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SECTION 1 

INTRODUCTION AND BACKGROUND 

The application of composite materials to primary aircraft 

structures requires proven certification procedures to demon-

strate their structural integrity. The crux of certification 

methodology is to strate adequate st d fatigue 

strength by analysi test. Application o e metallic 

certification data base to composite structures is limited by the 

inherent differences between composites and metals. composites 

have a more linear load-s er sensitivity to 

stress concentrations an ata scatter and a 

multiplicity of potential failure mode 

Current practice is to carry out an extensive design 

development test effort to: 

1. Establish environmental and scatter knockdown for 

2. Validate critical design features. 

These tests are conducted at the coupon, element and subcomponent 

levels. Following these tests, certification culminates in room 

temperature ambient full-scale static and fatigue tests. 

Usually, only one article is available for each test. 

In order to have con 

ance of full scale tests, it i 

tatively interpret the test d 

using the design development data not only in their traditional 

role in design development but also in the interpretation of 

full-scale test data. 

Current certification practices do not provide an overall 

testing methodoLogy for the planning and quantitative interpre-
tation of design development and full-scale test data. 

The objective of this program is to develop a certifica-

tion testing methodology for composite aircraft structures. 



~pecifically, the methodology will account for the effects on 

strength, life, and the scatter in strength and life of variation 

in structural configuration and complexity, stress or strain 

level, mixed composite-metal structure and fatigue spectrum 

shape. Test requirements and procedures for interpreting test 

results will be defined for the certification of future composite 

aircraft structure. 

he pro of fou 

e TASK I - SCATTER ANALYSIS 

@ TASK PI - CERTPFPCATION APPROACH DEVELOPMENT/EVALUkTION 

@ TASK I11 - MET OGY DEVELOPMENT 

e TASK IV - METHODOLOGY DEMONSTIRBTION 

~uring Task I, existing composite static strength and 

fatigue life data are analyzed statistically to determine the 

influence of different test parameters on the scatter of compos-

ite data. The test variables included are: laminate lay-up, 

specimen type, loading mode, failure mode and test environment 

for both the static and fatigue data; in addition, stress level, 

stress ratio, spectrum variation and spectrum shape are investi-

gated for fatigue data. The effects of each variable on static 

strength and fatigue life data scatter are established by per-

forming statistical tests of significance. As a result of this 

task, guidelines to use the composite data scatter in structural 

certification are recommended and these guidelines are applied in 

the subsequent tasks of the program. 

In Task 11, various approaches to composite structure 

certification are analytically evaluated. The approaches evalu-

ated are: 

1. Scatter factor approach 

2. Load enhancement factor approach 

3. Ultimate strength approach 

4. Change in spectrum approach 



The capability, advantages, disadvantages of each approach 

to determine minimum (B-Basis) and mean life and/or strength are 

fully evaluated. Effects of these approaches on the certifica-

tion procedure sf composite-metal mixed structure are also 

investigated. The conclusions of this evaluation are then used 

in the methodology development. 

A methodology for certification testing of composite 

structures is developed in Task 111. The methodology is based on 

the results of the evaluation in Task 11 and the scatter analysis 

in Task I. The number and types of tests required at each level 

(coupon, element, subcomponent, component, and full-scale) of 

testing are defined. Test data interpretation methodology is 

also developed. As part of this task, a detailed description of 

the developed methodology is presented. This description 

includes detailed instructions for application and utilization of 

the methodology within the overall developmental process to 

satisfy design service life requirements for aircraft utilizing 

composite structures. The description also includes application 

of the methodology in an aircraft design/development program and 

determine the effects on service life resulting from usage change 

of an aircraft after its introduction into the fleet. 

In Task IV, the methodology is demonstrated on an exist-

ing composite structure. The full-scale wing and fuselage compo-

nents from the Composite Wing/Fuselage Program (Reference 1) are 

selected for this demonstration purpose, The results of the 

tests that have been performed on these demonstration articles 

are reevaluated using the methodology developed in Task 111. 

The scatter analysis methods and results of static 

strength and fatigue life data analysis are discussed in Volume 

I. Details of Task I1 - Certification Approach Develop-

ment/Evaluation, Task I11 - Methodology Development and Task IV -
Methodology Demonstration are given in Volume 11. Recommen-

dations and certification testing requirements are also docu-

mented in Volume 11. Computer programs to evaluate structure 

reliability are appended to Volume 11. 





SECTION 2 

SCATTER ANALYSIS METHODS 

ing the last two decades, t 

generated a large amount of static 

ites. These data have indicated that composites exhibit higher 

data scatter than their metallic counterparts in both static 

strength and fatigue life, In order to interpret this composite 

test data base in a meaningful manner and fully exploit its 

implications for future aircraft structure design and certifica-

tion, it is necessary to use statistical methods of analysis. 

The analysis methods are discussed in the following paragraphs. 

The results of static strength data analysis are given in Section 

3 and the results of fatigue analysis are presented in 

Section 4. 

2.1 Two-Parameter Weibull Distribution 

Several probabilistic distributions have been used in the 

past to describe the distribution of static strength, fatigue 

life and residual strength data of composites, Among these 

distributions, the three most commonly used have been: 

1. The normal, 

2, The log-normal distributions, and 

3. The two- or three-parameter Weibull. 

The two-parameter Weibull distribution is selected for 

data interpretation this program for the following reasons: 

1. The distribution is expressed in a simple functional 

form and easy to apply, 

2. The distribution describes composite static and 

fatigue test data well and has been widely accepted 

for composite statistical data analysis. 

3 .  Standard tables and computing routines are available. 



4. Data can be interpreted on a sound physical basis, so 

that A-Basis and B-Basis allowables determined for 

static strength are more reliable. 

6, Hypothesis tasting methods for statistical signifi-

cance are available and verified, 

The two-parameter Weibull distribution is given by the 

probability density function: 

or by the cumulative survival probability function 

where 

x is the random variable, 

a is the shape parameter, 

is the scale parameter. 

The mean and standard deviation of a Weibull population 

can be expressed in terns of a and P as 

and 



where 

viat 

For a given set of data, the shape and scale parameters of 

the Weibull distribution must be estimated. Some of the tech-

niques used for determining these estimators are: 

e maximum lik hod, 

2. Moments method, and 

3 .  Least spares method. 

The maximum likelihood method (MLE) was selected to esti-

mate the parameters, because it is derived directly from the 

maximum likelihood functions and does not require any biased data 

fitting and, therefore, unique values of a and 0 can be ob-
I 

tained. The MLE method involves the solution of two algebraic 

equations given by I 

and 

where xi is the data value 

n is the total number of data points 

nf is the total number of failures 
A A 

and a and are the estimators. 



Equations (5) and (6) are applicable to both complete 

(nf = n) and censored (nf < n) sampl is deter-

mined by solving Equation (5) using an iteration scheme and f i
A 

is 

obtained from Equation 

In order to determine the all 

val estimate of the parameters must be first carried out. For a 

Weibull distribution with known shape parameter, it has been 

shown (Reference 2) that the scale parameters of random samples 

form a chi-square (x2) di f conf idence 

for the scale parameter (p 

where ~:-~(2n) is the value of chi-square function with 2n degree-

of-freedom at 11-7probability. The allowable statistics (N) can 

now be determined as 

where 

p is the desired probability of survival, 

p = 0.90 and y =  0.95 for B-basis and 

p = 0.99 and 7= 0.95 for A-basis, 

A typical probabili of the Weibull distribution of static 

composite strength is shown in Figure 11, which also shows the 

0.95 confidence interval of p and the IS-basis allowable. 



COMPOSITE STRENGTH, KSI 

FlQURE 1. TVPlCAL WElBULL DlSTRUBUTlON OF COMPOSITE STRENGTH. 



In addition to the above statistics, a scatter factor is 
v

defined as the ratio of "ce mean and allowable ( N )  Such a 

factor signifies the relation between the central tendency of a 

data set (the mean) and the extreme statistics (the allowable), 

The value of this factor depends upon the shape parameter (a) and 
, , 

the sample size (n). A typical plot of p / &  as a function of 

a for a sample size of five is shown in Figure 2. 

A computer program has b ten to compute the scale 

and shape parameters and the B-Basis allowables. The program 

listing as well as the input and output descriptions are given in 

the Appendix of Volume IP. 

2.2 Data Poolina Technionaes 

The two-parameter Weibull distributions, discussed in the 

previous subsection, is selected as the basic analytical tool for 

scatter analysis. The application of Weibull distribution to 

determine the allowable statistics with adequate confidence 

requires a sufficiently large number of test data point for each 

individual test condition. However, in most sf the published 

composite research and development programs, fatigue data were 

generated at three or four stress levels with approximately three 

specimens tested at each. stress level. These type of data are 

not adequate to determine the fatigue lifetime scatter at each 

stress level using the individual Weibull analysis. Therefore, 

in addition to the basic two-parameter Weibull analysis, two 

pooling techniques were selected for fatigue data scatter anaky-

sis in order to include this type sf data in the scatter analysis 

data base, The objective of both techniques is to analyze the 

fatigue data obtained at all stress levels as one data set, This 

provides, an adequate number of data points for an accurate sta-

tistical analysis. 

The two pooling techniques selected were the Joint Weibull 

analysis and the Sendeckyj equivalent strength model (Reference 

3 )  



8 A-BASIS 
4 1) 

FUQURE 2. RELATIIONGHIP BETWEEN SHAPE PARAMETER AND 
SCATTER FACTOR. 



2.2.1 Joint Weibull Analysis 

In the Joint Weibull analysis, M groups of data having a 

common shape parameter (a) but different scale parameters (0)are 
pooled. Application of this pooling techniwe to composite 

fatigue life data analysis makes the assumption that the indi-

vidual a value is independent of the fatigue stress level, This 

assumption has been justified by the results of the individual 

data in Reference 4, A typical 

result is which indicates "eat no definite 

relation e eter (a) a 

The shape ( a) and scale ( P )  parameters of the Joint 
Weibull distribution are obtained by the joint maximum lilceli 

estimate method. This analysis is similar to that used for the 

basic two-parameter Weibull analysis which was discussed in 

Section 2.1. However, the joint maximum %ike%ihood estimate is 

applied to M groups of data ( @ , g o ,  fatigue stress levels) by 

assuming their shape parameters are not significantly different. 

The estimators are obtained by solving the equations: 

and 

L 

where 

ni (i=1,2,,.,M) is the number of data points in 

the ith group of data, 

nfi(i=1,2,,,,M) is the number of failures in the 

ith group of data. 





The pooled shape parameter (ap) is determined from Equa-

tion (10) by iter 

(at each stress 1 

ations (3) and (9). The 

deviation and scatter factor are constant for all 

groups. The standard deviation is computed by using Equation 

( 4 )  

2 .2 .2  Sendeckvi Emivalent Strength Model 

The second pooling technique selected was the Sendeckyj 
ngth model, which is presented in detail in Refer-

6 ,  The basic deckyj model (Reference 3) uses 

two fittin ameters to anal pooled static strength, fatigue 

a1 static stre data. All three types of data 

are converted to equivalent static strengths (a,) through a wear-

out equati and a fatigue power law. The equivalent static 

strength i hen fitted to the two-parameter Weibull distribu-

tion. 

Recently, Sendeckyj (References 5 and 6) has extended the 

two parameter model to include the R-ratio effect in fatigue data 

scatter analysis. Essentially, through the addition of a third 

parameter in the wear-out equation, fatigue data obtained from 

several R-ratios can be collap onto one stress-life plot. 

Thus, an overall scatter paramet an be obtained which includes 

the R-ratio effect. However, th plication of the three param-

eter model is limited to analyze fatigue data with positive R-

ratio. Therefore, only the basic two-parameter model is used in 

the present program. 

The wear-out equations used in the basic Sendeckyj model 

is given by 



where 

ae is the equivalent static strength, 

oa is the maximum applied cyclic stress, 

or is the residual strength 

N is the number of fatigue cycles 

S and C are fitting parameters 

The fatigue power law is obtained from the wear-out equation by 

setting oa = a,, thus 

( 1 3 )  

where oU is the static strength. 

The basic Sendeckyj analysis calculates the scatter in 

equivalent statie strength (not fatigue life Through proper 

transformation of the pro bility function, can be shown 

(Reference 3) that at each dividual stress el, the fatigue 

life distribution ( a ~ )  is so a Weibull distribution with a 

shape parameter 

aL x Sole 

where ae is t Weibull shape parameter of t 

strength populat and a~ is the shape parameter o 
life distribution. 

Figure 4 shows an example comparing the 

determined from the individual Weibull analysis, pooled Weibull 

analysis and Sendeekyj analysis. For the individual Weibull 

analysis, the ratio of B-basis life to mean Weibull life is 

different for each stress level. The Joint Weibull analysis 

produces a constant ratio of B-basis life to mean Weibull life 

for all stress levels, The Sendeckyj analysis calculates the 

ratio of B-basis equivalent static strength to mean Weibull 

equivalent static strength, which then translates into a constant 

ratio of the B-basis stress life curve to the mean Weibull stress 





life curve. Specific advantage of the Sendeckyj analysis is 

that, through its assumption of the mathematical form of the 

wear-out equation, it provides a mathematical function for the 

B-basis stress life curve, The data analysis example in Figure 4 

shows B-basis life calculations. It should be noted that any 

statistical quantity (e.g., A-basis) can be calculated by the 

three analysis methods. 

2.3 Statistical Siqnificance Tests 

The procedures for comparing two ~eibull distributions 

have been discussed in Reference 7 through 11. Standard tables 

for statistical hypothesis testing of significance were generated 

in these references. In this program, the Weibull parameters 
\ 

determined for each test condition was statistically tested for 

their significance. In this manner, the significance of the Il 

effects of each test parameter on data scatter was defined and an 1 

alIswabIe factor will be established for each test condition. 
I 

The factors obtained can then be used with confidence for test 

data interpretation. 1 

The equality of both the shape parameter and scale param-

eter for two Weibull distributions was tested. For the shape 

parameter, the null hypothesis to be tested is 

~ ~ = a: a
1 2 (14 

against the alternative hypothesis 

where ax  and a2 are the shape parameters of the two ~eibull 

populations being compared. 

At a level of significance Y, the null hypothesis Ho is 
rejected (i.e., the difference in a is significant) if 

a min 



nificance level Y a 

ference 8 in tabu 

r t  of equality o 

lar to that of the shape parameters The null hypothesis 

is tested against the alternativ 

thesis Ho is rejected at a level of significance, , 

where ty depends on the significance level, Y , and the sample 
size. Values of ty are also available in Reference 8. The 

function g(ty) is a function of the average shape parametera and 

ty and is given by 

where 

The hypothesis testing procedures described above is 

applied to compare the scatters of st tigue data. 

significance level of Y =  0,95 has been selected for these tests. 



SECTION 3 

STATIC DATA ANALYSIS 

An extensive composite static strength data base exists in 

the literature. From this data base, the data in References 4 

and 12 through 15 have been selected to determine static strength 

data scatter. Data source selection was based on two criteria: 

first, a minimum number of six data points per data set is re-

quired to permit accurate statistical analysis. Second, that the 

data cover a wide range of tes as loading mode, 

load transfer, laminate layup, d test environ-

ment. The data from Referenc gh 15 yielded 71 

separate data sets, which c tely 1500 data 

point. 

The analysis is conduc es. First, the 

static test data from Reference 4 ("Navyv' data) are analyzed in 

detail. Second, the extensive static test data in References 12 

through 15 ('vBaselineu data) analyzed. Third, the Navy and 

Baseline data sets are poole form a w~ombineds'data set for 

overall statistical analysis e results of these analyses are 

presented in the following paragraphs. 

3.1 Navy Data 

The Navy static test data in Reference 4 represent a large 

variety of test variables, which are summarized in Table 1. For 

increased accuracy in the statistical analy , only data sets 
containing six or more data points were used This excluded the 

complex test specimen data from the overall lysis, because it 

was based on three replications. Table 2 and Figures 5 through 8 

present the results of the statistical analysis in terms of four 

variables: loading mode, test environment, specimen geometry and 

laminate lay-up. 

Figure 5 shows that, for all test data, tension loading 

tests data have a higher Weibull shape parameter,a ,  (less scat-
ter) than compression test data. However, Figure 5 also shows 













that this effect is most pronounced under RTD test conditions. 

Figure 6 shows that, for all test data, the RTD data have a 

higher a (lower scatter) than the ETW data. However, Figure 6 

also shows that this effect is again most pronounced under ten-

sion loading, Figure 7 shows that the no-load transfer, interme-

diate load transfer and high load transfer specimens exhibit 

similar scatter. Although the complex specimen test data were 

not included in the overall analysis, data in Figure 7 

for comparative purposes. It can be seen th mplex speci-

men exhibits the lowest scatter of the four specimen configura-

tions. Figure 8 ay-up test data have 

lower a (higher lay-ups. 
Statistical significance checks are conducted to determine 

if the trends in a observed in Figure 5 through 8 were signifi-
cant at the 95-percent significance level. Statistical signifi-

cance tests were conducted on both the Weibull shape 

parameter, a , a oefficient 

of variation) r each data set. of these 

significance checks are presented in Tables 3 throug 

The significance tests on a show that n 

difference exists between the a values for any of t test varia-

bles. Thus, the trends in Figures 5 through 8 d ssed above 

cannot be subsea for this are 

twofold. First, of the data 

sets is relatively small and, second, large variability in 

values (C.V." = 21% to 62%) is observed in each data set. Since 

no significant difference exists between the a values, the data 
base can be treated as one data set. The overall distribution of 

the Weibull shape parameters for all 29 Navy static data sets is 

shown in Figure 9. W Weibull analysis is performed these a q  

The following values of a are determined: 

Mean a = 26.1 

Modal a = 18.0 





TABLE 3. SUMMARY OF SIGNIFICANCE TEST'S FOR 
N A V Y  STATIC TEST DATA BY  LOADBNG MODE. 

RTD TENSION 

RTD TENSION 

ETW TENSION 
RTD TEMSBOM 

ETW TENSION 

RTD TENSION 

ETW TENSlON 

ALL TENSION 

RTD COMPRESSION 
RTD COMPRESSION 

RTD COMPRESSBO 
ETW COMPRESSBO 

ALL TENSBO 

1 SHAPESAMPLE B 
PARAMETER 

NO NO 
ALL TENSION NO NO 

ALL TENSION 
ALL STATlC 

ALL STATlG 

WTD COMPRESSION 

ETW COMPRESSION 

ALL COMPRESSION 

ETW COMPRESSION NO 
ALL COMPRESSION 

F 8 lGNIFICANCE TESTS FOR N A V Y  
A BY TEST ENVQRONMENT. 

PARAMETER 



TABLE 5. SUMMARY O F  SllGNBFIICANCE TESTS FOR N A V Y  

PARAMETER 

TABLE 8 .  SUMMARY OF SllGNlFDCANCE TESTS FOR 
NAVY STATIC TEST DATA B Y  LAY-UP 

I I 0.85 SIGNIFICANCE 

VARIABILITYSAMPLE B SHAPE 
PARAMETER C.V. 

a % 

(2566%/8) (16/80/4) N O  YES 

(48/48/4) ALL N O  NO 

(25/67/8) 1 A L L  1 NO 1 NQ 
A L L  NO NOI 





The significance tests on the variability in a values also 
showed that, in e variability in a is not signif-
icantly different ercent significance level. However, 

the results i how that the variability in a f 

high load tran en data is significantly lower t 

no-load transfer and intermediate load transfer specimen test 

data. In addition, Table 6 shows that the variability in a 
values for the (25/67/8) lay-up is significantly lower than the 

(16/80/4) lay-up a values. 

3.2 Baseline Data 

The second phase of the static test data analysis was to 

determin the extensive data in References 12 

through ed the Baseline data set. In Reference 

12 the spec 1.0-inch wide and 1.0-inch long in the 

test area with 3/16-inch hole at the specimen center. The hole 

was filled with an unloaded bolt. Hercules AS/3501-5A graph-

ite/epoxy laminates with four different lay-ups were tested; the 

lay-ups were: 

Test data were obtained for both static tension and com-

pression strength under RTD, ETD, RTW and ETW environments. 

Fifteen specimens were tested at each test condition. In Refer-

ences 13 and 15 two T300/934 graphite/epoxy laminates were test-

ed. The laminate lay-ups were 16-ply (0/45/90/-452/90/45/0)s and 

24-ply, (0/45/02/-45/02/45/02/-4510) The specimens tested weres e  

0.875-inch wide and 5.5 inches long in the test area, with or 

without a 0.25-inch diameter central open hole. Both tension an 

compression static strength data were obtained under RTD, ETW 

environments. At least 15 specimens were tested at each test 

condition. Test data from Reference 14 were obtained on high 

load transfer bolted joint specimens. The laminate at the join-



ing area was 48-ply or 74-ply As/3501-5 graphite/epoxy. The test 

environments were RTD, RTW, and ETW. Ten to twenty specimens 

were tested at each test condition. 

The results of the scatter analysis for Base1 test data 

are presented in Table 7 and ~igure 10, which show the influence 

of loading mode and environment on the ~eibull shape 

parameter, a .  The trend is similar to that observed in the 

Navy static test data. That is, tension loading and RTD/RTW test 

conditions again show higher a values and lower data scatter. 

These trends are also tested for significance at the 95-percent 

significance level and the results are summarized in Table 8. 

The significance checks on a show that significant differences 

exist between the scatter in tension and compression data for 

both the RTD and ETW test environments. In addition, significant 

differences also exist between tension data scatter for the RTD 

and ETW environments. The significance checks on variability 

in a show that the ETW tension data have significantly lower 

scatter than the other static test data. 

The overall distribution of the Weibull shape parameters 

for the Baseline data sets is shown in Figu 11. A Weibull 

analysis is perf:armed on these aqs. The following values are 
determined : 

Mean 

Modal a = 22,O 

B-Basis a = 9.2 

Figure 12 shows a comparison of the overall distribution 

of the Weibull shape parameters for the Navy and ~aseline data 

sets. The Navy a values show a more disperse distribution 

compared to the Baseline values. 

3.3 -Combined Data 

The third phase of the s is to anal 

scatter in the pooled Navy and Baseline data set 

termed the Combined data set. The results of this analysis are 







TABLE 8. SUMMARY OF SIGNIFICANCE TEST 
NVURONMENT. 

ETW TENSION 

ETW TENSION 

ETW TENSION 

ALL TENSlON 

ETW COMPRESSION 

COMPRESSlON 

ALL COMPRESSION 

COMPRESSION 

ALL STATIC 
COMPRESSION 

ALL TENSION ALL STATlPC 



FIGURE 11. OVERALL DISTRBBU'HiON OF SCATTER IN BASELINE 

STATIC STRENGTH D 



FlGURE 12. COMPARISON OF OVERALL DISTRIBUTION OF 
S C A T T E R  IN N A V Y  A N D  BASELINE STATIC 
STRENGTH D A T A .  



presented in Table 9 in show that 

tension loading and t igher values 

and, therefore, lower scatter. The trends observed in ~igure13 

are also tested for statistical significance to the 95-percent 

significance level. The results are presented i le 10 which 

show that the trends observed in Figure 13 for on loading 

and the RTD/RTW environment are statistically significant at the 

95-percent significance level. 

~dditional significance tests are cond between the 

Navy and combined static test data sets. ts are pre-

sented in Table 11 and indicate no signi 

tween the two data sets. The overall distribu 

shape parameters for the combined data set 

14. A Weibull analysis is performed on the 

values of a are obtained:: 

Mean 

Modal 

B-Basis a = 8.8 

A comparison of the Mean, Modal and B-B values for the 

Navy, Baseline, and combined data sets is given in Table 12. 

These values indicate that the distribution of the Weibull shape 

parameter (a) for the three data sets are simil 







TABLE 10, SUMMAR 
COMBINED 

COMPRESSION 

ETW TENSION 

ETW TENSION 

ALL STATIC 
OMPRESSION 

LL TENSlON A L L  COMPRESSION 

bL TENSION ALL STATIC 



MBlNEB STATBC TEST DATA. 

COMBINED DATA N A V Y  DATA 

ETW TENSION 

D COMPRESSION 
COMPRESSION 

ETW COMPRESSION 

LL TENSION LB. TENSIION 

DATA SE 

N A V Y  26.1 18.0 8.4 





SECTION 4 

FATIGUE DATA ANALYSIS 

The fatigue data scatter analysis has been conducted in 

the same three phases as the static data analysis. ~irst, the 

fatigue data from Reference 4 (!'Navyw data) are analyzed in 

detail. Second, the extensive fatigue data scatter analysis 

conducted in Reference 16 is reviewed; this is termed the 

Baseline data set. Third, the Navy and Baseline data sets are 

pooled to form a combined data set for analysis purposes. 

Wherever possible all test data sets are analyzed using 

the three selected analysis methods; that is, Individual Weibull, 

Joint Weibull and the Sendeckyj analyses. For increased analysis 

accuracy, only data sets containing five or more data points are 

used for the Individual Weibull analysis. Data sets for the 

pooled analysis methods generally contain a minimum of fifteen 

data points. 

Following determination of fatigue life scatter using the 

three methods described above, the significance of the effects of 

each test parameter on fatigue life data scatter are determined. 

Significance checks are conducted using the method01 

in Section 2.3. 

4.1 Navy Data 

The Navy fatigue test data in Reference 4 represent a 

large variety of test variables, which are summarized in Table 1. 

Tables 13 through 22 summarize the results of the statis-

tical analyses in terms of five variables: R-ratio, loading mode, 

laminate lay-up, specimen geometry and test environment. 

The influence of these five variables on the individual 

~eibull fatigue life shape parameter (a1) is presented in ~igures 

15 through 20. Test variables which have a significant influence 

(95% significance) on a1 are denoted by an asterisk in these 

figures. 



TABLE 13. SUMMAR SHAPE PARAMETERS FOR 

R = - 1  C UTUDE TEST DATA. 

-NO L/T 3.75 1.20 

INT. k l T  2.47 1.46 1.01 

TABLE 14. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR 
R =-2 CONSTANT AMPLITUDE TEST DATA. 

WElBULL SHAPE PARAMETER 
SPECIMEN 

lND!VlDUAQL POOLED SENDECKVJTYPE 
a 1 a

P 5 3  



TABLE 15. SUMMARY OF WEIIEBLPBL SHAPE PARAMETERS FOR 
R = - oo CONSTANT AMPLllTUDE TEST DATA. 

TABLE 18. SUMMARY O F  WEIBULB, SHAPE PARAMETERS FOR 
ALL CONSTANT AMP& ITUDE TEST DATA.  

- 1 3 . 7 5N O  L I T  I/ 11BNT. L / T  1.68 1.15 0.79 

COMPLEX 3.07 
- --- .----

ALL 2 .34  



TABLE 17'. SUMMARY OF WElBULL SHAPE PARAMETERS FOR 
ALL SPECmRUM TEST DATA. 

INT. L I T  

H IGH L / T  

COMPLEX 

TABLE 18. SUMMARY OF WElBULL SHAPE PARAMETERS FOR 
ALL (18 /80 /4 )  FATlQUE TEST DATA, 

SPECIMEN 

INT. k / T  

HUGH L / T  

C O M P L E X  



T A B L E  1 
L 8 / 4 1  F A T I G U E  

TABLE 2 0 .  SUMMARY OF FA"BIGUE L IFE  WEQBULLSHAPE 
PARAMETERS F O R  SPECIMEN GEOMETRY TEST D A T A .  

WEsBULL SHAPE PARAMETER 



T A B L E  21.  S R Y  OF EIlBULL SHAPE 
PARAMETERS EST D A T A .  

TABLE 22. SUMMARY OF FATIGUE LIFE WElBBdLL SHAPE 

PARAMETERS FOR E T W  TEST D A m A .  

WEIBULL SHAPE PARAMETER 
SPECIMEN 

HBGH LI'T 1 















Figure 15 shows the influence of R-ratio on a 1  for each 
specimen type and the total (all) data set. The results for the 

total data set show that R = -GO loading produces a significantly 

lower a 1  and higher life scatter than both the R = -2 and -1 

loading modes. This observation is also significant for the 

intermediate and high load transfer specimen data sets. However, 

the complex specimen data set shows a different trend, in that 

the R = -2 loading mode has a significantly higher a 1  and Lower 
scatter than the other loading modes. 

Figure 16 presents the influence of fatigue loading mode 

on fatigue life scatter. For the total (all) data set, there is 

no significant difference between the a1 values for constant 
amplitude and upper wing spectrum loading modes, This conclusion 

also holds for the intermediate and high load transfer specimen 

data sets. In contrast, for the complex specimen, constant 

amplitude data have a significantly higher a1 and lower life 
scatter than the spectrum fatigue data. 

Figure 17 presents the influence of laminate lay-up on 

fatigue life scatter. For both the total (all) data set and the 

individual data sets a1 is not significantly influenced by lami-
nate lay-up. 

Figure 18 presents the influence of specimen geometry on 

fatigue life scatter. For the total (all) data set, the interme-

diate load transfer joint shows a significantly lower a 1  and 
higher fatigue life scatter than the high load transfer and 

complex specimens. This trend is also observed for the individu-

al R = -1, -2 and -00 data sets; however, it is only determined to 

be statistically significant for the R = -2 data. 

Figure 19 shows the influence of test environment on 

fatigue life scatter. The total (all) data show that KTD test 

data have a significantly higher a1 and lower fatigue life scat-
ter than the ETW test data. This trend is also observed for all 

three specimen geometries. However, it is only statistically 

significant for the intermediate load transfer specimen. 



Figure 20 summarizes the influence of all five test varia-

bles on fatigue life scatter ( a ~ )for the total Navy data s 

The following conclusions can be made from the data in this 

Compression-compression (R = -00) fatigue loading pro-
duces a significantly higher fatigue life scatter than 
compression-tension (R = -1 and -2) fatigue loading. 

here is no sig t difference betwee e life 
scatter for constant amplitude and spectrum loading. 

@ Laminate lay-up does not significantly influence fa-
tigue life scatter. 

@ Intermediate load transfer specimen fatique life scat-
ter is significantly higher "Zhan high load transfer and 
complex specimen fatigue life scatter. 

@ The RTD test environment produces significantly lower 
fatigue life scatter than the ETW test environment. 

Detailed analysis of all the Individual Weibull shape 

parameters, a1, showed that neither fatigue load level nor fa-

tigue life has any significant influence on a1. Typical data 

analyses supporting this conclusion are shown in Figures 3, 21 

and 22, respectively. 

The fatigue life shape parameters determined by the Joint 

Weibull and Sendeckyj analyses (which are presented in Table 13 

through 22) also show similar trends to those presented for the 

Individual Weibull analyses in Figures 15 through 20, However, 

the methods produced different absolute values of the fatigue 

life shape parameter. Comparisons of the three methods are shown 

in Figures 23 through 29 and Table 23. Figure 28 shows a compar-

ison of the mean a values determined for each analysis method. 

It should be noted that the data base used for this comparison 

excluded the no-load transfer open hole specimen data because 

these data were inadequate for individual Weibull analysis. The 

comparison in Figure 28 shows that the Individual Weibull analy-

sis gave the highest a values and the Sendeckyj analysis the 

lowest a value. Significance checks determined that the 

Sendeckyj mean a value was significantly lower than both the 

















FIGURE 28. INFLUENCE OF FATIGUE LIFE SCATTER ANALYSIS 
METHOD ON WElBULL SHAPE PARAMETER -
AB, 







Individual and Joint (pooled) Weibull analysis a values. This 

indicates that the Sendeckyj analysis gives a higher scatter in 

fatigue life. The trend observed in Figure 28 is anticipated 

since the two pooling techniques are unbiased compared to the 

arithmetically averaged Individual Weibull a values. Figure 29 

compares the fatigue life scatter distributions determined by 

each analysis method and Table 23 summarizes the mean, modal and 

B-Basis a values determined from each of these distributions. 

The influence of fatigue failure mode on fatigue life 

scatter was investigated for the high load transfer specimen 

fatigue failure data. In these tests, two failure modes were 

consistently observed. They were: laminate rupture and hole 

wear-out. The test data are analyzed in two ways. First as a 

total data base and second, the laminate rupture failures are 

censored from the data base. Figure 30 presents a comparison of , 
the fatigue life scatter values for the two data bases. The data 

show that the fatigue life scatter is the same for both data 

sets. Thus, it can be concluded that the mixed failure modes did 

not increase fatigue life scatter for the high load transfer 

specimen. 

4,2 Baseline Data 

The baseline data analysis was conducted in Reference 16 

on a wide range of graphite/epoxy fatigue data. A summary of the 

data analyzed in the reference is shown in Table 24. A total of 

120 sets of graphite/epoxy fatigue data with 2925 data points 

were used in the Sendeckyj analysis. Among the data 59 data sets 

with 830 data points were found adequate for individual ~eibull 

analysis. The results of the individual Weibull analysis are 

shown in Figure 31. These results are compared with that of the 

Navy data. Figure 32 shows a comparison of the distribution of 

the individual Weibull shape parameter values for the Navy and 

baseline data. The distributions are very similar, except that 

Navy data show a slightly higher dispersion. 



TABLE 24. SUMMARY OF COMPOSlTE FATIGUE TEST D A T A  
ANALYZED IN REFERENCE 16. 

MATERIAL 

INDIVIDUAL 
E-G LASSIEPOXY 



0 1 2 

SHAPE PARAMETER a ( 

FBGURE 30. INFLUENCE OF MIXED FAILURE MODES ON 
FATBGUE LIFE SCATTER (NAVY HIIGW LOAD 
TRANSFER DATA).  







4.3 Combined Data 

combined data se 

data set is sho n Figure 33. Table 25 presents a comparison 

of the mean, mo and B-Basis a values for the Navy, Baseline 
and combined da ets. All three data sets have the same modal 

a value. The data have a higher mean a and a lower B-Basis 

a value than t aseline data. This implies less fatigue life 

scatter in the data, but more dispersion in the distribution 

of the a values. owever, statistical significance checks showed 

that the differe s in Nean and B-Basis a between the Navy and 
Baseline data sets is not significant, 

Based on detailed comparisons of the Navy fatigue data 

ensive Baseline fatigue data base, it can be con-

vy data fits well within the overall composite 

4.4 Comparison of Static Strenqth and Faticlue Life Scatter 

Distributions 

Figure 34 shows a comparison of static strength and fa-

tigue life scatter as determined by the Individual ~eibull analy- 

sis. It can be seen that the fatigue life and static strength 

scatter distributions have similar shapes. However, fatigue life 

exhibits significantly more scatter than static strength. 

4.5 Comparison of Composite and Aluminum Fatique Life Scatter 

An extensive investigation of fatigue life scatter in 2000 

and 7000 series aluminum alloys was conducted in Reference 17. 

The fatigue life scatter data in this reference are used to 

generate the scatter distributions shown in Figure 35. It should 

be noted that the fatigue life scatter data in Reference 17 are 

carefully censored, such that only data sets containing five or 

more data points are included for the analysis in Figure 35. 

Figure 35 shows that for these a e 

scatter distribution 

Spectrum fatigue loading exhibits significantly less fatigue life 





2 5 .  COMPA N OF [FATllGUE LlFE SHAPE 
BASELINE AND COMBINED D 

BASELINE 1.68 

COMBINED 







scatter. his is different from that observed for graphite/epoxy 

composites, where Figure 36 show that constant amplitude and 

spectrum loadi ts very similar life scatter. The reason 

for this diffe related to the re1 

ite and alumi 

relatively fl e approximately a 

leads to compos ife scatter being inde 

level and fati ife as shown in Figu 

contrast, alumi loys have S-N curves 

in slope. T reases as fatigue 

causes fatigue scatter in aluminum 

(Reference 17). In 

ajor part of the total damage is 

vels. Thus, spectrum te 

ue tests (even though the total 

large) and will, theref ore, exhibit 

comparison of the fatigue life s 

oxy composite and aluminum. 

ife scatter is used in this com 

s invariably conducted unde 

ows that graphite/epoxy la 

life scatter than aluminum alloys. 

summary of fatigue life shape 

for graphite/epoxy , E-glass/epoxy and aluminum. T 

show that both graphite/epoxy and E-glass/epoxy exhibit 

life scatter, which is signif ic higher than that e 

by aluminum alloys. 









SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Based on the results of Task I data analysis, the follow-

ing conclusions can be made: 

1. Navy data (Reference 4 ) ,  both static strength and 

fatigue life, fits well within the overall composite 

data base published in the literat 

2. Composite fatigue life exhibits significantly higher 

scatter than static strength (more than one order of 

magnitude in Weibull shape parameter). 

3. Composite fatigue life scatter is significantly higher 

than that exhibited by aluminum alloys. 

4. Composite static strength scatter is not significantly 

influenced by test variables such as loading mode, 

specimen geometry, test environment and laminate lay-

5. Composite fatigue life scatter is not significantly 

influenced by load level, loading mode, laminated lay-

up, fatigue life, and failure mode. This justifies 

the use of pooling techniques in fatigue data analy-

sis. 

6. Composite fatigue life scatter may be influenced by R-

ratio, specimen geometry and environment. 

5.2 Recommendations 

This section contains recommendations for statistical 

analysis techniques for the determination of composite data 

scatter and static strength and fatigue life scatter values. 

1. The two-parameter Weibull distribution is recommended 

for static strength and fatigue life test data scatter 

analysis for the reasons stated in Section 2. 



2. The use of a Weibull analysis for fatigue life scatter 

determina test replica-

tions at types of data 

are not available or it is uneconomic to obtain such 

data, a pooled analysis method is recommended. The 

recommended pooling analyses are the Joint Weibull 

analysis and the Sendeckyj analysis. 

3. It is recommended that values of a calcu-

lated from the combined data base for static strength 

and fatigue life be used to determine graphite/epoxy 

scatter factors. The values are: 

Static Strength a
S 

= 20.0  

Fatigue Life a = 1.25L 

Although both the static strength and fatigue life Weibull shape 

parameters were shown to be significantly influenced by some test 

parameters, single values are recommended for the following 

reasons: 

(1) Simplicity 

( 2 )  Modal a values are lower than mean a values 

and, therefore, represent conservative val-

ues. 
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	SECTION 1 INTRODUCTION AND BACKGROUND 
	The application of composite materials to primary aircraft structures requires proven certification procedures to demon-strate their structural integrity. The crux of certification methodology is to strate adequate st d fatigue strength by analysi test. Application o e metallic certification data base to composite structures is limited by the inherent differences between composites and metals. composites have a more linear load-s er sensitivity to stress concentrations an ata scatter and a multiplicity of p
	Current practice is to carry out an extensive design development test effort to: 
	1. Establish environmental and scatter knockdown for 
	2. Validate critical design features. These tests are conducted at the coupon, element and subcomponent levels. Following these tests, certification culminates in room 
	temperature ambient full-scale static and fatigue tests. Usually, only one article is available for each test. 
	In order to have con ance of full scale tests, it i tatively interpret the test d using the design development data not only in their traditional role in design development but also in the interpretation of full-scale test data. 
	Current certification practices do not provide an overall testing methodoLogy for the planning and quantitative interpre-tation of design development and full-scale test data. 
	The objective of this program is to develop a certifica-tion testing methodology for composite aircraft structures. 
	~pecifically, the methodology will account for the effects on strength, life, and the scatter in strength and life of variation in structural configuration and complexity, stress or strain level, mixed composite-metal structure and fatigue spectrum shape. Test requirements and procedures for interpreting test results will be defined for the certification of future composite 
	aircraft structure. 
	he pro of fou 
	e TASK I -SCATTER ANALYSIS 
	@ TASK PI -CERTPFPCATION APPROACH DEVELOPMENT/EVALUkTION 
	@ TASK I11 -MET OGY DEVELOPMENT 
	e TASK IV -METHODOLOGY DEMONSTIRBTION 
	~uring Task I, existing composite static strength and fatigue life data are analyzed statistically to determine the influence of different test parameters on the scatter of compos-ite data. The test variables included are: laminate lay-up, specimen type, loading mode, failure mode and test environment for both the static and fatigue data; in addition, stress level, stress ratio, spectrum variation and spectrum shape are investi-gated for fatigue data. The effects of each variable on static strength and fati
	In Task 11, various approaches to composite structure certification are analytically evaluated. The approaches evalu-ated are: 
	1. 
	1. 
	1. 
	Scatter factor approach 

	2. 
	2. 
	Load enhancement factor approach 

	3. 
	3. 
	Ultimate strength approach 

	4. 
	4. 
	Change in spectrum approach 


	The capability, advantages, disadvantages of each approach to determine minimum (B-Basis) and mean life and/or strength are fully evaluated. Effects of these approaches on the certifica-tion procedure sf composite-metal mixed structure are also investigated. The conclusions of this evaluation are then used in the methodology development. 
	A methodology for certification testing of composite structures is developed in Task 111. The methodology is based on the results of the evaluation in Task 11 and the scatter analysis in Task I. The number and types of tests required at each level 
	(coupon, element, subcomponent, component, and full-scale) of testing are defined. Test data interpretation methodology is also developed. As part of this task, a detailed description of the developed methodology is presented. This description includes detailed instructions for application and utilization of the methodology within the overall developmental process to satisfy design service life requirements for aircraft utilizing composite structures. The description also includes application of the methodo
	In Task IV, the methodology is demonstrated on an exist-ing composite structure. The full-scale wing and fuselage compo-nents from the Composite Wing/Fuselage Program (Reference 1) are selected for this demonstration purpose, The results of the tests that have been performed on these demonstration articles are reevaluated using the methodology developed in Task 111. 
	The scatter analysis methods and results of static strength and fatigue life data analysis are discussed in Volume 
	I. Details of Task I1 -Certification Approach Develop-ment/Evaluation, Task I11 -Methodology Development and Task IV -Methodology Demonstration are given in Volume 11. Recommen-dations and certification testing requirements are also docu-mented in Volume 11. Computer programs to evaluate structure reliability are appended to Volume 11. 
	Figure
	SECTION 2 
	SCATTER ANALYSIS METHODS 
	ing the last two decades, t generated a large amount of static ites. These data have indicated that composites exhibit higher data scatter than their metallic counterparts in both static strength and fatigue life, In order to interpret this composite test data base in a meaningful manner and fully exploit its implications for future aircraft structure design and certifica-tion, it is necessary to use statistical methods of analysis. The analysis methods are discussed in the following paragraphs. The results


	2.1 Two-Parameter Weibull Distribution 
	2.1 Two-Parameter Weibull Distribution 
	Several probabilistic distributions have been used in the past to describe the distribution of static strength, fatigue life and residual strength data of composites, Among these distributions, the three most commonly used have been: 
	1. The normal, 
	2, The log-normal distributions, and 
	3. The two-or three-parameter Weibull. 
	The two-parameter Weibull distribution is selected for data interpretation this program for the following reasons: 
	1. 
	1. 
	1. 
	The distribution is expressed in a simple functional form and easy to apply, 

	2. 
	2. 
	The distribution describes composite static and fatigue test data well and has been widely accepted for composite statistical data analysis. 

	3. 
	3. 
	Standard tables and computing routines are available. 


	4. Data can be interpreted on a sound physical basis, so that A-Basis and B-Basis allowables determined for static strength are more reliable. 
	6, Hypothesis tasting methods for statistical signifi-cance are available and verified, The two-parameter Weibull distribution is given by the probability density function: 
	or by the cumulative survival probability function 
	where x is the random variable, a is the shape parameter, 
	is the scale parameter. The mean and standard deviation of a Weibull population can be expressed in terns of a and P as 
	and 
	where 
	viat 
	For a given set of data, the shape and scale parameters of the Weibull distribution must be estimated. Some of the tech-niques used for determining these estimators are: 
	e maximum lik hod, 
	2. 
	2. 
	2. 
	Moments method, and 

	3. 
	3. 
	Least spares method. 


	The maximum likelihood method (MLE) was selected to esti-mate the parameters, because it is derived directly from the maximum likelihood functions and does not require any biased data fitting and, therefore, unique values of a and 0 can be ob-
	I 
	tained. The MLE method involves the solution of two algebraic equations given by 
	I 
	and 
	where xi is the data value 
	n is the total number of data points 
	nf is the total number of failures 
	A A 
	and a and are the estimators. 
	Equations (5) and (6) are applicable to both complete (nf = n) and censored (nf < n) sampl is deter-mined by solving Equation (5) using an iteration scheme and fiis obtained from Equation 
	A 

	In order to determine the all val estimate of the parameters must be first carried out. For a Weibull distribution with known shape parameter, it has been shown (Reference 2) that the scale parameters of random samples form a chi-square (x2) di f conf idence for the scale parameter (p 
	where ~:-~(2n) is the value of chi-square function with 2n degree-of-freedom at 11-7probability. The allowable statistics (N) can now be determined as 
	where p is the desired probability of survival, p = 0.90 and y= 0.95 for B-basis and p = 0.99 and 7=0.95 for A-basis, A typical probabili of the Weibull distribution of static composite strength is shown in Figure 11, which also shows the 
	0.95 confidence interval of p and the IS-basis allowable. 
	0.95 confidence interval of p and the IS-basis allowable. 
	COMPOSITE STRENGTH, KSI 
	FlQURE 1. TVPlCAL WElBULL DlSTRUBUTlON OF COMPOSITE STRENGTH. 
	In addition to the above statistics, a scatter factor is 
	v
	defined as the ratio of "ce mean and allowable (N) Such a factor signifies the relation between the central tendency of a data set (the mean) and the extreme statistics (the allowable), The value of this factor depends upon the shape parameter (a)and 
	, , 
	the sample size (n). A typical plot of p/& as a function of a for a sample size of five is shown in Figure 2. 
	A computer program has b ten to compute the scale and shape parameters and the B-Basis allowables. The program listing as well as the input and output descriptions are given in the Appendix of Volume IP. 


	2.2 Data Poolina Technionaes 
	2.2 Data Poolina Technionaes 
	The two-parameter Weibull distributions, discussed in the previous subsection, is selected as the basic analytical tool for scatter analysis. The application of Weibull distribution to determine the allowable statistics with adequate confidence requires a sufficiently large number of test data point for each individual test condition. However, in most sf the published composite research and development programs, fatigue data were generated at three or four stress levels with approximately three specimens te
	The two pooling techniques selected were the Joint Weibull analysis and the Sendeckyj equivalent strength model (Reference 
	3) 
	8 A-BASIS 4 1) 
	FUQURE 2. RELATIIONGHIP BETWEEN SHAPE PARAMETER AND SCATTER FACTOR. 
	2.2.1 Joint Weibull Analysis 
	In the Joint Weibull analysis, M groups of data having a common shape parameter (a) but different scale parameters (0)are pooled. Application of this pooling techniwe to composite fatigue life data analysis makes the assumption that the indi-vidual a value is independent of the fatigue stress level, This assumption has been justified by the results of the individual 
	data in Reference 4, 
	data in Reference 4, 
	data in Reference 4, 
	A 
	typical 

	result is 
	result is 
	which indicates "eat no definite 

	relation e 
	relation e 
	eter (a) a 


	The shape ( a) and scale ( P) parameters of the Joint Weibull distribution are obtained by the joint maximum lilceli estimate method. This analysis is similar to that used for the basic two-parameter Weibull analysis which was discussed in Section 2.1. However, the joint maximum %ike%ihood estimate is applied to M groups of data (@,go, fatigue stress levels) by assuming their shape parameters are not significantly different. The estimators are obtained by solving the equations: 
	and 
	L 
	where ni (i=1,2,,.,M) is the number of data points in the ith group of data, nfi(i=1,2,,,,M) is the number of failures in the ith group of data. 
	Figure
	The pooled shape parameter (ap) is determined from Equa-tion (10) by iter (at each stress 1 
	ations (3) and (9). The deviation and scatter factor are constant for all groups. The standard deviation is computed by using Equation 
	(4) 
	2.2.2 Sendeckvi Emivalent Strength Model 
	2.2.2 Sendeckvi Emivalent Strength Model 
	The second pooling technique selected was the Sendeckyj ngth model, which is presented in detail in Refer-
	6, 
	6, 
	6, 
	The basic 
	deckyj model (Reference 3) uses 

	two fittin 
	two fittin 
	ameters to anal 
	pooled static strength, fatigue 

	TR
	a1 static stre 
	data. 
	All three types of data 


	are converted to equivalent static strengths (a,) through a wear-out equati and a fatigue power law. The equivalent static strength i hen fitted to the two-parameter Weibull distribu-tion. 
	Recently, Sendeckyj (References 5 and 6) has extended the two parameter model to include the R-ratio effect in fatigue data scatter analysis. Essentially, through the addition of a third parameter in the wear-out equation, fatigue data obtained from several R-ratios can be collap onto one stress-life plot. Thus, an overall scatter paramet an be obtained which includes the R-ratio effect. However, th plication of the three param-eter model is limited to analyze fatigue data with positive R-ratio. Therefore, 
	The wear-out equations used in the basic Sendeckyj model is given by 
	where 
	ae is the equivalent static strength, 
	oa is the maximum applied cyclic stress, or is the residual strength N is the number of fatigue cycles 
	S and C are fitting parameters The fatigue power law is obtained from the wear-out equation by setting oa = a,, thus 
	(13) 
	where oU is the static strength. 
	The basic Sendeckyj analysis calculates the scatter in equivalent statie strength (not fatigue life Through proper transformation of the pro bility function, can be shown 
	(Reference 3) that at each dividual stress el, the fatigue life distribution (a~) is so a Weibull distribution with a shape parameter 
	Table
	TR
	aL 
	xSole 

	where 
	where 
	ae 
	is 
	t 
	Weibull 
	shape parameter 
	of 
	t 

	strength populat 
	strength populat 
	and a~ 
	is the shape parameter o 

	life distribution. 
	life distribution. 


	Figure 4 shows an example comparing the determined from the individual Weibull analysis, pooled Weibull analysis and Sendeekyj analysis. For the individual Weibull analysis, the ratio of B-basis life to mean Weibull life is different for each stress level. The Joint Weibull analysis produces a constant ratio of B-basis life to mean Weibull life for all stress levels, The Sendeckyj analysis calculates the ratio of B-basis equivalent static strength to mean Weibull equivalent static strength, which then trans
	Figure
	life curve. Specific advantage of the Sendeckyj analysis is that, through its assumption of the mathematical form of the wear-out equation, it provides a mathematical function for the B-basis stress life curve, The data analysis example in Figure 4 shows B-basis life calculations. It should be noted that any statistical quantity (e.g., A-basis) can be calculated by the three analysis methods. 
	2.3 Statistical Siqnificance Tests 
	2.3 Statistical Siqnificance Tests 
	The procedures for comparing two ~eibull distributions have been discussed in Reference 7 through 11. Standard tables for statistical hypothesis testing of significance were generated determined for each test condition was statistically tested for Il 1 alIswabIe factor will be established for each test condition. 
	in these references. In this program, the Weibull parameters 
	\ 
	their significance. In this manner, the significance of the 
	effects of each test parameter on data scatter was defined and an 

	I 
	The factors obtained can then be used with confidence for test data interpretation. 1 
	The equality of both the shape parameter and scale param-eter for two Weibull distributions was tested. For the shape parameter, the null hypothesis to be tested is 
	~~ =a:a
	1 2 (14 against the alternative hypothesis 
	where ax and a2 are the shape parameters of the two ~eibull 
	populations being compared. 
	At a level of significance Y, the null hypothesis Ho is rejected (i.e., the difference in a is significant) if 
	a min 
	nificance level Y a ference 8 in tabu rt of equality o 
	lar to that of the shape parameters The null hypothesis 
	is tested against the alternativ 
	thesis Ho is rejected at a level of significance, , 
	where ty depends on the significance level, Y , and the sample size. Values of ty are also available in Reference 8. The function g(ty) is a function of the average shape parametera and ty and is given by 
	where 
	The hypothesis testing procedures described above is applied to compare the scatters of st tigue data. significance level of Y= 0,95 has been selected for these tests. 
	SECTION 3 STATIC DATA ANALYSIS 
	An extensive composite static strength data base exists in the literature. From this data base, the data in References 4 and 12 through 15 have been selected to determine static strength data scatter. Data source selection was based on two criteria: first, a minimum number of six data points per data set is re-quired to permit accurate statistical analysis. Second, that the data cover a wide range of tes as loading mode, load transfer, laminate layup, d test environ-ment. The data from Referenc gh 15 yielde
	The analysis is conduc es. First, the static test data from Reference 4 ("Navyv' data) are analyzed in detail. Second, the extensive static test data in References 12 through 15 ('vBaselineu data) analyzed. Third, the Navy and Baseline data sets are poole form a w~ombineds'data set for overall statistical analysis e results of these analyses are presented in the following paragraphs. 
	3.1 Navy Data 
	3.1 Navy Data 
	The Navy static test data in Reference 4 represent a large variety of test variables, which are summarized in Table 1. For increased accuracy in the statistical analy , only data sets containing six or more data points were used This excluded the complex test specimen data from the overall lysis, because it was based on three replications. Table 2 and Figures 5 through 8 present the results of the statistical analysis in terms of four variables: loading mode, test environment, specimen geometry and laminate
	Figure 5 shows that, for all test data, tension loading tests data have a higher Weibull shape parameter,a, (less scat-ter) than compression test data. However, Figure 5 also shows 
	Figure
	Figure
	Figure
	Figure
	Figure
	that this effect is most pronounced under RTD test conditions. Figure 6 shows that, for all test data, the RTD data have a higher a (lower scatter) than the ETW data. However, Figure 6 also shows that this effect is again most pronounced under ten-sion loading, Figure 7 shows that the no-load transfer, interme-diate load transfer and high load transfer specimens exhibit similar scatter. Although the complex specimen test data were not included in the overall analysis, data in Figure 7 for comparative purpos
	Statistical significance checks are conducted to determine if the trends in a observed in Figure 5 through 8 were signifi-cant at the 95-percent significance level. Statistical signifi-cance tests were conducted on both the Weibull shape parameter,a, a oefficient of variation) r each data set. of these significance checks are presented in Tables 3 throug 
	The significance tests on a show that n difference exists between the a values for any of t test varia-bles. Thus, the trends in Figures 5 through 8 d ssed above cannot be subsea for this are twofold. First, of the data sets is relatively small and, second, large variability in values (C.V." = 21% to 62%) is observed in each data set. Since no significant difference exists between the a values, the data base can be treated as one data set. The overall distribution of the Weibull shape parameters for all 29 
	Mean a = 26.1 
	Modal a = 18.0 
	Figure
	TABLE 3. SUMMARY OF SIGNIFICANCE TEST'S FOR NAVY STATIC TEST DATA BY LOADBNG MODE. 
	TABLE 3. SUMMARY OF SIGNIFICANCE TEST'S FOR NAVY STATIC TEST DATA BY LOADBNG MODE. 
	RTD TENSION RTD TENSION ETW TENSION RTD TEMSBOM 
	ETW TENSION 
	RTD TENSION 
	ETW TENSlON 
	ALL TENSION RTD COMPRESSION RTD COMPRESSION 
	RTD COMPRESSBO ETW COMPRESSBO ALL TENSBO 
	SHAPE
	SHAPE
	1 

	SAMPLE B 
	PARAMETER 

	NO NO 
	ALL TENSION NO NO ALL TENSION ALL STATlC 
	ALL STATlG 
	WTD COMPRESSION 
	ETW COMPRESSION 
	ALL COMPRESSION ETW COMPRESSION NO ALL COMPRESSION 
	F 8lGNIFICANCE TESTS FOR NAVY A BY TEST ENVQRONMENT. 
	PARAMETER 
	TABLE 5. SUMMARY OF SllGNBFIICANCE TESTS FOR NAVY 
	PARAMETER 
	TABLE 8. SUMMARY OF SllGNlFDCANCE TESTS FOR NAVY STATIC TEST DATA BY LAY-UP 
	I I 0.85 SIGNIFICANCE 
	VARIABILITY
	SAMPLE B SHAPE PARAMETER C.V. 
	a % 
	(2566%/8) (16/80/4) NO YES (48/48/4) ALL NO NO 
	(25/67/8) 1 ALL ALL NO NO
	1 NO 1 NQ 

	I 
	Figure
	The significance tests on the variability in a values also 
	showed that, in 
	showed that, in 
	showed that, in 
	e variability in a is not signif-

	icantly different 
	icantly different 
	ercent significance level. 
	However, 

	the results i 
	the results i 
	how that the variability in 
	a 
	f 

	high load tran 
	high load tran 
	en data is significantly lower t 

	no-load transfer and 
	no-load transfer and 
	intermediate load transfer specimen test 


	data. In addition, Table 6 shows that the variability in a values for the (25/67/8) lay-up is significantly lower than the 
	(16/80/4) lay-up a values. 
	3.2 Baseline Data 
	The second phase of the static test data analysis was to determin the extensive data in References 12 through ed the Baseline data set. In Reference 12 the spec 1.0-inch wide and 1.0-inch long in the test area with 3/16-inch hole at the specimen center. The hole was filled with an unloaded bolt. Hercules AS/3501-5A graph-ite/epoxy laminates with four different lay-ups were tested; the lay-ups were: 
	Test data were obtained for both static tension and com-pression strength under RTD, ETD, RTW and ETW environments. Fifteen specimens were tested at each test condition. In Refer-ences 13 and 15 two T300/934 graphite/epoxy laminates were test-ed. The laminate lay-ups were 16-ply (0/45/90/-452/90/45/0)s and 24-ply, (0/45/02/-45/02/45/02/-4510) The specimens tested were
	se 
	0.875-inch wide and 5.5 inches long in the test area, with or without a 0.25-inch diameter central open hole. Both tension an compression static strength data were obtained under RTD, ETW environments. At least 15 specimens were tested at each test condition. Test data from Reference 14 were obtained on high load transfer bolted joint specimens. The laminate at the join-
	ing area was 48-ply or 74-ply As/3501-5 graphite/epoxy. The test environments were RTD, RTW, and ETW. Ten to twenty specimens were tested at each test condition. 
	The results of the scatter analysis for Base1 test data are presented in Table 7 and ~igure 10, which show the influence of loading mode and environment on the ~eibull shape parameter, a. The trend is similar to that observed in the Navy static test data. That is, tension loading and RTD/RTW test conditions again show higher a values and lower data scatter. These trends are also tested for significance at the 95-percent significance level and the results are summarized in Table 8. The significance checks on
	The overall distribution of the Weibull shape parameters for the Baseline data sets is shown in Figu 11. A Weibull analysis is perf:armed on these aqs. The following values are determined : 
	Mean Modal a = 22,O 
	B-Basis a = 9.2 
	Figure 12 shows a comparison of the overall distribution of the Weibull shape parameters for the Navy and ~aseline data sets. The Navy a values show a more disperse distribution compared to the Baseline values. 
	3.3 -Combined Data 
	The third phase of the s is to anal scatter in the pooled Navy and Baseline data set termed the Combined data set. The results of this analysis are 
	Figure
	Figure
	TABLE 8. SUMMARY OF SIGNIFICANCE TEST 
	NVURONMENT. 
	ETW TENSION 
	ETW TENSION 
	ETW TENSION 

	ETW TENSION 
	ETW TENSION 

	ETW TENSION 
	ETW TENSION 

	ALL TENSlON 
	ALL TENSlON 

	ETW COMPRESSION 
	ETW COMPRESSION 

	COMPRESSlON 
	COMPRESSlON 

	ALL COMPRESSION 
	ALL COMPRESSION 

	COMPRESSION 
	COMPRESSION 

	ALL STATIC 
	ALL STATIC 

	COMPRESSION 
	COMPRESSION 

	ALL TENSION 
	ALL TENSION 
	ALL STATlPC 


	FIGURE 11. OVERALL DISTRBBU'HiON OF SCATTER IN BASELINE STATIC STRENGTH D 
	FlGURE 12. COMPARISON OF OVERALL DISTRIBUTION OF SCATTER IN NAVY AND BASELINE STATIC STRENGTH DATA. 
	presented in Table 9 in show that tension loading and t igher values and, therefore, lower scatter. The trends observed in ~igure13 are also tested for statistical significance to the 95-percent significance level. The results are presented i le 10 which show that the trends observed in Figure 13 for on loading and the RTD/RTW environment are statistically significant at the 95-percent significance level. 
	~dditional significance tests are cond between the Navy and combined static test data sets. ts are pre-sented in Table 11 and indicate no signi tween the two data sets. The overall distribu shape parameters for the combined data set 
	14. A Weibull analysis is performed on the values of a are obtained:: 
	Mean 
	Modal 
	B-Basis a = 8.8 
	A comparison of the Mean, Modal and B-B values for the Navy, Baseline, and combined data sets is given in Table 12. These values indicate that the distribution of the Weibull shape parameter (a)for the three data sets are simil 
	Figure
	Figure
	TABLE 10, SUMMAR COMBINED 
	COMPRESSION 
	ETW TENSION 
	ETW TENSION 
	ALL STATIC OMPRESSION 
	LL TENSlON ALL COMPRESSION bL TENSION ALL STATIC 
	MBlNEB STATBC TEST DATA. 
	MBlNEB STATBC TEST DATA. 
	MBlNEB STATBC TEST DATA. 

	COMBINED DATA 
	COMBINED DATA 
	NAVY DATA 

	ETW TENSION 
	ETW TENSION 

	TR
	D COMPRESSION 

	COMPRESSION 
	COMPRESSION 

	ETW COMPRESSION 
	ETW COMPRESSION 

	LL TENSION 
	LL TENSION 
	LB. TENSIION 


	DATA SE 
	NAVY 26.1 18.0 8.4 
	Figure
	SECTION 4 FATIGUE DATA ANALYSIS 
	The fatigue data scatter analysis has been conducted in the same three phases as the static data analysis. ~irst, the fatigue data from Reference 4 (!'Navyw data) are analyzed in detail. Second, the extensive fatigue data scatter analysis conducted in Reference 16 is reviewed; this is termed the Baseline data set. Third, the Navy and Baseline data sets are pooled to form a combined data set for analysis purposes. 
	Wherever possible all test data sets are analyzed using the three selected analysis methods; that is, Individual Weibull, Joint Weibull and the Sendeckyj analyses. For increased analysis accuracy, only data sets containing five or more data points are used for the Individual Weibull analysis. Data sets for the pooled analysis methods generally contain a minimum of fifteen data points. 
	Following determination of fatigue life scatter using the three methods described above, the significance of the effects of each test parameter on fatigue life data scatter are determined. Significance checks are conducted using the method01 in Section 2.3. 
	4.1 Navy Data 
	The Navy fatigue test data in Reference 4 represent a large variety of test variables, which are summarized in Table 1. 
	Tables 13 through 22 summarize the results of the statis-tical analyses in terms of five variables: R-ratio, loading mode, laminate lay-up, specimen geometry and test environment. 
	The influence of these five variables on the individual ~eibull fatigue life shape parameter (a1) is presented in ~igures 15 through 20. Test variables which have a significant influence 
	(95% significance) on a1 are denoted by an asterisk in these 
	figures. 
	TABLE 13. SUMMAR SHAPE PARAMETERS FOR R=-1 C UTUDE TEST DATA. 
	-
	NO L/T 3.75 1.20 INT. klT 2.47 1.46 1.01 
	TABLE 14. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR R =-2 CONSTANT AMPLITUDE TEST DATA. 
	WElBULL SHAPE PARAMETER 
	SPECIMEN 
	SPECIMEN 
	lND!VlDUAQL POOLED SENDECKVJ

	TYPE 
	a 1 P 53 
	a

	TABLE 15. SUMMARY OF WEIIEBLPBL SHAPE PARAMETERS FOR R = -oo CONSTANT AMPLllTUDE TEST DATA. 

	TABLE 18. SUMMARY OF WEIBULB, SHAPE PARAMETERS FOR ALL CONSTANT AMP& ITUDE TEST DATA. 
	TABLE 18. SUMMARY OF WEIBULB, SHAPE PARAMETERS FOR ALL CONSTANT AMP& ITUDE TEST DATA. 
	-1 3.75
	-1 3.75
	NO LIT 
	I1
	/ 
	1

	BNT. L/T 1.68 1.15 0.79 
	COMPLEX 3.07 
	--.----
	--

	ALL 2.34 
	TABLE 17'. SUMMARY OF WElBULL SHAPE PARAMETERS FOR ALL SPECmRUM TEST DATA. 
	INT. LIT HIGH L/T COMPLEX 
	TABLE 18. SUMMARY OF WElBULL SHAPE PARAMETERS FOR ALL (18/80/4) FATlQUE TEST DATA, 
	SPECIMEN 
	INT. k/T 
	HUGH L/T 
	COMPLEX 
	TABLE 1 
	L 8/41 FATIGUE 
	TABLE 20. SUMMARY OF FA"BIGUE LIFE WEQBULLSHAPE PARAMETERS FOR SPECIMEN GEOMETRY TEST DATA. 
	WEsBULL SHAPE PARAMETER 
	TABLE 21. S RY OF EIlBULL SHAPE PARAMETERS EST DATA. 
	TABLE 22. SUMMARY OF FATIGUE LIFE WElBBdLL SHAPE PARAMETERS FOR ETW TEST DAmA. 
	WEIBULL SHAPE PARAMETER 
	SPECIMEN 
	HBGH LI'T 
	1 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure 15 shows the influence of R-ratio on a1 for each specimen type and the total (all) data set. The results for the total data set show that R = -GO loading produces a significantly lower a1 and higher life scatter than both the R = -2 and -1 loading modes. This observation is also significant for the intermediate and high load transfer specimen data sets. However, the complex specimen data set shows a different trend, in that the R = -2 loading mode has a significantly higher a1 and Lower scatter than 
	Figure 16 presents the influence of fatigue loading mode on fatigue life scatter. For the total (all) data set, there is no significant difference between the a1 values for constant amplitude and upper wing spectrum loading modes, This conclusion also holds for the intermediate and high load transfer specimen data sets. In contrast, for the complex specimen, constant amplitude data have a significantly higher a1 and lower life scatter than the spectrum fatigue data. 
	Figure 17 presents the influence of laminate lay-up on fatigue life scatter. For both the total (all) data set and the individual data sets a1 is not significantly influenced by lami-nate lay-up. 
	Figure 18 presents the influence of specimen geometry on fatigue life scatter. For the total (all) data set, the interme-diate load transfer joint shows a significantly lower a1 and higher fatigue life scatter than the high load transfer and complex specimens. This trend is also observed for the individu-al R = -1, -2 and -00data sets; however, it is only determined to be statistically significant for the R = -2 data. 
	Figure 19 shows the influence of test environment on fatigue life scatter. The total (all) data show that KTD test data have a significantly higher a1 and lower fatigue life scat-ter than the ETW test data. This trend is also observed for all three specimen geometries. However, it is only statistically significant for the intermediate load transfer specimen. 
	Figure 20 summarizes the influence of all five test varia-bles on fatigue life scatter (a~)for the total Navy data s The following conclusions can be made from the data in this 
	Figure 20 summarizes the influence of all five test varia-bles on fatigue life scatter (a~)for the total Navy data s The following conclusions can be made from the data in this 
	Figure 20 summarizes the influence of all five test varia-bles on fatigue life scatter (a~)for the total Navy data s The following conclusions can be made from the data in this 

	Compression-compression (R = -00) fatigue loading pro-duces a significantly higher fatigue life scatter than compression-tension (R = -1 and -2) fatigue loading. 
	Compression-compression (R = -00) fatigue loading pro-duces a significantly higher fatigue life scatter than compression-tension (R = -1 and -2) fatigue loading. 

	here is no sig t difference betwee e life scatter for constant amplitude and spectrum loading. 
	here is no sig t difference betwee e life scatter for constant amplitude and spectrum loading. 

	@ 
	@ 
	Laminate lay-up does not significantly influence fa-tigue life scatter. 

	@ 
	@ 
	Intermediate load transfer specimen fatique life scat-ter is significantly higher "Zhan high load transfer and complex specimen fatigue life scatter. 

	@ 
	@ 
	The RTD test environment produces significantly lower 


	fatigue life scatter than the ETW test environment. 
	Detailed analysis of all the Individual Weibull shape parameters, a1, showed that neither fatigue load level nor fa-tigue life has any significant influence on a1. Typical data analyses supporting this conclusion are shown in Figures 3, 21 and 22, respectively. 
	The fatigue life shape parameters determined by the Joint Weibull and Sendeckyj analyses (which are presented in Table 13 through 22) also show similar trends to those presented for the Individual Weibull analyses in Figures 15 through 20, However, the methods produced different absolute values of the fatigue life shape parameter. Comparisons of the three methods are shown in Figures 23 through 29 and Table 23. Figure 28 shows a compar-ison of the mean a values determined for each analysis method. It should
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	FIGURE 28. INFLUENCE OF FATIGUE LIFE SCATTER ANALYSIS METHOD ON WElBULL SHAPE PARAMETER -
	AB, 
	Figure
	Figure
	Individual and Joint (pooled) Weibull analysis a values. This indicates that the Sendeckyj analysis gives a higher scatter in fatigue life. The trend observed in Figure 28 is anticipated since the two pooling techniques are unbiased compared to the arithmetically averaged Individual Weibull a values. Figure 29 compares the fatigue life scatter distributions determined by each analysis method and Table 23 summarizes the mean, modal and B-Basis a values determined from each of these distributions. 
	The influence of fatigue failure mode on fatigue life scatter was investigated for the high load transfer specimen fatigue failure data. In these tests, two failure modes were consistently observed. They were: laminate rupture and hole wear-out. The test data are analyzed in two ways. First as a total data base and second, the laminate rupture failures are censored from the data base. Figure 30 presents a comparison of 
	, 
	the fatigue life scatter values for the two data bases. The data show that the fatigue life scatter is the same for both data sets. Thus, it can be concluded that the mixed failure modes did not increase fatigue life scatter for the high load transfer specimen. 
	4,2 Baseline Data 
	The baseline data analysis was conducted in Reference 16 on a wide range of graphite/epoxy fatigue data. A summary of the data analyzed in the reference is shown in Table 24. A total of 120 sets of graphite/epoxy fatigue data with 2925 data points were used in the Sendeckyj analysis. Among the data 59 data sets with 830 data points were found adequate for individual ~eibull analysis. The results of the individual Weibull analysis are shown in Figure 31. These results are compared with that of the Navy data.
	TABLE 24. SUMMARY OF COMPOSlTE FATIGUE TEST DATA ANALYZED IN REFERENCE 16. 
	MATERIAL 
	INDIVIDUAL 
	E-G LASSIEPOXY 
	0 
	0 
	0 
	1 
	2 

	TR
	SHAPE PARAMETER a ( 

	FBGURE 30. 
	FBGURE 30. 
	INFLUENCE OF MIXED FAILURE MODES ON FATBGUE LIFE SCATTER (NAVY HIIGW LOAD TRANSFER DATA). 


	Figure
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	4.3 Combined Data 
	combined data se data set is sho n Figure 33. Table 25 presents a comparison of the mean, mo and B-Basis a values for the Navy, Baseline and combined da ets. All three data sets have the same modal a value. The data have a higher mean a and a lower B-Basis a value than t aseline data. This implies less fatigue life scatter in the data, but more dispersion in the distribution of the a values. owever, statistical significance checks showed that the differe s in Nean and B-Basis a between the Navy and Baseline
	Based on detailed comparisons of the Navy fatigue data ensive Baseline fatigue data base, it can be con-vy data fits well within the overall composite 
	4.4 Comparison of Static Strenqth and Faticlue Life Scatter Distributions 
	Figure 34 shows a comparison of static strength and fa-tigue life scatter as determined by the Individual ~eibull analy- sis. It can be seen that the fatigue life and static strength scatter distributions have similar shapes. However, fatigue life exhibits significantly more scatter than static strength. 
	4.5 Comparison of Composite and Aluminum Fatique Life Scatter 
	An extensive investigation of fatigue life scatter in 2000 and 7000 series aluminum alloys was conducted in Reference 17. The fatigue life scatter data in this reference are used to generate the scatter distributions shown in Figure 35. It should be noted that the fatigue life scatter data in Reference 17 are carefully censored, such that only data sets containing five or more data points are included for the analysis in Figure 35. Figure 35 shows that for these a e scatter distribution Spectrum fatigue loa
	Figure
	25. COMPA N OF [FATllGUE LlFE SHAPE BASELINE AND COMBINED D 
	BASELINE 1.68 COMBINED 
	Figure
	Figure
	scatter. his is different from that observed for graphite/epoxy composites, where Figure 36 show that constant amplitude and 
	spectrum loadi 
	spectrum loadi 
	spectrum loadi 
	ts very similar life scatter. 
	The reason 

	for this diffe 
	for this diffe 
	related to the re1 

	ite and alumi 
	ite and alumi 

	relatively fl 
	relatively fl 
	e approximately a 

	leads to compos 
	leads to compos 
	ife scatter being inde 

	level and fati 
	level and fati 
	ife as shown in Figu 

	contrast, alumi 
	contrast, alumi 
	loys have S-N curves 

	in slope. 
	in slope. 
	T 
	reases as fatigue 

	causes fatigue 
	causes fatigue 
	scatter in aluminum 

	TR
	(Reference 17). 
	In 


	ajor part of the total damage is vels. Thus, spectrum te ue tests (even though the total large) and will, theref ore, exhibit 
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	SECTION 5 CONCLUSIONS AND RECOMMENDATIONS 
	5.1 Conclusions 
	Based on the results of Task I data analysis, the follow-ing conclusions can be made: 
	1. 
	1. 
	1. 
	Navy data (Reference 4), both static strength and fatigue life, fits well within the overall composite data base published in the literat 

	2. 
	2. 
	Composite fatigue life exhibits significantly higher scatter than static strength (more than one order of magnitude in Weibull shape parameter). 

	3. 
	3. 
	Composite fatigue life scatter is significantly higher than that exhibited by aluminum alloys. 

	4. 
	4. 
	Composite static strength scatter is not significantly influenced by test variables such as loading mode, specimen geometry, test environment and laminate lay-

	5. 
	5. 
	Composite fatigue life scatter is not significantly influenced by load level, loading mode, laminated lay-up, fatigue life, and failure mode. This justifies the use of pooling techniques in fatigue data analy-sis. 

	6. 
	6. 
	Composite fatigue life scatter may be influenced by R-ratio, specimen geometry and environment. 


	5.2 Recommendations 
	This section contains recommendations for statistical analysis techniques for the determination of composite data scatter and static strength and fatigue life scatter values. 
	1. The two-parameter Weibull distribution is recommended for static strength and fatigue life test data scatter analysis for the reasons stated in Section 2. 
	2. 
	2. 
	2. 
	The use of a Weibull analysis for fatigue life scatter determina test replica-tions at types of data are not available or it is uneconomic to obtain such data, a pooled analysis method is recommended. The recommended pooling analyses are the Joint Weibull analysis and the Sendeckyj analysis. 

	3. 
	3. 
	It is recommended that values of a calcu-lated from the combined data base for static strength and fatigue life be used to determine graphite/epoxy scatter factors. The values are: 


	Static Strength a= 20.0 
	S 

	Fatigue Life a = 1.25
	L 
	Although both the static strength and fatigue life Weibull shape parameters were shown to be significantly influenced by some test parameters, single values are recommended for the following reasons: 
	(1) 
	(1) 
	(1) 
	Simplicity 

	(2) 
	(2) 
	Modal a values are lower than mean a values and, therefore, represent conservative val-ues. 
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