 
busy the airport is and the local 
terrain. 

Finally in stopping the aircraft on 
the ground, reverse thrust is applied 
and this may require the engine to 
be accelerated up to significant 
thrust again. 



2 
ANALES DE MECANICA DE LA FRACTURA VOL. 16 (1999) 

In military applications, by contrast, much more 
significant variation of throttle movement may occur 
in flight and, if the aircraft is supersonic, the 
acceleration through the speed of sound will involve 
a high engine thrust. 

For parts that rotate the high speeds of rotation give 
rise to centrifuga! loads that can be substantial. 
Such loads, and hence the stresses, are dependent on 
the speed of rotation and undergo a cycle directly 
proportional to the sort of plot shown in fig. l. 
However the high flow of air through the core means 
that it heats up adiabatically so that the parts in the 
gas stream will see high temperatures immediately 
while in the areas remote from the gas stream there 
will be a delay in their attaining stable operating 
temperatures. Take-off, starting from the engine 
throttle being moved from idle to maximum and 
finishing with the aircraft at an altitude of 1500 feet 
above the runway, typically lasts less than two 
minutes. Since this starting transient coincides with 
take-off, it can be seen that there will be parts of the 
engine whose response during the maximum thrust 
operation means that they never reach steady state 
thermally until cruise. Because of the difference in 
temperature in parts which have sorne areas exposed 
to the gas stream and others well out of it, there is a 
thermal induced stress and this can be out of phase 
with the centrifugally induced stress. When the 
engine goes from cruise to idle, se e fig. 1, the gas 
stream changes from being hot to being cool, since 
the ambient temperature may be as cold as -50°C. In 
this case the temperature gradients are reversed from 
the starting transient since areas remote from the gas 
stream will still be warm, while those areas directly 
in the gas stream will cool rapidly. Complex cycles 
in the engine, therefore, involve not just excursions 
in the applied loads but also excursions in 
temperature such that it is not always clear whether 
the most taxing condition arises from a moderate 
stress at high temperature or a higher stress at a lower 
temperature. 

While centrifugally induced stresses will change as 
the speed of rotation of the spool changes, there will 
be stresses which are fluctuating at either the speed 
of rotation or a multiple of it. Generally the former 
are classed as low cycle fatigue (LCF) loads, while 
the latter are high cycle fatigue (HCF) loads. Even 
at once per revolution, a low pressure spool, which 
contains the fan, on a large twin engine aircraft will 
achieve well over a million cycles in a typical cruise 
duration of five hours. The LCF will perform just 
one cycle during this phase of flight, if that. 

In order to illustrate both how complex cycles arise 
in the engine and how they are assessed using today's 
technology, three engine components will be 
examined in detail. In order to restrict the discussion 
to fatigue loading alone, components in which 
significant amounts of creep occur such that either 
the most relevant failure mode is creep rupture or the 
stresses redistribute to such an extent that the creep 
deformation is linked with plasticity at lower 
temperatures have been excluded. 

2 THE ENGINE DISC: A CRITICAL 
ROTATING PART 

The purpose of the disc is to retain the blades in 
position in the gas stream and to transmit the torque 
from the shaft to the blades in the compressor and 
from the blades to the shaft in the turbine modules. In 
addition the disc passes axial loads. The high kinetic 
energy associated with the blades together with the 
mass of the disc and its own energy means that it is 
not practica! to contain a disc burst in an aero-engine 
unless the size is very small. In consequence the 
design of the disc must ensure that disc burst does 
not occur. While this in itself does not imply any 
difference from many other parts in the engine, the 
level of validation that must be demonstrated at 
engine certification is considerably increased. 
Traditionally the life has been underwritten in JAR-E 
[1] rules by component testing and the use of 
Databanks, also allowed in JAR-E has been 
described previously [2]. However there are areas in 
the disc where component testing, while properly 
capturing the geometry, material and surface 
condition, is unable to apply a representative loading 
cycle. This arises for the reasons given above, 
particularly for discs in the high pressure spool, both 
compressor and turbine. When the engine is 
accelerated from idle at relatively low speed to near 
maximum, the rim of the disc is heated up both 
quicker and to a higher temperature than the hub. In 
consequence it starts the loading cycle by going into 
compression, which reduces as the whole disc warms 
up and after take-off when the spool works hardest. 
Even during cruise, the therrnal gradients may ensure 
that the rim stays in compression despite the 
stabilising of the temperature, thus overcoming the 
hoop tension induced by the centrifuga! loads on the 
non-axisymmetric features of the disc and the blades. 

Later on the engine passes from cruise to idle at the 
start of descent, and the rim of the disc is cooled back 
to below the stabilised temperature of the hub of the 
disc. Now the centrifugalloads are added to a 
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Fig. 2 Rim stress and temperature in High Pressure 
Turbine disc during civil flight. 

thermal gradient induced tension and the rim is 
loaded by tensile stresses only. The cycle can thus 
be seen, see fig. 2, to have stresses and temperatures 
almost completely out of phase. The technical 
difficulties introduced by this cycle are as follows:-

l. Since nearly all fatigue testing is conducted 
at constant temperature, how can the fatigue 
life of a rim feature be calculated when the 
stress and temperature are varying? The 
general assumption is that the stress or strain 
range applied should be compared to fatigue 
behaviour at the same temperature as the 
most tensile point in the cycle, but while this 
is clearly reasonable when the cycle induces 
tensile stresses which exceed those m 
compression in absolute value, it may be 
more complicated when the cycle is 
dorninated by the compressive range. This 
latter is held to be less important since while 
a high compressive stress may initiate 
cracks, it should not continue propagation to 
burst unless there is a substantial 
redistribution of stress. 

2. How can a component test be conducted 
which loads the disc to sufficiently high 
stresses in both tension and compression? 
While a thermal gradient can be applied to 
induce compression at a lower rotational 
speed, it is not generally feasible to induce 
high compressive stresses by this means. 

A further difficulty arises around the cob of the disc. 
This is heated up during the initial running of the 
engine to reduce the stress in the diaphragm which is 
being pulled out radially by the hot rim. Because of 
its size and thermal inertia, the thermal gradient in 
the cob induces a high tensile stress at the centre, and 

this is additional to a tensile residual stress at the 
same position which remains after forging, heat 
treatment and machining. This tensile stress can be 
very high, approaching the ultimate strength of the 
material. In order to test this, it is necessary to use 
an unconventional fatigue test by which a high 
tensile stress can be induced in the centre of the 
specimen by a thermo-mechanical loading which 
nevertheless, because of the constraint, still acts 
elastically as it does in the disc. Using this test, the 
fatigue behaviour above the UTS of a modern high 
strength disc material has been exarnined, and it has 
been shown that there is no sudden reduction in the 
cyclic life as the applied stress is increased. 

For critica! rotating parts, which consists essentially 
of discs, in civil engines, the complexity in the 
fatigue cycle arises from the thermal cycle which 
happens simultaneously. In rnilitary engines, the 
increased level of in-flight manoeuvres brings in 
complexity through many more turning points, and 
again the cycle is not simply in stress but also in 
temperature, see fig. 3. Because of the complexity it 
is not always clear when perforrning a rainflow 
extraction of equivalent simple cycles which turning 
points are relatively major and rninor because a lower 
stress at a higher temperature may be more damaging 
than a higher stress at a lower temperature. Rolls
Royce practice has been to factor the applied stress 
on either the fatigue lirnit or the UTS at the relevant 
temperature, taking the larger fraction as being the 
more severe . ... , 
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Fig. 3 Complex cycle in rnilitary mission for one 
point in disc. 
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3 COMPRESSOR BLADES: A PART 
EXPOSED TO HCF 

Of course the main centrifuga! loading in a blade is 
directly related to the rotational speed of the spool, 
but there are a variety of other loads which the blade 
will experience. The air density changes with 
altitude and temperature so that the gas loads are 
different producing a range of bending stresses 
throughout a single flight. While the low cycle 
fatigue implications are fairly similar to the cycle 
experienced by a disc, which is not in the gas stream, 
the effects on high cycle loading may be even more 
substantial. Because the engine will have to work 
harder to produce a given amount of thrust at hot and 
high altitudes the shaft speeds will be greater. 
Hence resonances may occur not on every flight, but, 
for example, only those involving a full aircraft 
flying out of a high altitude airport in the tropics! 

The resonances can be excited by non-axisymmetric 
features of the gas flow, for example passing the 
wake of a stator row just upstream of the blade. 
While these effects can be minimised by increasing 
the spacing between each blade and the stators both 
upstream and downstream, this produces an engine 
which is longer and therefore heavier. Because the 
rate of passing preceding stator wakes is a product of 
the rotational speed of the spool and the number of 
stators in the row, the excitation may resonate with 
not just the lowest flexura! or torsional modes of the 
blade but instead pickup a mode at several kHz. At 
this speed of vibration, cycles are accumulated very 
fast. A two minute take-off, for example, gives 
about half a million cycles if the blade vibrates 
throughout. Alternatively the resonance may arise at 
sorne part speed which only occurs during transition 
between different phases of the engine operation. 
Both these possibilities are shown diagrammatically 
in fig. 4. 
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Fig. 4 Resonances occurring both at maximum and 
at part spool speeds. 
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Fig 5. Type testing of blades and searching for 
resonances. 

Prediction of the amplitude of the HCF vibration is 
still in the infancy of technological development. 
Hence the only real recourse is to measure the 
amplitude in the engine itself. Recognising that such 
resonances may only occur in a faction of the flights, 
the method used to search for them is to run engine 
tests in which the speed of rotation is stepped across 
the range of expected operation. This is combined 
with accelerated engine running so that resonance is 
checked not only in the "just overhauled" state but 
also when it has been in service for sorne time and 
the performance has deteriorated marginally. The 
scheme for the type test is shown in fig. 5. 

The normal practice when assessing the blade is to 
perform a vibration fatigue test by exciting the blade 
in resonance at a controlled amplitude until cracking 
appears. This loads the blade with fully reversed (that 
is R=-1) stresses. In operation, however, the 
vibration stresses are superimposed on top of the 
LCF stresses which are generally tensile due to the 
centrifuga! loading. The assessment is therefore 
required to couple HCF testing in vibration which 
captures the fatigue performance at R= -1 on the 
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component with the same surface condition, 
microstructure, material etc. with a fatigue 
assessment of the LCF loading which can be based 
on specimen data which correctly applies the stress 
range but does not capture surface condition. 
Common practice is to use a modification of the 
Goodman diagram, see fig. 6, in which the horizontal 
axis represents the LCF stress and the vertical axis 
the vibration stress. The intercept of the so-called 
"Goodman Line" is set at the stress to give the 
required vibration fatigue life in the vibration fatigue 
test conditions on the vertical axis and a material 
limit stress, e.g. the UTS, on the horizontal axis. Safe 
operation is given by a margin below the "Goodman 
line", while abo ve this line, failure is to be expected. 

HCF 
Stress 

a@ 107 

cycles 

Engine 
HCF 
stress 

Unsafe 

Safe 

Engine UTS 
LCF stress 

Fig. 6 "Goodman" diagram used for HCF/LCF 
assessment. 

While this approach goes a significant way towards 
capturing the key aspects of fatigue performance, in 
that the blade material in the correct condition is 
tested at frequencies close to that experienced in the 
engine, it is not so successful in loading the 
component in the identical stress ranges as the 
engine. Testing of blade materials at variable R ratio 
shows that this aspect of the Goodman diagram is 
generally quite conservative, although the margin by 
which the assessed condition should be under the 
"Goodman line" is clearly a function of the quality of 
the data and the analytical assessment used to 
identify the stresses. 

The assessment of high load bearing structures for a 
combination of low and high cycle fatigue loadings is 
an area of significant cunent research. Beyond the 
understanding of how these combinations of loadings 
interact and affect the fatigue life, the practica! 
engineering question of how satisfactory 
performance can be demonstrated with the minimum 
compromise between test condition and engine 
operation remains In view of the uncertainty 
surrounding amplitude of vibration, hence HCF, in 

the engine, it is likely that assessment of HCF will 
continue to be on the basis of an acceptable level of 
HCF, low enough not to affect LCF life predictions, 
and unacceptable levels so severe that failure in HCF 
is likely. 

4 ENGINE MOUNTS: DAMAGE 
TOLERANT PARTS 

The engine mounts, se e fig. 7, connect the engine to 
the aircraft. While a mount clearly transmits the 
thrust from the engine to the airframe, it also 
transmits the motions of the airframe to the engine. 
The wing is buffeted by the air and even vibrates 
when taxiing on the ground. So there is a 
complicated spectrum of loading in the mount that is 
due not to the engine function but really to the 
platform on which the engine is mounted. It is 
becoming the practice to express the mount loads not 
as design maximums but as a level of exceedance 
which is passed increasingly rarely as the level 
increases, see fig. 8. 

Fig. 7 Rear mount for RB211-535E4 engine 

Given the exceedance plot, fig. 8, it is then possible 
to construct a load variation throughout a flight 
which captures a mix of vibration levels in 
proportion to the level of exceedance in that part of 
the flight. Such a composite trace for a vertical load 
on the mount is shown in fig. 9. While this is clearly 
a complicated load trace, it is not yet equivalent to 
spectrum loading experienced, for example, in 
suspensions systems for motor vehicles or off-shore 
platforms due to the sea. And wind. 
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Fig. 8 Rate of exceedance per flight for the vertical 
velocity on a mount at Landing Impact. 

Because the engine mounts are considered critica!, 
that is their failure may hazard the airframe, it is 
necessary not just to assess their fatigue capability 
but also to demonstrate it. It is not generally 
possible to apply the full spectrum of loads in a 
realistic test duration, so a reduced set is used which 
captures the worst excursions of load. The reduced 
set is designed to impose fatigue damage that is at 
least as severe as the flight combinations. 

Flight1 • V1 

Fig. 9 Composite cycle to describe vertical loading 
on mount throughout flight. 

The design of the mount system is often such that a 
secondary load path which will continue to support 
the mount's function is present in case the primary 
load path fails. However because the secondary load 
path maintains the mount's function, the movement 
of the engine in response to the failure of the primary 
load path is so small that it may not be apparent to 
normal ground inspection of the engine between 
flights. In consequence the aircraft can be flying 
around on the secondary load path for a substantial 

number of flights before the failure of the primary 
load path is detected. 

Mounts are normally manufactured from single piece 
forgings as are discs above. This allows a very high 
standard of cleanliness in the material, with a high 
homogeneity and extremely small discontinuities. 
Nevertheless in order to demonstrate that the parts 
have structural integrity in operation where they will 
be exposed to handling damage in overhaul and 
maintenance, it is becoming more common to see 
damage tolerant assessment as a requirement. A 
crack is assumed in the primary load path and a 
smaller crack in the secondary load path. The 
assessment is required to show that the life for the 
primary load path exceeds a certain number of flights 
while the life for the secondary, which will only start 
to propagate the crack at the failure of the first, must 
also exceed a stated number of flights to burst. The 
life for both primary and secondary load paths is 
related to the intervals of inspection. 

Fig 10 Effect of acceleration compared to just 
retardation in crack growth modelling. 

The inspection intervals are determined also by the 
inspection capability. The usual practice is to 
calculate the crack growth life to burst from the size 
of crack that can be found with 90% probability and 
95% confidence. The inspection interval would then 
be to set such that there were two opportunities to 
find this crack before failure. Hence in the example 
shown in fig. 10, the inspection interval would be 
half the life to burst from this size, 140000 cycles for 
the modelling with acceleration and retardation, but 
260000 cycles with only retardation modelling. 
While this is clearly a location which is not severely 
loaded and eithr of this intervals would exceed the 
expected life of the engine by a considerable margin, 
the importance of including all the real behaviours in 
the modelling can be seen in that the inspection 
interval is nearly doubled by ignoring the 
acceleration of the crack dueto "underloads". 
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The technical problems introduced by the damage 
tolerant approach to mount assessment are therefore 
related to crack growth and its modelling. In a 
typical engine life of around 40000 flights, in each of 
which there will be thousands of turning points, there 
will be a wide variation in the amplitude of the minor 
cycles. Testing of crack growth using specimens, 
normally comer crack, shows how important 
retardation can be. The designer wishes to ensure 
that the life to failure will not be less than a specified 
number, normally two, of inspection intervals. If 
crack growth in many of the minor load excursions is 
effectively retarded by the major turning points in the 
cycle, then this can have a major effect on the 
calculated inspection interval. The effect of using 
the Wheeler model, [3], on a typical civil application 
is shown in fig. 10. While the Wheeler model can be 
fitted to fairly simple specimen test data, the 
application to industry test problems [ 4] is less 
convincing. Work to understand history effects in 
crack growth, e.g. [5] is essential to underpin the 
damage tolerant approach. 

S CONCLUSIONS 

Aero gas turbines undergo a combination of loads 
which vary from the highly predictable to random 
loading within known limits. While many 
components are designed to achieve a life to first 
crack above a specified minimum, there are 
inevitably occasions when sorne cracking in service 
is observed especially in non-critical parts. This 
paper has concentrated on those cases where creep is 
not a contributing factor in the assessment. Fatigue 
is nearly always the main concern. In consequence 
sorne broad observations can be made:-

l. Generally lives of engine components will 
be designed for over ten thousand flights. If 
crack growth is being modelled, the exact 
determination of burst conditions is not 
important. Although many components do 
not have section dimensions such that plane 
strain conditions would be expected to 
apply, nevertheless it is common to use the 
attainment of the plane strain fracture 
toughness as the definition of the termination 
of crack growth because the cycles taken to 
grow the crack significantly bigger, say to 
twice this size, is well within the scatter of 
crack growth predictions given that the life 
is normally expected to be greater than 
10000 cycles. 

2. Although there is an ever increasing use of 
computers to aid the design and assessment 
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of engine parts, it is likely that the fatigue 
capability of critica! parts will continue to be 
underwritten by component testing for a 
significant time in the future. This has two 
implications:-

2.1 As analytical techniques have 
improved, the requirements for 
testing which simulates engine 
conditions is getting more exacting. 
There is scope for improved test 
methods, for example, for:-

Blades tested in 
HCFILCF. 
Discs under 
thermal gradients. 
Complex cycles on 
cracked 
components 
Component testing 
with thermal and 
mechanical 
cycling. 

2.2 The methods used to assess 
components should be capable of 
giving heavy weighting to 
component tests since these 
represent the highest quality test 
data available. 
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