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SUMMARY 

Several new areas in aerospace structural reliability were investigated. 

The investigations were directed toward the development of a methodology for 

selecting a combination of structural tests and structural design factors for 

aerospace systems on the basis of optimized expected cost. The optimization 

method involves the use of Bayesian statistics and statistical decision theory 

as exemplified by the work of Pratt, Raiffa, and Schlaifer of the Harvard 

School of Business Administration. 

From the basic theory, a specific model applicable to the problem of 

selecting structural tests and design factors was developed. This was accom­

plished by establishing the decision to be made as a selection of a test method 

from four alternatives or options and the selection of a design factor from a 

continuous spectrum. The strength of the structure and the loads applied to the 

structure were assumed to be random variables that influence the decision. 

The decision criterion was minimum expected cost, where probabilistic as well 

as deterministic costs were considered. 

Probabilistic strength distributions needed in the decision model 

required new developments. Subjective expert opinion, obtained through mail 

questionnaires, was used to obtain a strength distribution for a test option 

where observed data were not available. The method of acquiring opinions and 

the probabilistic models used in the analysis of the opinions were first verified 
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by a test questionnaire which gave results that could be compared with observed 

data. 

A technique employing Bayesian statistics was used to incorporate new 

information with prior data in obtaining another strength distribution. Labora­

tory test results were used to obtain a prior distribution, and flight data were 

used as new information for revising the prior distribution. 

The methodology developed was applied to several typical aerospace 

structures to illustrate the effect of system characteristics such as value of 

weight, cost of failure, and cost of testing on the optimum decision. From the 

example problem results, it was concluded that the method provides a reason­

able means of selecting tests and design factors for aerospace structures. 
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CHAPTER I 

INTRODUCTION 

1.1 Organization of Mater ial 

The r e s e a r c h will be introduced by a brief discussion of some background 

concepts required for understanding the remainder of the work. Following this , 

since the r e sea rch falls into the broad category of aerospace s t ructura l re l iabi l ­

ity, a review of the l i tera ture in this area is given. 

In light of this review of previous work, a statement of the r e sea rch 

problem and the various topics composing the problem is presented in Chapter 

HI, followed by an overview of the method of solution. 

The three major original contributions of the r e sea rch and severa l other 

contributing innovations are presented in Chapters IV through VH. The analysis 

method developed is then applied to severa l s t ructural assemblies of NASA space 

vehicles in Chapter V1H to i l lustrate the technique and to show how the system 

charac te r i s t ics of the various assemblies affect the outcome. 

Some resul t s and conclusions from the r e sea r ch a re discussed in Chapter 

IX. Recommendations, par t icular ly in the area of possible further r e sea rch , 

are also given in that chapter . Nomenclature for the entire disser tat ion is given 

in Appendix A. 



1.2 Background 

On the following pages certain concepts which a r e essential to further 

development of the research a r e briefly outlined. In most cases , the concepts 

discussed he re have developed into common usage and only typical references , 

usually not to the original contributor, a r e cited. The references mentioned 

generally give a coherent discussion of the idea under consideration, as applica­

ble to the present r esea rch . 

1.2.1 Reliability 

Tribus [ 1 ] credi ts the National Aeronautics and Space Administration 

with the following definition of reliability: the probability of a device per form­

ing adequately for the period of time intended under the operating conditions 

encountered. Some key words and phrases in this definition requi re careful 

interpretat ion in the light of each problem. 

Benjamin and Cornell [21 discuss probability as the relat ive frequency 

of occurrence of an event in repeated t r i a l s or , more l iberal ly, as an 

ind iv idua l s measu re of the relat ive likelihoods of the possible outcomes of an 

experiment. Many have argued, including Tribus [1] and McGee [3 ] , that the 

individual 's belief about the relat ive likelihood or plausibility of an event is the 

appropriate concept of probability and that the relat ive frequency interpretat ion 

is only a special case of this more l iberal interpretat ion. For example, if there 

is to be only one launch of a par t icular type of spacecraft , there is no such thing 

as a long-run relat ive frequency in connection with the probability of success . 

The single miss ion will ei ther succeed or fail. Given information about the 



spacecraft , one might assign a number between 0 and 1 as a plausibility 

(probability) measure that the mission will be a success . Note that such a 

plausibility measure can include cases where relat ive frequency is meaningful. 

It is this concept of probability as a plausibility measure that will be used in 

this r e s e a r c h . 

In the reliability context there are two possible events or outcomes — 

success and failure. Thus, reliability becomes the dec is ion-maker ' s a s s e s s ­

ment of the probability or plausibility of success . Since success and failure are 

prescr ibed to be the only possible outcomes, the following relationship resul ts 

from an axiom of probability as given by Benjamin and Cornell [ 2 ] : 

P F + L = 1 (1 .1) 

or 

P F = 1 - L , 

where P is the probability of failure and L is the reliabili ty or probability 
F 

of success . In this r e sea rch , probability of failure will be a frequently used 

idea with the understanding that the corresponding reliabili ty is readily obtain­

able from equation ( 1 . 1 ) . 

Device is the next word in the definition to be discussed and is the 

identification of the a r t ic le , component, or system for which the reliabili ty is 

being discussed. The device could range from a single simple tension member , 

to a complete a i r f rame , to an ent i re fleet of a i rp lanes . 
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The period of t ime intended and the operating conditions encountered 

must also be clearly stated. These conditions of operation could range from 

withstanding a single prescr ibed application of load to survival of all expected 

conditions in a complete airplane service life. 

A p rec i se description of adequate performance is equally important; 

otherwise, reliability is an ambiguous te rm. In some situations, the appearence 

of any defect requiring repa i r would be termed inadequate performance. In 

other ins tances , only a catastrophic loss of the system is of in teres t . 

It should be noted that these asser t ions of the device under consideration, 

the overall conditions of operation, and the description of adequate performance 

should be specified in determinist ic form as a prelude to calculating the 

probabil ist ic quantity, reliabili ty. 

A misunderstanding of any of these asser t ions can cause a difference in 

reliability of severa l o rders of magnitude. Of course , more detailed probabil­

istic requi rements a r e derived from the specified determinist ic requirements 

in calculating reliabili ty. 

1.2.2 Resis tance and Load 

Two generally accepted and understood ideas of s t ruc tura l reliability 

discussions a r e the concepts of res is tance and load, under various names . 

Names often used for res i s tance a re strength, capacity, and capability. T e r m s 

used for load a re s t r e s s , s t ra in , and demand. Generally speaking, the load is 

a measure of the environment acting on the system, and the res i s tance is a 

measure of the ability of the system to withstand the environment. 



Frequently, though not always, the load represents effects not under the 

immediate control of the designer, and res is tance is visualized as a quality to 

be determined by the designer; that i s , the designer is to select a design which 

has a res i s tance sufficient to withstand the load. For example, the designer may 

be requi red to select a s t ructura l design with sufficient static strength to with­

stand a given stat ic or quasi-s ta t ic load. As another example, a design may be 

required to have fatigue capability ( res is tance) to withstand a par t icular s t r e s s 

for a given number of cycles . Very simple relationships can be used to denote a 

sat isfactory design, as 

•p 

R >: S , or R - S > 0 , or — ^ 1 , (1 .2) 

where R is res is tance and S is load. Such relationships a r e discussed in 

numerous publications. For example, see Asplund [ 4 ] , Brewer [ 5 ] , Brown [ 6 ] , 

Chilver [ 7] , Disney, Lipson, and Sheth [ 8] , Freudenthal [ 9 ] , or Su [ 10] . 

Complexities a r i s e in the satisfaction of the inequalities of equation 

(1 .2) because of uncertainties in the res is tance and load. These uncertainties 

s tem from two basic sources . F i r s t , there is a natural or intr insic uncertainty 

because loads and res i s tances a re probabilist ic phenomena. Second, the engi­

neer cannot precise ly descr ibe the phenomena. Uncertainties can also be 

classified as objective (those that can be expressed in t e rms of measured data) 

and subjective (those that cannot be or have not been measured and depend on 

personal a s s e s s m e n t ) . Uncertainty dictates that a completely rational descr ip ­

tion of the design adequacy cannot be expressed by equations ( l . 2) but requi res 
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probability s tatements about the inequalities in ( l . 2 ) . Given sufficient infor­

mation about R and S, the engineer may make the following s ta tements , 

P [ R > S] = a , or P [R - S ^ 0] = a , or P [ f > 1] = a , (1 .3) 

where the f i rs t statement, for example, is read, "the probability that R is 

g rea te r than or equal to S is a . " If R and S are defined appropriately, then 

a = L, the reliabil i ty. 

1.2.3 Safety Measures 

In this discussion of safety measu re s , res is tance R and load S are 

assumed to be described in t e r m s of stat is t ical pa r ame te r s , R (mean r e s i s t ­

ance) , S (mean load) , a (s tandard deviation of r e s i s t ance ) , and a 
R o 

(s tandard deviation of load) . 

The t e rm "safety measu re " as used in the heading of this section means 

any pa rame te r devised to provide a safety increment between load and res i s tance . 

Safety factors , safety marg ins , and safety indices are safety measu res to be 

discussed in this section. A number of commonly used safety measu res are 

discussed by Kececioglu and Haugen [ l l ] . Any safety measure can be regarded 

as ei ther a p rescr ibed constant which controls or specifies the design or as a 

variable which descr ibes the status of the design. These are actually two 

distinct concepts with subtle differences, and this has caused a considerable 

degree of difficulty in communication. The two concepts will be discussed in 

the following paragraphs in t e r m s of the safety measure known as the safety 

factor. The safety factor can be expressed as follows: 



9 

V - f , (1 .4) 

where v is the safety factor. In the first concept, this factor is perceived as a 

design requirement or design specification and the interpretation would be , " I t is 

required that the res is tance- to- load rat io be */." It is evident that Ĵ  is a 

constant in this case , and the equation is ambiguous unless par t icular values of 

R and S such as R and S a re used in the equation. In this case , v is called 

the mean or central safety factor and could be appropriately labeled as v. Other 

values of R and S could be used in the specification. For example, 

R - per Rn 

v = 5 = a2 > (1-5) 
S + q CT S K J 

S q 

where p and q a re constants, has frequently been used. In this dissertat ion a 

superscr ip t " ° n , " A " , or other identification will always be used to distinguish 

the specified safety factor, and the t e r m , design safety factor, will be used in 

the text. 

In the second concept, the safety factor is a property of the design. 

Equation (1 .4) would be interpreted as "The rat io of res is tance to load is y." 

Thus, v is a variable for the second concept, which descr ibes the status of the 

design. If R and S are random var iables , v is also a random variable , and 

equation (1 .4) can be substituted into (1 .3) to yield, 

P[v > l l = a = L , (1.6) 
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which directly re la tes the safety factor to the reliabili ty. 

Another frequently used safety measure is safety margin. Two different 

definitions of safety margin a r e as follows: 

SM - R - S (1.7) 

and 

R 
SM = —?- - 1 (1.8) 

Os 
q 

Through equation ( 1 . 3 ) , the reliabili ty can be calculated directly from, definition 

(1 .7) as 

L = P [R - S 5: Oj = PfSM > 0l . (1 .9) 

Equation (1 .8) is used extensively in the aerospace industry and gives the 

fraction by which the design res is tance exceeds the requirement . 

The safety index provides another means of specifying or calculating 

s t ruc tura l rel iabil i ty. Its definition is 

R - S 

^R^V 
The safety index will be used extensively in this r e sea rch . It is a relatively new 

concept which was mentioned by Corso in a discussion of Freudenthal 's paper 

[12] . The concept has been used by Blake [13 ] , and Mau and Sexsmith [14] . 
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Cornell [15] suggested its use in a structural code. 

It should be mentioned that in any given situation it would be possible to 

apply any one of the preceding safety measures. The primary factors to be 

considered in selecting the safety measure to be used are convenience and 

communication. The convenience is usually computational. For example, if 

resistance and strength are normally distributed random variables, then 

R - S is also normally distributed. This could well lead one to utilize the 

safety margin or safety index for normally distributed R and S. Communica­

tion is a tremendously important aspect which is frequently overlooked. It is 

unlikely that a new research idea will gain widespread acceptance unless the 

results are eventually cast in some form easily recognizable to practitioners 

in the field. This could lead to use of a well-known safety measure or at 

least to a demonstration of how the safety measure used relates to a familiar 

measure such as the safety factor recognized by most structural engineers. 

1.2.4 Structural Testing 

A brief explanation of structural testing will be given here to place it 

in proper context with respect to this dissertation. Small-scale static and 

fatigue tests on specially designed specimens to determine basic material 

properties could properly be called structural tests . However, the kind of 

testing considered here is on a much larger scale. The concern here is with 

the testing of large structural assemblies which make up an airframe, or even 

the testing of the complete airframe itself. This is the type of testing discussed 
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by Lowndes and Cavanagh [16], Thomas [17], and Rosenfield [18], which will 

be described as the "baseline" testing. 

In most airplanes or aerospace systems, all structural assemblies of 

the airframe have been tested in the laboratory, either as separate units or 

as a complete assembly. Both methods have been successful. If the assemblies 

are tested separately, care must be taken to simulate the boundary conditions 

where the tested structure joins the remainder of the airframe. Because of 

various practical considerations, testing by assemblies has the advantage of 

providing for more refined application of loads and more densely distributed 

instrumentation. If the complete airframe is tested, larger facilities are 

required, loading is less refined, and instrumentation is more sparse. How­

ever, the important boundary condition problem is eliminated. 

Ideally, the testing discussed above is accomplished on an airframe 

built from the same specifications and under the same conditions as the actual 

flight articles. Often, there are compromises in this respect. 

Studies have been made to determine the need for such testing. These 

studies have revealed a failure rate ranging from 32 percent to 65 percent in 

this type of testing; that is , approximately one-third to two-thirds of the test 

articles experience some type of failure at less than predicted failure load, 

as shown by Bouton and Trent [19], Jableeki [20], and Thomas [17]. There 

can be no doubt that full-scale structural testing has been an effective "error 

discloser" as discussed by Bouton and Trent [ 19]. 
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Never theless , the increasing size of airplane and aerospace s tructural 

sys tems and the complexity of environments such as tempera tures applied to 

the sys tems have encouraged a search for other means of assur ing s t ructural 

rel iabi l i ty . Lowndes and Cavanagh [16] discuss facility and operational costs 

in testing la rge high-temperature sys tems and show that costs could be an 

order of magnitude higher than previous costs for lower t empera tu res . 

Other methods of testing have been used to some extent, usually as a 

supplement to the testing discussed above. These include model tes ts (a 

scaling down of the tes t ar t ic le s i z e ) , component tes t s (the testing of individual 

small subassemblies which make up the major a s sembly) , and proof tes ts 

(the pretest ing of each actual flight a s s e m b l y ) . These alternative types of 

t es t s will be expanded in scope and considered as options which could be used 

in place of the "basel ine" type of testing previously discussed. 

1.2.5 Relationship of Safety Measures , Testing, and Cost 

Alternatives to the "baseline" type of testing appear more plausible if 

studied in conjunction with safety measures and cos t . To gain an understanding 

of the relat ionships involved, consider some extreme examples . As a first 

example, assume that the design safety measure has been set at a very high 

value so that even if e r r o r s exist in the analysis , failure is unlikely. Then 

there is no need for test ing, and the tes t cost has been saved with perhaps no 

decrease in reliabili ty and no increase in maintenance cost . However, the 

large safety measu re is certain to cause weight increases which could perhaps 

be tolerated in some sys tems but not in o the r s . 
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As a second example, assume that testing of not one but several com­

plete a i r f rames identical to the flight a r t ic le i s planned and that design changes 

will be made on all flight a r t ic les to cor rec t any deficiencies observed during 

test ing. This gives a high assurance that fewer e r r o r s will remain in the 

design or manufacturing after the test program has been completed. Then the 

design safety measure used in the initial design could be much lower, again, 

with no decrease in reliabili ty and no increase in maintenance cost , but with 

the attendant lower weight and increased performance. It is quite possible 

that this increased performance could be well worth the increased test cost in 

some sys t ems . 

Although the baseline method of testing has usually produced acceptably 

rel iable sys tems , there is certainly no proof that it i s the best method for all 

s y s t e m s . Alternative methods deserve careful study. 

1.2.6 Decision Theory 

Statistical decision theory, as exemplified by Pra t t , Raiffa, and 

Schlaifer [ 2 1 ] , provides an excellent means of studying the complex in te r ­

relat ionships discussed above in a quantitative manner . A lengthy discussion 

would be required to present even a rudimentary development of decision 

theory. Instead of embarking on such a development, we will devote this 

section to describing what can be done with the theory. 

Statistical decision theory is one technique which provides a mathe­

matical model for making decisions in the face of uncertainty. For example, 

the fact that uncertaint ies exist in loads and res i s tance has already been 



discussed, yet a decision may be required on what design safety factor to 

specify. 

The decision-making process is formulated as the p rocess of choosing 

an action, a, from among the available al ternative actions, a , the 

m e m b e r s of the action space, A. For each possible action the t rue state of 

nature will yield a certain value, a measure of the consequences of the action. 

For example, the action could be the choice of design safety factor, the state 

of nature could be the reliability and system weight achieved, and the value 

could be the total tonnage of goods deliverable by a fleet of a i rp lanes . 

If the t rue state of nature were known with certainty, one would readily 

calculate the value of each alternative action and select the action with highest 

value. Statistical decision theory provides a method of determining the action 

with the highest expected value when the t rue state of nature is not known with 

certainty, but probabilist ic information is available about the state of nature 

or i ts consti tuents. 

Fur ther , if Bayesian stat ist ical methods a r e used, the probabilist ic 

information can be in the form of observed data or of the engineer ' s subjective 

degree of belief. One distinct advantage of the Bayesian approach is that 

experimental data can be combined with the pr ior information available. It is 

required only that the result ing probabili t ies represent the relat ive likelihoods 

upon which the individual is prepared to base his decision. 

The decision methodology also provides for selecting an experiment 

(or no experiment) from among several candidates which achieves the best 



balance between experiment cost and reduced risk in the action choice. Through 

Bayes* theorem a means is provided for incorporating new data with existing 

data to update probability estimates. 



CHAPTER II 

REVIEW OF THE LITERATURE 

2.1 Scope of Literature Review 

The scope of the present research extends into several areas, such as 

probability, statistics, decision theory, and testing. However, the major 

motivation for the work and the primary thrust of the research is directed 

toward the reliability of aerospace structures. Since it would not be feasible 

to attempt a reasonably complete literature review in all of the areas 

mentioned above, it seems appropriate to concentrate on the area of primary 

emphasis, aerospace structural reliability. 

In some respects, a broad view of the topic of structural reliability is 

included, For example, literature in the field of structural criteria such as 

safety measures is included, whether or not the safety measure is related by 

the author to structural reliability. Also, a number of publications outside 

of the aerospace field, particularly in the area of civil engineering structures 

where a great deal of closely related work has been done, are included if the 

techniques presented can be applied directly to aerospace structures. In other 

respects, the review is restricted to a narrower viewpoint. For example, 

although several important articles on fatigue are included, the review in this 

area is by no means complete, because the present research was restricted 



to the static strength of structures. For the same reason, material on struc­

tural loads is included only as required to make the material on structural 

strength more meaningful. 

The review is conducted in essentially a chronological order. Excep­

tions to this are made when a grouping of several articles in a closely related 

area improves the continuity of the presentation. The primary purpose of the 

review is to simply relate what was done in each publication, but evaluative 

remarks are sometimes made in relating the publication to the present 

research. 

2. 2 Historical Observations 

According to Bouton and Trent [19], the concept of the structural safety 

factor for aircraft dates back to the Wright Flyer, when the Wright brothers 

established as their objective a structural system that would sustain five times 

the weight of the vehicle. It would appear that such a goal may have been some­

what arbitrary and that some rational, quantitative basis for selecting safety 

factors is desirable, but to this date no widely accepted quantitative means of 

selecting structural safety factors has appeared in the aerospace industry. 

In spite of attempts by some engineers to introduce rational means of safety 

factor selection, usually on the basis of reliability analysis, safety factors 

are still arbitrarily selected in many cases, and the particular values are 

based on precedent and tradition. 

In general, such an approach has produced acceptably reliable 



structural systems in the past; hence, there has been a great reluctance to 

change the approach. Nevertheless, it has certainly not been proved that no 

better method of selecting safety factors can be devised. It is highly probable 

that some alternate method could produce equally reliable structures with 

better performance and at lower cost, or possibly, more reliable structures 

with equal performance and cost. 

The phrase safety factor could refer to any parameter used to control 

the strength of a structure relative to the applied load. However, since the 

term "safety factor" has acquired a more specific meaning, the term "safety 

measure" will be used to refer to such parameters as discussed in Chapter I. 

2. 3 Contents of the Literature 

Tye L22] suggested in 1944 that aircraft performance envelopes, 

rather than arbitrary factors, be used to establish yield strength and ultimate 

strength requirements. For example, the ultimate condition could be specified 

as one which occurs once in 100, 000 hours and the yield condition one which 

occurs once in 100 hours. It was argued that arbitrary factors sometimes 

resulted in physically impossible load conditions. The paper contains 

examples of typical safety factors in use in the i940's. Evidently, this was a 

transition period in which the yield factor was changing from 1.5 or 1.25 to 

1.125 and the ultimate factor from 2.0 to 1.5. 

In 1947 Freudenthal published one of his classic papers [23] con­

taining many fundamental concepts of reliability analysis. The safety factor 



is defined as the ratio of the random variable resistance to the random variable 

load, rather than the ratio of a "minimum" resistance to a "maximum" load. 

Several topics such as superposition of influences, types of loads, temperature 

effects, wind forces, boundary conditions, material properties, and uncertainty 

in dimensions were discussed in analytical form. 

Chilver [7] showed that the frequency of structural failure could be 

calculated by integrating either over increments in the strength of the structure, 

considering the load fixed, or over increments in load considering the strength 

fixed in each increment. These relationships were shown as sums over 

discrete increments and in integral form. Pugsley [24] discussed several 

items affecting structural safety, including fatigue, random loading, and 

corrosion effects. The probabilistic effects of strength and loading were 

considered, and the effect of safety factor on the probability of failure was 

shown graphically. A trend toward reducing the reliability problem to one of 

economics was discussed, and a simple cost minimization model, in which 

initial cost and cost of failure were considered, was presented. 

In a 1955 doctoral thesis [20] Jablecki presented the results of 

static load testing of a large number of aircraft major components. Roughly 

one-half of the components failed at less than design ultimate load. The 

report seems to substantiate the fact that static testing is essential for a i r ­

craft structures designed with small safety factors. The link of safety factors 

to the amount of testing needed has received little attention, in general. The 

publication is a valuable source of information on structural failures, and in 
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many cases, the location and cause of failure were given. Unfortunately, 

strength values of structures sustaining greater than design ultimate load were 

not given, and a strength distribution cannot be developed from the data. It is 

noteworthy that, regardless of the component, almost all failures occurred in 

some type of joint, fitting, cutouts, or some other type of load transition area. 

A general review of the role of safety factors in aircraft structural 

safety was given by Williams [25] . The importance of the ultimate strength 

test in demonstrating that an aircraft can survive greater than limit load was 

stressed. Williams visualized the ultimate safety factor as an assurance that 

the few aircraft in a fleet which might encounter excessive loads will survive. 

The fatigue or life factor assures that each individual aircraft in the fleet will 

sustain the required load repetitions. 

Freudenthal published a handbook-type exposition on structural 

safety [12] in 1956. The relationship of economics to reliability was intro­

duced. Analytical relationships among several safety measures, statistical 

distributions, and the probability of failure were given. In discussions of the 

paper, the safety index (unnamed at the time) and additional ways to compute 

the probability of failure were introduced. Asplund [4] exploited the idea mat 

some risk is unavoidable in design and related this risk to mortality and the 

efficient use of resources. 

A progress report of an ASCE committee on factors of safety [26] 

was written by Chairman O.G. Julian in 1957. The committee recommended 

the use of two separate factors: a factor of safety and a factor of serviceability. 
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The factor of safety was defined as the ratio of mean collapse resistance to the 

mean load and was to assure a sufficiently high probability that the structure 

would not collapse. The factor of serviceability is a similar ratio, but with 

respect to serviceability rather than collapse. Nomograms and tables were 

given for determining probability of failure versus safety factor for normal 

and log-normal load and strength distributions. 

In Part I of a United States Air Force Report [27], Landes, Wagner, 

and Kriegshauser reviewed the structural requirements and characteristics of 

several missile systems with the goal of developing design criteria on a 

reliability basis. Because of the lack of data to implement such criteria, they 

recommended, on an interim basis, that separate factors be applied to speed, 

quality, and maneuverability instead of applying a single safety factor to 

loads. In Part II of the report [28], Ready developed a framework for 

establishing design requirements to achieve a given level of reliability. The 

methodology deals almost entirely with load variability with little attention to 

strength variability. Because of an attempt to make the method all-inclusive, 

it appears very difficult to understand and to use. The report also contains 

some questionable assumptions in the area of probability and statistics. 

Nevertheless, it is the first attempt to develop structural criteria adaptable 

to very complex environmental conditions. 

Su [10], Brown [6] , and Svensson [29] discussed means of combining 

the variability of several effects such as strength, loads, dimensions, and 

environments to obtain a single safety factor. For example, Brown combined 
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a factor on loads, a factor on strength, and a factor on social consequences 

into a single safety factor to be multiplied by a charac ter is t ic load value to 

establish a charac te r i s t ic strength value. 

Although a few authors had mentioned the possibility of optimizing 

rel iabil i ty toward some desired goal such as minimum cos ts , it appears that 

Hilton and Feigen contributed the f irs t analytical s t ructural optimization 

problem in reliabili ty [30] . Their problem was to minimize the weight of a 

s t ruc ture for a preassigned probability of fai lure. To accomplish this , 

Gaussian distributions for loads and strength were assumed. The weight of 

the s t ruc ture and the probability of failure were both expressed as functions of 

the member a r e a s , and the problem was formulated as a minimization of the 

member weights with the prescr ibed probability of failure as a constraint . It 

was shown that the heavier s t ructural members should be assigned relatively 

higher individual failure probabili t ies to achieve minimum weight. 

Freudenthal [ 9] published a method for calculating reliabil i ty when 

the combined effects of fatigue and ult imate failure a r e considered. The 

rel iabi l i ty was expressed as a function of the life of the s t ruc ture in t e r m s 

of the number of load repeti t ions for both fatigue and ult imate fa i lure . By 

assuming independence of the two failure modes , the combined probability of 

failure was obtained by adding the two contributions. The probability of 

ul t imate failure was considered constant over the life, but the probability of 

fatigue failure increased with the number of load repet i t ions . Freudenthal 

recognized that the assumption of independence of the failure modes may not 



hold in many ca se s , since a fatigue-damaged s t ructure is more susceptible to 

ult imate load fai lure . However, if the dependence of the failure modes is 

recognized in the analysis , ultimate strength data on fatigue-damaged s t ruc ­

tu res a r e required in the analysis , and these data a r e not normally available. 

Structural reliabili ty as a probabilistic phenomenon was discussed 

by Bouton [31 ] , who pointed out that the probability of survival is an 

appropriate quantitative measure of rel iabi l i ty. The conflict of influences 

tending to increase rel iabil i ty (economics of failure of the system) and 

influences tending to decrease reliabili ty (system weight) were recognized. 

The author indicated that the selection of an appropriate reliabili ty is p r imar i ly 

economic in nature but considered the analysis required to perform such a cost 

optimization impract ical at that t ime . The effect of variabil i ty in loads and 

strength on reliabili ty was discussed, and the resu l t s of some example 

problems were shown, but the method of calculation was not given. A flow 

chart showing the various factors that influence component strength and the 

environment of the component, and hence determine the rel iabil i ty, was 

developed. 

A unique method of character iz ing loading was given by Leve [32] . 

In this method, the loading i s character ized by a set of determinist ic life 

h i s to r ies , and the reliabili ty over an individual life history is the minimum 

value attained along the h is tory . The total reliability is obtained by summing 

the products of the individual rel iabi l i t ies and their probability of occur rence . 

It was also shown in this paper that an assumption of independence of failure 



of individual member s is invalid if the loading in the members is not independ­

ent. Techniques for apportioning reliabili ty were also discussed, and a 

modification of the Hilton-Feigen model [30] was suggested, which accounts 

for dependence of the failure modes . 

The reliabili ty analysis and allocation methods advocated by Leve 

hinge on the idea that there a r e only a few predominant failure modes in a 

complex s t ruc ture and that other failure modes, l e s s likely to occur, a r e 

associated with these predominant modes . Only the predominant modes are 

assumed independent. The resul t of such an approach is that the overall 

reliabil i ty goal for a s t ruc ture can be achieved with lower individual member 

re l iabi l i t ies , yielding a lower s t ructural weight than an assumption of inde­

pendence of all failure modes . The problem with such an approach appears 

to be that the predominant failure modes must be known a p r io r i , whereas in 

many instances oversights or e r r o r s by the designer is a major contributor 

to unreliability as discussed by Bouton and Trent [19] . 

Possible al ternat ives in testing large a i r f rames were discussed by 

Lowndes and Cavanagh [16] . The rapidly escalating cost of full-scale testing, 

pr imar i ly due to more severe thermal environments, was discussed. The 

continued need for full-scale testing was substantiated by data which showed 

that failures occurred in many static test p rograms of aircraf t between 1940 

and 1963. The authors pointed out that testing is effective in determining 

manufacturing effects, determining analytical deficiencies, and disclosing 

human e r r o r s . 



Four alternative methods of testing were reviewed with regard to 

their effectiveness in performing the above functions. These are (1) loading 

the entire vehicle but heating only local areas, (2) separating into components 

and heating and testing each separately, (3) testing to higher than flight loads 

with lower than flight temperatures, and (4) model testing. No conclusion 

was reached as to the best alternative. It should be mentioned that component 

testing was successfully used by the National Aeronautics and Space Adminis­

tration in the Saturn program as discussed by Thomas [17]. The problem of 

boundary conditions where the test component joins the rest of the airframe 

was usually overcome by building a test fixture with stiffness to simulate 

the adjoining structure or actually using a part of the adjoining structure as 

part of the test fixture. 

A linear-perturbation method of reliability estimation and weight 

optimization was published by Broding, Diederich, and Parker [33]. Relia­

bility was related to safety factor by assuming that the safety factor is a 

normally distributed random variable. In the linear perturbation method, 

weight and safety factor are expressed as linear functions of the design 

variables through a Taylor series expansion about some reference values in 

the range of interest. The weight is then minimized with respect to each 

design variable such as strength or thickness, with a probability of failure 

for each mode of failure as constraints. The authors stated that the approach 

could be extended to the case of a prescribed overall reliability. The method 

appears to be useful when the interest is in optimizing on several design 
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variables and safety factor and weight a r e approximately l inear functions of 

the design variables in the range of in te res t . In an example problem, t empera ­

tu re , allowable s t ra in , coefficient of thermal expansion, and elast ic modulus 

a r e t reated as design var iab les . 

Switzky [ 34] produced an analysis procedure for minimizing weight 

of components with a constraint on the overall probability of fai lure. This was 

accomplished by assuming that the ra t io of any given component weight to the 

total weight is independent of the probability of failure for small probabili t ies 

of fa i lure . Normal distributions of load and strength were used, and the 

probability of failure was expressed as the inverse of the cumulative d is t r ibu­

tion of the safety index. The mean safety factor was shown explicitly as a 

function of the probability of failure and the load and strength coefficients of 

var ia t ion. The weight minimization was accomplished using a Lagrange 

multiplier technique for the constrained minimization problem. A technical 

note by Ghista [35] also addressed the problem of weight minimization with 

a probability of failure constraint . The suggested t r i a l - a n d - e r r o r technique 

for solution yielded satisfactory resu l t s for a two-member example problem. 

A survey paper by Coutinho [36] reviewed basic s tat is t ical and 

reliabil i ty concepts and discussed some government reliabil i ty specifications 

and their applicability. An interest ing breakdown of types of failure and the 

responsibil i ty for each was given: initial failures a re usually t raceable to 

manufacturing and quality control, wear-out failures to maintenance, and 

random failures to design. The philosophy and operational aspects of 



reliability assurance engineering were discussed. Coutinho listed the four 

major causes of unreliability as: 

1. Lack of reliable methods for predicting operating environments. 

2. Unit-to-unit variations in resistance (within specification). 

3. Design e r rors . 

4. Manufacturing e r rors . 

A qualitative comparison of the relative reliability of different types of aero­

space systems was given. Airframes are credited with the highest reliability 

and electronics the poorest. However, it should be mentioned that alternate 

or redundant electronic systems can usually be provided at much less cost 

and weight increase than structural systems. 

Moon, Shinn, and Hyler [37] discussed the determination of design 

allowables for Military Handbook 5 [38], the primary source of materials 

strength data in the aerospace industry. Statistical techniques for determining 

allowable strengths on a probability basis, the use of specification values and 

typical values, the derivation of design allowables for a given property from 

closely related properties, and the determination of allowables at other than 

room temperature were discussed. 

A final report of the Task Committee on Factors of Safety, American 

Society of Civil Engineers, was written by Freudenthal, Garrelts, and 

Shinozuka [39]. This is an extremely useful reference which defined 

commonly used terms in reliability and gave concise derivations of 

important structural reliability relationships for numerous cases. As would 



be expected for this type of repor t , much of the mater ia l had been developed 

and published ea r l i e r , but this publication brought the information together in 

an easy- to-use handbook style . The repor t will be frequently referenced in 

this r e sea rch , especially where it concisely s ta tes some commonly accepted 

principle that has been gradually developed by a number of contr ibutors . 

The task committee defined the safety factor as the rat io of r e s i s t ­

ance to load, and since res i s tance and load a re random var iables , the safety 

factor i s also a random var iable . The repor t showed how to t rea t multiple 

member s t ruc tures under multiple load cycles . This was done for the case 

that res i s tance and load a r e independent of the number of load applications 

and for the case that one or both depends on the number of previous load 

applicat ions. Consideration was given to loads applied at specified t imes 

(life is measured in number of load applications) and to loads governed by a 

Poisson law (life is measured in t i m e ) . Fatigue was treated by the residual 

strength concept, where res i s tance is a decreasing function with number of 

load applications. 

Evidently, the f i rs t attempt at recommending specific safety factors 

for aerospace s t ruc tures that vary depending on the desi red reliabili ty and the 

nature of the design was made by Bouton, Trent , and Chenoweth [ 4 0 ] . These 

authors developed, based on stat is t ical analyses , a matr ix of safety factors to 

be used under various conditions. To select the appropriate safety factor, 

one of th ree overall reliabili ty objectives i s chosen: 0.99 for h igh-r i sk 

vehic les , 0.9999 for standard vehicles , and 0.999999 for low-r isk vehic les . 



Beyond this, the safety factor selected depends upon the expected strength 

scat ter in the s t ructure under consideration (four c lasses a re listed) and 

whether the loads and strength are verified by tes t . The recommended safety 

factor ranges from i . 15 for a high-r isk vehicle, with small scat ter in strength 

and loads and strength verified by test , to 4. 0 for all s t ructures not verified 

by strength test and all s t ructures with large strength scat ter and no test 

verification of loads. The approach seems to be a very reasonable step beyond 

the usual pract ice of a rb i t ra ry selection of safety factors , and it is surpris ing 

that the approach or some variation thereof has not come into general use in 

the aerospace industry. Perhaps the reluctance to use the method s tems from 

the a p r io r i judgments which must be made: selection of a reliability goal and 

determination of strength variabil i ty. The present r e sea rch contributes to a 

rational means of resolving this problem through the use of decision theory. 

Statistical analysis of fail-safe designs was considered by Shinozuka 

and Itagaki [ 4 1 ] . It was shown in an example problem, which could ideal -

ist ical ly represen t a t h r ee - spa r wing, that the probability of survival after 

failure of one member is undesirably low (in the range of 0. 20 to 0 .33 ) , even 

for a ductile ma te r i a l . The failure condition considered was yielding of the 

s t ruc tu re , and the authors indicated that different conclusions could be 

expected for a fatigue failure mode. 

An ar t ic le by Turks t ra [42] discussed the choice of design from a 

set of designs with equal functional value based on minimization of expected 

l o s s . The basic idea offered was that, within a reasonable approximation 



under certain conditions, only bounds on reliabili ty of the candidate designs a r e 

needed, and the design selected should be the one with minimum cost which 

has a reliabili ty within a prescr ibed value; that i s , all designs with reliabili ty 

falling within the prescr ibed reliabil i ty a r e equally acceptable, r egard less of 

the exact re l iabi l i ty . This can considerably simplify cost optimization calcula­

t ions . The costs considered were initial costs and the expected cost of fai lure. 

Initial cost was assumed to be a l inear function of the mean safety factor. 

Tu rks t r a ' s method would be very limited in aerospace applications, since the 

assumption of equal functional value for all s t ruc tures would ra re ly apply. 

For example, the functional value of aerospace s t ruc tures depends greatly 

on the weight of the s t ruc ture , which is a function of the safety factor . Thus, 

designs with different safety factors have distinctly different functional values , 

because increased weight in the s t ruc ture usually resu l t s in decreased payload 

weight. 

A paper by Moses and Kinser [43] gave computational methods for 

multiple member s t ruc tures under multiple load conditions. The authors 

emphasized the bounds on reliabil i ty and the relationship of the bounds to the 

degree of dependence among the failure modes . Computations of the reliabili ty 

were made, using the known dependence of failure modes , for comparison with 

the bounds when complete independence, then complete dependence, of the 

failure modes were assumed. It was concluded that the essent ial relationship 

which controls the dependence, assuming that loads on all m e m b e r s a r i s e from 

a common source , is the load variabil i ty compared with the strength variabi l i ty. 



A small relative variabili ty of load leads to s tat is t ical independence, and a 

l a rge variabili ty of load relat ive to strength variabili ty leads to stat ist ical 

dependence. 

It was clearly demonstrated in the paper that an assumption of 

independence of failure modes, when dependence actually exis ts , can cause a 

significant underprediction of rel iabi l i ty . However, the par t icular example 

problem chosen seems to amplify the effects of such an assumption because of 

the low rel iabi l i t ies involved. For more typical, higher rel iabil i ty, the 

difference in predictions using assumptions of dependence and independence 

would not differ so much. 

Weight optimization with a constraint on the probability of fai lure, 

which was examined by Hilton and Feigen [30] and Switzky [34] , was t reated 

by Moses and Kinser [44] with dependence of failure modes considered. They 

showed that additional reduction in weight can be achieved if the assumption of 

the independence of failure modes is discarded in favor of a m o r e exact 

t rea tment . 

A book by Pugsley [45] t reated the subject of s t ruc tura l safety in 

an easy- to - read fashion. Several chapters dealt with elementary s t ructura l 

concepts and analysis , followed by a discussion of the variabil i ty in strengths 

and loads and the r i s k of fai lure . The safety ru les (or design codes) used to 

obtain safe s t ruc tures were then d iscussed. An interest ing chapter on "Some 

Famous Accidents" i l lustrated some of the conditions which can resu l t in 

unsafe s t r u c t u r e s . 



An excellent treatise of the bounds on structural reliability was given 

by Cornell [46]. The bounds depend upon the degree of dependence among 

loads and among failure modes. Expressions for upper and lower bounds on 

reliability were first given for a fundamental problem with time-independent, 

equally distributed resistance subjected to a sequence of random loads. A 

generalization was then made to time-dependent loads, time-dependent 

resistance, and unequally distributed resistance. 

Blake [13] discussed the direct application of statistical decision 

theory to structural reliability problems. He emphasized the importance of 

the cost effectiveness of a design as opposed to the desirability of the same 

fixed safety factor or the same fixed value of reliability for every component 

in a structural design. Relationships were developed for sizing a structural 

design to obtain a reliability such that system effectiveness is maximized. If 

the loads on the system and the strength of the system are normally distributed, 

the reliability was shown to be related to the safety index, and the optimum 

safety index was tabulated against a measure of the change in system effective­

ness with safety index. 

Blake continued his development by considering the possible loss of 

system effectiveness for nonoptimum safety index. Since exact knowledge of 

effectiveness, safety index, and reliability is not usually available, the 

approach adopted was to minimize the loss in effectiveness for nonoptimum 

choice of the safety index. This leads to a nonoptimum design size with a 

conservative bias. The foregoing preceded a discussion as to whether more 



information, which would permit selection of a design size nearer the optimum, 

would be worth the cost of such information, and led to a realization that, in 

addition to the intrinsic random nature of design variables affecting reliability, 

there is also uncertainty associated with a lack of complete information. Both 

of these uncertainties should be considered in cost optimization. The author 

also pointed out that the Bayesian approach permits the incorporation of 

subjective judgments with objective data in reaching a design decision. 

Benjamin [47] described the advantages of probabilistic design as 

compared with deterministic procedures. The author envisioned deterministic 

approaches as lacking in informational content, modeling of reality, refinement 

of analysis and design, and decision-making. Illustrations showed that the 

designer is not usually fully aware of the true state of affairs when determ­

inistic approaches are used. A simplified Bayesian-type decision tree was 

presented, illustrating the choice of an optimum building design for earthquake 

loading. 

Bouton and Trent [19] elaborated on the ideas initially set forth by 

Bouton, Trent, and Chenoweth [40], They described in great detail how a 

variable safety factor requirement could be incorporated into the technical 

and contractual management of aerospace systems and made an extensive 

evaluation of previous structural criteria proposals to show that none of these 

could fulfill what they considered the essential requirements of structural 

criteria. Most of the other proposed criteria could not satisfy a requirement, 

considered essential by the authors, that a means of proof of compliance must 



exist for the criteria. For example, if the criterion is that the structure must 

have a certain reliability, then proof of compliance is virtually impossible 

before the structure is placed in service. Thus, structural criteria which 

specify reliability would not be acceptable to the authors, 

A proposal for separating loads into "limit" and "omega" conditions was 

presented. The limit condition is a load at which the structure is expected to 

survive, and the omega condition is a load, possibly caused by malfunction of 

other systems, beyond which the structure is not expected to survive. 

The primary thrust of the work by Bouton and Trent was an advocation 

of changes in the present safety factor system for airframes. They showed 

how structural reliability fits into the total system approach, and emphasized 

the need for establishing exactly what is expected of the structural system and 

design and test procedures for obtaining and measuring compliance with what 

is expected. The system created by them utilizes deterministic safety factors 

for analysis and testing which have been established by probabilistic tech­

niques. The approach retains the advantage of having designers and analysts 

working with a given safety factor but also has the advantage that the safety 

factor has been determined in a rational manner. The basic premise for 

setting the safety factor is a reliability goal, but the safety factor also depends 

upon the scatter in strength of like structures and upon the number of tests 

contemplated. 

There can be little doubt that such a comprehensive evaluation and 

thorough proposal was a result of much study and deliberation. It appears that 
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the proposed criteria would be workable and would be a significant improvement 

over present practices. It does seem that the authors may have overlooked 

some plausible alternatives because of a preoccuptation with the legalistic 

aspects of the problem. For example, the proof of compliance previously 

mentioned and a requirement that blame for any failure must be traceable may 

be desirable goals but probably should not be permitted to dominate or mask 

other important objectives. 

Kececioglu and Haugen [ i i ] summarized various definitions of safety 

factors, safety margins, and measures of reliability which have been used 

and illustrated the use of some of them. A curve showing reliability as a 

function of safety index for normal distribution of loads and strength was given. 

Disney, Lipson, and Sheth [8] published formulas for determination of the 

probability of failure for several commonly used distributions of loads and 

strength. 

Some simplifications to the Hilton-Feigen model for minimum weight 

[30] were made by Murthy and Subramanian [48]. Some approximations were 

introduced that resulted in a set of equations which, unlike the Hilton-Fiegen 

model, could be solved without iteration. Some results in an example problem 

using the approximate solution had a close correspondence to the exact 

solution. 

Shinozuka presented a model for weight-optimized design subject to a 

constraint on expected cost [49]. The expected cost consisted of the expected 

cost of failure in service and in proof testing. The proof test was considered 
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to truncate the strength distribution at the proof-test level, and the reliability 

in service was thus enhanced. The optimization was performed with respect 

to the proof-test load level; that is , a proof-test level which minimized expected 

cost or weight was the result of the analysis. The procedure was developed for 

both determinant and indeterminant structures. 

The use of statistical decision theory as a tool in design is discussed by 

Cornell [50]. The Bayesian method of incorporating all physical, parameter, 

and model uncertainties into a single probability law was emphasized, since 

such a law can be used directly in design decisions and reliability estimates. 

A qualitative description of the residual strength concept of fatigue was 

given by Bouton and Trent [51] . The basis of the concept is that fatigue 

failures are, in reality, ultimate strength failures of fatigue-damaged struc­

tures. The analysis of such structures had previously been considered by 

Freudenthal, Garrelts, and Shinozuka [39] . The relationship of the concept 

to the amount and type of testing required was discussed. 

Shah [ 52] advocated a design code in which resistance and load are 

recognized as probabilistic quantities. Some of the fundamental aspects of 

reliability and statistics were reviewed. A factor to account for differences 

in laboratory and field strengths was considered. Sexsmith and Nelson [53] 

discussed the limitations in the application of probabilistic concepts to struc­

tural design. Each limitation mentioned was accompanied by a discussion of 

how it might be overcome. Some of the limitations examined were problems 

in selecting a model, consideration of subjective information, use of 


