“Lalhoun

Institutional Archive of the Naval Pastgraduate School

&DOKRXQ 7KH 136 ,QVWLWXWLRQDO $UFKLYH
'6SDFH 5HSRVLWRU\

7TKHVHY DQG 'LVVHUWDWLRQV 7KHVLVY DQG 'LVVHUWDWLRQ &ROOHFWLRQ

AXDOQWLWDWLYH VWUXFWXUDO UHOLDEL
WKURXJK ILQLWH HOHPHQW DQDO\VLV

S5LFH &KULVWRSKHU
ORQWHUH\ &DOLIRUQLD 1DYDO 3RVWJUDGXDWH 6FKRRO

KWWS KGO KDQGOH QHW

'RZQORDGHG IURP 136 $UFKLYH &DOKRXQ

‘: D U DLE Y Calhoun is a project of the Dudley Knox Library at MPS, furthering the precepts and
]ﬂ“‘ goals of open government and government transparency. All information contained

m‘ KN Dx herein has been approved for release by the NP5 Public Affairs Officer.
LIBRARY Dudley Knox Library / Maval Postgraduate School

411 Dyer Road / 1 University Circle
Monterey, California USA 93943

hitp://www.nps.edu/library



‘NAVAL POSTGRADUATE SCHOOL
Monterey, California

THESIS

QUANTITATIVE STRUCTURAL RELIABILITY
ASSURANCE THROUGH FINITE ELEMENT ANALYSIS

by
Christopher W. Rice

September 1998

Thesis Advisor: Edward M. Wu

Approved for public release; distribution is unlimited.

DTIC QUALITY INSPECTED 4

690 £111866l



REPORT DOCUMENTATION PAGE DM NG, 07040188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
coltection of information, including suggestions for reducing this burden, to Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1998 Engineer’s Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
QUANTITATIVE STRUCTURAL RELIABILITY ASSURANCE THROUGH FINITE Contract Number
ELEMENT ANALYSIS NO042198WR 14350
Amendment 1

6. AUTHOR(S)
Rice, Christopher W.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Postgraduate School ‘ REPORT NUMBER

Monterey, CA 93943-5000

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) - 10. SPONSORING/MONITORING
Commander, Naval Air Systems Command (PMA-290) . AGENCY REPORT NUMBER

Bldg. 2272, 47123 Buse Rd., Patuxent River, MD 20670

11. SUPPLEMENTARY NOTES
The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of
Defense or the U.S. Government.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

Risk assessment of aging aircraft components can be achieved by operational de-rating using a safety factor subjectively selected
from experience and heuristics. This investigation involves synthesizing currently available, maturing computer-aided methods into
a format of objective quantitative risk assessment. The methodology is applied to quantify the effect of corrosion on P-3C main
landing gear lower drag struts. This kind of synthesis is appropriate wherever structural operational risk is a concern. The P-3 has
undergone many modifications since the 1950s and the lower drag struts are being scrapped due to internal surface corrosion. The
corrosion process is random, resulting in pits varied spatially and in severity. These corrosion attributes are merged into a one
random variable probability model. The casual relation of the corrosion to structural load is analyzed by finite elements. The
structural configuration model input is provided by computer-aided drafting, verified by physical measurement. The effect of
corrosion on current strut population reliability, as well as the future, is computed. The conclusion is that even under severe
corrosion, compressive buckling is not an issue. All the other failure modes (compressive yielding, tensile yielding, and fracture by
fatigue) can be assured by one cold temperature proof test.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Column Buckling; Corrosion, Finite Element Analysis, Probability, Reliability Assurance, Risk 95
Assessment

16. PRICE CODE

17. SECURITY CLASSIFICATION OF | 18. SECURITY CLASSIFICATION OF | 19. SECURITY CLASSIFICATION OF 20. LIMITATION OF ABSTRACT
REPORT THIS PAGE ABSTRACT
Unclassified Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANS| Std 239-18







Approved for public release; distribution is unlimited

QUANTITATIVE STRUCTURAL RELIABILITY ASSURANCE THROUGH
FINITE ELEMENT ANALYSIS

Christopher W. Rice
Commander (Select), United States Navy
B.S., United States Naval Academy, 1983

M.S., Naval Postgraduate School, 1998

Submitted in partial fulfillment of the
requirements for the degree of
AERONAUTICAL AND ASTRONAUTICAL ENGINEER

from the

NAVAL POSTGRADUATE SCHOOL
September 1998

Author: _

I
Christopher W. Rice

Approved by:
dwarg M. Wu, Thesis Advisor

: Linmecond

” " Gerald H. LindSey, Chairmag
Department of Aeronautics and £ IS

1ii







ABSTRACT

Risk assessment of aging aircraft components can be achieved by operational de-
rating using a safety factor subjectively selected from experience and heuristics. This
investigation involves synthesizing currently available, maturing computer-aided methods
into a format of objective quantitative risk assessment. The methodology is applied to
quantify the effect of corrosion on P-3C main landing gear lower drag struts. This kind of
synthesis is appropriate wherever structural operational risk is a concern. The P-3 has
undergone many modifications since the 1950’s and the lower drag struts are being
scrapped due to internal surface corrosion. The corrosion process is random, resulting in
pits varied spatially and in severity. These corrosion attributes are merged into a one
random variable probability model. The casual relation of the corrosion to structural load
is analyzed by finite elements. The structural configuration model input is provided by
computer-aided drafting, verified by physical measurement. The effect of corrosion on
current strut population reliability, as well as the future, is computed. The conclusion is
that even under severe corrosion, compressive buckling is not an issue. All the other
. failure modes (compressive yielding, tensile yielding, and fracture by fatigue) can be

assured by one cold temperature proof test.
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L INTRODUCTION

A. BACKGROUND

The P-3C “Orion” is a four engine, low-wing va'ircraft designed for patrol and
antisubmarine warfare operated by the U.S. Navy and several other countries. The
aircraft was originally designed and built by the Lockheed Aircraft Corporation in
Burbank, California beginning in the late 1950s. It has undergone several upgrades and
modifications, including clearance to operate at heavyweight loading conditions in 1966.
Figure I-1 shows a P-3C in flight with a full load of armament. The landing gear are in a
tricycle arrangement with two main gear and one nose gear. All three landing gear
incorporate hollow cylinder components that are open to the environment and have

experienced varying degrees of internal surface corrosion after many years of fleet

Figure I-1. P3-C “Orion” Aircraft.
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operation. This investigation specifically addresses the reliability of the main landing
gear lower drag struts, which have experienced the most severe surface corrosion and are
currently being replaced during aircraft rework at higher than expected rates. Finite
element analysis (FEA), with a probabilistic approach, and identification of a direct
filtering technique for weak struts were combined to provide the decision maker with a

quantitative risk assessment tool.

B. LANDING GEAR DRAG STRUT

Each P-3C landing gear consists of dual wheels with forward retracting struts, as
shown in Figure I-2. The main struts on each of the three gear support the weight of the
aircraft. The drag struts hold the main struts in place by carrying transverse loads from
conditions such as wheel spin-up during landing and braking in both forward and reverse
directions. The drag struts are hollow, tapered cylinders made from AISI 4340 steel
forgings, flash welded together in the middle, as shown in Figure I-3. There are small
holes left in the ends of the enclosed portion of the strut so that hot gases can escape
during the flash welding process. The tapered ends are machined into lugs that hold balls
for attachment to neighboring hardware thus putting the drag strut in a pin-ended

boundary condition.

Lower Drag Strut

Figure I-2. P-3C Main Landing Gear Arrangement
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Figure I-3. Main Landing Gear Lower Drag Strut.

The P-3C is currently being overhauled under the Sustained Readiness Program
(SRP) to improve the reliability of the aircraft to allow it to safely fly up to the specified
original service life period. The main landing gear lower drag strut is one of many
components that are inspected during SRP. One of the drag struts that was rejected
during this inspection process was sent to the Naval Postgraduate School (NPS) for use in
this investigation. This strut, referréd to as the sample strut in the remainder of this
report, was evaluated at NPS by the author to extract required data using the detailed

procedures described in Appendix A.

C. LOADING

The various takeoff, landing, and taxi operations that the P-3C experiences in
operation place the drag strut in both tension and compression. The maximum tension
condition occurs during two wheeled braking at high speed with a defined limit load of

160,571 1bs. The maximum compression condition occurs during two wheeled braking




while the aircraft is backing down following the use of reverse thrust, with a defined limit
load of 132,589 1bs. The likelihood of occurrence of this condition is extremely remote
because the Navy trains its pilots not to use wheel brakes to stop the aircraft while
backing down. The next highest compressioh load occurs during landing when the
landing gear spring back following initial contact with the runway. This limit load is
defined as 80,033 lbs. These loading conditions are for a heavyweight aircraft and were
obtained from Lockheed Report (LR) 13680. [Ref. 1]

D. FAILURE MODES

There are three basic ways, or modes, in which the drag strut could potentially fail
in service. (1) Under the tension loading condition, the strut could fracture due to fatigue
cracking or manufacturing defect. This would be a catastrophic failure that would cause
collapse of the main landing gear. (2) Under the compression loading condition the strut
could experience column buckling, followed by gross plastic deformation. This sort of
damage would more than likely cause only partial collapse of the landing gear because
there would still be a physical connection between the components. (3) The strut could
simply plastically yield in a way that the landing gear geometry would be altered such
that the retraction, extension, or locking processes would not function properly. This
investigation specifically addresses the column buckling failure mode by analysis and
suggests direct filtering by low temperature proof test to address the fracture and plastic

yielding modes.

E. INTERNAL CORROSION

Because of the pressure relief holes in the ends of the strut, the interior is open to
the environment and subjected to atmospheric conditions as the aircraft climbs and
descends. Moist air condenses on the interior surfaces of the strut and eventually causes
surface corrosion. The original Lockheed design included a synthetic rubber coating on
the interior surface to prevent this sort of corrosion. Over the years, several depot or
factory level preventative maintenance procedures have been incorporated to solve other

structural reliability issues, including hydrogen embrittlement and surface stress relief



following machining. These procedures call for baking the strut at temperatures of up to
400 degrees Fahrenheit which destroys the synthetic rubber coating on the interior [Ref.
2]. Once the coating is destroyed, the accumulation of moisture provides an environment

conducive to corrosion.

F. CORROSION CHARACTERIZATION

The corrosion found in the sample rejected drag strut had several notable
characteristics. An example of a semi-cylindrical section of the strut with flaking surface
corrosion is shown in Figure I-4. Once the scale was removed, the pitting found on the
surface was generally grouped in three spatial locations on the thin walled, cylindrical,
middle section of the strut. The three locations, indicated in Figure I-5, corresponded to
regions where moisture could naturally accumulate during different phases of operation
on the aircraft. These regions would either be on the top or bottom of the cylindrical
section depending on whether the landing gear were extended or retracted. The observed
pattern was consistent with the general understanding of the corrosion process as
described in Appendix B. Specifically, the observed locations were regions where water
would pool on the lower surface or water vapor would condense on the upper surface. In
the corrosion process, the presence and longevity of moisture on a surface is directly
related to the level of subsequent corrosion. There was virtually no corrosion on the
regions that would be on the sides of the cylindrical section.

The small pits were generally semi-spherical in shape to the naked eye with
highly irregular boundaries when viewed through a ﬁﬂcroscope. The larger pits appeared
to have been formed when the smaller spherical pits grew together. Their irregular
boundaries were visible without the aid of a microscope and appeared to be influenced by
the molecular imperfections in the material itself. Some of the pits were broad and
sﬁallow while others where very narrow and deep. Quantifiable characteristics of the
corrosion including, pit depth, pit volume, and pit location were measured and are

included in Appendix A.
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G. CURRENT INSPECTION TECHNIQUES

At the time of this investigation, the Navy was not performing an active
inspection of fleet aircraft to determine the condition of drag struts in service. An
inspection technique had been developed that included X-ray to identify areas of
corrosion followed by ultrasonic inspection to determine wall thickness. Even by the best
operators with the best equipment these methods are indirect, in that they do not measure
the strength of the strut. They characterize the effect of corrosion on the strut, to a
limited extent. A criterion had been established, based upon a recommendation from the
manufacturer, that any strut with pitting that resulted in a wall thickness less than 0.140
inches should be rejected [Ref. 3]. Examination of the X-rays that were taken of the
sample strut, and information received from the Navy’s representative at the SRP
contractor’s plant, showed that these inspection te;:hniques were highly unreliable for this
situation. The author was told that the X-ray and ultrasonic inspections on the sample
strut did not reveal pitting in excess of the current rejection criteria; however, the strut
was rejected on a “gut feel” because a “very unusual pit” was detected. Dissection and
examination of the sample strut revealed that at least 34 pits existed that were in excess of

the current rejection criteria. The minimum wall thickness was found to be 0.122 inches.

H. ANALYSIS METHODOLOGY

The methodology used in this analysis has been summarized in Figure I-6 which

is a flow chart of the steps necessary to arrive at the ultimate risk assessment.
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Figure I-6. Risk Assessment Methodology Flow Chart.
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IL. PROBABILISTIC RELIABILITY

A. CONTINUOUS RANDOM VARIABLES

To determine the reliability of a component such as the drag strut one must
recognize that there is a finite population of drag struts in existence. The population has
distinct characteristics, or properties, in terms of many different variables such as
strength, weight, physical dimensions, levels of corrosion, etcetera. These variables are
random, or stochastic, because there is no predetermined order or exact set of values for
the variables in any given strut. The variables are continuous because they can take on
any value within certain bounds described by the geometry, materials, and manufacturing
processes that make up the strut. Each individual drag strut has its own levels of these
continuous random variables (RV). There are me-an, or average, values for an individual
strut but different values at any given location within the strut. There is no Way to predict
the exact levels of these variables; however, one can put bounds on the levels given some
knowledge about the population. More importantly, one can establish the probability of
finding a particular strut with a given level of one of these variables if the probability

distribution function for the population is known.

B. PROBABILITY DISTRIBUTIONS

Let the probability of finding a discrete value x, of some random variable X, be
given by P(X = x)= f (x), where f (x) is called the probability distribution function. In
probability distributions of continuous RVs, the probability that a given variable X takes
on any one discrete value is generally zero. However, one can determine the probability
that X lies between two différent values and thus the probability distribution for a
continuous RV can be found. A real-valued RV must definitely lie between -co and oo,
and the sum of all the probabilities must equal unity, because the entire population is

being considered. These statements are represented by:

f(x)=20 )




[Lr@ax=1 @)

Pla<X <b)=[ f(x)dx 3)

The probability that the random variable X takes on at least some value x is given

by the cumulative distribution function (CDF) F(x), where

F(x)=P(X <x)=P(-e< X <x)= [ flu)du 4)

C. DISCRETE RANDOM VARIABLES

Continuous RVs are fine for mathematical relationships; however one can only
measure or quantify discrete values of random variables when dealing with a real object.
The discrete values are dependent upon the scale, or resolution, of the instrument used to
measure or evaluate the object. If the scale is sméll enough, then the attributes of the
discrete RV approach that of the continuous. In this case, the summation of all of the
measured discrete values of the RV must be unity, because the entire population is being

considered. This is represented by:
2 fl)=1 5)

The remainder of this investigation deals with discrete RVs. In each case, the
scale was chosen as a compromise between physical limitations of measuring tools, the
time available to quantify the RV, and a desire to represent the real continuous RV as

closely as possible. -

D. SPECIFIC DISCRETIZED RANDOM VARIABLES

The drag strut, as originally manufactured, was thought to be reliable enough for
the planned service life of the aircraft. To date, there have reportedly been no in-service
structural failures, which validates the original analysis. However, that analysis did not
consider the effect of corrosion because that damage process had been precluded by the
synthetic rubber coating. The RVs that were important for determining the original strut

reliability were controlled during the manufacturing process. The material had to meet
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certain specifications in terms of hardness, modulus of elasticity, ultimate strength,
etcetera. The strut had to be machined to within certain dimensional tolerances and the
flash weld had to be performed under specific process specifications. Finally the
manufactured strut was proof tested in tension at room temperature, which served as a
high pass filtering process to remove any weak struts that slipped by the other control
mechanisms. The proof test load was set at 67 percent of the material yield strength or
220,600 pounds and was specifically intended to assure the reliability of the flash weld
[Ref. 4]. The RVs that are important for determining corroded strut reliability have now
been augmented by things relevant to the corrosion damage process. They differ from
the original RVs in that their levels can not be controlled, but only evaluated. The
augmented RVs, or corrosion induced effects, can be characterized by either the spatial
location of one or more damage sites on the strut, or the individual attributes of any one

damage site. These damage sites will be referred to as pits from this point forward.

1. Pit Spatial Location

a. Single Pit

There are infinitely many spatial locations for pits within the strut because
location is a continuous RV. Location had to be converted to a discrete RV for
characterization and analysis. The critical part of the strut for resistance to column
buckling is the thin walled cylindrical portion in the middle. This portion was divided
into four semi-cylindrical sections as shown in Appendix A. These sections were further
subdivided into an 18 by 24 grid that contained 432 possible locations. These locations
will be referred to as grid elements or just grids in the remainder of this document. But
column buckling is particularly sensitive to imperfections at critical locations;
specifically the anti-nodes of the harmonic modes. For this reason, special emphasis was
given to cases where the worst pits were located at critical nodes. This reduced the

number of combinations to be analyzed to a manageable level.
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b. Pit Clustering or Multiple Pits

When considering multiple pits within the discrete location RV, there are
still more possible combinations of pits than could be evaluated in this investigation.
Because the order in which the locations were selected was not important, the number of
combinations possible could be calculated from the following formula for combinations
of n things taken r at a time:

c=[':)=7,(ni_'_;y : ni=n(p-1)p-2)-1 ©6)

)
If two pits were considered, there would be 93,096 combinations of pit

spatial location. For three pits, there would be over 13 million combinations. These
numbers are for only one kind of pit. If pits of different characteristics were coupled
together with the possible location combinations, ihe numbers would get even larger. To
deal with this, a series of extreme cases were chosen. The analysis progressed from pits
to through-the-thickness holes of increasing diameter, up to a maximum of two inches.
The holes were assumed to be a practical determination of the worst possible case, i.e., no

operator would miss or accept a two inch hole in the side of any strut.

2. Pit Attributes

There are multiple attributes that could be used to describe the corrosive pits
found within the drag strut. Each of them is a continuous RV in its own right which has
to be discretized in order to be used in analysis. The following attributes were chosen on
the basis that they would have a distinct impact on the strength or reliability of the strut.
The detailed procedures used to extract the values of these parameters in the sample drag

strut can be found in Appendix A.

a. Pit Depth

This was the easiest attribute to quantify because it could be measured
directly. There was no special technique required to evaluate the impact of pit depth. In

other words, a deep pit is worse than a shallow pit because there is a direct reduction in

12





























































































































































































































