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INTRODUCTION
What Is PM?

Conventional deterministic design considers single values for each design input variable (such as
materials properties, geometrical variables, temperatures, speeds, pressures, etc.) and therefore
provides a single-valued estimate for a design output variable (such as LCF life, burst margin,
deflection, stress, etc.). The conventional approach to assessing the effects of the input variables is to
assume or estimate “worst case” values for them and caicuiate the design output variable accordingly
by standard engineering methods. Commonly used engineering methods include Finite Element
Models, Company Proprietary Design Codes, Engineering Handbook Equations, etc. This necessarily
results in a “worst case” design output variable value. Although commonly used, it is not known
whether this single point “worst case” estimate is close to being unacceptable or a fair distance away
from being a concern. In fact, itis possible for two deterministic designs to have the same “worst case”
value for a design output variable and yet to have one design be much more reliable than the other one.
This deterministic method provides no way to estimate risk or determine failure probability and thus
requires the use of heuristic safety factor in an attempt to avoid in-service failures.

The SAE G-11 Probabilistic Methods Committee, by comparison, is advocating the use of Probabilistic
Design or Probabilistic Methods which consider statistical distributions in the input variables and thus
provide a distribution for each design output variable. The same engineering methods that are used for
deterministic design are also used for probabilistic design. The difference is that when finished, instead
of having a “worst case” design output variable estimate that does not have the risk quantified, both a
distribution of the response variable and sensitivities relating the output variable to the input variables
will be obtained.
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Benefits of Using PM

When a distribution of the response variable is obtained, it is easy to quantify the risk of the designh. For
example, if a distribution on the burst margin of a disk was obtained, the designer could then determine
from this distribution the probability that this margin was less than a critical value. By quantifying the
risk or failure probability, the designer can identify areas of possible over-design or conservatism. These
areas are then prime candidates to exploit to the advantage of the designer. Appealing examples
include weight reduction or operation in a harsher environment or for a longer period of time. In addition,
sensitivities of the design output variables to changes in the design input variables are also obtainable.
For example, an obtainable sensitivity would then be the variability in burst margin due to changes in
rotor speed. A ranking of all sensitivities for a particular response variable would let the designer know
which input variables would have largest impact on the design.

Even though the above are two major benefits of using probabilistic methods, another is clearly that
distribution analysis gives the desigher more information on the design than single deterministic values
ever can. However, this requires more complete knowledge of usage parameters.

Why not PM?

The understandable reluctance to use probabilistic methods stems from four sources. First there is the
natural human tendency to avoid something new; the tried and tested methods provide comfort and
familiarity such that we believe nothing could be better than what we know.

The second reluctance emanates from the fact that probabilistic methods have limitations and
boundaries that could be knowingly or inadvertently exceeded. In paricular, insufficient data to
accurately characterize an input distribution is one significant concern that distances potential users from
PM. Probabilistic sensitivity factors provide information to determine if more data is required for those
variables with insufficient data.

The third barrier is lack of trained personnel to use probabilistic methods and make them understandable
to management. In a recent SAE G-11 PM committee, more training courses have been offered from
Industry and Academia.

Lastly, the knowledge that a product is being designed with a known probability of failure (no matter how
small it might be) and the resulting uncertainty of how the legal powers would deal with that situation is a
concern.

SAE G-11 PM Committee has addressed all these issues (Reference AIR5086 on perceptions/limitations
and AIR5113 on legal issues) and concludes that the perceived reluctance is more pessimistic than

actual reality. For a more in-depth insight into the SAE G-11 PM Committee’s findings, the reader is
encouraged to read both references.
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Importance of This AIR In Advocating PM

Probabilistic methods are gaining stature as the futuristic technology capable of orders of magnitude
cost savings while providing quantifiable means for enhancing safety and reliability. Yet, it is hard for a
long-time practitioner of deterministic approaches to embrace the new paradigm. The obvious response
is “Show Me.” That's where this AIR comes in.

The SAE G-11 PM Committee has compiled numerous “Show Me” or “Proof of the Pudding” cases in
which PM has been proven to result in the “Promised Land.” The breadth of application cases in this AIR
will enable engineers and managers to assess the significant positive impact of PM as proven to others
and as an untapped potential for themselves.

The SAE G-11 PM Committee plans to continue the compilation of PM application cases and report
them in Volume 2 as a follow-on effort to this AIR. You are welcome to apply PM for your own
application, realize the untapped potential and let the SAE G-11 PM committee use your example as yet
another success story so as to benefit yet another future user.

This AIR is expected to convince the unbelievers. This AIR provides you the resources you need to
make the case to your management and colleagues alike that PM can and should be used if your
organization is to remain competitive. The choice is yours, seize the opportunity to be a leader, or be left
behind.

Organization of AIR5109

This document has been created to provide the reader with several example applications of probabilistic
methods. The introductory section gives an overview of the perceptions of PM along with some thoughts
on the benefits of this AIR. There is a list of references that the reader is encouraged to read to learn
more about the examples briefly described in this AIR. These references will provide the reader with
greater detail into the particular application in which they are interested. The chapters 4 and 5 contain
some basic information on possible uses for PM within a particular discipline. Each chapter contains
several summary sheets (format discussed below) that briefly summarize a PM application. In addition,
each chapter also contains a couple of detailed examples in which the reader is provided much more
detail in the application process than in the summary sheets. The reader is strongly encouraged to
review each of these detailed applications to get a full appreciation of the implementation of PM.

An added resource for the reader is the summary table provided (see Tables 1 and 2). This easy
reference guide provides the reader with an efficient way to located particular applications of interest.

Documents

Full document details: SAE AIR5109


http://www.avadocuments.com/doc/sae-air5109
http://www.avadocuments.com/doc/sae-air5109

SAE AIR5109 Page 4 of 68

Summary Sheet Format
Each summary sheet contains the following information:

Title of application project

Type of industry (aerospace, mechanical, etc.)
Reasons behind implementing a probabilistic analysis
Type of PM analysis used

Rationale for its use

AhLON=

A summary of the benefits of using the PM analysis including any verification results and/or cost-benefit
analysis results is documented. There is a section that includes the potential for applying this approach
to other problems and finally there are references to help the reader who would like more detail on the
subject.

Summary Tables
The following two tables represent a summary of the applications contained within this AIR sorted with

respect to the industry, probabilistic approach used, and benefits summary. Tables 1 and 2 summarize
Section 3 and 4 summary sheets and detailed examples, respectively.
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TABLE 1 - Summary Table for Section 3

Section| Application Title Industry { PM Used Benefits/Barriers
3.5.1 |Reliability of Steering {Automotive |Monte-Carlo [Roughly 0.5 million per year
Wheel Return M-C) saving for the elimination of the
non-returning steering wheel
condition
3.5.2 |Probabilistic Design |Land Design Of [Save a million dollars by
Using Design of Vehicle Experiment |eliminating a fuel injector recall
Experiments for Fuel |(Engine) [(DOE)and |campaign
Injector Response
Surface
Method
(RSM)
3.5.3 {Door Structure Automotive [RSM and  |Opportunity to reduce cost by
Robustness and Drop- M-C downgaging door hinge
off reinforcement while still
satisfying the reliability
requirement
3.5.4 |Robustness of Automotive |DOE and CAE simulation than hardware
Driveline Imbalance M-C test for vehicle design in early
Noise, Vibration, and design phase will save a lot of
Harshness cost in testing
3.6 [Dimensional Control |Automotive [M-C Results showed which component
Team Variation contributes what percentage to the
Simulation Analysis overall interference
Interference Between
Steering Column
Coupler and Dufty
Pad
3.7 |Munitions Packaging |Munitions |Most Identify material properties as the
Packaging [Probable key contributors. Also prove that
Point Locus |the container can withstand a 7-ft
Method drop test with good reliability
(MPPL)
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TABLE 2 - Summary Table for Section 4

Section| Application Title Industry | PM Used Benefits/Barriers
4.5.1 |Retirement for Cause |Gas M-C Return over 15,000 F100 disks to
Turbine service is estimated at two billion
Engine dollars of saving
4.5.2 |Rotorcraft Cntical Rotorcraft |First order |Calculated reliability can be used
Dynamic Component closed form [to justify lower insurance cost
4.5.3 |Integrated Aerospace [[PACS and |Reduce required number of
Probabilistic FPI experiment tests. Understand the
Composite Design composite material properties
4.5.4 |Probabilistic Analysis |Gas FORM and (Identify significant variables, the
of An In-service Turbine M-C time spent on probabilistic
Fatigue Cracking Engine analysis was small compared to
the effort put into the many
detailed deterministic analysis
4.5.5 |Solder Reliability Avionics/  [Neural Able to anticipate with a specified
Electronic |networks degree of confidence and the
Packaging |and FORM, |likelihood of an electronic
SORM component failure
4.5.6 |Structural Reliability |Spacecraft |MPPL, M-C |Reduce design weight by 15%
Analysis of the HL-20
Personal Launch
System
4.5.7 |Probabilistic Spacecraft |Not Probabilistic approach is used to
Approach for Design available design and analysis of composite
and Analysis of tank by managing uncertainties of
Composite Tank composite material properties
4.5.8 |Joint Stars Risk Aircraft PROF code [Air Force used risk assessment to
Assessment determine onset of WFD, then
used this information to select
Joint Stars Airframes
4.5.9 |Probability of Aircraft Not Improve canopy impact resistance.
Fragment Injury to a available Pilot advised to fly with helmet
Pilot Following a visor down especially in low/fast
Canopy Bird Strike flight.

4.5.10 |Reliability Estimate  |Aircraft M-C and Calculate probability of failure =
for Lear Fan 2100 numerical  |1.E-8 provides a reasonable level
Aircraft Wing integration |of reliability

4.5.11 (Reliability Estimate  [Aircraft M-C, The probability of failure per
for Lear Fan 2100 and numerical  |lifetime was 0.0018 for the Lear
SU-29 Aircraft Wing integration, |Fan wing and 0.0014 for the SU-

Poisson dist. |29 wing

Full document details: SAE AIR5109

Documents



http://www.avadocuments.com/doc/sae-air5109
http://www.avadocuments.com/doc/sae-air5109

SAE

AIR5109

Page 7 of 68

TABLE 2 - Summary Table for Section 4 (Continued)

Section| Application Title Industry | PM Used Benefits/Barriers

4.5.12 [Helicopter Cyclic Aerospace [RMS Results were accurate enough and
Stick and Harness method with |verified analytically. Developed
Connector Clearance Normal dist. |generic algorithm can be applied
Problem to many instances of simple

tolerance stack-ups to evaluate the
probability of interference.

4.5.13 |Capabilities and Aerospace |Advanced |Calculate the probability of
Applications of Mean Value |survivor at one million cycles and
Probabilistic Methods Plus, identify key factor is the size of a
in Finite Element AMV+, connection hole.

Analysis And M-C

4.5.14 |Efficient Composite |Aerospace |A-and B- |At least a one-third to one-half
Material Qualification basis cost saving in specimen
Methods calculation |fabrication, testing and reporting.

Further cost saving are noted
through data sharing. $50K to
$350 K saving for each company
with a concurrent reduction in
time to complete the property base
4.6 |Probabilistic Thin Spacecraft |M-C, 25% weight reduction was found
Shell Structural FORM, compared with the deterministic
Design for Evolved MPPL design. Provide weight
Expendable Launch distribution for cost estimating
Vehicle
4.7 |Shuttle/Mir Spacecraft |M-C, Automated decision making
Probabilistic Docking MPPL process reduces analysis cycle
Analysis time by a factor of 10 and

performs 100 times more analysis
than specified in the proposal to
NASA for Shuttle/Mir mission,
reduced number of qualification
tests by a factor of 10 (cost saving
of $500K)
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1. SCOPE:
This SAE Aerospace Information Report (AIR) addresses the following:

1. Captures previous experience and lessons learned in the application of PM.
2. Tabulates public-domain applications, and several representative examples discussed in detail.
3. Notes relative merits and barriers to implementation.

The document does not contain technical details of probabilistic methods, benchmarking of specific
approaches or legal aspects. These subjects are covered in other AIRs, referenced in Section 2 and
prepared by the Probabilistic Methods Committee of the G-11 Reliability, Maintainability, Supportability
and Logistics (RMSL) Division of SAE.

1.1 Purpose:

The purpose of this SAE Aerospace Information Report (AIR) is to capture previous experience and
lessons learned in the application of PM, and to provide examples and points-of-contact for initiating
new applications. Known public-domain applications are tabulated, and several representative

examples will be discussed in details. Relative merits and barriers to implementation will be noted.

1.2 Relation to Other PM Documents;

This AIR is one of six documents, being actively written or already completed that attempts to
capture the overall scope of PM technology and some of the more salient general issues.
Specifically, “Integration of PM into the Design Process” (AIR3080, published Dec. '96) provides an
overview, with brief reference to methods, numerical limitations, applications, and implementation
barriers. “Engineering Probabilistic Methods” (AIR3083, expected June '00), “Numerical Review of
PM” (AIR5110, expected March ’01), this document (AIR5109), and “Perceptions and Limitations
Inhibiting the Application of Probabilistic Methods,” (AIRS086) each provide greater detail on one of
these four topics.

The sixth general document is “PM Needs/Goals” (ARD50047, expected April '97), related to
industry, government, and academia. A separate class of PM AIR/ARD document are those which
are focusing on the potential use of PM in a specific industry or technology segment. Examples of
these documents include “Integration of PM with Manufacturing,” “Airworthiness,” and “Probabilistic
Diagnostics.” The PM Applications AIR is thus an integral part of the general technology
documentation, as well as providing an initial resource or historical reference for the development of
industry/technology-based PM documents.
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2. REFERENCES:
2.1 Applicable Documents:

The following publications form a part of this document to the extent specified herein. The latest
issue of SAE publication shall apply. The applicable issue of other publications shall be the issue in
effect on the date of the purchase order. In the event of conflict between the text of this document
and references cited herein, the text of this document takes precedence. Nothing in this document,
however, supersedes applicable laws and regulations unless a specific exemption has been
obtained.

2.1.1 SAE Publications: Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.

AIR5080 Integration of Probabilistic Methods into the Design Process
AIR5086 Perceptions and Limitations Inhibiting the Application of Probabilistic Methods
ARDS50047 PM Needs/Goals

In the near future, SAE G-11 Probabilistic Methods Committee will publish the following AIRs:

AIR5083 Volume | Basic Concepts and Methods for Probabilistic Engineering
AIR5110 Numerical Review of Probabilistic Method

AIR5113 on Legal Issues

AIR5115 on Probabilistic Methods Standards

2.1.2 U.S. Government Publications:

1. Rapeoff, A. J., Dill, H. D., and Sanger, K. B., “An Improved Certification Methodology for
Composite Structures, Vol. 1 — Data Analysis and Methodology Development,” Final Report for
NAWC Contract N62269-87-C-0258, August 1989.

2. Roth, P. G, “Probabilistic Rotor Design System (PRDS) Phase 1,” WL-TR-92-2011, Aero
Propulsion and Power Directorate, Wright Laboratory, Air Force Systems Command, VWright-
Patterson Air Force Base, Chio, 45433-6563 (1992).

3. Neal, D. M., Matthews, W. T., and Vangel, G., “Model Sensitivity in Stress-Strength Reliability
Computations,” MTL TR-91-3, Army Materials Technology Laboratory, Watertown, MA 02172-
0001.

4. Freudenthal, A. F., “Fatigue Sensitivity and Reliability of Mechanical Systems, Especially

Aircraft Structured,” WADD Technical Report 61-53, Wright-Patterson Air Force Base, OH
45433 (1961).
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2.1.3 Other References:

1.

10.

11.

12.

Fox, E. P, “The Pratt and Whitney Probabilistic Design System,” AIAA/ASME/ ASCE/AHS/ASC
35th Structures, Structural Dynamics, and Material Conference, Hilton Head, South Carolina,
AlAA 94-1442.

Roth, P. G, “On the Applicability of Probabilistic,” Copyright 1995 by GE Aircraft Engines.
Published by the Society for the Advancement of Material and Process Engineering.

Fox, E. P., “Statistical Characterization of Life Drivers for a Probabilistic Design Analysis,”
AIAA/SAE/ASME/ASEE 28th Joint Propulsion Conference, Nashville, TN, AIAA-92-3414,

Chamis, C. C., “Probabilistic Method and Design Applications for Composite Structures,” SAE
G-11 RMS Commiittee and SAE Meeting and Exhibits, 7th Annual SAE International, 24 May
1995, TF1-9.

Adamson, J. D., “The Probabilistic Design System Experience,” AIAA/ASME/ ASCE/AHS/ASC
35th Structures, Structural Dynamics and Materials Conference, Hilton Head, SC, AIAA 94-
1443.

WL, Y. T., “Probabilistic Structural Analysis Method (PSAM),” Review Meeting at NASA LeRC,
March 1993, Southwest Research Institute.

F/A-18 E/F Design Techniques Maintain Affordability, Aviation Week and Space Technology,
pages 97-100, 25 September 1995,

Yang, J. S., Nikelaidis, E., and Haftka, R. T., “Design of Aircraft Wings Subjected to Gust
Loads: A System Reliability Approach, Computers and Structures,” Vol. 36, No. 6, pp 1057-
1066.

Yang, J. S., and Nikolaidis, E., “Probabilistic Design of Aircraft Wings; A Safety Index
Approach,” AIAA Journal, Vol. 29, No. 5, May 1991, pages, 804-812.

McWilliams, H. D., Khalessi, M. R., Azhang, E., and Singhal, “Legal Aspects of Emerging
Probabilistic Structural Analysis and Design Technology,” AIAA/ASME/ ASCE/AHS/ACE 35th
Structures, Structural Dynamics and Materials Conference, New Orleans, LA, AIAA-95-1261.

Moses, F., Probabilistic Structural Mechanics Handbook — Theory and Industrial Applications,
edited by C. R. Sundararajan, Chapman and Hall Publishing, New York, 1995, p. 166.

Breiman, L., and Stone, C., “Broad Spectrum Estimates and Confidence Intervals for Tail

Quantiles,” Technical Report No. 46, Statistics Department, University of California, Berkeley,
CA (1985) (also to be published in Journal of Statistical Computation and Simulation).
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2.1.3 (Continued):
13. Elishakoff, |., and Hasofer, 1992, “Effects of Human Error on Reliability of Structures.”

14. Hernandez, R. R., 1993, “Reliability Assessment Under Incomplete Information: An Evaluative
Study,” M. S. Thesis, Aerospace and Ocean Engineering, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia.

15. Fox, E. P, 1993, “Methods of Integrating Probabilistic Design Within an Organization’s Design
System Using Box-Behnken Matrices,” 34th IAA/JASME/ ASCE/AHS/ASC Structures, Structural
Dynamics and Materials Conference, AIAA-93-1380-CP.

16. Shooman, M. L., “Probabilistic Reliability: An Engineering Approach,” 2ND Edition, R. E.
Krieger Publishing Co., Florida, 1990.

17. Dimensional Control Team Variation Simulation Analysis Interference between Steering
Column Coupler and Duffy Pad Analysis Prepared by Richard Case (06/09/96).

18. Srinivasan, S., “TF 1-10 Probabilistic Design Using Design of Experiments”, 7th Annual SAE
International Reliability, Maintainability and Supportability Workshop, Dallas, TX, 22-24 May
1995.

19. Reliability Analysis of Composite Rotorcraft Components, Krasnowski, B., and Viswanthan, S,
47th Annual Forum of AHS, 1991.

20. Reliability Requirements for Rotorcraft Dynamics Components, Krasnowski, B., AHS National
Specialists Meeting on Advanced Rotorcraft Structures, 1989.

21.C. Chamis and M. C. Shiao, “Integrated Probabilistic Composite Design, A Proposed New
Approach”, 39th International SAMPE Symposium, 1994.

22.R. Tryon, T. Cruse, and S. Mahadevan, “Development of a Reliability-Based Fatigue Life Model
for Gas Turbine Structures,” Engineering Fracture Mechanics, Vol. 53, No. 5, pp. 807-828,
1996.

23. Hosking, F., Frear, D., Robinson, D., Development of Lead-Free Solders for Hybrid
Microcircuits, NEPCON SE, Orlando, FL, 1-2 November 1995.

24. Khalessi and H. Z. Lin, “Structural Reliability Analysis Using the MPPL Reliability Method —
Case Study of the HL-20 PLS Spacecraft,” Proceedings of the Predictive Technology
Symposium, 1991, Randolph, New Jersey, 13-14 November 1991.

25. M. R. Khalessi, H. Z. Lin, and D. J. Trent, “Development of the FEBREL Finite Element Based
Reliability Computer Program,” Proceedings of the 34th Structures, Structural Dynamics, and

Materials Conference, AIAA/ASME/ASCE/ASC, La Jolla, California, 19-22 April 1993, pp.
753-761.
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2.1.3 (Continued):

26.H.Z. Lin, TY. Torng, and M. R. Khalessi, FEBREL Software User’s Manual Version 2.0, Space
System Division, Rockwell International Corporation, 19986.

27. Structures Manual, Vol. 1, 2, and 3, Space System Division, Boeing North American.

28. H. Stanley Greenberg, Aerospace Structural Systems: Preliminary Design Techniques, Lecture
Notes, Department of Engineering, Information Systems, and Technical Management Short
Course Program, UCLA, 8-12 February 1993.

29. A. C. Ugural, Stresses in Plates and Shells, McGraw-Hill Book Company, New York, 1981.
30. Warren C. Young, Roark’'s Formulas for Stress & Strain, McGraw-Hill, Inc., New York, 19889.
31. Materials Properties Manual, Volume 1, Metals Design Data, Boeing North American.

32. H. O. Madsen, S. Krenk, and N. C. Lind, Methods of Structural Safety, Prentice-Hall, Inc.,
Englewood Cliffs, NY, 1986.

33. Torng, T. Y., Lin, H. Z., Chang, C., and Khalessi, M. R., “Development of the Integrated
Probabilistic Analysis Software Package, FEBREL-MSC/NASTRAN,” 36th Structures,
Structural Dynamics, and Materials Conference, AIAA/JASME/ ASCE/ASC, New Orleans, 10-12
April 1995.

34. Torng, T. Y., Khalessi, M. R., and Lin, H. Z., “Reliability Calculation Based on a Robust
Importance Sampling Method,” 37th AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics and Material Conference, Salt Lake City, Utah, 15-17 April 1996.

35. Torng, T. Y., and Yang, R. J., “Robust Structural System Desigh Strategy Based on Reliability-
Based Optimization Method,” Probabilistic Structural Mechanics: Advances in Structural
Reliability Methods, edited by P. D. Spano and Y. T. WU, published by Springer-Verlag, pp.
534-549, 1994,

36. S. Ghofranian, M. Schmidt, T. Briscoe, J. Shliessing, “Space Shuttle Docking to MIR, Mission —
1,” Proceedings of the 35th Structures, Structural Dynamics, and Materials Conference, AIAA/
ASME/ASCE/AHS/ASC, New Orleans, LA, 10-12 April 1995.

37.S. Ghofranian, M. Schmidt, T. Briscoe, J. Shliessing, “Simulation of Shuttle/MIR Docking,”
Proceedings of the 35th Structures, Structural Dynamics, and Materials Conference, AIAA/
ASME/ASCE/AHS/ASC, New Orleans, LA, 10-12 April 1995.

38. E. J. Haug, Computer Aided Kinematics and Dynamics of Mechanical Systems, Vol. 1: Basic
Methods, Allyn and Bacon, Newton, MA, 19389.
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2.1.3 (Continued):

39. Shih-Chin Wu, Edward J. Haug, and Sung-Soo Kim, “A Variational Approach to Dyhamics of
Flexible Multibody Systems,” Mechanics of Structures and Machines, Vol. 17, No. 1, 1988.

40. M. R. Khalessi, H. Z. Lih, and D. J. Trent, “Development of the FEBREL Finite Element-Based
Reliability Computer Program,” Proceedings of the 34th Structures, Structural Dynamics, and
Materials Conference, AIAAJASME/ASCE/AHS/ASC, La Jolla, California, 19-22 April 1993, pp.
753-761.

41. M. R. Khalessi, H. Z. Lin, “Most-Probable-Point-Locus Structural Reliability Method,”
Proceedings of the 34th Structures, Structural Dynamics, and Materials Conference, AIAA/
ASME/ASCE/AHS/ASC, La Jolla, California, 19-22 April 1993, pp. 1154-1162.

42 .H.Z. Linand M. R. Khalessi, “Identification of the Most-Probable-Point in Original Space —
Applications to Structural Reliability,” Proceedings of the 34th Structures, Structural Dynamics,
and Materials Conference, AIAA/JASME/ASCE/AHS/ASC, La Jolla, California, 19-22 April 1993,
pp. 2791-2800.

43. H. Z. Lin and M. R. Khalessi, “Calculation of Failure Probability by Using X-Space Most-
Probable-Point,” Proceedings of the 34th Structures, Structural Dynamics, and Materials
Conference, AIAA/ASME/ASCE/AHS/ASC, La Jolla, California, 19-22 April 1993, pp. 2801-
2808.

44 H. Z. Lin and M. R. Khalessi, “Sensitivity Calculation Using X-Space Most-Probable-Point,”
Proceedings of the 35th Structures, Structural Dynamics, and Materials Conference, AIAA/
ASME/ASCE/AHS/ASC, Hilton Head, South Carolina, 18-20 April 1994,

45. M.\W. Long and J. D. Narcisco, “Probabilistic Design Methodology for Composite Aircraft
Structures,” DOT/FAA/AR-99/2, June 1999.

46. PM. Gary and M. G. Riskalla, “Development of Probabilistic Design Methodology for
Composite Structures,” DOT/FAA/AR-85/17, August 1997.

47. A. Ushakov, A. Kuznetsov, A. Stewart, and |. Mishulin, “Probabilistic Design of Damage
Tolerance Composite Aircraft Structures,” Final Report, under Annex 1 to Memorandum of
Cooperation AIA/CA-71 between the FAA and the Central Aerohydrodynamic Institute (TsAGI).

48. D.J. Li, X, Liu, N. Soderborg, A. Sudjianto, M. Vora, and S. Wang, “An Approach for Computer
Experiment Based Robust Design,” The 5th ISSAT International Conference on Reliability and
Quality in Design, Aug. 11-13, 1999. Las Vegas, Nevada, USA.

49. T. Auel, D. Hall, S. Pritchard, D. Riha, and B. Thacker, “Capabilities and Applications of

Probabilistic Methods in Finite Element Analysis,” Sth ISSAT International Conference on
Reliability and Quality in Design, Aug. 11-13, 1999. Las Vegas, Nevada, USA.
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2.1.3 (Continued):
50. P. Shyprykevich, “The Role of Statistical Data Reduction in the Development of Design
Allowable for Composites,” Test Methods for Design Allowable for Fibrous Composites: 2nd
Volume, ASTM STP 1003, C.C. Chamis, Ed., American Society for Testing and Materials, Phil.,
PA, 1989, pp. 111-135.
2.2 Acronyms:
2.2.1 Section 1:
PM — Probabilistic Methods
LCF — Low Cycle Fatigue
AlIR — Aerospace Information Reports
SAE - Society of Automotive Engineering
M-C — Monte Carlo
MPPL — Most Probable Point Locus method
FORM - First-Order Reliability Method
SORM - Second-Order Reliability Method
RMS — Root Mean Square
NMR - Maximum Normal Residual method
AMV+ - Advanced Mean Value Plus method
IPACS - Integrated Probabilistic Assessment of Composite Structures
FPI — Fast Probability Integration
WFD — Wide Spread Fatigue Damage
PROF — PRObability of Fracture code

DQOE - Design Of Experiment

RSM - Response Surface Method
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2.2.2 Section 2:
G-11 RMSL - G-11 Reliability, Maintainability, Supportability and Logistics
ARD — Aerospace Resource Documents
2.2.3 Section 3:
OEM - Original Equipment Manufacturer
ROI — Return On Investment
HCF — High Cycle Fatigue
TMF — Thermo-Mechanical Fatigue
RD&E — Research Development and Engineering
PC — Personal Computer
AVA — Assembly Variation Analysis
CAE — Computer Aided Engineering
NVH — Noise, Vibration, and Harshness
DOE — Design Of Experiment
CMM — Computerized Machine Measurement
IM — Insensitive Munitions
2.2.4 Section 4:

RFC — Retirement For Cost
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225 Sectionb:
USAF - U.S. Air Force
FRP — Fiber Reinforced Plastic
FAA — Federal Aviation Association
R&D — Research and Development
PDS — Probabilistic Design System
ISE —Intelligent Synthesis Environment
NDA — Non-Deterministic Approach
NDE — Non-Destructive Evaluation
IPACS - Integrated Probabilistic Assessment of Composite Structures
FPI — Fast Probabilistic Integration
MPPL — Most Probable Point Locus
EELV — Evolved Expendable Launch Vehicle
CUS — Cryogenic Upper Stage
FWD - Forward
PDF — Probability Density Function
FEBREL - Finite Element Based RELiability analysis program
FEBREL/PD — FEBREL-based Preliminary Design

CDF — Cumulative Distribution Function
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3. MECHANICAL ENGINEERING:

In mechanical engineering, a wide variety of applications for PM have emerged in the past 20 years.
Many of these efforts were centered on cost and quality control in manufacturing, and were facilitated
by the increased use of Taguchi-type methods. Examples of these methods are seenin the
automotive subsection.

In addition, an effort exists to reduce the overall cost of design. PM has emerged as a useful tool for
predicting the critical design variables, such as material properties, geometry, etc. As a result,
empirical studies have been reduced along with extensive prototype testing, thereby reducing design
cost. Examples of these applications are seen in the power generation and munitions industries.

3.1  Automotive Industry:

Original Equipment Manufactures (OEM) are publicly owned companies whose financial success is
measured by return-on-investment (ROI) to its shareholders. The business goal of maximizing ROI
optimizes the product cost for the design, engineering, manufacturing, sales, and service processes.
Recent advances in technology and humanity have fostered the “lean” manufacturing era with
improved quality that has increased profits significantly.

Process redesign to reduce costs of the OEM'’s engineering process shift the bulk of product charges
ahead in the product development cycle before tooling is committed. This shift requires knowledge
of performance apriori; thus simulation and uncertainty must be managed in the decision-making
process.

3.2 Power Generation:

With the deregulation of the electric power generation industry on the horizon, there is great interest
in probabilistic design and analysis tools that address the economic pressures associated with
optimizing the useful life of high risk turbo-machinery components while remaining within the
equipment insurer recommended safety limits. Incorporating experimentally verified statistical
distributions that account for uncertainties in the remaining life assessment of turbo-machinery
components for high cycle fatigue (HCF), low cycle fatigue (LCF), creep, and thermo-mechanical
fatigue (TMF) is critical at the desigh stage and/or for analyzing existing components.

Current technologies used in the electrical utility industry for assessing the remaining life of turbo-
machinery components rely heavily on deterministic finite element analysis and life prediction
techniques for the particular component being analyzed with emphasis on the dominating failure
mechanisms. Although these models can provide specific knowledge of the component’s structural
behavior, they cannot predict unusual/occasional component failures, explain why only one (of
several similar components) fail, or why other random related failures can occur.
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3.2 (Continued):

Industrial turbo-machinery component failures are predominately controlled by factors such as
geometry, assembly tolerances, damping, vibratory forcing functions, fatigue and environmental
properties, etc. that are random in nature. Probabilistic models have become an attractive analysis
tool because the failure phenomena experienced by such components also exhibit statistical
regularities that are well suited for probabilistic analysis. Although it is practically impossible to
accurately predict the life of each individual component, assessment concerning the longevity of
individual groups of similar components is achievable. Hence, planning and performing costly
maintenance effort for components such as blades, disks, rotors, valves, pumps, etc., throughout the
power plant can be more accurately assessed using a condition based maintenance approach that
incorporates probabilistic models and relevant statistical data. This will result in a more sound
engineering decision analysis for economically justifying plant outages in a deregulated competitive
environment as well as satisfying the plant equipment insurer.

3.3 Munitions Packaging:

Another very safety-conscious discipline is that of munitions packaging. Current development and
design practices are conducted utilizing deterministic methods and extensive prototype testing.
These methods assume “worst case” operating conditions, “worst case” material properties, “worst
case” performance and result in a “worst case” assessment of design integrity. Because of its high
degree of success in past design programs, this “deterministic” method has become the accepted
practice in the design of munitions packaging. As the government becomes more sensitive to
keeping cost low, minimizing weight, and the maintaining historically high levels of reliability, current
deterministic design practices have become too conservative to achieve these goals. The analysis
process assumes a “worst case” design variable. For example, the loading applied to a container is
assumed to be the maximum allowable as the “worst case orientation.” Rather than the worst case
loading scenario, the proposed methodology uses a statistical distribution of the realistic range of
input loads applied at a particular point on the munition container. This will result in a realistic output
of the range of stresses likely to be encountered by the container during its logistic life.

In order to produce these results, the recommended approach will use probabilistic methods. There
are many probabilistic methods available, such as, mean value, advanced mean value, most
probable point, first order reliability, and Monte Carlo simulations. Not one method works well for all
problems, it is up to the designer to choose the method to solve a particular problem. Regardless of
the method use, the “worst case” values used as inputs to the design process will be replaced by
statistical distribution of these values. By specifying realistic ranges of these input variables to the
design process, realistic values of the design variable coming out of the design process will result.

The U.S. Army Picatinny Arsenal, Armament RD&E Center Packaging Division has adopted the use
of probabilistic methods for structural analysis of munitions packaging containers. A PC-based

package exists that can perform a stand-alone probabilistic analysis or be linked with MSC/
NASTRAN for Windows.
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3.3 (Continued):

The commercially available and widely accepted method of performing a finite element analysis,
coupled with the ability to input the statistical distribution of all input variables results in a realistic
design along with sensitivity data. When applied to the design of munition containers, packaging
designers are not only given statistical output and the reliability of the container, but the critical input
parameters. This method eliminates the need to perform parametric studies since the designer will
already have the information needed to perform “what-if” analysis, thereby, reducing the design time.
A detailed example of the application of this software is included at the end of this section.

3.4 Summary Sheets:

The results of an industry-wide canvas for PM applications are summarized in the following
standardized questionnaires. The reader is encouraged to provide additional surmmaries if known or
available.

3.4.1 Reliability of Steering VWheel Return:
TYPE OF INDUSTRY: Automotive

REASON FOR USING PROBABILISTIC APPROACH: The cause of hon-returnability was
determined by inspection to be an interference between the steering column collar and the plastic
bushing in the body sheet metal. The non-returning steering wheel condition was inconsistent
(random) during production, an indication of variation in one or more of the critical characteristics
or assembly processes. Regression analysis was impossible since the interference could not
physically be measured after assembly and a large-scale vehicular test measurement of steering
wheel returnability in a production facility is not feasible.

PROBABILISTIC METHOD USED: Monte Carlo simulations of dimensional models for steering
column/body bushing clearance were used to predict the probability of interference by design {with
existing design tolerances) as well as by actual (measured on shop floor) production part/process

tolerances, and the characteristics/processes were prioritized for variation reduction and/or mean
shift.

RATIONALE FOR SELECTION OF THE TYPE OF PROBABILISTIC ANALYSIS USED FOR THIS
APPLICATION: Commercial software packages specialized for use in Assembly Variation Analysis
(AVA) model the process accurately and efficiently such that an exact solution technique, Monte
Carlo simulation, is feasible with most desk or laptop PCs.

PROBABILISTIC ANALYSIS RESULTS SUMMARY AND BENEFITS: The probabilistic analysis
highlighted the crossmember characteristics as being the most significant contributors to an
interference condition and that aligning them to the design specifications alone would in fact be
sufficient to eliminate the occurrence of interference in production. Manufacturing could then
intelligently concentrate their efforts at improving the dimensional quality of the crossmember,
ighoring the non-conformance to specifications of other characteristics/processes, and optimizing
the use of limited manpower and money.
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