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Guideline:

A spectral (frequency domain) technique is used to estimate the design fatigue life and reliability
of structural and mechanical components subject to randomly varying stress.

Benefit:

Consideration of fatigue reliability during the design process can assist in the prevention of
failures of structural and mechanical components subject to fluctuating loads in service.  Explicit
consideration of the reliability of structural and mechanical components provides the means to
evaluate alternative designs and to ensure that specified risk levels are met.  Probabilistic fatigue
analyses may also be applied to life extension of existing structures, and for problem assessment
of in-service fatigue failures.

Potential applications of this guideline to the Space Shuttle or International Space Station Alpha
Programs include:  landing gear, control surfaces, main engine components, auxiliary power unit
components, external tank and solid rocket booster welds, pressure vessels, propulsion modules,
and logistics modules.

Center to Contact for More Information:

Johnson Space Center (JSC)

Implementation Method:

A detailed discussion of the procedures for performing a spectral fatigue reliability analysis may
be found in reference 1.  A "classical" fatigue approach is described which utilizes the constant
amplitude S-N curve characterization of a material's or component's fatigue resistance capability. 
The applied random loads are characterized by their power spectral density (PSD), and  crack
initiation locations (or hot spots) are determined by an analytical or experimental stress analysis. 
A structural dynamic analysis or test is used to determine the harmonic response function, H(w),
which relates external loads to nominal internal stress. 

The mean or average fatigue life, T, is computed using either the Rayleigh [2], [3], [4] or Single-
Moment methods [5], [6].  For high-cycle fatigue (high number of cycles) the uncertainty or
randomness in the fatigue life due to the random loading is
negligible(although load uncertainty is generally problem specific) [2], but
considerable uncertainty remains due to intrinsic metallurgical and geometric
variations. In the usual deterministic fatigue analysis practice this uncertainty
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(1)

is accounted for by reducing the computed fatigue life by a "scatter factor" of 2 to 4 to determine
the "safe" life. In a probabilistic approach the metallurgical and geometric variations are more
rationally  included by modeling them as random variables, using data from the S-N curve fitting
and/or from the stress analysis.  Sufficient data is necessary for statistical treatment (such as
correlation analysis and distribution fitting) and is discussed in reference 1.  However, even in
cases for which sufficient problem specific data does not yet exist for rigorous statistical
treatment, probabilistic risk assessment (PRA) methods may be used to construct distributions for
the variables based on experts’ opinions of the variables’ range and likely values.  Such an
approach is useful as a first approximation until problem specific data becomes available and has
the advantage of formally using the same “expert data” (engineering experience) that is usually
only informally used in selecting the “scatter factor”.

The resulting expressions for the distribution of the time to failure are generally not amenable to
solution by analytic techniques.  However, modern numerical structural reliability methods [7] are
available for solving these types of problems in several commercial software packages, such as
PROBAN [8], STRUREL, and NESSUS.  These programs allow the characterization of any
number of parameters in a problem as random variables.  Usually this requires the characterization
of the problem in the form of a mathematical expression or a computer subroutine which relates
the input variables to some characteristic output variables which determine the failed or safe state
of the system modeled. Simulation methods such as Monte Carlo, importance sampling, latin
hypercubes, directional sampling, or axis-orthogonal sampling are also available in PROBAN.  A
Monte Carlo simulation approach to a Space Shuttle Main Engine fatigue problem is also
described in reference 9.  These methods are compared and their relative merits are discussed in
reference 1.

The results of a probabilistic fatigue analysis are usually expressed as the probability of failure as a
function of time. For dealing with very high reliabilities, the reliability index, $$, is often used as
defined by:

in which:
$$ = Reliability Index
F = the inverse standard normal cumulative distribution function-1

P = the probability of failuref

R = Reliability 

An example of the change in reliability with time due to fatigue is given in Figure 1.  The
corresponding plot of reliability index as a function of time is given in Figure 2.  The details of this
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Figure 1. Fatigue Reliability as a Function of Time Figure 2.  Fatigue Reliability Index as a Function of Time

example are given in reference 1.  The expected or average time to failure for this example is 1265
seconds, at which time the reliability is 50% and the reliability index is zero.  Also shown in Figures 1
and 2 are the times corresponding to the usual definition of "safe life" determined by using a scatter
factor of 2 to 4.  Using a scatter factor of 4 results in a safe life of 316 seconds, while a scatter factor
of 2 gives a safe life of 632  seconds.  Adoption of a reliability approach would allow specification of
the safe life as the time at which the reliability or reliability index decreased below some minimum
acceptable level.  In this example that level was chosen to be the "3-sigma" level, at which the
reliability is 99.865% or the reliability index is 3.0.  This results in a safe (or allowable) life of 869
seconds, a 37% increase in allowable life compared to the scatter factor of 2 life, and a 175% increase
compared to the scatter factor of 4 life.  The conservatism inherent in the deterministic scatter factor
approach is illustrated more clearly in Figure 2.  In this example a scatter factor of 2 corresponds to a
reliability index of 5.6, while a scatter factor of 4 corresponds to a reliability index of 11.2.  

Use of a probabilistic method allows the uncertainty in fatigue life or time to failure to be more
explicitly accounted for than is possible in the "scatter factor" approach.  Sensitivity analysis
methods are also available in some of the commercial software packages, allowing the uncertain
input variables to be ranked according to their contribution to the uncertainty in the resulting life

estimate.  This enables a more timely and cost effective design optimization by identifying the
most important input parameters upon which resources should be concentrated to gain the
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greatest increase in life.  This approach naturally leads to a design risk assessment and requires the
development and selection of a specific criteria for defining acceptable risk or probability of
failure.  The acceptable risk value should be specified in the appropriate program requirements,
but the selection process is a program and policy issue which is beyond the scope of this
guideline.  Some guidance is available from the various national civil structural requirements
codes that have been formulated to provide reliability indices of 3 to 5, depending on the
importance of the structure and the consequences of failure [7].

This method is primarily useful as a design evaluation or optimization tool and cannot easily be
used to evaluate the remaining life of an in-service component unless instrumentation (such as
strain gages, accelerometers, or load cells) is in place to allow collection of data on the actual
performance of the component.  In cases where the necessary in-service data is available, this
method may prove very useful for extending the life of the component or structure beyond its
original predicted service life.  If inspection of the component or structure by a non-destructive
evaluation (NDE) method is feasible, the probabilistic fracture mechanics method described in the
companion guideline is more useful for estimating damage and remaining life of in-service
components than the fatigue analysis method.  A measured crack length provides information
about the in-service state of the structure, and the probabilistic fracture analysis may be updated
following the inspection to this new information.  If inspection is not feasible, the fracture
mechanics method has no particular advantage over the fatigue method for in-service assessments. 

Technical Rationale:

The potential loss of strength in structural/mechanical components due to the cumulative damage
effect of fluctuating applied loads is well known.  Spectacular failures have resulted from fatigue since
the beginning of the industrial revolution. The danger of fatigue in new applications, however, has
not always been adequately considered in the design process and continues to be a concern to this
day.  A classic example is the British Comet airliner, which was one of the first aircraft to employ an
aluminum-skin, pressurized fuselage.  The loss of three aircraft and many lives in 1953 and 1954
occurred before the potential for fatigue in this application was understood.

Results from the theory of stochastic process and modern structural reliability methods enable the
design engineer to assess the expected fatigue life of structural and mechanical components subject
to randomly varying loads, and to estimate how the probability of failure of the component increases
over time. The application of these data will enable optimal designs to be achieved which balance the
initial costs of design and fabrication against the expected costs of repair, replacement, and/or failure.

Impact of Nonpractice:

Failure to adequately consider fatigue in the design of structural and mechanical components subject
to fluctuating loads may, at best, result in recurring costs for repair or replacement of components
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before their intended design life.  At worst, a catastrophic failure, in terms of economic loss and loss
of life, may result.

Alternatively, outdated design practices which do not take advantage of modern methods of reliability
analysis may result in overconservative and uneconomical structures and mechanisms.

Related Guidelines:

Guideline GD-AP-2304:  Fracture Mechanics Reliability  (to be provided in Supplement #5)
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