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FOREWORD
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Integrity for Military Aerospace Vehicles", Work Unit 24010104 "Structural
Design Criteria Specifications and Design Methods." The effort was
accomplished during the time period January 1977 through September 1977.

The basic text was originally presented at the 45th meeting of the
Structures and Materials Panel of the Advisory Group for Aeronautical
Research and Development (AGARD) in Voss, Norway on September 26, 1977.
The text in this report remains essentially unchanged. Some figures
have been added and minor clarifications incorporated. Corrections of a
historical nature were made to the discussion of the V-G diagrams near
the end of Section II.

Acknowledgement is made of the assistance provided by My, Robert L.
Cavanagh, Dayton, Ohio and the Air Force Museum, Dayton, Ohio in providing
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Figure 6. A. F. Museum Collection
Figure 8. R. L. Cavanagh Collection

Acknowledgement is made also for the valuable assistance lent the
authors by Dr. John W. Lincoln and Messrs. John C. Grogan, Donald B. Paul,
and John C. Sparks for their critical review of the report.
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SUMMARY

The 1.5 factor of safety is a highly visible airframe design para-
meter. The factor is empirically derived and provides an almost
universally accepted measure of flight safety. Although the measure is
qualitative, the level of safety provided by the 1.5 factor has become
an accepted standard. These facts have developed a tendency among
engineers to both challenge the continued application of the 1.5 factor
of safety for efficient airframe design and yet avoid any change that
would challenge the confidence of future designs. The unsettled position
on the factor of safety may never completely stabilize but it can be
clarified by reviewing its historical significance.

In U.S. design practice the significance of the 1.5 factor of
safety can be placed in perspective by reviewing its development for
both military and civil use. The factor evolved as a compromise opinion
based on flight operations. The approximate 1.5 ratio of ultimate stress
to yield stress for certain materials coming into use during the same
time period supported the decision but did not influence the selection of
the 1.5 factor of safety. Since the time of its selection, variations
and adaptations to other aircraft types have been proposed and sometimes
used. Several variations and experimental applications are reviewed.

The factor of safety design concept has recently lost some of its
appeal and reliability based concepts have been emphasized. As part of
its structural design criteria development program, the Air Force has
sponsored investigations to develop reliability based criteria. Three
of these investigations and similarities between the factor of safety
and reliability concepts are reviewed. Although the use of reliability
based concepts will probably increase, their application to airframe
design may be limited. The factor of safety still covers many contin-
gencies and it appears at this time there will be a continuing need for
some factor.
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SECTION I
INTRODUCTION

From the beginning of flight and even before power was used the
concept of safety was considered. Wilbur Wright, in a letter to his
father, Bishop Milton Wright, on September 23, 1900, wrote the following:

"1 am constructing my machine to sustain about five times my weight
and am testing every piece. I think there is no possible chance of 1its
breaking while in the air."

Early designers, researchers, and pilots were interested in safety
and were anxious to establish facts and information identifying maximum
Toads on various parts of the airplane. Wind tunnel measurements made
before and after 1900 were used principally to predict airplane performance
rather than structural strength, but in-flight loads measurements to
assess strength were also made during those early days. To this day,
occupant safety is a primary concern in designing manned vehicles and
the "factor of safety" has become a prominent design concept.

The historical development of the 1.5 factor of safety in U.S.
practice is largely unknown, even among the engineers who use the factor
frequently., Although not without criticism, Tittle if any thought or
concern is given to using the 1.5 factor in day to day design applications.
This fact would seem to reflect its basic acceptance. This is not true,
however, with other structural design requirements which are frequently
challenged and modified. Design specifications and practices are con-
tinuously reviewed and revised.

A concerted effort to rationalize airplane design requirements took
place during the 1930's as a joint effort between the Army, Navy, and
Civil Aeronautics Administration. The development of the 1.5 factor of
safety is closely related to, and interacts with, this rationalization
effort. The term rational in this case refers to a derived rather than
an arbitrary requirement.
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The improvements that evolved were the result of a better under-
standing of actual airplane operations as they occurred during the 1920's
and of the various parameters which influenced design Toads and i1oad
factors. For example, Reference 1 states that during the mid-1920's a
particular formula for computing the load factor capability of an
airplane was not used by U.S. designers, since flight tests had shown
this formula to be unreliable. The state of knowledge at that time
provided more information about the actual waximum loads that could be
expected in flight than were known about the parameters used in the
formula, therefore 1imiting its effectiveness. However, as a result of
continuing flight and ground tests, and engineering studies, overall
knowledge grew quickly and the rationalization of earlier requirements
could be seriously considered.

Although structural design requirements tend to change frequently,
the 1.5 factor of safety, as adopted and applied to design loads, has
not changed. When design or operational problems arise or structural
failures occur, certain corrective changes are usually made to the
design specifications, load prediction techniques, manufacturing tech-
niques, environmental standards, or operational restrictions of the
airplane. No known official action has ever been taken to increase the
1.5 factor of safety. The only known attempt to change it would have
reduced the factor, which has always been treated in a relatively
independent manner with respect to other design and operational criteria.

Specific references relating to the origin of the 1.5 factor of
safety are almost nonexistant. Like many design requirements, the
utilization of the 1.5 factor of safety evolved over a period of time
and it is not an independent development. The interaction of engineering
and operational experiences are documented under unsuspecting titles that
do not allude to their historical relationship with the 1.5 factor of
safety.

There was a reasonable, although not exhaustive, search of the open
literature for information relating to the history of the 1.5 factor of
safety, but there were no directly related references found. Fortunately,
several related articles were already known and were readily available.
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Those few associated references that were found are related to the “new"
interest in rationalizing structural safety on a reliability basis. This
interest began in the Tlate 1950's and early 1960's. It is concerned
almost entirely with replacing the current 1.5 factor of safety with
probabilistic interpretations of structural safety. Certainly, today's
technology can better handle the mathematical and computational aspects
of a more complex safety evaluation and may have prompted the current
interest.

Variations to the conventional factor of safety and probabilistic
techniques that have been considered and used by the USAF, as they relate
to static structural strength, will also be reviewed to show how they
evolved and are related to the 1.5 factor of safety.

The history of the 1.5 factor of safety has already been documented
by two of the people actually involved with the formulation of design
requirements during the 1820's and 1930's. Mr. A. Epstein worked for
the United States Army Air Corps Materiel Center from 1929 to 1940 and
prepared the original Air Corps Structures Specification X-1803 in 1936.
He continued his career in the U.S. aircraft industry working in the
structural loads and criteria area until his retirement. Mr. F. R. Shanley
worked for the Civil Aeronautics Administration in the 1930's and was
knowledgeable of the development of civil airworthiness raquirements.
Another source of civil airworthiness reguirements, as they relate to the
factor of safety, is a history prepared by the Los Angeles Regional Office
of the Civil Aeronautics Administration. These histories are given as
References 2 (Military) and 3 (Civil). The history of the 1.5 factor of
safety given in this paper is derived almost entirely from these refer-
ences, which are the only specific sources known to the authors.
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SECTION II
DEVELOPMENT OF THE 1.5 FACTOR OF SAFETY

The 1.5 factor of safety in U.S. design practice is fundamental and
represents a level of design safety which has become an accpeted standard.
However, engineers now challenge the continued appiication of the 1.5
factor for efficient airframe design, and yet tend to aveid any major
change in design phitosophy that would challenge the confidence of
future designs or encourage legal entanglements. The factor currently
provides a balance between design efficiency and safety. It's signifi-
cance can perhaps be placed in perspective by reviewing both its military
and civil development. Such a review can be helpful in judging the 1.5
factor's current and future applicability.

The evolution of structural design criteria from the semi-empirical
and arbitrary regulations in effect during the 1920's to the relatively
rational criteria established by 1940 is found in References 2 and 3.
These references are indispensable and will be used extensively to
relate the history of the 1.5 factor of safety in this section.

In the early 1920's, the U.S. Army Air Service maintained as a
contractual document for design, the Handbook of Instructions for
Airplane Design (HIAD). Mr. Alfred S. Niles, in his book "Airplane
Design" published by the Engineering Division of the U.S. Army Air
Service in 1926 (Reference 1), detailed the structural criteria found in
the 1925 edition of the handbook. The handbook criteria, although
adopted independently, was the result of a four year effort to obtain
identical design rules by the Army and Navy. Ln most cases, agreement
was reached.

CiviT airplane design practice paralleled the development of
military practice. Civil air regulation began in 1926 and requirements
were published in Aeronautics Bulletin No. 7-A, "Airworthiness Require-
ments of Air Commerce Regulations." The bulletin was kept up to date by
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periodic revisions and was replaced in 1938 by Part 04 of the Civil Air
Regulations, in keeping with adoption of the Civil Aeronautics Act of
1938 (Reference 3a).

The Army and Navy specified design load factors for three fiight
attitudes, as shown in Figure 1. Two of these, low and high incidence
(angle of attack) attitudes, were associated with dive recovery initiation,
and final recovery from a pull-up to maximum load factor. The low inci-
dence dive attitude with its aft center of pressure usually designed
the rear wing spar. The associated design load factor, which was two-
thirds of the high incident value, was based on a Tift coefficient of
one-fourth the maximum 1ift coefficient. This was a realistic design
concept at the time, considering the relatively 1imited speed range of
the airplanes and the reduced 1ift coefficient at the Tow incidence
design point. The range of speed from stall to maximum was sufficiently
restricted that when a high load factor maneuver was performed the
airplane would generally come close to the maximum 1ift coefficient.

To achieve the same maximum load factor at low incidence, where the 1ift
coefficient was one-fourth the maximum, twice the speed would be required.
Such a speed could not be achieved and thus, the reduced factor was
realistic. The third flight attitude for which design lead factors were
specified was that of inverted flight.

Civil airplane design load factors were originally based upon actual
acceleration measurements during Air Corps tests in the early 1920's.
To avoid establishing categories or weight classifications for various
airplane types, the load factors were made dependent on airplane gross
weight and power loading. Until 1932 load factors were given in chart
form using these two variables. These load factors were modified
slightiy in 1932 for airplanes having low power loadings. The require-
ments in Civil Aeronautics Bulletin 7-A were revised in 1934 to include
certain basic performance and design characteristics by using empirical
equations based on previous operational practice. Although the load
factor charts were known to neglect important airplane characteristics,
such as wing loading and drag, no substantial changes were made in the
maneuvering load factors themselves. The load factor charts were replaced
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in 1934 by an empirical equation and the minimum design load factor was
reduced from 4.0 to 3.75 because of satisfactory experience with large
flying boats (Reference 3a).

The term "factor of safety”" was recognized in a general sense but
various interpretations were applied. During the 1920's and early 1930's,
all loads were ultimate and airplanes were designed to load factors which
varied for each type. Reference 1 defines factor of safety as the ratio
between ultimate load and maximum probable lvad. It states that the
least factor of safety used for airplanes is usually 2.0 and that the
term "factor of safety" is often used incorrectly in place of the term
"load factor." A nearly identical definition for factor of safety was
in use in Bulletin 7-A in 1929, and its use may have been the result of
Mr. Niles' influence (Reference 1). In a minor sense, terminology was
a problem and Reference 1 also gave definitions for design load, normal
load, ultimate load, load factor, and margin of safety. Similar terms
were also defined in the 1934 edition of Bulletin 7-A.

While writing Air Corps Specification X-1803 in 1936, Mr. Epstein
noted the ambiguousness of the terms "“applied" and "design" and proposed
"Timit" and "ultimate." The new terms were later adopted in a joint
meeting of Army, Navy, and Commerce Department representatives, the
forerunner of the group that later originated the Army, Navy, Commerce
(ANC) programs, which are shown in Figure 2. The accepted terms first
appeared in the 1940 changes to Specification X-1803.

The first edition of the Civil Air Regulations, issued in 1938,
included a similar terminology change. The terms "design" and "applied"
were replaced by "ultimate" and "yield." Both of the new terms referred
to loads required to be withstood by the structure. The term "1imit"
was also introduced to specify the "actual" or "expected" load factor.
The 1imit Toad factor represented a flight Timitation for which the
airplane was expected to be completely airworthy (Reference 3b),.

As defined in Reference 1, Mr. Niles seems to have ignored the
maximum maneuver load factor capabilities of the airplane in his assess-
ment of the factor of safety of 2.0. He apparently used only the more
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typically achieved maneuver load factors when assessing the difference
between actual and design loads. There were no flight restrictions to
limit maneuvers, for example, to half the ultimate design load factor
(to insure a factor of safety of 2.0) and it was characteristic at the
time to use the more typical (or average) maneuver load factors as a
basis for design regulations. The Civil Aeronautics Administration
during the same period specified only a load factor value {ultimate} in
the order of 6.0 for a typical airplane. The implication was that the
airplane structure should not fail before reaching 6.0G in flight. There
were no maneuver load limitations specified but there was the assumed
factor of safety of 2.0.

During the 1920's, operational flight load factors began to increase.
In 1921, Reference 4 stated that a load factor of 4.5 was sufficient for
stunting based on flight tests using a JN-4H airplane (Figure 3). The
Air Corps, in flight tests conducted in 1924, recorded a 1oad factor of
7.8 in a PW-7 airplane {Figure 4) flown by James Doolittle. This factor
was the highest reached and occurred during a sharp pull-up at 162.5 mph
(Reference 5). The 7.8G compared to the theoretical maximum of 8.15G
at ¢ max and a design factor of 8.5G. The 7.8 load factor certainly
could not be considered in the "maximum probable Toad" category when
considering the factor of safety definition in Reference 1, but rather
as an improbably high load. Similarly, the thought that airplanes had
an approximate factor of safety of 2.0 was more of an opinion which was
based on Timited operational data and not on aerodynamic capability.
Pursuit airplane design load factors were increased to 12 when it was
realized that the 8.5 design load factor then in effect could be readily
exceeded.

In 1927 (Reference 6), a Navy F6C-4 airplane {Figure 5) déveloped a
Joad factor of 10.5G during a pull up and in 1930 (Reference 7} a PW-9
pursuit airplane (Figure 6) reached accelerations up to 9G during flight
load test programs. Both of these airplanes were designed to ultimate
load factors of 12G. However, there were no further increases in pursuit
airplane design load factors as a result of these experiences,
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Fokker PW-7 Airplane

Figure 4.
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Curtiss F6C-4 Airplane

Figure 5.
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The Army, Navy and CAA began during the early 1930's to rationalize
their_design requirements. The objective was to relate the air loads more
closely to actual flight conditions. This effort eventually resulted in
the introduction of gust loading conditions, airplane speed, the velocity-
acceleration (V-G) diagram, and the use of aerodynamic derivatives. A
number of the more significant milestones in the evolution toward rational
criteria are described in Reference 2c. The 1.5 factor of safety evolved
from this rationalization process as an outgrowth of the flight test
programs conducted.

The formal introduction of a factor of safety of 1.5 into Air Corps
requirements occurred in 1930 but it only applied to establishing design
tail loads. The HIAD (handbook) design loads for the horizontal tails
at that time were admittedly arbitrary and insufficient for the expected
service of many airplanes. Reference 8 established a new method which
consisted of determining the steady-state flight path and speed of the
airplane with zero power, assuming a complete range of angles of attack
from maximum positive to maximum negative. The balancing tail load was
then computed for each of these points. The balancing tail Toads so
defined were further adjusted by a velocity factor and increased 50 percent
for design. The 50 percent factor over the computed load was termed the
factor of safety for material. The adoption of this design technique
also introduced the use of airplane speed and aerodynamic derivatives
{wing moment coefficients) as reguirements.

The flight loads program reported in Reference 7 was the most
comprehensive undertaken up to that time (1930). It was conducted at
the request of the Air Corps to determine the magnitude and distribution
of loads over the wing and tail surfaces of a PW-9 pursuit airplane
during maneuvers most likely to impose critical loads. The maneuvers
included pull-ups, rolls, dives, and inverted flight. Pressure distri-
butions and load time histories were recorded. The distributed loads
measured over the tail surfaces were two-thirds of the design loads and
assuming that the factor of safety of 2.0 applied, the report concluded
that the design load criteria should be increased. The same data in
Reference 7 were again evaluated in Reference 9. In Reference 9, the

14
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authors assumed that the maximum operational loads were the specified
ultimate design loads divided by a 1.5 factor of safety. The measured
tail loads actually were about two-thirds of the design values and

helped to substantiate the 1.5 assumption, although it was a weak
assumption in a statistical sense, It was their belief that the require-
ments were based on "an anticipated load factor plus a margin of 50 per-
cent to allow for possible imperfections of material, approximations of
analysis and general lack of knowledge of loads." In References 7 and 9,
then, we see two conclusions based on the same data. Each conclusion
occurred by assuming a different factor of safety.

Although some disagreement and possible confusion seemed to exist,
it could have been worse. Presumably, {f the 2,0 factor had been con-
sidered the norm, the 12G PW-9 airplane should not even have been
permitted to exceed 6G. If the highest 9G load factor recorded by the
PW-9 airplane had been considered and compared to the 12G design load
factor, an even lower 1.33 factor of safety could have been assumed when
evaluating the flight data in Reference 7. Now consider again the
factor of safety of 2.0. If it was still the accepted norm as assumed
in Reference 7, then the "new" conclusion in Reference 9, that a 1.5
factor of safety prevailed during flight operations, was not adequately
supported. The assumed need for a factor of safety of 2.0 in 1925 was
Jjust as valid as assuming the 1.5 factor existed in flight operations in
1937. Neither value could be substantiated statistically. Clearly, a
change in thinking had occurred as a result of operational practice and
available flight test data.

Mr. Epstein notes in Reference 2c¢ that his thinking followed this
pattern. In the early 1920's a factor of 2.0 was considered necessary
as implied in Reference 1 by Niles. In the late 1920's, actual opera-
tional flying of the newer airplanes were coming closer to the ultimate
load factor than earlier models. Airplanes were flying up to two-thirds
and more of the ultimate load factor and nothing was happening to the
structure; therefore, the evolution of thinking toward a lower factor of
safety was a natural one.

15
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Mr. Shanley expressed similar thoughts in Reference 3a. He favored
using a 1.5 factor of safety to keep the permissible 1imit Toads rela-
tively high, as compared to a factor of 2.0. Although & requirement
relating 1imit loads to the absence of permanent set had not yet been
written, Mr. Shanley interpreted 1imit load at that time as not exceeding
yield strength,

As summarized by Mr. Epstein in Reference 2c, the factor of safety
value that one considered to apply was a variable which depended upon the
sample of flight data used and personal judgement as to the base to use
in assessing the factor. In terms of actual strength, there was no way
of knowing a true factor of safety in view of the Timited knowledge
of loads and stress analysis.

At this point in time, a factor of safety philosophy had essentially
evolved but had not been formalized. Airplanes were flying at two-
thirds of ultimate load factor, permanent set was not desirable, permis-
sible 1imit loads should be as high as possible, and a 1.5 factor was
already in use to establish design tail Toads. Yet, there was no formally
established relationship between design load factor, maximum aercdynamic
maneuver capability, and operational maneuver limits. These relation-
ships would evolve with the development of the V-G diagram.

The concept of a V-G diagram that defines the design boundaries of
an airplane is generally attributed to Richard Rhode. Prior to the
adoption of this concept, the factor of safety had limited significance,
The diagram itself appears obviocus and elementary but it represents a
major milestone leading to rational criteria. The Navy Bureau of
Aeronautics was the first to specify this diagram, shown in Figure 7, as
a requirement in 1933,

In the interest of establishing standardized design requirements
with the Navy, the Air Corps had initiated a study of the Navy series of
criteria specifications (Reference 10) in May 1933, The result of this
study is found in Reference 11. Much of the diagram's development effort
evolved around the definition of the upper left and right hand corners
of the envelope. The Navy had specified rounded corners. An existing

16
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Air Corps requirement called for the maximum load factor to occur at
maximum 1ift coefficient and it was therefore recommended that the maxi-
mum acceleration and maximum 1ift coefficient line form the upper left
hand corner. This point was adopted. For consistency, the lower left
corner was made the intersection of the negative maximum 1ift coefficient
line and the negative design load factor. The Air Corps also recommended
that the upper right hand corner be a right angle to provide a definitive
low angle of attack design point.

To counter the argument that airplanes performed satisfactorily in
service with reduced load factors for this low incidence (angle of attack)
corner, Mr. Epstein noted that stress analysis was inherently conservative
and the structure was actually stronger than analysis indicated. Further
evidence to justify a right angled upper right hand corner was provided
by data in Reference 12 where a P-12C (Figure 8} airplane was shown to
have initiated a pull up from a vertical dive, starting at 250 miles per
hour. A maximum speed of 255 miles per hour was reached and a maximum
load factor of 8.5 was developed (at low angle of attack) at 248 miles
per hour, which was only a slight reduction from the maximum speed.

Maximum speeds were already defined for design purposes as either
the terminal velocity in a vertical dive, which was applicable for pur-
suit airplanes, or as a restricted speed given in a percentage of high
speed. These speed definitions were also used to form the maximum
speed 1ine for the V-G diagram. The upper and lower right hand corners
were finally adopted as right angle intersections of the maximum speed
1ine and the maximum positive and negative acceleration lines. With the
adoption of the V¥-G diagram, the tail Toad requirements of Reference 8
became cbsolete because airplanes were then required to be balanced for
all points of the diagram.

The maximum design Toad factor boundary of the V-G diagram had in
essence already been established. The precedent not to design to the
maximum recorded load factors of an airplane had already been established
in Reference 9, which states that, "If the attempt is made to design
present service pursuyit airplanes to take care of the highest accelerations
so far observed, 10.56G, and still retain a factor of safety of 1.5, the
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ultimate design load factor would have to be raised to 15.75." This high
factor was felt to be unwarranted by virtue of the accompanying weight
increase and loss in performance. Therefore, the principle of not
designing to the maximum recorded load factors was recognized and the
maximum load factor boundary for the V-G diagram was established by the
load factors then in use.

Having agreed on the boundary of the V-G diagram, the question of
how to use the diagram in conjunction with the factor of safety as a
design and operational boundary remained to be resolved. The Army and
Navy differed in opinion as to whether the V-G diagram should be an
ultimate or a 1imit diagram. The Navy V-G diagram represented an elastic
limit requirement. Yet the limit was difficult to define because the
Navy did not have a fixed factor of safety. Appendix II of Navy Specifi-
cation SS-1 (Reference 10) states that the ratios of ultimate strength
to elastic T1imit strength should be equal to or greater than 1.35 for
all conditions except the dive, in which case the factor is to be a
minimum of 1.5. Wing cells were to be designed to any point within the
V-G diagram without exceeding the elastic limit of any structural
member and the horizontal tail had to sustain the maximum balancing Tload
multiplied by 1.5 without permanent set, and by 2.0 without failure.
The Navy also had a flight V-G diagram and a requirement that the fiight
loads should not exceed the elastic 1imit of the structure. Appendix II
suggested a factor of 1.05 or 1.10 as the flight elastic true (yield)
factor of safety.

The Air Corps study in Reference 11 recommended the adoption of a
single factor of safety as a preferable alternative to the variety
specified by the Navy. Since an Air Corps precedent for using a 1.5
factor of safety had already been established, it was recommended that
the 1.5 factor be adopted for the V-G diagram. However, the Air Corps
also recommended that the V-G diagram be an ultimate rather than a yield
diagram as the Navy had been using it. The Air Corps proposed flight
limits were to be two-thirds of the ultimate factors shown by the
diagram.
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This design philosophy was incorporated into Revision 6 of the HIAD,
dated March 1934 and the 1.5 factor of safety became a formal Air Corps
requirement. The use of an ultimate V-G diagram was later changed by
the Air Corps to a design load factor diagram in August, 1936, when
Specification X-1803 was issued. The original recommendation of an
ultimate diagram was based on potential structural problems due to
secondary wing bending effects in biplanes. By 1936 the rapid trend
toward unbraced monoplanes replacing both biplanes and braced monoplanes
in Air Corps procurement caused the original concern to disappear.

The original concern that led to the ultimate V-G diagram recom-
mendation was related to the secondary nonlinear bending load effects
with load factors found in the wing spars of biplanes and braced mono-
pianes. An explanation of this concern is given in Reference 1 and
relates to a DH-4 wing test as reported in McCook Field Serial Report
2391. The report concluded that wing spars should have sufficient
lateral bendihg strength to prevent a tendency to twist under some wing
loading conditions. To prevent Tateral spar failure, the strength
requirement for the internal wing drag truss was increased 33 percent.
The Navy engineers disagreed with those of the Army regarding the need
for the additional factors and did not adopt them.

When Specification X-1803 was issued, this and additional drag truss
design requirements were given as part of the Wings and Wing Bracing
classification (Figure 9). To insure torsional rigidity, the design
requirements for internal wing truss designs were increased as a function
of the wing type and ranged from a factor of 1.33 to 3.0. These factors
were used in addition to the 1.5 factor of safety. However, as previously
noted, the 1936 change from an ultimate to a 1imit V-G diagram was
solely the result of new airplane design trends. The change did facili-
tate the use of one diagram for both design and operation, but the
desirability of a single diagram was already apparent when Reference 11
was prepared. Consequently, the 1934 Air Corps recommendation to use an
ultimate ¥-G diagram was only reluctantly proposed because of the
potential structural bending problems in biplane wings,
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STRESS ANALYSIS CRITERIA

BASIC FLIGHT CRITERIA

WINGS AND WING BRACING

ALIGHTING GEAR

CONTROL SURFACES, INCLUDING FIXED SURFACES, AND AUXILIARY DEVICES
CONTROL SYSTEMS

ENGINE MOUNTS AND NACELLES

FUSELAGE AND HULL

FITTINGS

Figure 9. Specification X-1803 Classifications
{Reference 2c).

The Aeronautics Bulletin No. 7-A retained the previously described
factor of safety philosophy and the implied value of 2.0 until 1933. The
1934 revision involved a correlation of loading conditions with actual
flight conditions and it was necessary to redefine the design or "ultimate"
Toad factor. An "expected" or "actual" load factor was defined in con-
junction with the ultimate Toad factor and a factor of safety. The
ultimate load factor was divided by the factor of safety to obtain an
"applied" load factor which was not allowed to cause any permanent struc-
tural deformation. The actual strength requirement in the 1934 issue of
Bulletin 7-A stated that, "The minimum factor of safety for any aircraft
structure or component therefore shall be 1.50 unless otherwise specified.
This requires that the ultimate strength of any member shall be at least
1.50 times as great as its critical applied load" (Reference 3b).

Over the years, some writers have attributed the origin of the
1.5 factor of safety to the characteristics of the newer 2024 aluminum
(2457 at that time). It had a ratio of ultimate to yield stress of
approximately 1.5. Actually, the precedent of a 1.5 factor of safety
(for design tail loads) had already been established when the Air Corps
formally adopted it for overall structural design. Mr. Epstein has
stated in Reference 2c that material properties were not an Air Corps
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consideration. If they had been, 17ST, which was the aluminum alloy
used at the time, would have dictated a factor of safety of 1.7, since
it had an ultimate value of 55,000 psi and a yield value of 32,000 psi.
The corresponding value of 4130 steel which was widely used at the time
is 1.2. The 1.5 ratio for the newer aluminum, although not a direct
influence on the decision to use a 1.5 value, did support the selection.

There were also opinions, as noted by Mr. Shanley in Reference 3a,
which attempted to relate airpTane operation and permanent set of the
structure, or a lack of it, to the selection of the 1.5 factor of safety.
This is often cited as the basic reason for the choice of 1.5 rather than
some other number. The approximate 1.5 ultimate to yield stress ratios
of commonly used materials and the apparent lack of permanent deformation
appeared to mean that airplanes had not been developing more than about
two-thirds of their design load factor in flight. Mr. Shanley points
out that he was not convinced that the permanent set philosophy was a
"sound argument, for at least two reasons: (1) It did not apply to
compression members that failed by buckling, and (2) tension members
were almost always critical at joints, for which the efficiency was
generally below 80 percent.” As previously cited, Mr. Shanley's main
reason for favoring a 1.5 factor was to allow Timit loads to remain
relatively high (as opposed to the assumed factor of safety of 2.0).
Since he also interpreted 1imit Toad as a requirement to preclude
permanent set during normal operations, he concluded that the only
significance to be placed on the two-thirds ratio was that it imposed
no penalty on existing airplanes when working backward from existing
load factors, using a factor of safety of 1.5.

From the point of view of the Air Force, the history of the 1.5
factor of safety can best be summarized by several of Mr. Epstein's
observations. In Reference 2a, Mr. Epstein noted that the decision by
the Air Corps to stipulate a 1.5 factor for subsequent design in conjunc-
tion with the V-G diagram was supported by, and not the result of, the
fact that the 24ST aluminum alloy material then coming into use had a
1.5 ratio between ultimate tensile and yield strength. He felt that the
adoption of the 1.5 factor of safety was much more significant (than any
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choincidental association with material properties) in that its adoption
in conjunction with. the use of the V-G diagram recognized "the principle
of an airplane being lTimited operationally to a flight envelope within
which it would not experience any significant permanent set.”

He further notes in Reference 2c that, "the factor of safety of 1.5
has withstood many moves to alter it, but there was a period in 1939
when the Chief of the Structures Branch of the Engineering Division at
Wright Field thought seriously of reducing the value of the factor.
Newer aluminum alloys were becoming available with higher ratios of yield
to ultimate strength and he interpreted the factor as the ratio of
ultimate to yield. However, no action was taken when the following
explanation was offered: 'The factor of safety is not a ratio of ultimate
to yield strength, but is tied in with the many uncertainties in airplane
design, such as fatigue, inaccuracies in stress analysis, and variations
of material gages from nominal values. It might also be considered to
provide an additional margin of strength for an airplane subjected to
shellfire.'"

Finally, Mr. Epstein notes in Reference la that, “In subsequent
years there have been various assessments made as to the significance of
the 1.5 factor of safety but actually its origin {in USAF requirements)
was an opinion of what was representative of service flight operations'
(relative to design load factors).

The 1.5 factor of safety remains today in an intermittent state of
assessment. Its use in U.S. airplane design practice has never been
formally designated as a fixed design entity or as a single design
entity, although it is often viewed in that sense. Other important
structural design factors affect safety but they are normally viewed in
a less rigid fashion. Each factor that has evolved is applied in a
specific way. The 1.5 factor applies to the basic external ground and
flight loads while other supplemental factors apply, for example, to
pressurized cabins, castings, and fittings. The size of the safety
factors selected usually depend on the design application, manufacturing
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standards, and the intended operational use of the airplane which existed
at the time they were adopted. Since circumstances change, a review of
the origin of each factor is always of interest and worthwhile. Perhaps
this review will help place the significance and future applicability of
the 1.5 factor of safety in proper perspective.

The remaining sections will discuss the history of other well
known factors of safety and variations to the factor of safety design
concept from an Air Force perspective.
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SECTION ITII
DEVELOPMENT OF OTHER FACTORS OF SAFETY

As seen in the previous section, the 1.5 factor of safety did not
evolve as the result of a concerted effort to derive a useful factor.
It evolved together with other design requirements as part of an overall
desire to rationalize structural design criteria. Other commonly used
factors of safgty also evolved in a similar but more direct fashion than
did the 1.5 factor of safety for airplanes.

The history of the 1.25 factor of safety for missiles as a require-
ment is relatively complete. The factor evolved as part of an overall
effort by the Army, Navy, and Air Force to develop strength and rigidity
requirements for missiles. The derivation of the actual value of 1.25
which finally evolved is not as well defined, however, at least with
regard to Wright Field records. The value seems to have evolved through
a philosophical trial and error process. Missile strength and rigidity
requirements, including the 1.25 factor of safety, were formally published
by the Air Force and the Navy in Specification MIL-M-8856 (ASG}, which
was dated 22 June 1959,

Missile design requirements were actively pursued by both the Air
Corps and the Navy but they were preceded by those of the pilotless
airplane. 1In 1945, the Air Corps compiled requirements for such vehicles.
The document, "Stress Analysis Criteria for Winged Missiles," did, in
effect, apply to pilotless airplanes and was derived from Specification
C-1803-12. This specification retained the airplane factor of safety
of 1.5. The Navy wrote a "General Specification for the Design and
Construction of Pilotless Aircraft,” in April, 1949, This document was
referred to the Aeronautical Standards Group (ASG) by the Navy in
December, 1949. A Tetter from the ASG to the Chief of Ordinance
(Pentagon), recommended coordination of the specification with all
branches of the services.
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In 1952, a tri-service Guided Missile Task Group was formed by the
Office of Standardization, Defense Supply Management Agency. The task
group was composed of five subcommittees, one of which was to prepare
structural criteria and data requirements. This subcommittee first met
in January, 1953. The Navy wrote the first draft of a guided missile
strength and rigidity specification for the Criteria Subcommittee in
February, 1953. This draft specification required & 1.15 factor on
yield strength, a 1.5 ultimate factor for loading conditions hazardous
to personnel or to the Taunch airplane, and a 1.0 ultimate factor for
all other toading condittons.

The Air Force, prior to this time, had been using a variety of
ultimate safety factors including 1.0, 1.15, 1.25, 1.30 for its winged
and ballistic missiles. Occasionally, more than one factor was used on
the same missile as occurred on the Matador. The ultimate factor changed
from 1.15 to 1.25 between early designs and the "B" model. At the time
the above Navy draft specification was written (1953) the Air Force had
already informally established the 1.25 ultimate factor of safety as a
standard value for missiles. This difference in Air Force and Navy factor
of safety philosophy became very evident by the third meeting of the
Criteria Subcommittee and the factor of safety became the most contro-
versial issue to be resolved.

The matter was said to be "resolved," as noted in the next draft
specification, by deleting the use of any specific factor of safety and
allowing each user of the specification to insert their own value. This
approach to the factor of safety disagreement appeared in what was termed
the "final draft" of the specification in June, 1954. However, the
actual finalization of the specification took considerably Tonger.

The Army had initially participated with the Air Force and Navy
during the first few meetings of the committee but did not attend after
October, 1953. The Army Ordinance Corps felt that the state-of-the-art
did not warrant the issuance of a specification at that time. They did,
however, submit comments on later drafts when they were circulated for
coordination. The committee's final draft did not circulate for formal
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coordination until July, 1955 and all activities were terminated in
March, 1956. The remaining tri-service coordination activities were
assigned to the Navy Bureau of Aeronautics, Director of Standardization.

Changes continued to be made to the “final" draft and several
jterations evolved. In the June and December 1957 drafts, the factor
of safety was reinstated but in a different form than had been used
previously. A choice was given to the user. He could select factors
of 1.0 yield and 1.33 ultimate, or 1.15 yield and no ultimate factor.
Why this choice of factors was inserted and why the 1.33 was selected
is not clear from available Air Force records. The 1.15 factor was a
standard Navy yield design factor and originally recommended for missile
applications by the Navy, as previdus]y stated. The 1.33 value was a
common factor used for pressure vessel designs, which was a major design
aspect for many missiles. The apparent intent was to allow reasonable
design trades between structural components which were designed princi-
pally by pressure considerations and those that were not.

A revision to the December, 1957 draft, dated September 1958,
revised that factor of safety to 1.0 for yield stresses and 1.25 for
ultimate stresses. This represents an apparent change in Navy design
philosophy. The 1.5 ultimate factor was retained for handling and
flight Taunch design conditions. The December, 1958 draft and the final
published specification retained these factors which are still in use.
Although MIL-M-8856 was published in final form as an Air Force-Navy
specification, the Army still retains an interest in it and is kept
informed when revisions are made.

The most interesting aspect of the missile specification is not the
formal introduction of the 1.25 factor of safety to structural design
but the introduction of probabilistic design techniques. The specifica-
tion requirements stipulated that "all combinations of loads and loading
conditions having an acceptable probability shall be considered." A
specific requirement was included for the design limit incremental gust
response on & relfability basis. A probability of exceedance was
stipulated for the design of air-to-air, surface-to-surface and surface-
to-air missiles. Structural Toad responses to gusts were to be derived
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from the method found in NACA TN 4332 (Reference 13} and a definition of
the atmosphere in power spectral density form was taken from NACA

Report 1272 (Reference 14). The probabilistic gust requirements replaced
the original discrete gust requirements found in early drafts of
MIL-M-8856. The earlier discrete gust requirements were patterned after
airplane requirements and were vigorously objected to by the aircraft
industry. The industry also emphasized the need for a common atmospheric
description for the design of the structure and the control system.
Probabilistically defined wind and gust descriptions were included in the
final specification.

In all, an extended period of time was required to develop, co-
ordinate, and issue the original MIL-M-8856 (ASG) missile specification,
but many of the requirements were new and never before formally
coordinated between the Services.

A related side 1ight is the development of the 1.4 factor of safety
which is used for manned space vehicles. This factor originated within
the Aircraft Laboratory, Wright Air Development Center (WADC). The
fac'tor was defined by the same office responsibie for all other Air
Force airplane and missile criteria (Reference 15). The 1.4 factor grew
out of a laboratory study to evaluate the applicability of the 1.5
factor of safety for large separable boosters for manned space.vehicles,

The Dyna Soar (X-20), manned maneuverable reentry system, was under
development at the time and the booster systems were an integral part of
the development. The manned glide reentry vehicle was being designed
by the 1.5 factor of safety, but the factors applicability to the booster
was questioned. The laboratory study considered the usual design,
construction, and manufacturing Timitations and interactions, but the
material properties provided the major weighting factor. The ultimate
to yield stress ratios for the two candidate Dyna Soar booster matferials
were nearly identical. To maximize structural safety and efficiency,
the material characteristics were reviewed and safety factors were
chosen to bring the design working stress closer to the design yield
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stress. Because of the uncertainty related to the design of large,
integral pressure vessels in combination with flight loads and tempera-
tures, a 1.1 factor on yield was selected in combination with a 1.4
factor on ultimate, The study conclusions emphasized that high safety
factors and high reliability are not necessarily equivalent, nor do

they negate the problems of inadequate design practice or analysis,
ineffective quality control, or prevent brittle material failures. The
yield and ultimate factors were to apply to all combined aerodynamic,
inertia, pressure, and thrust loads for both the solid and 1iquid pro-
pellent boosters then being considered. The Tiquid booster propellent
tanks, however, when subject only to pressure loads, were to be designed
to a 1.25 ultimate factor because the internal pressures were considered
more predictable than those in a solid propellent booster.

The 1.4 ultimate factor of safety, as initially developed, was
intended for a specific vehicle design, the X-20 booster. It was not
intended for broader application or to be used without the 1.1 factor on
yield stress. Its use established a precedent, however, and it has
since been quoted in many publications. Presumedly, the two factors are
still considered applicable to current designs, since they have appeared
in both Air Force and NASA design requirements for manned space vehicles,

Currently, both missile and space vehicle structural design phi-
losophies are factor of safety oriented. However, the overall design
requirements for these vehicles are more closely related to a reliability
based criteria than are current airplane designs. In the next section,
other basic concepts which relate to both airplanes and missiles will be
reviewed. These concepts will include modifications to the conventional
factors of safety and certain reliability based criteria interactions.
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SECTION 1V
FACTOR OF SAFETY DESIGN CONCEPTS

The desire to rationalize design criteria has never ceased. Structural
design reguirements (military specifications, for example) are in a
constant process of review and revision. Because of its encompassing
influence on structural design, the factor of safety has received
considerable attention in recent years. This attention, though, relates
primarily to the factor of safety as a design concept. The specific
value of the factor of safety is usually a secondary consideration. The
actual value does not readily equate to a specific level of safety and it
is difficult to judge the difference in safety as related by a change in
factor from 1.5 to 1.4, for example. Similarly, the factor of safety
concept does not readily equate to an identifiable design objective that
provides or defines structural integrity. Integrity is achieved through
many interacting design facets, some of which are obvious and some
abstract. The concept primarily provides a safe operating margin between
an operational and design level of strength. Just how "safe” this margin
makes the airplane is always open to question because of numerous
unknowns and parameter variations which affect structural loads, design,
analysis, materials, operation, and the natural environment. Because of
these unknowns and variations, the actual degree of structural opti-
mization achieved is also questionable. The apparent high degree of
structural integrity achieved by the factor of safety concept is often
the result of indirect, intuitive considerations, and reactions to
previous problems. Design and operational experience has essentially
provided the basis for the acceptability of current requirements and
the safety provided by the factor of safety concept. To overcome this
apparent lack of precision, definition and objectivity, and improved
design flexibility, the use of probabilistic techniques and reliability-
based design criteria are often proposed.

Having reviewed the history of several well known factors of safety

for airplane and missile design in Section II and III, we can now review
a number of Air Force studies of variations to these factors and note
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their influence on current design practice. These variations to current
factor of safety design concepts tend to blend with reliability-based
concepts. One effectively leads to the other because some of the
variations are an attempt to rationalize criteria and are intended to be
a step toward a reliability-based criteria.

The operational environment has become increasingly hostile and more
and more demands are made of the airframe. To improve airplane performance
and accurately appraise structural design requirements, established
criteria must be continuously updated and supported by adequate technology.
The technical support must include analytical techniques for determining
aerodynamic derivatives, vehicle dynamics, heat transfer, stress-
temperature distributions, material properties after prior random
exposures, a suitable means of qualifying a structure to actual or
reasonably representative environments, and a satisfactory means of
flight test demonstration. Regardless of the design concept, the
parameters that affect the structure and its response must be further
explored. A realistic appraisal of our current ability to guarantee
the design of a reliable structure and to define the steps required to
obtain a reasonable assurance of structural reliability is also required
(Reference 16).

Statistics have formed a basic part of airplane criteria from the
time that sufficient data were available to judge the reasonableness of
values used for maneuver load factor and design gust (Reference 16).
Material properties, sink speeds, and other parameters used for esti-
mating fatigue life are also derived statistically. However, all current
requirements for static strength call for a specific factor of safety to
be applied to maximum expected loads even though some of the design
parameters and resulting loads were statistically derived.

For about two decades, which span the 1950's and 1960's, two
additional design concepts, “"safe-1ife" and "fail-safe," have been used
in combination with the factor of safety to design military airplanes
for the fatigue or repeated load environment, Chief emphasis has been
placed on the factor of safety and safe-life approaches. The fail-safe
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concept is added to a design when high reliability is required (as in
transport airplanes) or when performance penalties are not incurred (as
in fighter airplanes). The safe-1ife concept attempts to identify,
through analysis and test, the fatigue critical areas of the airframe
and offset problems which might occur within the specified lifetime of
the airplane. This presents a conflict between the nonprobabilistic
factor of safety concept and the probabilistic concept of safe service
life. Faced with an increasingly complex operating environment and a
demand for more reliable (economical) airframes, the designer has
attempted to make the most of each concept. The factor of safety, a
static strength parameter, will not provide for time varying effects,
and the safe-1ife concept suffers from a lack of appropriate operational
and structural component test data. Therefore, the task of designing a
reliable structure has been to incorporate analysis methods which
combine the useful functions of each concept (Reference 17).

More recently the term of "safe-1ife" has become obsolete and the
terms "damage tolerance" and "durability" have been introduced. The
design intent to provide structures that are safe and economical to
maintain has not changed but the approach is different. The current
Air Force design philosophy emphasizes both the damage resistance or
tolerance to manufacturing or service induced flaws for some specified
period of service usage and the economical maintenance of the airframe.

The term damage tolerance is not new, but the emphasis on assumed
initial or service induced flaws in the airframe is relatively new. The
damage td]erance concept is intended to minimize catastrophic structural
failures due to the propagation of undetected flaws in critical locations.
To contain the damage, fail-safe and sTow crack growth design concepts
are used. The fail-safe concept contains local damage by use of multiple
load paths and tear stoppers. The slow crack growth concept protects
safety by not permitting flaws to grow through unstable rapid propagation.
This is done through inspections, or Tife Tlimiting in the case of
noninspectable structure.
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The durability requirements emphasize Tow maintenance costs during
the 1ife of the airframe. The durability concept is intended to minimize
airframe maintenance due to cracks and related structural degradation.
The safe-1ife concept used a factor of 4.0 in predicting fatigue 1ife
and was a combined deterministic/probabilistic concept. In essence, the
damage tolerance concept (which does not use a directly applied factor)
can be considered as deterministic as the safe-life concept because the
stipulated initial flaws are in fact, factors of safety on time.

The most argued "advantage" for reducing the factor of safety is
the reduction in airplane weight and the accompanying increase in
performance. An impressive discussion in favor of reducing the factor of
safety to save weight is provided in Reference 18, which was written in
1954. The discussion considers permanent set, allowance for defects in
material and workmanship, stiffness, and maneuver load exceedances.
Proper accounting of these points during design is shown to support a
decrease in airplane weight. The arguments seem factual and are still
current, Some facets can be updated to todays design philosophies and
technology to further support the contentions given. The advantages to
reducing the factor of safety are shown by decreases in gross weight as
a function of factor size and proportionate increases in performance for
representative military ajrplanes, Of special interest is the note that
airplanes frequently exceed design Timit load factors and that such
factors may reguire an increase, rather than continuing to count on the
1.5 factor of safety to cover such occurrences. The projected control
of limit load factor exceedances by the 'se of entirely automatic flight
cantrol systems has not materialized for piloted airplanes but is gquite
common for missiles and space craft.

Reference 18 also points out the erroneous idea that the 1.5 factor
of safety always provides an actual operational level of strength
50 percent above Timit load factor. Structural design procedures assume
a2 linear load increase between 1imit and ultimate load when the 1.5
factor of safety is used. Due to aerodynamic nonlinearities, some
parts of the airplane reach loading conditions greater or Tess than
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1.5 times the 1imit ioad when the ajrplane achieves ultimate load factor.
Operational conditions and related design requirements also impose
different strength requirements on specific components at different
times. For any one design condition there will be an imbalance of
strength distribution throughout the airframe. This can be minimized
but cost, schedules, and the lack of appropriate aerodynamic load data
early in design often hinder the development of a more efficient, or
balanced, airframe. Then, again, there are many unknowns regarding the
influence that a weight reduction program may have on the airframe in
later years, or if the weight savings will significantly improve per-
formance and reduce operational costs.

The significance of reducing airframe weight fractions below current
averages in terms of performance, Tifetime operational costs, and
structural maintenance is difficult to evaluate. System dependency, the
initial level of structural design conservatism, the increasing severity
of operational environments, and damage tolerance design requirements
further complicate the evaluation. Factual design interactions can be
established best when design flexibility is highest, early in design.
Yet, factual design and operational usage-data are normally not well
defined early in design. Weight reduction programs, often conducted
after the fact, concentrate too heavily on reducing only airframe
weight and minimally evaluate the many other less prominent but important
performance and design interactions. Although cost savings are often
correlated with airframe weight, the probability of actually realizing
the theoretical savings shown, or projecting the impact of the savings
on structural maintenance and reliability, are seldom evaluated. Many
of todays aerodynamically efficient airplanes are volume limited, rather
than weight Timited, when loaded. Hence, the airframe weight saved does
not necessarily provide a performance or operational advantage and could
possibly be put to better use by improving the durability of the
airframe. Unfortunately, very little factual data is available to
accurately weigh the validity of these points.
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Any change in structural weight is further reflected as an even
larger change in gross weight. This relationship is described by a
weight growth factor which is the ratio of the delta change in gross
weight for each one pound change in structural weight. A certain range
or value of weight growth factor can be used to describe an airplane
category (transport, fighter, or bomber) but a specific factor must be
calculated for each airplane to be accurate. Although airframe weight
trends have not varied significantly in recent years, weight growth
factors have been decreasing and the overall sensitivity of airplane
performance and operating costs versus structural weight have also been
decreasing. The reasons for the change in sensitivity are related to
technological improvements. These improvements include the use of more
efficient materials and construction techniques, greater aerodynamic and
propulsion efficiencies, and higher internal packaging densities.
Conversely, the structural weight trends (as described jin Reference 19)
show an insensitivity to higher strength to weight materials and related
structural improvements. Apparently, increases in structural efficiency
are offset by the imposition of more severe design and operational
requirements.

The influence of current structural design concepts and packaging
density can be illustrated by reviewing the wing content and structure
of a current fighter airplane. The installed wing structure weighs
about 1800 pounds. The primary wing bending strength is derived from
the upper and lower wing box skins which weight about 735 pounds. A
factor of safety change would have the largest impact on the wing skins
which comprise about 40 percent of the total installed wing structural
weight. A Tlarge percentage of the total wing weight is composed of the
flaps, actuators, and seals. These and other miscellaneous components
would not be greatly affected by a change in the structural factor of
safety.

Recent examples of the factor of safety's influence on airframe

weight have resulted from an unofficial Air Force design philosophy for
experimental or prototype vehicles. The unofficial philosophy modifies
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the normal airplane development cycle which includes a series of ground
and flight tests to validate airframe integrity. Initial flight tests
are normally restricted to 80 percent of certain design maneuver load
levels, until ground static tests are completed to ultimate load levels.
Flight test airplanes are normally instrumented and critical load points
are closely monitored. Flight and ground test loads are then correlated
and ground tests are repeated, if necessary, to further validate the
structure for the actual flight loads before the airplane is released to
fly at 100 percent of design 1imit load. Such testing is complicated,
expensive, and time consuming. Although justifiable for an airplane
system, when structural efficiency must be optimized, éxperimental and
prototype vehicles cannot be as rigorousily tested because of cost and
time constraints. To insure equal flight safety at 100 percent of design
limit load, without the extensive testing and associated delays, the
following procedure has been established:

a. The experimental/prototype airframe or modifications to existing
airframes are designed using a 1,875 factor of safety on loads, which is
equivalent to a theoretical margin of safety of +0.25. The initial
80 percent flight restriction normally imposed on an airplane system is
a2lso equivalent to a +0.25 margin of safety.

b. The experimental/prototype airframe is stress instrumented at
critical design points and proof tested on the ground to 110 percent
of design 1imit load, to insure design/manufacturing integrity. The
installed instrumentation is further monitored in flight and compared to
the proof load results as a further safety check.

If this design procedure is used, the airplane is allowed to fly at
100 percent of design limit load capability without an ultimate Toad
ground test and without reducing overall safety. Actually, the 1.875
factor and 110 percent proof load test provides a larger ultimate/7Timit
ratio (1.7) than the conventional ratio (1.5). Therefore, testing to
110 percent of 1imit load is less likely to cause detrimental yielding
of the airframe than conventional testing to 100 percent of limit Toad.
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For the experimental/prototype vehicle, the philosophy imposes no real
penalty because of its one-of-a-kind nature and flexible mission status.
Two examples of this philosophy will be discussed in the following
paragraphs.

The first example is a prototype Mach 2 fighter airplane design which
emphasized exceptional maneuverabiiity and typical mission objectives.
This prototype design was to be built and used as a technology
advancement demonstrator; the design was completed but manufacturing
plans were cancelled. The technology objectives have been rechanneled
to an existing airplane which will be modified instead. During the
design of the proposed demonstrator, a dual airframe comparison was made
using the 1.5 and 1.875 factors. The comparison evolved as follows:

d. The design requirement specified the use of a 1.875 factor for
flight loads. Computerized design techniques and a highly detailed
finite element structural model were used. The available design/analysis
flexibility allowed the weight of the airplane and airframe to be
estahlished separately for both the 1.5 and 1.875 factors.

b. Two weight comparisons were then established: (1) The airplane
gross takeoff weight using the 1.5 factor was 26,465 pounds. Using the
1.875 factor it weighed 27,056 pounds, or an increase of 2.2 percent.

(2) The structural weight using the 1.5 factor was 5,095 pounds. For the
1.875 factor, it was 5,433 pounds, or an increase of 6.2 percent. These

weights reflect a design service life of 12,000 hours (a service life of

3,000 hours and a scatter factor of 4.0).

The weight growth factor was calculated to be 1.75 (pounds gross
weight increase for each pound of structural weight), which is a
reasonable value for a fighter airplane.

The second example is the YF-16 prototype airplane. The 1.875

factor was applied to the flight loads and increased the structural
weight by 6.6 percent when compared to the 1.5 factor. The weight
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increase has not been detrimental to its overall performance and would
be further minimized if the 1,000 hour design service life of the
prototype airplane were increased. The weight increment caused by the
larger factor to safety would be partly absorbed by the weight increase
required to meet the service life requirements.

Using the same design analogy, a comparison of the weight increase
required for different service Tives can be seen in another design study
of a fighter technology demonstrator of the same weight class. For a
1.875 factor of safety and a scatter factor of 4.0, the airframe delta
weight increased about 25 pounds per 1,000 hours of service life.

Because of the 1.875 factor, no additional weight was required to achieve
the first 1,500 hours. Damage tolerance requirements were not applied
during this study but they would have further influenced the airframe
weight, increasing it to some degree. Similarly, the 1.875 factor would
have lessened the weight sensitivity of the airframe to these requirements.

I[f, instead of increasing the margin of safety by 25 percent, it
were decreased hy the same amount, a similar airframe delta weight could
be expected for the technology demonstrator. As noted in Figure 10,
which is based on the first example, the factor of safety equivalent to
the 25 percent margin of safety reduction is 1.125. The use of this
"smatl" factor, when compared to the 1.50 nominal factor, would probably
not be considered by a designer even if a large reduction in airframe
weight were desired. The airframe weight reduction shown (6.2 percent)
may be optimistic because the normal damage tolerance/fatigue life
requirements are not incorporated. A 1.25 factor of safety is perhaps
a more reasonable value to choose and is shown for comparison. It would
provide an approximate 4 percent weight saving and a 16.7 percent
reduction in margin of safety. These percentage weight changes and
margins of safety are reasonable and reflect current jet fighter design
technology trends. Simitar data can be found for other airpiane types
in References 18 and 20.
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Reference 18 reflects technology of the 1950's but the trends are
still applicable. Data are given for fighter, bomber, and transport
airplanes and factors of safety between 1.0 and 1.5. The average
structural weight saving shown for the three airplane types using a
factor of safety of 1.4 would be 2.5 (+0.25) percent as compared to a
1.5 factor. If a 1.25 factor of safety were compared to a 1.5 factor,
the average structural weight saving would be 5.0 {+0.75) percent.
Although these structural weight trends are still current, the range and
gross weight trends in Reference 18 do not represent today's airplanes
as well. The range increases shown for the lower structural weights
assumed a weight growth factor of seven for all three airplane types and
additional fuel was substituted for the gross take-off weight saved.
Using these assumptions, jet fighters are shown, for example, to yield a
15 percent range increase and jet bombers a 5 percent range increase or
an average of 10 percent for both airplanes. These range increases are
based on a gross take-off weight and fuel adjustment that averages
15 {+3.5) percent when a 1.25 factor of safety is used. These gross
weight and fuel adjustments would average 6 {(+1.25) percent when a
1.40 factor of safety is used.

The weight growth factor of seven and the substitution of fuel for
gross weight saved will give optimistic gross weight decreases and range
increases today since weight growth factors are less. Factors in past
years for airplanes have ranged from about five to ten. The weight
growth factor for a fighter today would be about two instead of seven
and for Tong range airplanes like bombers and transports a value of five
would be appropriate. To illustrate, the trend in Reference 18 for a
fighter and a weight growth factor of 7 gives a gross weight savings of
17 percent for a factor of safety of 1.25. The fighter technology
demonstrator study gives a gross weight savings of 2.4 percent for a
factor of safety of 1.25 and a growth factor of 1.75. For the same
factors, Reference 18 gives a gross weight savings of 13 percent for a
bomber as compared to 6 percent in Reference 20, which used a growth
factor of 5.50. These are only trends, however, and they are debatable,
since weight estimating and the establishment of weight growth factors
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is a sensitive art. To establish accurate values, the factors must be
based on a detailed evaluation of a specific airplane and its basic
missions,

Reference 20 presents a simplified but constructive parametric study
of the factor of safety. Three different vehicle types were selected
and designed using a range of ultimate factors of safety. For comparison,
three other structural design concepts were included: the modified factor
of safety concept defined in Reference 21, Part I; a yield factor of
safety concept; and a reliability based concept.

The conventional factor of safety was applied to the 1imit design
loads of each vehicle in increments between 1.0 and 2.0. The modified
factor of safety concept applied a factor of 1.05 to speed, 1.15 to
maneuverability and 1.10 to design loads. A yield philosophy applied
factors of 1.0 and 1.10 to design 1limit loads.

The demonstration included cruise, ballistic, and glide reentry type
vehicles. Although hypothetical mission profiles and performance figures
were used they were patterned after real vehicles and designed to
realistic structural requirements. The structural concepts used were
monocoque, semimonocoque, truss, pressure stabilized, and sandwich
honeycomb. Two structural concepts were applied to each vehicle, as
appropriate to the vehicle type, and radiating and ablative thermal
protection systems were applied separately to the reentry vehicle.

The conventional factor of safety philosophy normally considers
only one factor to establish ultimate design loads, without regarding
the variables contributing to the 1imit loads. The yield design
philosophy uses a single factor of safety to prevent the design Timit
stresses from exceeding the material yield stress; an ultimate load
factor is not used. The modified factor of safety philosophy also
applies a factor to the design 1imit loads but these Toads are first
established by factoring two performance parameters, as previously
noted.
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A reliability based design philosophy normally considers the
statistical distribution and the probability of the combined occurrence
of a finite number of structural design factors in order to establish
design loads. In Reference 20, the various factor of safety design
philosophies were also compared to a structural reliability value. The
reliability value was established by considering the statistical dis-
tributions and the simultaneous occurrence of two statistically variant
design factors.

The parametric study considered both rigid and flexible structure
and aerodynamic heating effects when applicable. Weight, weight dis-
tribution, and stiffness characteristics were determined for each major
component. These parameter variations were correlated to each vehicle's
performance and structural reliability.

The scope of the investigation can be considered limited in that
the structural concepts used were simplified, the analysis methods were
not elaborate, and only one critical design point was selected for each
vehicle. However, structural weights were optimized, the effects of
plasticity were accounted for, and interaction equations were used to
account for local and general instabilities caused by combined loading.

The vehicle design is similar to a B-52 bomber in performance, size,
weight, and structural flexibility. Gust and maneuver were the critical
design conditions. These two parameters formed the loading interaction
curves used to establish an equivalent reliability based design, as
shown in Figure 11. By using available gust and maneuver statistics,
the most probable combination of the two design parameters that could
cause structural failure at each strength Tevel were located on the
interaction envelopes, as shown in Figure 12. Although not an optimum
design, considering the complexity of other reliability based concepts,
the most probable failure point is used to illustrate that a lighter
structure can be achieved by a reliability based concept as compared to
a factor of safety concept, even though both provide the same
(theoretical) reliability.
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The weight reduction for the equally reliable design is achieved by
bringing the strength of the individual components closer together.
This is similar to using different factors of safety to contour the
shape of the interaction curves of overstrength components to fit the
shape of the composite failure boundary of the vehicle. This takes
advantage of the fact emphasized in Reference 18 that all components do
not reach 150 percent of 1imit Toad simultaneously. Part of the study
results for the cruise vehicle are shown in Figure 13.

The range increases shown in Figure 13 are the result of decreases
in the inert (empty) weight of the vehicle. The ratio of inert weight
change to structural weight change is about 2.0 and the growth factor
between structural weight change and gross take-off weight change is
about 5.5. The decrease in inert weight due to the structural weight
change, for example, when using a 1.25 factor of safety is about 11
pércent, which increases the range 1.6 percent. The dramatic perfor-
mance increases often seen in such comparisons is not seen here because
of the more reaiistic value of the weight growth factor. The substi-
tution of fuel for either the inert or gross weight saved, although a
fuel substitution for inert weight saved is shown, is not considered a
realistic design trade. The performance of a specific airplane design
is normally optimized using avajlable fuel volume; any additional
structural weight saved as a result of a concerted weight reduction
program would normally enhance the performance based on the original
fuel volume, independently of additional fuel.

Fatigue 1ife and flutter were not design considerations in
Reference 20 and their interactions are unknown. Similarly, the proba-
bilities shown in Figure 13 are based only on the interaction of gust
and maneuver loads and do not consider other facets such as material
properties and workmanship that would also affect the structural
reliability.

The gross trends established in Reference 20 should not be signifi-
cantly affected by the limited scope of the study and the use of
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simplified structural models. As a general trend, the reliability
based design concept provided a lower structural weight and better
perfarmance than did the factor of safety concept having an equal
reliability. The modified factor of safety concept gave results closer
to the reliability based concept using two parameters than did the
single factor of safety used to obtain the ultimate design loads.

Theoretically, a higher confidence can be placed in a structure
designed by a reliability concept than by a factor of safety concept
because the actual reliability of the factor of safety design is never
known., The reliability based concept, by contrast, considers the
statistical nature of the design parameters and thus acquires a known
reliability and the associated confidence level of the statistical data
used. In a practical sense, however, this is not true because the
design parameters are not well defined and the actual reliability of the
structure cannot be authenticated.

The modified factor of safety concept, as incorporated in the
comparative factor of safety study in Reference 20, is documented in
Reference 21, Part I. The concept was developed as an interim design
method to be used until a larger number of parameters could be defined
and a formal reliabjlity based concept established. In Reference 21,
forty-one design parameters are described as significant to a reliability
based structural design concept. Fifteen are related to the design
environment and operating conditions. The related analysis parameters
are: aerodynamic forces, propulsion system forces and pressures,
material properties and property variations, thermal stresses, creep of
materials, weight and weight distribution, component misalignments,
construction, propulsion system thrust misalignments, aeroelasticity
and aerothermoelasticity, buffeting, flutter, shock and vibration,
workmanship, fatigue, noise, fuel sloshing and surging, structural
temperature, ablation, corrosion, oxidation, and erosion.

As a concept, the modified factor of safety can be applied to any
vehicle design but it was originally developed for missile design
application. The use of three parameters seemed feasible within the
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current state-of-the-art and the concept is considered to be more
rational than the ultimate factor of safety concept because it rec-
ognizes parameters other than load as significantly affecting structural
integrity and reliability. Although the structural reliability of a
missile design using the 1.25 factor of safety could not be given a
numerical value, the reliability seemed high, and the three factors
selected (1.05 on speed, 1.10 on loads or "quality," and 1.15 on
maneuverability) were chosen to give a combined strength effect similar
to that provided by the 1.25 factor. The 1.05 factor on speed is
significant because, for some missiles, small increases in speed result
in rapid degradation in structural capacity due to material degradation
with rising temperature. Thus, with the initial design based on a
higher speed (and hence higher temperature} the designer is forced to
avoid the use of materials which are unduly sensitive to temperatures.
The 1.10 "quality" factor is applied to the structural loads incurred at
specified maximum design conditions rather than at conventionally defined
1imit conditions. This concept more rationally accounts for the
nontinearities in aeroelastic and aerodynamic data that frequently occur
between 1imit and ultimate (design) conditions. The 1.15 factor is
applied to the maneuver load factor to protect the vehicle from
inadvertent maneuver exceedances.

The modified factor of safety concept was used to design the ASSET
glide reentry vehicles. ASSET is an acronym for Aerothermodynamic/
elastic Structural Systems Environmental Tests. The ASSET program
consisted of designing and flying a series of winged glide reentry
vehicles which were boosted into suborbital flight paths. Each vehicle
was designed to explore an area of glide reentry technology that could
not be defined in existing ground test facilities. Structural flight
test results and data correlations which substantiate the adequacy of
the design concept, at least for vehicles having a programmed trajectory,
is given in Reference 22.

For an airframe that is not aerodynamically heated, the load factor
parameter is usually sufficient to convey its overall strength capability.
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With the introduction of transient stresses and reduced material
properties due to thermal gradients and high temperatures, there is no
simple method for conveying strength capability {Reference 23). Although
a thermal factor of safety is not necessarily a true factor of safety in
the conventional sense it represents a design concept that is intended to
provide an equivalent measure of conservatism and confidence in the
heated airframe as that provided by the conventional factor of safety

in the cold airframe.

To date, unofficial Air Force policy has been to avoid using any
factor on temperature, heat transfer, or on time at temperature for
airplanes. This has been a reasonable policy since service experience
has demonstrated that there is little problem in keeping within a
speed-altitude design envelope. Thus, in a sense, the temperatures
normally used for design represent the actual maximum to be expected
for the structure. This philosophy of not factoring temperature is an
apparent contradiction when compared to the philosophy of factoring
Timit load, which is also considered the maximum to be expected
{Reference 16).

The factors of safety used in conventional airframe design to
incorporate conservatism also apply to aerodynamically heated airframes
but the conventional factors do not account for the additional uncertainties
associated with elevated temperatures. The additional conservatism
must relate directly to the uncertainties associated with the prediction
of structural temperatures and thermal-structural design analysis.
However, the fact that an airframe may have been built to resist aero-
dynamic heating effects does not necessarily imply an increase in con-
ventional design and manufacturing deficiencies. Initially, the use of
relatively unfamiliar materials and forms of construction in the heated
airframe and the need for computing structural temperatures with only
a limited amount of flight test information, does tend to increase the
likelihood of deficiencies. In time, however, these considerations
jmprove and the modification of conventional structural safety factors
is not warranted (Reference 24},
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As part of an overall Air Force effort to establish a rational
design criterion for aerodynamically heated airframes, the velocity
factor has evoived as a simple and expedient way of providing and
controlling thermal-structural design conservatism throughout the
design cycle. The details of this concept are developed in Reference 24.
The techniques investigated included factoring structural loads, temper-
ature or heat flux, angle of attack, velocity, and atmospheric density.
It concluded that only factors on velocity or structural temperature
(or heat flux) are Tikely to provide an adeqhate margin when considering
the exceedances of performance variables. Of the two choices, the factor
on velocity is considered the more logical. The velocity factor provides
conservatism in a uniform way at each point in the design mission as a
function of Mach number and the selected size of the velocity factor
controls the imposed conservatism,

A thermal factor of safety on loads would introduce an arbitrary
(unknown) conservatism; however, a direct, rather than a presumed,
margin of safety would exist at the operational Tevel if margins were
placed on performance variables instead. Factoring a performance
parameter (speed) provides conservatism in a way parallel to that
achieved by factoring loads and is preferred to factoring temperature
or heat flux since performance margins introduced over operational levels
are more evident and controllable.

By requiring a design speed beyond limit, the velocity factor, is
in a2 sense, a factor on heat transfer. However, to specify a direct
and specific factor on heat transfer would be a design weakness, in that
a number of analytical techniques may exist for a particular area and
flight regime, with a large spread in the values they provide. From a
structural point of view, the factor of safety should be associated with
a particular analytical method. For ablation, varied factors of safety
have been used (generally to factor the thickness of the ablator), with
different consideratijons being given to each particular flight applicatian
and for applications of the material as an insulator. A factor may
also be used to represent a combined factor on heat transfer and on
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the scatter of the ablative material characteristics. Factors of safety
relating to thermal-structural applications can only have meaning when
related to the trajectories or flight paths for which they are needed.

A factor of safety on a nominal trajectory may be appreciably higher
than those c¢orresponding to design trajectories based on a broad
parametric investigation or one which places a margin on altitude which
represents a factor of safety on temperature (Reference 23).

No single technique can be expected to provide conservatism in a
rational way for all contingencies. At best, one type of factor will
come closest to providing the desired conservatism and this has been
true of the velocity factor. Its use seems reasonable in view of
existing factor of safety precedents. A specific design requirement
for aerodynamically heated airframes is being formulated and tested by
design application. The basic criteria is conventional but it is
modified to incorporate the velocity factor concept and attempts to
account for many of the design and apalysis variables which affect
thermal-structural design. The criteria have not heen finalized and are
based primarily on References 16, 23, and 24, which provide insight to
time related load and temperature interactions and the selection of
critical thermal-structural design points.

Most of the studies and design concepts reviewed in this section
have evolved as an attempt to further rationalize structural design
criteria. As previously noted, these variations to the current factor
of safety design concept tend to blend with reliability based concepts.
The next section will discuss certain reliapility based concepts
investigated by the Air Force, related design parameters, and data
collection programs.
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SECTION V
RELIABILITY BASED DESIGN CONCEPTS

The number of publications treating reliability based design increased
appreciably in the early 1950's. Initially, reliability design seemed
to imply, at least within the Air Force, the elimination of the factor
of safety as a design concept. Statistically defined design parameters
and parameter interactions were to be substituted for the discrete
parameters and the factor of safety. Too often, however, the magnitude
of the problem was overlooked and the acquisition of essential elements
were overly simplified.

The Air Force initiated the development of a reliability based
structural design criteria for missiles in the mid 1950's. Missiles
were one shot devices and unmanned. There was 1ittle to lose. Airplanes
in turn, were to hecome mere missile launching platforms that would not
require strength for rigorous design maneuvers. Combat was to be con-
ducted remotely. During this swirl of revised commitment to systems
development, the Air Force established a program to conduct a series of
investigations that were to encompass and define the total 1ife cycle of
a missile. Considerable priority was given to this effort. The
rationalized criteria were to be based on information obtained through
data gathering programs and operational experiences. The broad goal
was to establish a reliability based structural design criteria to
replace the factor of safety for missiles. This rationalized criteria
was to be placed in the new structural strength and rigidity specifi-
cation MIL-M-8856, initially dated 22 June 1959. However, the data base
never materialized, the 1.25 factor of safety is still used, and the
emphasis to develop a reliability based criteria for missiles has
diminished.

When the need for a reliability based criteria is considered, a
comparison is usually made to existing design requirements and the
need is often questioned: "Why are reliability based critera required
when current requirements and industry practices have produced airplanes
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having a (seemingly} high reliability?" The answer that evolves must

in some way relate to realism in design. A reliability based design
concept, as stressed by some in the literature, is inevitable and is

the only means of providing greater realism; the only way of rationalizing
the factor of safety concept.

The Air Force first deviated in a significant way from a deterministic
design concept by defining probabilistic fatigue design requirements.
Although they were applied deterministically in the final analysis, the
realism that operational, environmental, design and manufacturing
variatijons preclude the development of no-failure airframes was implicitly
emphasized. This is further emphasized in the later changes in Air Force
philosophy by changing from a safe 1ife concept to a damage tolerant
concept, as described in Section IV.

A related change in design philosophy should also be noted. In 1960,
in conjunction with the Navy, the MIL-A-8862 (ASG) Specification,
"Airplane Strength and Rigidity, Landing and Ground Handling Loads",
was established and incorporated an unfactored design Toad concept,

This concept applied only to the landing loads analysis. Limit and
ultimate loads were not specified for these conditions. The incentive

to deviate from the 1.5 factor of safety concept was the realism

provided by available operational statistics of the type described in
Reference 17. A general dissatisfaction with the design load concept
resulted in a change back to the use of a 1.5 factor of safety in the 1971
Air Force revision of the specification which became MIL-A-008862 (USAF).
However, the design load concept for landing loads is still viewed
favorably and is being used by the Navy.

The Air Force only applied the design landing load concept to two
airplanes. On one airplane the concept was applied to the first two
models; later models of the airplane were changed and redesigned using
the 1.5 factor of safety. Unfortunately, the limited application of the
design landing load concept also limits the experience base available
for evaluation. Apparently, there was very little, if any, penalty
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involved between the modeis which employed the two concepts. The in-
frequent application of the design Toad concept and its eventual
elimination from MIL-A-8862 can be traced to: (1) an Air Force requirement
that transport airplanes be compatible with and certified to FAA
requirements; (2) a lack of clarity in the specifications and differences
of opinion regarding which loads are affected by the design load concept
and which ones are not (carry through structure, nacelle attachments,
external tank and store attachments, etc.}; (3) difficulties in the
interpretation of interactions with other requirements relating to
material yielding and aeroelastic effects; and (4) the added difficulty
of applying static test loads to the airframe through the lower strength
landing gear. The overriding reason for these implementation problems,
however, appears to be poor planning. The concept was conceived and
implemented too quickly and without appropriate trial applications. No
loss in design efficiency is expected, with respect to static strength
requirements, by using the 1.5 factor of safety. Current durability,
damage tolerance, and dynamic taxi reguirements will add more weight

than could be saved by using either the design 1oad concept or the

factor of safety concept.

Design philosophies, such as those noted above, evolve over a period
of time and revisions normally follow a series of trial and error
applications. Basic philosophies are formaily adopted and maintained
in specifications and handbooks. The design specifications and handbooks
preserve past experiences, correct previous mistakes and prevent design
oversights. This effort attempts to maximize structural integrity and
reliability but the concept is not foolproof. New mistakes are always
possible with the rapidly changing state of the art and the increasing
severity of the operational environment. Because of these complexities,
the documents are difficult to keep current and new or revised design
requirements are normally written into the statement-of-work for any new
system development, if they occur between the revision intervals of a
specification. Criticism, then, that certain specifications are not
current or that certain requirements are not rational, may be correct
but they do not hinder new system developments. When similar criticisms
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are leveled at the 1.5 factor of safety, however, the evaluation is not
so simple: should it be replaced with a reliability-based concept?

What is generally not appreciated is that the basic airplane design loads
(static strength) are essentially statistical in nature. The design
values are derived from a broad spectrum of operational experiences.

If a distribution were assumed, then the design Timit and design ultimate
Toads would represent a certain probability of occurrence and exceedance
(Figure 14). A justifiable criticism of the factor of safety, though, is
that a fixed factor does not recognize the variation of Toad or strength
and does not provide a uniformly efficient structure (Reference 25).

This effect was illustrated in References 18 and 20, as discussed in
Section IV.

Unofficial Air Force recognition of a variable factor of safety
concept has been established by allowing certain structural design
deviations. The static test failure of an engine inlet duct at 1.3 times
the 1imit pressure, for example, was accepted when it was established
that the internal dynamic pressure in the duct would not exceed the
design pressure in a dive. The resultant delay, redesign, and cost to
bring the duct structure up to the normal strength level of 1.5 times
limit pressure was therefore avoided {Reference 25}.

The Air Force has not formally adopted a reljability-based structural
design criteria, although some requirements have an associated
probability of occurrence. Available procedures that could be adopted
vary in concept and detail but their philosophical principles are the
same. References 26 and 27 summarize some of the philosophical aspects
that appear in the open Titerature and also note the complexity of the
reliability based design problem, as paraphrased in the following two
paragraphs.

The many proposals for a more rational criteria are related to the
appearance of new structural materials which exhibit improved strength
and stiffness or weight characteristics. Other considerations are the
extreme increases in the structural leoading environment and concern with
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economic costs. Designing to an acceptable risk while keeping all design
factors in proper economic perspective would seem to be effective but

the concept of risk must be quantified before an acceptable risk level
can be determined. The new materials also tend to exhibit variations
which could, in a deterministic design, require such large factors of
safety as to nullify the improvements. The increase in extremes of the
structural load environment are primarily new to the civil engineering
field while economic costs are perhaps new to the aeronautical field.
[Reference 28 notes that the aeronautical engineer has for many years
considered new failure criteria (fatigue and creep), new materials and
construction (brittle materials and fiberous weaves), and more complex
loading conditions (temperature-load histories). This has resulted in
greater variability in the applied and failing loads than has been
encountered in the past.] Picking the worst possible load conditions

for design is no ionger considered economically feasible under a broad
spectrum of Toad conditions and the statistics of extremes must be
considered for rational design. Reliability based analysis permits a
more consistent approach to structural safety by including the statistical
variability of load and strength in the factor of safety evaluation
(Reference 26).

Most of the early studies in probabilistic design considered only
the fundamental problem in which all of the strength variables and the
load variables were lumped into two random variables. These studies
concentrated on the effects of different safety factors, coefficients of
variation, and frequency distributions. Later studies included multi-
member and multiload structures, different levels of failure, and the
application of decision theory. Several problems must be considered in
the context of a reliability based design. First is the reljability
analysis of structures with derived or assumed probability distributions
for random variables, including load and strength distributions;
developing and constructing the necessary computational models which
account for indeterminancy, the types of failure modes (incTuding
elastic, brittle, and collapse modes), the number of load conditions
and failure modes, and their statistical correlation. Another problem
is the design of a structure in the context of a random variable of
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safety for a given probability of failure; the random variable could be

cost or weight. An additional problem is that of parameter sensitivity

and determining their effects in the load and strength descriptions.

Most reliability analyses assume that strength and Toad distributions are
known. The high cost of obtaining Toad and strength data will probably
necessitate the acceptance of lower confidence levels in structural

design than professional statisticians usually recommend. Subjective
statistical analysis is needed together with studies to determine the

effect on optimum weight and cost due to changes in choice of frequency
distribution, coefficients of variation, and other parameters (Reference 27}.

As part of its program to maintain and develop structural design
¢riteria, the Air Force has sponsored various investigations intended to
lead to a reliability based criteria for both airplanes and missiles.

One investigation (Reference 21) was partially presented in Section IV,
This investigation will be further discussed with two others {References
29 and 30). These three investigations emphasized static strength
reliability, although fatigue or durability requirements can be in-
corporated within these concepts. Other Air Force investigations have
more thoroughly emphasized the fatigue aspects of a reliability based
criteria. Reference 31, for example, treats fatigue design considerations
while Reference 32 emphasizes fatigue but also provides limited treatment
of static design considerations. Reference 31 is an extension of
Reference 32 and Reference 33 is an evaluation of the concepts in
Reference 31. These fatigue related references are noted here only for
completeness and will not be emphasized further. The three investigations
relating primarily to static strength design considerations, however,

will be summarized in more detail because of their direct correlation

with the factor of safety concept. In expanding these three reliability
based efforts, the philosophy of the techniques will be emphasized and

not the technical aspects of their development or application.

A statistically based concept developed for missile design is found

in Reference 21, Part II. The concept is broad, however, and can be
applied to almost any reliability based design problem. The design
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concept is basically a framework developed to be consistent with the
premise that there is no definite demarcation between safe and unsafe
design, but a gradual change in reliability between safe and unsafe.

The idea that a sharp change exists between safe and unsafe can cause
unnecessary redesign for every slight change in design Toad or reduction
in allowables. Redesign should be required only when the overall
reliability of the system decreases appreciably. The term "framework"
applies because the wide scope and complexity of the problem did not
allow final refinements to be made. This concept, as discussed in
Reference 21, is described in the following paragraphs.

This concept uses any number of design variables that are essentially
independent of each other to determine interaction envelopes that separate
failure from nonfailure regions. Design parameters are presented so that
criticality continuously increases as parameter values increase or
decrease. By superposition, a single interaction envelope is formed
and the probability of not generating points in the failure region is
the quantitative reliability of the system for the time period considered.
To simplify the computation of reljability (which could be obtained by
integrating the content), an equivalent value of each parameter is
defined such that the envelope content is approximated by simple
multiplication of the probabilities associated with the probability
value of each parameter. Any number of statistical parameters can be
used. Limits are imposed only by the analysis time and data available.

As data is defined, the number of parameters can be optimized and should
jnclude five to eight that are random varying and fifteen to thirty that
are systematically varying; any distribution can be accomodated without

the necessity of having to find a special function of the variable.

The intersections of any two interaction curves are defined as
"nodal points,"” which are used as design points. The analysis is
relatively insensitive to the exact interaction envelope shape because
any reasonable envelope shape having the same content will pass near the
same design points (Figure 15). The design conditions or nodal points
are defined by two parameters, one having a 1limiting value (XL.V.) and
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the other a reference value (XR.V)' The probability value (XP.V.) at
each point is equal to the limiting value minus a correction factor
(XC.F.) which is approximated by analyzing representative probability
distribution shapes of significant parameters (Figure 16). The pictorial
representation is Timited but a mathematical extension is completely
valid and feasible for any number of parameters.

Power spectral techniques are used to evaluate time dependent effects,
and other simplified techniques were developed for handling systematic
variations. A method for determining the required confidence levels of
parameters is also given to assure consistent reliability analysis and
accommodations are made for fatigue and creep effects. Greater approxi-
mations are allowed for secondary design effects than for primary effects.

The basic concept then is a semi-empirical method for guantitatively
determining the reliability of a defined structure or for the design of
a structure to a prescribed reliability. The development is based on
and justifies two basic premises: (1) that by the judicious selection
of design {nodal} points the true interaction envelope shape is
unimportant and (2) that the reliability of a system can be calculated
with sufficient accuracy by simple multiplication of the probabilities
of equivalent parameter probability values rather than by integration
of the interaction envelope content. Although seemingly complex when
reviewed, the method of Reference 21, Part II, can by using a minimum of
parameters and certain refinements and with some additional development
and appropriate data, approach the factor of safety method in simplicity.

A different reliability based concept is found in Reference 29.
Reference 21 developed a statistically based quantitative structural
design criteria that relates the probabilistic nature of design,
operational and environmental experiences to structural performance,
Reference 29 develops a deterministic structural design criteria that
uses a quantitative objective and various statistical technigues as
described in the following paragraphs.
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This design method is characterized by the thought that the ability
to calculate a probability of failure when load and strength spectra are
assumed to be known, is quite different than the ability to determine
the true structural reliability of an operational structural system.

The method also incorporates certain considerations that appear to be
overlooked in other approaches. These oversights are: (1) errors or
discrepancies which occur between actual and calculated spectra; (2) the
influential effect of testing as a means of design error disclosure;

{3) the necessity for demonstrating proof of compliance with requirements;
and (4) the necessity for assigning responsibility for actions which
affect structural reliability. Other interactions with nonstructural,
operational, managerial, and contractural areas are also included.

The overall investigation and proposed design concept evolved in
three steps. The first step evaluated the various functions which
contribute to structural design. The second step evaluated and compared
the current factor of safety concept and a (hypothetical) purely
statistical structural reliability concept to the structural performance
and design functions established in the first step. The third step
evaluated existing and proposed reliability based concepts to the same
standards of evaluation used in step two. These evaluaticns concluded
that: {1) the current factor of safety design technique is a satisfactory
system but that more stringent future requirements will minimize the
effectiveness of the system; (2) a purely statistical structural
reliability based system is not practical since there is no way to
accurately measure structural reliability and it is not possible to
write definitive requirements to demonstrate the reliability (proof of
compliance}; and (3) that none of the known structural reliability based
concepts in the literature today provides a satisfactory foundation for
a quantitative structural design criteria based on statistical methods.
To elaborate slightly and provide an appreciation for the design concept
which evolved, the philosophies which governed the development will be
expanded in the following paragraphs.
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The fundamental purpose of any structural design effort is to develop
an operational structural system that satisfactorily performs its mission.
This development is the result of many management and engineering decisions
which are a key element in the success or failure of the design effort.
One aspect of the factor of safety concept is that the design effort can
be practical and easily administered because it has an inherent proof of
compliance (test) provision. Its fundamental problem is that it has no
clearly identifiable quantitative design abjective to satisfy. The
available logic cannot resolve the comparative adequacy of different factor
of safety values. In some design areas, such as fatigue or high temper-
atures, the factor of safety is not even directly applicable to the
definition of the design requirements. The concept only defines a
relationship between 1imit and ultimate load, which normally controls
the design strength Tevel and doess not allow for an assessment of its
"correctness,”" other than failure. Positive margins of safety do not
prevent fajlure. Gross errors in design loads, analysis, and large
strength scatters contribute to faiiure at 1imit load or less. Structural
tests, on the other hand, are a nearly perfect disclosure of gross errors
if the strength scatter is small, as is customary. The trend toward
greater scatter and a lessening or inability to disclose analytical
errors requires that the possibility of failures below Timit be con-
sidered more seriously in the future. Further, test conditicrfs are
normally selected on the basis of the strength analysis and the actual
design conditions are becoming more difficult to simulate when testing.
Successful ground tests, therefore, do not guarantee successful
operational performance and flight testing will remain an important
design development consideration regardless of the design concept used.

Current requirements have evolved primarily as a reaction to past
problems and the assumption that future structural systems will have the
same characteristics as past systems is not necessarily valid. When
structural failures do occur, the deterministic nature of the factor of
safety concept allows the determination of the cause, the responsibility,
and the corrective action to be taken. Unfortunately, because of the
many interactions between the structure and other design areas which
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contribute to structural integrity, responsibility is not always
recognized uyntilafter a failure has occurred, as the result of a design
oversight. These and other considerations previously noted relate
primarily to the factor of safety concept but they also interact with
reliability based concepts. Especially important are the considerations
that establish design compliance and responsibility when failure occurs.
When cause and responsibility are not determinable, neither is the
corrective action.

The structural design concept that evolved in Reference 29 utilized
the desirable features of the factor of safety concept and improved or
reptaced those not desirable. The following basic characteristics are
included in the concept:

1. The deterministic type of requirements that give the factor of
safety concept its practicality and administrability are retained.

2. A clearly identifiable objective that serves as a basis for
judging any proposed modification to the factor of safety concept is
established.

3. A structural reliability goal is part of the objective. The
goal is not a requirement since structural reliability, per se, cannot
be determined accurately enough to serve as a contractual requirement.

4, The techniques to convert the structural reliability goal into
deterministic reguirements based on statistical considerations are
developed.

5. The capability to deal with structural systems having large
strength scatters is incorporated.

6. Specific problems such as fatigue and high temperature design
can be integrated into the structural design to attain the defined
objective,
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7. The crucial interfaces with nonstructural design requirements
are fdentified. Provisions are made for assigning responsibility for
every function that affects structural integrity.

8. The concept of testing as a disclosure of error in formulating
design requirements is utilized.

Basically, the structure should have a capability to survive
designated overload and understrength situations caused by undetected
errors or oversights. The factor of safety concept provides this
capability but the provision is indirectly and inconsistently applied.
Structures with large strength scatters are basically more prone to fail
from understrength considerations rather than from overloading. The
concept in Reference 29 establishes separate and distinct requirements
for understrength and overload situations. The requirements are based on
probabilities and statistics and are selected to be consistent with a
level of structural reljability appropriate to the airplanes mission.
The design and mission relationships are illustrated in Figure 17. The
central bar indicates that the limit design load includes a provision to
handle an understrength structure to avoid failure at limit load. The
right or Teft bar indicates the overload provision. The left bar
illustrates a large overload provision and overrides the understrength
provision. This could represent a relatively low reliability, high load
factor fighter airplane. The right bar illustrates a design situation
with a smaller overload requirement. The understrength provision s now
more critical and governs the design. This could represent a design
requirement for a highly reliable, low load factor transport airplane.
Once the appropriate design values are chosen, they become deterministic
and are as easy to administer as the conventional factor of safety
concept.

The first implementing step is to select a structural reliability
goal consistent with the mission. The goa1'1s not a requirement and
suggested values are given in References 29 and 30. The limit and
ultimate design conditions are two separate conditions based on the
reliability goal and established by statistical or qualitative
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considerations, which reflect available experience. The design limit
condition is the upper bound of a normal or expected {permissible)
operating condition while the ultimate condition is an abnormal opera-
tional condition reached only as the result of an operational error or
failure of a nonstructural system. Failures within the understrength
design provision are a structural responsibility and require carrection,
while failures from overloads require operational corrections. There is
no fixed factor of safety separating the limit and ultimate condition;
the ultimate condition in Reference 29 does not represent the conventional
meaning of ultimate Toad. The condition is separate and unrelated to the
limit condition, whose meaning does not change. The ultimate condition

is a design condition based on a rare or abnormal situation and may be
significantly different from the conventional ultimate Toad.

The basic structural design is qualified and approved by conventional
ground and flight tests. Ground test loads are defined by a limit or an
ultimate test factor of safety. The factor selected varies according to
the established structural reliability goal and by the number of tests
conducted. Example values are shown in Figures 18 and 19. Flight tests
are conducted in a conventional manner and operational flight load
monitoring are required to verify coperational consistency with design.

If not consistent, the structure would require modification when
operations are determimental or the operational procedures may Fequire
some change.

There are many ramifications, qualifications, advantages, and dis-
advantages related to reliability based design concepts as expressed in
Reference 29. Most of the associated disadvantages or problems are not
new but have always been problems, such as the statistical definition of
design data. No new problems are created by introducing reliability
based concepts but o1d problems become more clearly defined. The basic
advantage of the proposed concept in Reference 29 is its ability to
establish structural performance in terms of a quantitatively definable
goal. This permits the definition of the minimum structural requirements
to meet the goal. It also permits the justification of a less severe
structural design criteria when warranted. Because each of the design
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aspects is quantitized, trade-offs can be made between criteria reductions
and the difficulty (technical, cost, time) of providing more efficient
structural characteristics.

The proposed reliability based concept in Reference 29 is reviewed
in Reference 30 to identify data requirements, necessary changes to
design specifications and handbooks, interactions with nonstructural
design areas and the steps required to implement the concept. To
illustrate each step of the concept, Reference 30 uses several design
examples. First, simplified dummy data is employed and then realistic
data. The categories of required data are defined further by a study of
data pertinent to the C-141 cargo airplane and then by a trial applica-
tion of the concept to its wing. The revision of data to reflect an
improved state of knowledge at each design stage and during the Tife of
the vehicle, and the form in which the required data might be standardized,
is also discussed. Although the limited study did not allow an extensive
treatment of data requirements, Reference 30 provides insight to the
complexities of the data problem as it relates to reliability based
design and similar concepts. The data requirements, limitations, and
design interactions are presented in the following paragraphs.

To be effective, data must be established and updated continuously.
Fundamental data are operational load spectra, error functions, and
strength distributions. These data will change periodically during the
total lifetime of a specific airplane., The particular periods that
permit progressive updating are the initial, detail, and final design
phase, before and after tests, and before and during airplane operations.
It is through the airplanes operation that quantities of new data can
be obtained; the data are also pertinent to other design concepts.

In June 1954, a special panel report (Reference 34) of the NACA
Subcommittee on Aircraft Loads recommended a program to obtain sta-
tistical information on maneuvers and related inflight loads, whether
caused by pilot inducement or atmospheric turbulence. The panel also
recommended that the Air Force and Navy obtain time histories of three

72



AFFDL-TR-78-8

linear and three angular accelerations about mutually perpendicular

axes, airspeed, and altitude to establish a statistical design base. The
recommended statistical maneuver load program was initiated as a joint
effort by the Air Force, Navy and the NASA in 1956.

In 1958 the Air Force outlined a long term program to collect and
utilize flight measured data. The program, initiated in 1959, was to
develop techniques for integrating the statistical data into existing
design c¢riteria, review and improve the data recording and reduction,
and to establish fundamental requirements for structural criteria based
on statistical methods. The resulting effort identified certain
problems which were grouped into three categories: the definition of
design conditions, the definition of component strength distributions,
and mathematical procedures relating the first two to structural
reliability. The program also led to the sizing and establishment of a
data reduction facility by the Navy and an 8-channel recorder development
program by the Air Force. State of the art limitations eventually
terminated the recorder development program and in turn closed the data
reduction facility in 1969. References 35 and 36 are documents relating
to this effort. Other investigations which have defined data requirements
and collection programs for missiles are described in References 16, 24,
37, 38, 39, 40 and 47.

More recently, the operational data recording program for airplanes
has continued as the Air Force's Aircraft Structural Integrity Program
(ASIP), as defined in Military Standard 1530A, by the same title, dated
11 December 1975. As part of the ASIP, each airplane system will be
monitored to obtain time history records. The parameters necessary to
monitor operational usage and derive stress spectra for critical
structural areas will be measured in approximately 20 percent of the
operational force.

To accomplish the ASIP, the Air Force initiated plans in 1968 to

develop a new and more universal multichannel recording system to Tess
stringent standards than the previous 8-channel recorder. New requirements
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were prepared and in June 1970 the development of a 24-channel digital
recording system and a ground playback unit were started. The system
has been developed and is now in limited use. The data tapes for each
system will be collected and compiled at a single location when the
program is fully implemented. The parameters measured and sample rates
can be varied to the specific needs of each system. Figure 20 is
typical of the data to be collected. Plans to establish the necessary
parameter correlations and design load spectra from the ASIP data are
being formulated.

The major objective and justification for the multichannel program
is to provide a better tool to accomplish fatigue tracking. However,
because of the high commonalty between data needed for fatigue and
statistically based strength design, the reliability based design
concepts will also benefit. When a recorder program on a certain system
matures to the point that statistical stability is obtained and no new
operational fatigue related information is produced, or when certain
parameters attain statistical stability and need not be recorded full
time, the resulting surplus of recorder capacity can be used to establish
statistical strength criteria or to fill knowledge gaps; for example,
the phasing of power spectral density (PSD) loads. In gust analysis,
current PSD methods allow a fairly precise, but separate, determination
of shear, bending, and torsion at a given location; the phasing of the
three vectors is largely a guess. The addition of strain gage clusters
or rosettes at selected locations could provide actual examples of the
amplitude and frequency relationships. Such data will be essential in
future designs to express applied Toads and structural strength in a
common set of terms.

Ideally, derived data can be standardized and categorized. A
convenient approach would be provided by charts relating the required
design and test factors to the reliability levels in terms of parameters
describing the Toad strength distributions, the error function, and the
number and type of tests. Theoretically, it would appear possible to
develop a single load spectrum for each Tocation, which would contain
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NO. ITEM NAME

1. T Clock Time

2. Hp Pressure Altitude

3. Ve Equivalent Airspeed

4. N, Normal Acceleration at C.G., g's
5. N, Lateral Acceleration at C.G., g's
6. 8 Pitch Rate

7. g Yaw Rate

3. Ge Elevator Position

9. 6r Rudder Position

10. Gf Flap Position

- 11. Vg Ground Speed

12. BN Nose Gear Steering Angle

13. 9y Strain at Location 1

14. g, Strain at Location 2

15, 04 Strain at Location 3
16. O Strain at Location 4

17, O Strain at Location 5
18. AP Cabin Pressure Differential

19. Wf Total Weight of Fuel

20, 5.5. Squat Switch Make-or-Break Signal
21, DDl Date

22, DD2 Serial Number

23. DD3 Base of Assignment

24, DD4 Initial Cargo Weight or Cargo Update
25. DD5 Total Fuel Weight

Figure 20.

Proposed List of Multichannel Recorder Parameters
for the C-141 Airplane {Reference 30)
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the total load occurrences for an airplane lifetime. However, the
simultaneous consideration of both limit {normal) and ultimate
{abnormal) loading conditions will seldom be possible because the
permissible strength level will generally be different. Each structural
Tocation will require separate analysis, since both load and strength
distribution will differ from point to point.

The statistics available, even on airplanes which have extensive
operational experience, are not adequate. For example, additional
information is required on the probabilities of: (1) weight and weight
distribution; (2) speed and altitude; {3) types of load conditions
(gust, pull-up, rudder kick, etc.); (4} level of loading {in terms of a
basic parameter); (5) time history of loading {to describe local loading);
(6) associated load systems {pressure, thermal gradient, etc.). These
probabilities are not independent and the resultant probability of each
combination is also needed. In addition to the average or typical
conditions defining each segment of the mission profile, it is necessary
to derive or assume the shape and distribution about the mean. Without
this detailed level of data, no realistic estimate of the risk of
failure can be made.

Although extensive material strength data exist, the allowables
represent only one discrete point in the distribution. The form of data
required consists of the mean and standard deviation and the shape of
the distribution to be used. The structural strength of the final
component will also reflect the variations imposed by all of the
inherent operations in fabrication and assembly. Data on the strength of
various structural configurations exists only in a random manner and
usually in insufficient quantity to provide adequate statistical
distributians.

It is frequently necessary to assume that all observations are of a
single homogeneous population whose distribution follows a standard form.
Such assumptions often give good fits near the most frequently occurring
values but for the structural reliability problem other factors require
emphasis. The major difference between structural and common reliability
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analysis is that the mean time to failure is not a desirable measure of
reliability. It is the risk of failure that is required for a structure.
There is no acceptable failure rate and much more emphasis is therefore
placed on high (abnormal) loads and unusually Tow strengths. This
emphasis, then, requires that the statistical representations match the
appropriate tails of the distributions rather than the region near the
more frequently occurring values.

The formal recognition of possible errors is probably more important
than the specific definition of an error function. The error function
may describe any number of discrepancies, however caused, in terms of
the distribution of the probable mean strength of the structure. A
number of suitable functions are available for initial design use. The
degree of dispersion (coefficient of variation) has relatively little
influence once the test results have been incorporated, when tests are
used as an error disclosure. A relatively low risk would probably be
introduced by the adoption of a standard error function.

The implementation of any reliability based technique will present
certain problems and Reference 30 suggests a two stage process.
Initially, there will be insufficient data available to implement a
total reliability based design concept and emphasis should be placed
on the comparative similarities with the existing factor of safety
design concept rather than the differences. However, even restricting
the reliability concept to design conditions for which data is available
will help establish a correct understanding of the probabilistic
processes and encourage the acquisition of the data required for further
implementation.

The first phase would apply the reliability concept to selected
design conditions and primarily emphasize familiarity with terminotogy
and mathematical relationships; the relative importance of parameters;
evaluating the implied reliabilities of existing airplanes; and insuring
that continuity with existing design concepts exists so that no abrupt
changes in structural integrity will exist. The interactions between
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static strength, fail-safe strength, fatigue strength and damage
tolerance strength also require identification to permit the whole
spectrum of structural reliability to be expressed in a consistent
manner.

The second or final stage, that of achieving a meaningful, completely
probabilistic concept will not be possible until quantities of additional
statistical data are obtained, especially for asymmetric flight cases and
combinations of parameters which are not independent. Not only must
every possible cause of loading be established in probabilistic terms but
every factor affecting the strength must be established. Unless a total
picture is assembled, nothing will be known about the relative importance
of the various design conditions and interactions, about ways of
changing the reliability results by modifying the operating conditions,
or by redesign of the structure. When reliability results are further
specified as a single numerical value, even when specified as a goal,
the relative merit of different values regarding safety and possible
redesign must be considered. The concept of a single numerical value
for the reliability of an airframe or even a specific location on the
airframe is superficially attractive, but any real advantage is
completely offset by problems of interpretation of the number. Any
Jjudgement as to acceptability of one reliability number over another
that is slightly different will remain arbitrary. It is probable that
a relative risk assessment technique will prove to be worth while even
when all of the necessary statistical data are available and a completely
probabilistic design concept can be achieved. Final implementation will
be governed by experiences gained during the first phase and the
availability of design data.

The next section will attempt to place these thoughts and ideas., and

those of previous sections, into perspective by further relating them
to current design practice.
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SECTION VI
CONCEPT INTERACTIONS

The factor of safety has lost some of its appeal in recent years and
probability analysis has been emphasized as a more rational concept. For-
merly, the complexity of reliability based concepts centered around the
analytical aspects of the solutions but this difficulty has been offset by
current computer technology. Today the prime restraint is available design
data in the proper statistical form {Reference 21).

Dissatisfaction with the factor of safety concept became more apparent
during the early 1960's when surveys of airplane and missile manufacturers
were conducted in conjunction with various Air Force structural design
criteria development programs. The general industry feeling that the fac-
tor of safety is growing more and more inadequate has apparently not changed.
The initial dissatisfaction applied primarily to missiles, but airplanes
were not excluded. The surveys also found that the degree of availability
of flight measured data varies greatly between systems. Its quality and
quantity are both deficient and the parameters most needed for reliability
based design concepts are often not measured. Cost and the inability to
access a system for the purposes of instrumentation and data measurement
often become insurmountable problems.

Whether using a factor of safety or a reliability based concept, the
airframe's probability of failure will be sensitive to the number of
significant design parameters (assuming all significant parameters are
accounted for) and their statistical distribution. The design data must
encompass all of the natural environments, induced environments, opera-
tional variations, material properties, and built-up structural properties;
the total number of specific parameters requiring statistical definition
becomes significantly large. The state of the art and practical limitations
in establishing accurate statistical data for each significant parameter is
such that the actual results may be more academic than related to actual
needs. Unless the available data are carefully selected and reduced,
considerable effort could be expended with few commensurate results.
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Although the validity of extrapolating data for design use is taken
for granted certain precautions must be exercised. Too often design data
have béen compiled from inappropriate or limited samples. Data must re-
flect operational conditions from all segments of the Ajr Force; pilots
must be qualified or typical, not highly experienced flight test pilots;
weather conditions must be proportioned between good and bad flying condi-
tions, and daylight and night operations; and weather cycles occurring
during the year and over a period of years must be considered. Some para-
meters have physical limits or practical upper limits and any assumed distri-
bution must consider a reasonable cut-off value. Extreme values become less
accurate as they progress away from the mean and influence design confidence.
Values selected closer to the mean could affect flight safety. As a logical
extension of the realization that all airplanes of a certain type cannot
{statistically) meet the design economic or fatigue T1ife expectancy, there
is a trend to develop exceedance curves for design that represent average
rather than extreme environments. Formerly, airplanes were aiways designed
to the maximum expected or extreme environments for both static and fatigue
strength and the static loads induced were increased by the factor of safety.
The effect of this design trend on flight safety cannot be assessed but the
importance of selecting proper design parameters and having a factual data
base increases.

The limitations which inhibit induced load measurements have led some
to believe that the factor of safety should be retained on Toads but that
all other design considerations (which are assumed to be well-defined)
should be evaluated by a rational statistical analysis. These concepts
might lead to a refinement of current design procedures but do not change
the procedures since statistical considerations have long been a part of
airplane and missile design criteria. Although probability factors for
structural design are seldom expressed in current criteria, the choice
of 1limit load factors for static and fatigue strength and various environ-
mental design parameters are fundamentally based on flight and environ-
mental statistics (Reference 23).
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Perhaps the most important contribution to airframe safety is that
of testing. As so aptly noted in Reference 42, "safety regulations, how-
ever good and sophisticated, should always provide for approval based upon
relevant experiment, such as the measurement or control of actual loads, the
measurement of the actual strength of components, and the demonstration of
the performance of the complete structure by proof or stiffness tests." This
practice has long been the custom of the aeronautical engineer. Both ground
and fl1ight tests are used to demonstrate design integrity and optimize the
conflicting requirements of minimum weight and maximum structural reliability.
Optimization and economic airframe 1ife requirements have in recent years placed
considerable emphasis on developmental testing. This emphasis will probably
increase in future years. Although testing is a very cost effective design and
substantiation tool, the expense of testing is a major obstacle to obtaining
more appropriate statistical data for reliability based design concepts and
statistical substantiation of structural reliability. Some of the interacting
roles of structural analysis and testing are discussed in Reference 43.

A natural extension to current practice is the use of additional factors
and design parameters. This concept is less complex and easier to manage in a
rapidly changing design environment than using a variable factor of safety.
The modified factor of safety concept (Reference 21) factors three performance
variables and it could be expanded to include others. Going further, Reference
38 suggested that the factor of safety on loads for missiles could be reduced in
certain instances when a particular load source is highly predictable, thrust
for example. However, Reference 16 expressed the view that although some de-
sign Toad sources are highly predictable, the combined design load may be ex-
ceeded for some design conditions when components of the combined load are
reduced. In effect, known conservatisms compensate for the unknown.

The additional design complexity imposed by a new or revised concept
on structural analysis must also be considered. Associating a specific fac-
tor with & specific variable, regardless of the number of factored variables,
will provide a certain level of additional complexity to a load/stress analysis;
using a variable factor of safety and specific parameters will add a different
tevel of complexity. Computerized analysis techniques can relieve some of the
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bookkeeping, but considerable additional judgement in design is required as
compared to using a single factor of safety on lToad. Although Tess complex,
the single factor of safety on loads will not satisfy the objective to control
structural reliability; the single factor is a function of numerous variables
which can vary structural reliability appreciably and not impose a change on
the factor itself. Also, if new factors of safety are applied to additional
design parameters or if revised or variable factors are applied to loads, the
years of experience and backlog of compensating design 1imitations and related
requirements which we have for the conventional factor of safety will be lack-
ing and design confidence will decrease until a new base can be established.

Major changes in airframe design technology are usually accompanied by a
comparison with existing techniques prior to adoption. Reference 30 illus-
trates a Timited comparison of this type as discussed in Section V. Other
studies have made comparisons relating equivalent factors of safety to a com-
patible reliability. Such comparisons can be found in References 28, 44, 45,
and 46. There is a similarity between reliability and factor of safety con-
cepts which becomes more obvious when the factor of safety is viewed as a con-
cept based on the statistical definitions of many basic design parameters.
Each design parameter, however, is normally reduced to & specific value and
the concept becomes deterministic rather than probabilistic. To further the
analogy, the design (ultimate} and operational (1limit) stresses can each be
assumed linear and represented by a frequency distribution. The ratio of the
mean stresses of each assumed distribution can then be defined as a factor of
safety. Reference 44 uses this analogy to show that the level of reliability
can vary widely for the same factor of safety value. As proportional changes
are made to the stress ratio or to the shape of the distributions, the over-
lap of the tails of the distributions varies and, in turn, the reliability
varies. A fixed factor of safety cannot, therefore, ensure a constant level
of reliability without considering the statistics of the design strength and
operational stresses. Reference 44 further explains that the factor of safety
can be placed on a more rational basis and, in fact, only has meaning when
related to the concept of reliability.
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The degree of safety desired or required also varies according to
the particular point in the V-G diagram which is involved. The left hand
corners of the diagram represent maximum 1ift coefficient and the maximum
load possible {not considering the small increase in maximum 1ift coeffi-
cients that can occur under dynamic conditions and which may be used in
constructing the diagram). Thus, if a static test has been conducted
satisfactorily and validated by flight measured loads, it would be physi-
cally impossible to have a static structural failure at these points when
operating normally. A similar statement may be made of the flight controls,
which are limited in lToading to specific boost capacities, and in a more
general sense, to inlets which are designed to specified pressures corres-
ponding to maximum speeds at which the airplane will fly. The airplane may
physically exceed the design speed and maneuver limits, but it has turned
out in practice that pilots have kept the aircraft within speed and maneuver
limits without difficulty. In these cases, it might be logical to consider
a lower factor of safety than that considered for the right hand corners of
the V-G diagram (Reference 25)}.

Exceptions to normally controlled flight conditions are instabilities
which cause design load factors to be exceeded. The factor of safety does
not recognize aerodynamic instabilities in design. Even with an extensive
operational background, past experiences show that all static flight failures
cannot be predicted. Several late 1950's airplanes have been lost because of
unaccounted for aeroelastic effects. Some losses were the result of aero-
dynamic interactions and one resulted from improperly predicted spanwise wing
loads. Some structural failures could have been prevented within the state
of the art but others have resulted from new phenomena not anticipated or as
a subsequent event to a prior turbulence upset (Reference 25).

More recent examples of structural failure can be cited for both fighter
and transport airplanes. These examples resulted from control system malfunc-
tions. Gross in-flight structural failures subsequently occurred to the wings
of the airplanes. Spars were cracked and major thick-skin wing planks became
detached but the instabilities were eventually overcome. If these structures
had been designed to a lower factor of safety or to a design load
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concept having an effective factor of safety lower than 1.5, these

airplanes would probably have failed catastrophically in flight. This
failure projection is hypothetical, but these real examples of structural
overload reflect the inherent conservatism in today's airframe and the need
for overload protection. It is unlikely that the dollar value associated
with the cost of the airplane and crew training, for any one of the several
airplanes affected, could be offset by the savings in weight, the performance
gained, or operational costs saved by using a design concept that might pro-
vide a lower level of structural safety.

There is another measure of safety to be accounted for beyond the normal
overload/understrength probability limits of structural faiiure. Extraneous
causes of structural failure may arise which are not part of an original de-
sign evaluation. Instances of poor maintenance, improper assembly or reassem-
bly, substitution of improperly heat treated components, etc., are well known.
Other phenomena such as hydrogen embrittlement and stress corrosion may not
be adaptable to statistical design procedures and the statistical limitations
of small coupon or structural component tests are also well known. Even if
these events can be statistically accounted for, their significance could
overshadow the probability of normal structural failure when considering
reliability based criteria (Reference 25).

There is still another safety aspect to consider. The factor of safety
does interact with other design and analysis requirements, although it is
often viewed as an independent measure of structural safety. Reference 47
is a study of comparisons between existing and praoposed civil engineering
requirements that emphasize a similar interaction. The study first notes the
many uncertainties in design and construction that are covered by providing
overload protection. The facets noted are identical in context to those
considered within the factor of safety concept for airframe design. Similar-
1y, the factor of safety concept is noted to be a crude method of covering
analytical and construction errors, but the reference also notes that it has
the merit of simplicity. The study evaluated a variety of structures exposed
to three loading conditions. It compared the quantities of flexural steel
required for each design case and assessed the theoretical overload capacities
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of the structures. The steel requirements using both the old and new
requirements were found to be very similar for each loading condition but
the presumed overload protection was found to vary. It was initially pre-
sumed and implied in the specifications that the theoretical overload pro-
tection would be proportional to the factor of safety associated with each
load system. However, the strength was not proportional to the factors of
safety used. This occurred because the design of the adjacent spans in the
structure used different factors depending on how they were loaded; in

some cases, the loaded spans were counterbalanced by an exaggerated (factor-
ed) dead load on the adjacent unloaded spans. The overload capacity of the
loaded spans was not directly proportional to the factor of safety.

Even though the study showed a variation in overload capacity, existing
structures designed to these requirements were still considered safe for
several reasons: Occurrences of actual overload were negligible, the proba-
bility of understrength was low, and inevitable detailing excesses (design
conservatism) existed. One additional reason, however, is most important and
relates to the elastic analysis. Until recently, the complexity of the elas-
tic analysis encouraged the use of simplified assumptions which required up
to 70 percent more steel than would have been required by a more rigorous
analysis. The additional material, in turn, greatly increased the overload
capacity of the structure and led Reference 47 to conclude with this question:
"With the increasing use of computers, which make more rigorous analysis, ---
will structures designed according to --- {existing requirements) ---or simi-
lar types of load system(s} still be adequately safe?" This question is
equally applicable to the 1.5 factor of safety design concept for airplanes.

The following are similar points emphasized in Reference 29. The main
point emphasized is that the conventional factor of safety provides for
{unknown) situations that might not be recognized in a more sophisticated
(rational) design procedure. Any attempt to be too sophisticated can also
lead to design procedures that are impractical. To avoid these possible pro-
blems, new and old concepts should be closely compared. Any large differences
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in the results should be viewed with caution and not be accepted uncriti-
cally. It is further noted that different results, either more or less
critical, are not necessarily adverse and can often be justified under appro-
priate circumstances.

The concluding question in Reference 47 should also be expanded to
reliability based concepts: If more complex reliability based design con-
cepts are eventually implemented to rationalize existing requirements, save
airframe weight and improve performance, will the new structures still be
adequately safe? There is no immediate answer available., Hopefully, any
change in design concept will bring with it an adequate and equivalent level
of airframe safety; however, any design concept is a balance of requirements
involving numerous parameters and design interactions and any new concept for
which experience is 1imited must be thoroughly evaluated and closely moni-
tored to ascertain the true affect of the change on structural safety.

Generally, reliability based concepts are not proposed to improve
flight safety. Flight safety is always a concern and new design concepts
are generally not adopted until an equivalent or better level of safety is
assured. The most significant reason normally given for adopting a new
concept is to achieve a reduction in weight when compared to the accepted
norm. This reason is well intended but could also be misleading. The
accepted norm can be elusive and difficult to define and the projected sav-
ings in structural weight can be easily overstated. Every design concept
attempts to maximize efficiency and avoid either an unconservative or an
overweight structure. In this respect, current design practice has been
very effective. Reference 19 provides some insight to the history of struc-
tural efficiency for bomber and transport airplanes up to 1964. The obser-
vation is that airplane weight trends and structural weight fractions are
very consistent. It makes no difference whether an airplane is jet powered
or propeller driven, whether it was built 25 years ago or is of recent (1964)
vintage. There remains a balance between an efficient structure and/or
material and the design requirements imposed on them. Studies of future
airplanes (beyond 1964) also supported this trend (which still seems valid
today). It is apparent that if more efficient materials and types of
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construction are found, that more stringent operational requirements will

be imposed on them. Time and state of the art advances seemingly have little
effect on basic structural weight trends. Reference 19 describes the weight
trend curves as basic, and as such, a technological breakthrough would be
required to significantly change them.

The trends, of course, are based on the conventional factor of safety
design and metallic materials; any improvement in structural weight trends
that might result from the use of a reliability based design concept or from
composite materials when used on an actual airplane {s unknown. These con-
cepts may provide the necessary breakthrough., However, an airplane design
is the result of many compromises and interactions which have a neutralizing
influence on overall design with respect to any one parameter. Too often
weight and performance improvements are estimated superficially and the opti-
mistic conclusions are not achievable. A thorough study that incorporates
the major performance and airframe parameter interactions in a design eval-
vation s required to obtain a confident weight impact assessment and many
design variations would be required to establish a new trend. The pacing
influence on performance improvements to date have come from advances in
propulsion concepts, not structural concepts. Structural designs have
successfully kept pace, however, and structural efficiency has improved.

But as pointed out in Reference 19, when greater structural efficiency is
achieved, greater demands are made and the structural weight fraction has
not changed appreciably.

The actual impact of design data, analysis, weight, and test interac-
tions on the development and application of future reliability based con-
cepts cannot be clearly defined at this time. The similarities between
the factor of safety and probabilistic techniques indicate that any state
of the art improvements intended to benefit the implementation of a proba-
bitistic concept would also benefit and improve the factor of safety concept.
This is especially evident when considering a design data base and may be
an additional point to consider when evaluating changes in current design
concepts.
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There appears to be a slightly subdued, but continuing interest with-
in the aerospace industry to develop a design concept that corrects the
deficiencies associated with the factor of safety concept. It has been
assumed that any lack of clarity in the merit, goals, or direction that
might be associated with a reliability based concept will be resolved
satisfactorily as the concept is implemented.

The remaining section will briefly summarize the salient traits of

the concepts reviewed and project a possible balance in their future
application.
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SECTION VII

CONCLUSIONS

To have emphasized only structural design concepts with respect to
f1ight safety is in keeping with the intended scope of this review, but
emphasizing too limited a view could be misleading and detract from other
important safety aspects. Safety considerations in a broader view are
discussed in References 48 and 49 and serve as a reminder of the overall
scope of the safety problem. Safety is a total operational system and all
aspects must be considered in unison.

The static strength safety aspects of the airframe have been controlled
primarily by the 1.5 factor of safety. To be more precise, the factor of
safety has been the most visible design aspect of airframe safety and it
serves as a unit of measure in that regard. It provides protection to
occupants from both understrength airframes and inadvertent overloads.

But the overall concept of safety must again be emphasized and not just
the factor of safety; the factor does not function alone but in concert
with many other structural design and operaticnal requirements.

The 1.5 factor of safety in U.S. design practice is fundamental and
represents a level of design safety which has become an accepted standard.
Although the concept is accepted and used without reservation, it has
remained in an intermittent state of review. Its efficiency as a design
concept has been challenged and the objectives of its design application
cannot be clearly identified. There are proponents who have encouraged
change and proponents for the status quo. To define the arguments and
differences between them is sometimes difficult.

Perhaps the 1.5 factor of safety is rational and does not require
revision. Or perhaps the 1.5 factor of safety is arbitrary and its
basic function cannot be defined sufficiently to establish a revised
value., Its history seems to say that the 1.5 factor of safety is a
mixture of both elements. The 1.5 factor js rational because it is
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based on what were considered to be representative ratios of design to
operating maneuver load factors experienced during the 1920s and 1930s
{which have not appreciably changed today) and it is arbitrary because
we still do not know the exact design, manufacturing, and operating
intricacies and variations it protects against, or how to quantify them.
Neither can the degree of in-flight safety provided by the 1.5 factor be
quantified but its successful history cannot be Tightly dismissed.

Reliability and realism seem to go together. Probabilistic design
concepts are considered more realistic and have been proposed as being
more rational than the factor of safety. Relfability based concepts
have, therefore, been proposed to replace the factor of safety concept,
Because of anticipated implementation delays, interim design techniques
have been proposed and consist of multiple factors of safety which are
related to specific design parameters and variable factors of safety
which are related to specific design needs.

The primary justification and final objective of the probalistic
concept is to improve airplane performance and reduce operating costs,
These improvements are to be gained through reduced airframe weight.
However, recent airplane weight studies and past weight trends have
shown that the actual airplane weight saved is often Tess than antici-
pated. Durability, fatigue 1ife, and damage tolerance requirements also
influence airframe weight and tend to supersede savings gained through
improved design techniques. These requirements add weight beyond that
needed for static strength,

There are many design, operational, and possible legal ramifications
to be defined before the factor of safety concept can be formally changed
with assured justification. The lack of appropriate statistical data,
the need for procedures to establish the true structural reliability of
a design and to demonstrate contractual requirements will also hinder
impTementation of a reljability based design concept.
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Reliability based concepts are difficult to define and understand
in summary form because of their complexity, but regardless of the
advantages or disadvantages alluded to herein the concepts cannot be
lightly discarded. They must be examined critically and objectively,
simultaneously defining the needed design parameters. Yet, a completely
rigorous reliability based concept may be so impractical for structural
design that it may be less desirable than the easily administered and
less rigorous factor of safety concept. In time, the application of
reljability based concepts to airframe design will increase but the
degree of their application may have a definite limit. Future concepts
will probably evolve to incorporate both a simplification of the purely
statistical reliability based concept and the gross simplicity of the
factor of safety concept. The factor of safety still covers many
contingencies and at this time it appears there will be a need for some
factor, and to a greater degree than is sometimes implied (References 21
and 25).

The objective has not been to support or minimize a particular
structural design concept but to underscore certain points seldom
emphasized. A1l of the disadvantages noted apply to both the factor of
safety and reliability based concepts. The point is, that the reliability
based concept will not eliminate all of the problems of the factor of
safety concept or necessarily offer a safer design. In fact, the problems
may tend to increase because of Timited design experience with statisti-
cal concepts and the use of statistically defined parameters that may be
of questionable validity. Furthermore, there may be an unjustified confi-
dence in computed reliability estimates although reliability based design
concepts have been assumed to be more rational than factor of safety
concepts. The physical results of a reliability based design and the
related statistical data must be more than a mathematical nicety; the
statistical confidence expressed in the design must be realizable, in
fact. Finally, regardless of the design concept adopted for future use,
the safety of the airframe will depend not only on that concept but on
the adequacy of the total structural design criteria and the ability
of the concept to meet the proof of compliance requirements of the
design specifications (Reference 25).
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