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PREFACE

This report was prepared by the Northrop Corporation,
Aircraft Division, Hawthorne, California, covering work performed
under U.S. Navy Contract N62269-C-0243 between‘March 1984 and
December 1985. The contract was administerd by the Naval Air
Development Center, Warminster, Pennsylvania. Mr. Ed Kautz was
the NavylProject Engineer. Partial finding of this effort was
provided by the Federal Aviation Administration Technical Center,
Atlantic City International Airport, NJ. Mr. L. M. Neri acted

as the FAA Technical Manager.

The work was performed in the Northrop's Strength and
Life Assurance Research Department under the oﬁerall superVision
of Dr. R. S. Whitehead. The following Northrop personnel were

the major contributors to the program.

-Program Manager DPr. R, S. Whitehead
Principal InVestigator Dr., H. P. Kan
Data Analysis R, Cordero

E. Saether
Documentation J. Gibo

C. Gatewood

R. Cordero

iii



£8

8

8

8

L

L

<L

L9

£V

£y

T€E

0€

6T

61

LT

A

0T

e o o

®

°

°

°

e e o o

°

AT

nsenaanooaoneooooocnouommuzmmm'mmm

© © 3 0 6 0 6 60 0 00O omQO-ﬂpmwgmﬁHﬁOUmm

c°s

nooeoonnauuenoaeomgo.ﬂmnlﬂocoo Hom

° °* SNOLLVONHNWOOHE dN¥ SNOISNTONOO

ﬂﬂﬂ&@ﬂbbﬂﬁﬂbﬂﬂﬂb“m“pmom mmlﬁﬂg
anbTied UNUTWNTY pue 2aTsodwo) Jo uostaedwod

009n96089009505006OOSQBEmQOH“’SQﬂMpMHQ “m“pmom
9JTT onbT3ed pue yzbusias oTaelzs Jo uostaedwo)

°

°

*I9poH Uylzbusazgs usteatnbm [Asospuss

@

o 0 006 2 a 8

e

2 6 0 o

°

9 6 o 0 2 0

®

°

© 000 o o.mu.mm @mgnﬂgﬁﬂou
cescfcelR(d ouUTTESRY

seccceceoapypqg AaeN

T 7

* P SISATYNY YIVA HODILVYA

© 0 0 a0 a.mu.ma Umgﬁgﬁov
ceccccplepg BUITSSEd

eaoooannnampmm %?.mz

€°¢c

c°e

T°€

°°°*SISATYNY ViIV¥d OILV.LS

*s3S9] @0UROTITUBTS TeOTaST3els

¢*ec°¢c

cececeogrgATRUY TTINCATSOM JUTOL T°2°C

66000000000 amm%.ﬂgﬂﬁomrﬁ mg.ﬂaﬂoom eaed

"UOTINCTIISTI TTudisMm JA9)surarvd-0MT

£€°¢C

c°c

T°¢

6600000000006 0 emoomamg MHmMW_H.@ZMW mma&mum

e oo e 80000000 oQZDOmeHO@m sz. ZOH—H_UDQOMEZH

SILNILNOD 40 HAIdYL

NOILLOdS



FIGURE

1

2

10

11

12

13

15

16

17

NADC-87042-60

LIST OF ILILUSTRATIONS

Typical Weibull Distribution of Composite Strength.

Relationship Between Shape Parameter and Scatter

FaCtoreo00nueoooa-econcooneo.ouo.oocavocanl.aonncao

Effect of Normalized Fatigue Load Level on Constant
Amplitude Fatigue Life Weibull Shape Parameter
(NavyData)ow000.0GQDQOGQQQGOGDOOOOOQQOQOOIOUOQQDGH

Comparison of Fatigue Data Scatter Analysis Methods

Influence of Loading Mode on Static Strength
Variability of Navy Test Dat@:c.ccccscsocsssososascs

Influence of Environment on Static Strength
Variability of Navy Test Data@c..cseocescsosoccscsosss

Influence of Specimen Geometry on Static Strength
Variability of Navy Test Dat@.cecccossscoscassscosss

Influence of Lay-up on Static Strength Variability
OfNavyTest Dataocoonoonanoeoaoonnneuonwao-noa-oco

Overall Distribution of Scatter in Navy Static
Strength DataoOBGDBQQGCOOBlOGQDOuOQ00500000509'..00

Influence of Loading Mode and Environment on Static
Strength Variability of Baseline Test Data..c.ccoe.

Overall Distribution of Scatter in Baseline Static
Strength DataﬂO‘00000..¢90000¢°9...8000'lﬂ....;u.ﬁﬂ

Comparison of Overall Distribution of Scatter in
Navy and Baseline Static Strength Data@...cccseeocss

Influence of Loading Mode and Environment on Static
Strength Variability in Combined Test Data..cccces-

Overall Distribution of Scatter in Combined Static
Strength Dataononaovnnnooceooooe-oneannncouan-nonoa

Influence of R-Ratio on Individual Weibull Fatigue
Life Shape Parameter (Navy Data@).cccceocscosccccosccs

Influence of Loading Mode on Individual Weibull
Fatigue Life Shape Parameter (Navy Data)...cccoosso

Influence of Laminate Lay=Up on Individual Weibull
Fatigue Life Shape Parameter (Navy Data).ccoeccssso

PAGE

11

13

16

22

23

24

26

29

33

35

36

39

42

49

50

51



FIGURE

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

NADC-87042-60

LIST OF ILIUSTRATIONS
PAGE

Influence of Specimen Geometry on Individual
Weibull Fatigue Life Shape Parameter (Navy Data)... 52

Influence of Test Environment on Individual
Weibull Fatigue Life Shape Parameter (Navy Data)... 53

Summary of the Influence of All Test Variables on
Individual Weibull Fatigue Life Shape Parameter
(Navy Data)GDQODBQO0EOB000OOOGDBDEQOQOOGBOOBODUQOUB 54

Effects of Normalized Fatigue Load Level on
Spectrum Fatigue Life Weibull Shape Parameter
(Navy Data)80000&000000&000000000090600600&030@0090 57

Effect of Mean Fatigue Life on Individual Weibull
Fatigue Life Shape Parameter (Navy Data).ccccoceccsco 58

Influence of Fatigue Life Scatter Analysis Method
on Weibull Shape Parameter =-- R-Ratio Effects
(NavyData)00DBDDB@DOBQQBBBDO00008008000600Q0°ﬂ0009 59

Influence of Fatigue Life Scatter Analysis Method
on Weibull Shape Parameter == Loading Mode Effects
(NavyData)30060000ﬂﬂDDQOQBOUQBQBDBGOGBOQBQOODSDDGO 60

Influence of Fatigue Life Scatter Analysis Method
on Weibull Shape Parameter == Lay-up Effects (Navy
Data)ooaacooooneaaweoeoannonuueounnonoaacueoonoouao 61

Influence of Fatigue Life Scatter Analysis Method
on Weibull Shape Parameter =- Specimen Geometry

Effects (Navy Data)000BGGOOQODGOGOBDQDOOOOQDODDBD&G 62
Influence of Fatigue Life Scatter Analysis Method

on Weibull Shape Parameter =-- Environment Effects
(NavyData)0OGDBOD68GQ000000000GBBOQODOBDBOOOQG0500 63
Influence of Fatigue Life Scatter Analysis Method

on Weibull Shape Parameter == All Navy Data@c...ccces 64
Influence of Scatter Analysis Method on Fatigue

Life Scatter Distributions (Navy Data@)ccccocscosoccs 65
Influence of Mixed Failure Modes on Fatigue Life

Scatter (Navy High Load Transfer Data).cccscssscocs 69
Fatigue Life Scatter Distribution (Baseline Data).. 70

Comparison of the Fatigue Life Scatter Distri-
butions for Navy and Baseline Dat@.c..cccocsocccscscs 71

vi




NADC-87042-60

LIST OF ILLUSTRATIONS

FIGURE PAGE

33 Fatigue Life Scatter Distribution for Combined Data

Setnn-nneonneooun.oovnon-oooaouaeoeoeucenoooa-wuano 73
34 Comparison of Static Strength and Fatigue Life

Scatter Distributions..‘ﬁ00090006‘000...0.00.00&000 75
35 Fatigue Life Scatter Distributions for 2000 and

7000 Series Aluminum AllOYS:..cccceccossocsscsnscoscns 76
36 Influence of Fatigue Loading Mode on Composite

Life SCatter (Navy Data)00.0GOQB.DODGOOOGOOOOCDOCQD 78
37 Comparison of Graphite/Epoxy and Aluminum Fatigue

Life Scatter Distributicnsbo.0.0086000.00‘..0bﬁﬂoo. 79

vii


https://SetOO.O.OOOOO..OO

gy

=R

v

7

07

8¢

ve

(A3

8¢

8¢

Le

Le

TC

0¢

q€OV¥d

°

TTTA

OHBQOBOBDOQBEDDDGGMPMQ pmma
IIY X103 saejsuexed adeys

GOGGDBOOBQGGOBBOBGM“MQ pmmg—
- = ¥ 03I saelsuweard adeys

BQQQDBOGODEQQSOOGG.mu.mQ “.mmg
?— = ¥ J0J sIolreueied adeys

Qaaeoeﬂencoooonoubmpma uvmma
T- = ¥ J0J sislsuweird =2deys

¢ 0 6 02 00 6 0 Q00 B QB 06O 00O QE 6 G Q00

2pn3TTduy JIURISUOD
ITngream Jo Axewuns

spnaTTdwy uUR3ISUOD
1TngTIeM Jo Axewuns

2pnaTTdwy 3UR3SUO0D
TINgISM JO Axewmns

sapnaTTduy 3Ue3SUOD
TInaTeoMm o Axewuns

eoneanoosocooampmm

eyed 3oL OT3e1S JI0J STSATeuy TIngreM Jo Axewwns

oennneoausnaooeooneeoaenaompma M.mm_H ol.ﬁu.mu.m .@mgn.ﬂggoo

pue AaeN usemlag SS9 20URD

TITUbTS JO Axeuwns

BDDQGDBQGBOG55906009990000OBOQBBBQGBBBOBBO‘mme pmma
0T3RS POUTqWOD I0J SISV 90URDTIIUDTS Jo Axeuung

0o0900500060BBB@DﬂOGOBEebooﬁooﬁbeoeﬁoaﬂeaom“mm “mma
OT3e1S PouTquwo) Jo sSTsATeuy [eoTasT3els Jo Axeuums

ceeccoce e anBUUOITAUL PUR 2pOR HBurperoT AQ eied 1sel
0T3RS SulTesed JI0J SIS9L 9OURDTITULTS FOo Axeuung

00005000000550@090@0@60GSOQODQOGOQQOOQDOOQMPMQ pmmE
oTaeag surTeseg Jo sTsATeuy TeoT3sTaels JO Axeuuns

OGbBBO0GOBQ6OD536EBGOBDOBGQDBBBGBBQQGQDQNmﬂH %Qmpmg
3se] oT13e3S AAeN I0J S3S9L S0PURDTIITUDTS FO Axeuung

ounosooeooseaenoeooeaoooaooeoomgNﬂ—H_ gmguﬂnmgm %Q mpmn
asel ©Taeas AAeN JI0I S3S9] 20URDTITULTS Jo Axeuuwns

GGBBﬂ0ﬂ0000000000Q,QQGOQQOOQPQm&QOHﬂ>nM pmmg Mg .mu-mn
3seg oT3eas AAeN 103 S3ISSL 90UROTITURTS JO Axeuwnsg

nooceeoooeeaaaooeecnaooweamﬁcg mg.ﬂ@mog NQ .my..ma “.mm.H_
aseI 0T3e2s AseN J0J S3S9I 20UROTITULTS JO Axeuuns

nooaooooeoeaeoaoeneoaaounwooaooauoaoneoeenmpmg u.mm_H_

oTaeas AaeN Jo sTsATeuy TeoT

asTae3s JO Axeuwns

ecoaaueoﬁeaoscoeoconeeoaouuoeoaunaoouoaow mugmhm“mm

ur ealeq LaeN I0F sSeIdqeIX

BA 2AS9I JO Axewwung

SH1dYL 40 LSIT

09-¢v0.8-DAVN

9T

a1

€T

A

1T

0T

AT1dYL



TABLE

17

18

19

20

21

22

23

24

25

26

NADC-87042-60

LIST OF TABLES

PAGE
Summary of Weibull Shape Parameters for All
SpectrumTest Datalﬂ00000000.000003060.'000ﬁl‘OGOQGG 46
Summary of Weibull Shape Parameters for All
(16/80/4) Fatigue Test Datanaooauounaeeuooeeonnouna 46
Summary of Weibull Shape Parameters for All
(48/48/4) Fatigue Test Dataooon-aanucooceouoeooneoa 47
Summary of Fatigue Life Weibull Shape Parameters
for Specimen Geometry Test Data...cccccsoessscacaocs 47
Summary of Fatigue Life Weibull Shape Parameters
forAll RTDTest Dataﬂnc080600000000000000OBOQOOQIO 48
Summary of Fatigue Life Weibull Shape Parameters
forETWTest Data@.C.QQDODUOQ'OOOO.DBGI.BBQG'I.0.0C 48

Influence of Analysis Method on Fatigue Life
Weibull Shape Parameter (Navy Data)...ccccecoccccss 66

Summary of Composite Fatigue Test Data Analyzed

inReference 16000.00DOODOIG.UOGOBOOODOQQI.ODOOIGOI 68
Comparison of Fatigue Life Shape Parameters for

Navy, Baseline and Combined Data SetS...cccceeecoes 74
Summary of Fatigue Life Shape Parameters.....ccc.... 80

ix


https://16.................011~DOO0.00




NADC-87042-60

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 demonstrate adequate static and fatigue
strength by analysis and test. Application of the metallic
certification data base to composite structures is limited by the
inherent differences between composites and metals. Composites
have a more linear load-strain response, a greater sensitivity to
stress concentrations and environments, higher data scatter and a
multiplicity of potential failure modes.

Current practice is to carry out an extensive design
development test effort to:

1. Establish environmental and scatter knockdown for
strength critical failure modes, and

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 confidence in the certification compli-
ance of full scale tests, it is imperative to be able to quanti-
tatively interpret the test data generated. This is achieved by
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.
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Specifically, 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.

The program is composed of four tasks:

® TASK 1 = SCATTER ANALYSIS

@ TASK ITI = CERTIFICATION APPROACH DEVELOPMENT/EVALUATION
e TASK IITI - METHODOLOGY DEVELOPMENT

e TASK IV - METHODOLOGY DEMONSTRATION

During 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 II, 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



NADC-87042-60

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 of 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 III. The methodology is based on
the results of the evaluation in Task II 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 methcdology developed in Task III.

The scatter analysis methods and results of static
strength and fatigue life data analysis are discussed in Volume
I. Details of Task II =~ Certification Approach Develop-
ment/Evaluation, Task III - Methodology Development and Task IV -
Methodology Demonstration are given in Volume II. Recommen-
dations and certification testing requirements are also docu-
mented in Volume II. Computer programs to evaluate structure

reliability are appended to Volume II.
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SECTION 2

SCATTER ANALYSIS METHODS

During the last two decades, the Navy and Air Force have
generated a large amount of static and fatigue data on compos-
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 life data 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 in 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.
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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.

5. Censoring techniques and pooling techniques are fully
developed and verified.

6. Hypothesis testing methods for statistical signifi-
cance are available and verified.

The two-parameter Weibull distribution is given by the
probability density function:

a-1 a
D(x; a,f) = %(%) e~ (XIB) (1)

or by the cumulative survival probability function

p(X <x) = & /BT (2)

where
¥ is the random variable,
a is the shape parameter,
f is the scale parameter.

The mean and standard deviation of a Weibull population
can be expressed in terms of a and f§ as

n=81(%3) (3)

and

=B \/r(a_g.?.) _r? (ﬁgl) (4)



where

the Weibull distribution must be estimated.
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i is the population mean,
0 is the population standard deviation
I' is the Gamma function.

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

nigques used for determining these estimators are:

mate the parameters,

1. The maximum likelihood method,
2. Moments method, and
3. Least squares method.

The maximum likelihood method (MLE) was selected to esti-
because it 1is derived directly from the

maximum likelihood functions and does not require any biased data

fitting and, therefore,
tained.

unique values of a and [ can be ob-

The MLE method involves the solution of two algebraic

equations given by

and

where

and

n nf

a

. In x Zlnx1
i=1 i=1

(5)

(6)

w>
]
S|+
y—h
™M
g

Xi 1s the data value
n is the total number of data points
ng is the total number of failures

A A
a and (f are the estimators.
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Equations (5) and (6) are applicable to both complete
(ng = n) and censored (nf < n) samples. The value of & is deﬁern
mined by solving Equation (5) using an iteration scheme and ( is
obtained from Equation (6).

In order to determine the allowable statistics, an inter-
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) distribution. The Y level of confidence
for the scale parameter (5) is then given by

B, = s (7)
Y L2 1/ ;
bG_yc2my/ 2| 8

where X%_W(Zn) is the value of chi-square function with 2n degree-
of-freedom at 1-7 probability. The allowable statistics (N) can
now be determined as

A
N =[\3/ (-In p)lla (8)
or
1/a
Vv A -
N =P X2 2 I;/z )
n)/2n
where 1-Y

p is the desired probability of survival,

P 0.90 and 7Y = 0.95 for B-basis and

P 0.22 and Y = 0.95 for A-basis.

A typical probability plot of the Weibull distribution of static
composite strength is shown in Figure 1, which also shows the
0.95 confidence interval of [ and the B-basis allowable.
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FIGURE 1. TYPICAL WEIBULL DISTRIBUTION OF COMPOSITE STRENGTH.
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In addition to the above statistics, a scatter factor is
defined as the ratio of the mean and allowable (u/I\\/I)° 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 u/% as a function of
a for a sample size of five is shown in Figure 2.

A computer program has been written 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 II.

2.2 Data Pooling Technigques

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 adegquate confidence
requires a sufficiently large number of test data point for each
individual test condition. However, in most of 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 analy-
sis in order to include this type of 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 adeguate number of data points for an accurate sta-
tistical analysis. |

The two pooling techniques selected were the Joint Weibull
analysis and the Sendecky]j equivalent strength model (Reference
3) o

10
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2.2.1 Joint Weibull Analysis

In the Joint Weibull analysis, M groups of data having a
common shape parameter (g) but different scale parameters (f) are
pooled. Application of this pooling technigue 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
Weibull analysis of fatigue data in Reference 4. A typical
‘result is shown in Figure 3, which indicates that no definite
relation exists between the Weibull shape parameter (a) and the
normalized fatigue stress level, Py/Pg-.

The shape (a) and scale (f) parameters of the Joint
Weibull distribution are obtained by the joint maximum likelihood
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 likelihood estimate is
applied to M groups of data (e.g., fatigue stress levels) by
assuming their shape parameters are not significantly different.
The estimators are obtained by solving the equations:

iﬁ . iﬁ
a (10)
% =1 xij In Kij ) E"ﬁ ) % 1 In xi., o
=1 iﬁ A a =1 Ng
b
and =1 1
n, A
1 11
I U - oy
Bi ne 4= i

where
njy (i=1,2...,M) is the number of data points in
the ith group of data,
nei (i=1,2...,M) is the number of failures in the

ith group of data.

12
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The pooled shape parameter (ap) is determined from Equa-
tion (10) by iteration. The scale parameter () for each group
(at each stress level) is then directly computed from Eguation
(11) . The mean and the B- and A-Basis allowables are determined
for each individual group by using Equations (3) and (9). The
standard deviation and scatter factor are constant for all
groups. The standard deviation is computed by using Equation

(4) .
2.2.2 Sendecky] Equivalent Strength Model

The second pooling technique selected was the Sendecky]
equivalent strength model, which is presented in detail in Refer-
ences 3, 5 and 6. The basic Sendeckyj model (Reference 3) uses
two fitting parameters to analyze pooled static strength, fatigue
life and residual static strength data. All three types of data
are converted to equivalent static strengths (ag) through a wear-
out equation and a fatigue power law. The equivalent static

strength is then 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 collapsed onto one stress-life plot.
Thus, an overall scatter parameter can be obtained which includes
the R-ratio effect. However, the application 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 progranm.

The wear-out eguations used in the basic Sendecky] model
is given by

S

o, = o, [(arr/anS +(N-1)C (12)

14
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where
des is the equivalent static strength,
05 1s the maximum applied cyclic stress,
Oy 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 05 = 0y, thus

S
0, 1 -C+CN)" =g, (13)

where 0y is the static strength.

The basic Sendeckyj analysis calculates the scatter in
equivalent static strength (not fatigue 1life). Through proper
transformation of the probability function, it can be shown
(Reference 3) that at each individual stress level, the fatigue
life distribution (ajy) is also a Weibull distribution with a
shape parameter

ap A Sa (14)

where dag is the Weibull shape parameter of the egquivalent
strength population and ap is the shape parameter of the fatigue
life distribution.

Figure 4 shows an example comparing the B-basis 1life
determined from the individual Weibull analysis, pooled Weibull
analysis and Sendeckyj analysis. For the individual Weibull
analysis, the ratio of B-basis life to mean Weibull 1life 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

15
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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 Significance Tests

The procedures for comparing two Weibull 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
effects of each test parameter on data scatter was defined and an
allowable factor will be established for each test condition.
The factors obtained can then be used with confidence for test
data interpretation.

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

HO : al = a2 (14)

against the alternative hypothesis

Hy t a, = a, (15)

where ai and a, are the shape parameters of the two Weibull
populations being compared.

At a level of significance 7, the null hypothesis Hg is
rejected (i.e., the difference in a is significant) if
A
a

Q>

min

17
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where Iy depends on the significance level 7Y and the sample size.
Values of f7 are given in Reference 8 in tabulated form. These
values are used in the program for the test of equality of the
Weibull shape parameters.

The test of equality of Weibull scale parameters is simi-
lar to that of the shape parameters. The null hypothesis

is tested against the alternative hypothesis
H_ ¢ Bl = BZ (18)

The null hypothesis Hy is rejected at a level of significance,
if

7

y) (19)

where t~ depends on the significance level, ¥ , and the sample
size. Values of ty are also available in Reference 8. The
function g(ty) is a function of the average shape parameter g and
ty and is given by

g (ty) = exp (ty/d)
(20)

where

A
1+ a2)/2=0

The hypothesis testing procedures described above is
applied to compare the scatters of static and fatigue data. A
significance level of Y= 0.95 has been selected for these tests.

18
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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 test variables such as loading mode,
load transfer, laminate layup, specimen type and test environ-
ment. The data from References 4 and 12 through 15 yielded 71
separate data sets, which contained approximately 1500 data
point.

The analysis 1is conducted in three phases. First, the
static test data from Reference 4 ("Navy" data) are analyzed in
detail. Second, the extensive static test data in References 12
through 15 ("Baseline" data) are analyzed. Third, the Navy and
Baseline data sets are pooled to form a "Combined" data set for
overall statistical analysis. The 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 analysis, only data sets
containing six or more data points were used. This excluded the
complex test specimen data from the overall analysis, 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 1loading
tests data have a higher Weibull shape parameter, a , (less scat-
ter) than compression test data. However, Figure 5 also shows

19
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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 are shown in Figure 7
for comparative purposes. It can be seen that the complex speci-
men exhibits the lowest scatter of the four specimen configura-
tions. Figure 8 shows that the (48/48/4) lay-up test data have a
lower a (higher scatter) than the other two 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, and the scatter in a (as measured by coefficient
of wvariation) for each data set. The results of these
significance checks are presented in Tables 3 through 6.

The significance tests on a show that no significant
difference exists between the a values for any of the test varia-
bles. Thus, the trends in Figures 5 through 8 discussed above
cannot be substantiated statistically. The reasons for this are
twofold. First, the number of data points in most of the data
sets 1is relatively small and, second, large variability in
values (C.V.'s = 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. A Weibull analysis is performed on these a's.
The following values of a are determined:

Mean a = 26.1
Modal a =-18.0
B-Basis a = 8.4
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TABLE 3. SUMMARY OF SIGNIFICANCE TESTS FOR

NAVY STATIC TEST DATA BY LOADING MODE.

0.95 SIGNIFICGANCE

SAMPLE A SAMPLE B SHAPE VARIABILITY

PARAMETER C.V.

a %

RTD TENSION ETW TENSION NO NO
RTD TENSION ALL TENSION NO NO
ETW TENSION ALL TENSION NO NO
RTD TENSION ALL STATIC NO NO
ETW TENSION ALL STATIC NO NO
RTD TENSION RTD COMPRESSION NO NO
ETW TENSION ETW COMPRESSION NO NO
ALL -TENSION ALL COMPRESSION NO NO
RTD COMPRESSION |ETW COMPRESSION NO NO
RTD COMPRESSION | ALL COMPRESSION NO NO
ETW COMPRESSION|ALL COMPRESSION NO NO
RTD COMPRESSION |ALL STATIC NO NO
ETW COMPRESSION|ALL STATIC NO NO
ALL TENSION ALL STATIC NO NO
ALL COMPRESSION | ALL STATIC NO NO

i

TABLE 4. SUMMARY OF SIGNIFICANCE TESTS FOR NAVY
STATIC TEST DATA BY TEST ENVIRONMENT.

0.95 SIGNIFICANCE

SAMPLE A SAMPLE B SHAPE VARIABILITY
: PARAMETER C.V.
o %
BRTOD ETW NO NO
RTD ALL NO NO
ETW ALL NO NO

27
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TABLE 5. SUMMARY OF SIGNIFICANCE TESTS FOR NAVY
STATIC TEST DATA BY SPECIMEN TYPE.

0.95 SIGNIFICANGCE
SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER C.V.
o %
NO L/T INT. L/T NO NO
NO L/T HIGH L/T NO YES
INT. L/T HIGH L/T NO YES
NO L/T ALL NO NO
INT. L/T ALL NO NO
HIGH L/T ALL NO NO
TABLE 6. SUMMARY OF SIGNIFICANCE TESTS FOR
NAVY STATIC TEST DATA BY LAY~-UP
0.95 SIGNIFICANCE
SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER C.Y.
o %
(48748/4) (25/67/8) NO NO
(487/48/74) (16/80/4) NO NO
(25/67/8) (16/80/4) NO YES
(48/48/4) ALL NO NO
(25/67/8) ALL NO NO
(16/80/74) ALL NO NO
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The significance tests on the variability in a values also
showed that, in general, the variability in a is not signif-
icantly different at the 95-percent significance level. However,
the results in Table 5 show that the wvariability in a for the
high load transfer specimen data is significantly lower than the
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
determine the scatter in the extensive data in References 12
through 15. This is termed the Baseline data set. In Reference
12 the specimen used was 1l.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:

1. 8-ply (0/+45/90)¢

2. 8-ply (0/%45/0)¢g

3. lé-ply [(0/+45/90)g]>, and
4. l6-ply [(0/+45/0)g]2-

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 1l6-ply (0/45/90/-45,/90/45/0)g and
24-ply, (0/45/05/-45/05/45/05/=45/0)g. The specimens tested were
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 and
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-
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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 Baseline test data
are presented in Table 7 and Figure 10, which show the influence
of loading mode and environment on the Weibull shape
parameter, a . The trend 1s 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 @ 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 Figure 11. A Weibull
analysis is performed on these a's. The following values are
determined:

Mean a = 21.2

Modal a = 22.0

B-Basis a= 9.2

Figure 12 shows a comparison of the overall distribution
of the Weibull shape parameters for the Navy and Baseline data
sets. The Navy a values show a more dispersed distribution
compared to the Baseline values.

3.3 Combined Data

The third phase of the analysis is to analyze the data
scatter in the pooled Navy and Baseline data sets. This is
termed the Combined data set. The results of this analysis are
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TABLE 8. SUMMARY OF SIGNIFICANCE TESTS FOR BASELINE
STATIC TEST DATA BY LOADING MODE AND ENVIRONMENT.
0.95 SIGNIFICANCE
SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER C.v.
« %
RTD/RTW TENSION|ETW TENSION YES YES
RTD/RTW TENSION |ALL TENSION NO NO
ETW TENSION ALL TENSION YES YES
RTD/RTW TENSION|ALL STATIC NO NO
ETW TENSION ALL STATIC NO YES
RTD/RTW TENSION |RTD/RTW YES NO
COMPRESSION
ETW TENSION ETW COMPRESSION YES NO
ALL TENSION ALL COMPRESSION YES NO
RTD/RTW ETW COMPRESSION NO NO
COMPRESSION
RTD/RTW ALL COMPRESSION NO NO
COMPRESSION
ETW COMPRESSION |ALL COMPRESSION NO NO
RTD/RTW ALL STATIC NO NO
COMPRESSION
ETW COMPRESSION |ALL STATIC YES NO
ALL TENSION ALL STATIC NO NO
ALL COMPRESSION|ALL STATIC YES NO
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presented in Table 9 and Figure 13. The results again show that
tension loading and the RTD/RTW environment exhibit higher values
and, therefore, lower scatter. The trends observed in Figure 13
are also tested for statistical significance to the 95-percent
significance level. The results are presented in Table 10 which
show that the trends observed in Figure 13 for tension loading
and the RTD/RTW environment are statistically significant at the
95-percent significance level.

Additional significance tests are conducted between the
Navy and combined static test data sets. The results are pre-
sented in Table 11 and indicate no significant differences be-
tween the two data sets. The overall distribution of the Weibull
shape parameters for the combined data set is presented in Figure
14, A Weibull analysis is performed on these a's. The following
values of a are obtained:

Mean a= 23.2
Modal a = 20.0
B-Basis a = 8.8

A comparison of the Mean, Modal and B-Basis 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 similar.
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TABLE 10. SUMMARY OF SIGNIFICANCE TESTS FOR
COMBINED STATIC TEST DATA

0.95 SIGNIFICANCE

SAMPLE A SAMPLE B SHAPE VARIABILITY

PARAMETER C.V.

o %

@HTD/RTW TENSION|ETW TENSION YES NO

RTD/RTW ETW COMPRESSION NO NO
COMPRESSION

RTD/RTW TENSION|RTD/RTW YES NO

COMPRESSION

ETW TENSION ETW COMPRESSION NO NO

RTD/RTW TENSION|ALL STATIC YES NO

ETW TENSION ALL STATIC NO NO

RTD/RTW ALL STATIC NO NO
COMPRESSION

ETW COMPRESSIONIALL STATIC NO NO

ALL TENSION ALL COMPRESSION YES NO

ALL TENSION ALL STATIC NO NO

ALL COMPRESSION |ALL STATIC NO NO
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TABLE 11. SUMMARY OF SIGNIFICANCE TESTS BETWEEN NAVY
AND COMBINED STATIC TEST DATA.

0.5 SIGNIFICANCE

GCOMBINED DATA NAVY DATA SHAPE VARIABILITY
PARAMETER C.V.
o %
RTD/RTW TENSION |RTD TENSION NO NO
ETW TENSION ETW TENSION NO NO
RTD/RTW RTD COMPRESSION NO NO
COMPRESSION
ETW COMPRESSION|ETW COMPRESSION NO NO
ALL TENSION ALL TENSION NO NO
ALL COMPRESSION |ALL COMPRESSION NO NO
ALL STATIC ALL STATIC NO NO
TABLE 12. SUMMARY OF WEIBULL ANALYSIS FOR
STATIC TEST DATA SETS.
WEIBULL SHAPE PARAMETER @
DATA SET
MEAN MODAL B-BASIS
NAVY 26.1 18.0 8.4
BASELINE 21.2 22.0 9.2
COMBINED 23.2 20.0 8.8
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SECTION 4

FATIGUE DATA ANALYSIS

The fatigue data scatter analysis has been conducted in
the same three phases as the static data analysis. First, the
fatigue data from Reference 4 ("Navy" data) are analyzed in
detail. Second, the extensive fatigue data scatter analysis
conducted in Reference 16 1is 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 methodology described
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
Weibull fatigue life shape parameter (ag) is presented in Figures
15 through 20. Test variables which have a significant influence
(95% significance) on ag are denoted by an asterisk in these
figures.
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TABLE 13. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
R=-1 CONSTANT AMPLITUDE TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ

TYPE o
] ®p s
NO L/T - 3.75 1.20
INT. L/T 2.47 1.45 1.01
HIGH L/T 2.92 2.23 1.58
COMPLEX 2.69 2.17 1.13
ALL 2.71 2.40 1.23

TABLE 14. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
R =-2 CONSTANT AMPLITUDE TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ

TYPE o
i Op )
NO L/T - 4.79 1.13
INT. L/T 1.45 1.18 0.78
HIGH L/T 2.79 2.10 1.43
COMPLEX 4.45 3.60 1.03
ALL 2.48 2.02 1.09
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TABLE 15. SUMMARY OF WE[BULL SHAPE PARAMETERS FOR
R=-c CONSTANT AMPLITUDE TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o
i Op ag
NO L/T - 2.67 0.60
INT. L/T 1.08 0.80 0.52
HIGH L/T 1.80 1.14 0.91
COMPLEX 2.33 1.62 0.57
ALL 1.58 1.56 0.65

TABLE 16. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL CONSTANT AMPLITUDE TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
, INDIVIDUAL | POOLED | SENDECKYJ
TYPE o fh
{ P g
NO L/T - 3.75 1.08
INT. L/T 1.68 1.15 0.79
HIGH L/T 2.68 2.07 1.46
COMPLEX 3.07 2.46 0.91
ALL 2.34 2.36 1.06
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TABLE 17. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL SPECTRUM TEST DATA.
: WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o
] Cp Cg
NO L/T - - -
INT. L/T 1.72 1.15 0.94
HIGH L/T 2.60 2.20 1.69
COMPLEX 2.14 1.90 1.47
ALL 2.09 1.75 1.37
TABLE 18. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL (16/80/4) FATIGUE TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o
1 Op Cg
NO L/T - 2.98 1.17
INT. L/T 2.10 1.17 0.96
HIGH L/T 2.67 2.22 1.49
COMPLEX 1.75 1.52 0.86
ALL 2.17 1.97 1.12
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TABLE 20.

SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL (48/48/4) FATIGUE TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o
] %p Cg
NO L/T - 4.69 0.99
INT. L/T 1.08 0.92 0.65
HIGH L/T 2.60 2.01 1.49
COMPLEX 2.35 1.55 0.90
ALL 2.01 2.29 1.01
SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
PARAMETERS FOR SPECIMEN GEOMETRY TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN
TYPE emagu% POOLED | SENDECKYJ
i %p Og
NO L/T - 3.75 1.08
INT. L/T 1.70 1.15 0.84
HIGH L/T 2.67 2.06 1.48
COMPLEX 2.74 2.23 1.05
ALL 2.09 2.29 1.41
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TABLE 21. SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
PARAMETERS FOR ALL RTD TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ

TYPE o
] Ap Og
NO L/T - 3.81 1.19
INT. L/T 2.03 1.28 0.97
HIGH L/T 3.10 2.01 1.5 1
COMPLEX 3.22 2.98 1.26
ALL 2.65 2.52 1.23

TABLE 22. SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
PARAMETERS FOR ETW TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o
] Op Os
NO L/T - 3.75 0.98
INT. L/T 1.36 1.03 0.70
HIGH L/T 2.30 2.2 1 1.57
COMPLEX 2.39 1.71 0.89
ALL 1.97 2.18 1.04
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Figure 15 shows the influence of R-ratio on agp for each
specimen type and the total (all) data set. The results for the
total data set show that R = -w 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 a7 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 1life
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 a7 and
higher fatigue 1life scatter than the high load transfer and
complex specimens. This trend is also observed for the individu-
al R = -1, =2 and -oo 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 RTD test
data have a significantly higher a7 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.
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Figure 20 summarizes the influence of all five test varia-
bles on fatigue life scatter (ap) for the total Navy data set.
The following conclusions can be made from the data in this
figure.

® Compression-compression (R = =o0) fatique loading pro-

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

@ There is no significant difference between fatigue life
scatter for constant amplitude and spectrum loading.

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

© Intermediate load transfer specimen fatigue life scat-
ter is significantly higher than high load transfer and
complex specimen fatigue life scatter.

@ The RTD test environment produces significantly 1lower
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 arg. 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
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“ Significant

FIGURE 28.

INFLUENCE OF FATIGUE LIFE SCATTER ANALYSIS
METHOD ON WEIBULL SHAPE PARAMETER -
ALL NAVY DATA.
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Individual and Joint (pooled) Weibull analysis a values. This
indicates that the Sendeckyj analysis gives a higher scatter in
fatigue 1life. The trend observed in Figure 28 1is 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 1life scatter for the high load transfer
specimen.

4,2 Bageline 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 Weibull
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.
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TABLE 24. SUMMARY OF COMPOSITE FATIGUE TEST DATA
ANALYZED IN REFERENCE 186,
ANALYSIS NO. OF NO. OF AVERAGE
METHOD MATERIAL DATA SETS DATA POINTS SAMPLE SIZE
SENDECKYJ GRAPHITE/EPOXY 120 2925 24
GRAPHITE/EPOXY 59 830 14
INDIVIDUAL
WEIBULL E-GLASS/EPOXY 26 450 17
STEP-LAP 23 419 18
BONDED JOINT
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X INDIVIDUAL

O POOLED
® SENDECKYJ

0 L

HIGH L/T

2 3 4

SHAPE PARAMETER a (WEAR ONLY)

FIGURE 30. I[NFLUENCE OF MIXED FAILURE MODES ON
FATIGUE LIFE SCATTER (NAVY HIGH LOAD
TRANSFER DATA).
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4.3 Combined Data

The Navy and baseline data sets are pooled to form a
combined data set. The distribution of a values for the combined
data set is shown in Figure 33. Table 25 presents a comparison
of the mean, modal and B-Basis a values for the Navy, Baseline
and combined data sets. BAll three data sets have the same modal
a value. The Navy data have a higher mean a and a lower B=-Basis
a value than the Baseline data. This implies less fatigue life
scatter in the Navy data, but more dispersion in the distribution
of the a values. However, statistical significance checks showed
that the differences in Mean and B-Basis a between the Navy and
Baseline data sets is not significant.

Based on detailed comparisons of the Navy fatigue data
with the extensive Baseline fatigue data base, it can be con-
cluded that the Navy data fits well within the overall composite
fatigue data base.

4.4 Comparison of Static Strength and Fatigque Life Scatter
Distributions

Figure 34 shows a comparison of static strength and fa-
tigue life scatter as determined by the Individual Weibull 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 Fatigue Life Scatter

An extensive investigation of fatigue life scatter in 2000
and 7000 series aluminum alloys was conducted in Reference 17.
The fatigue 1life scatter data in this reference are used to
generate the scatter distributions shown in Figure 35. It should
be noted that the fatigque 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 aluminum alloys, the fatigue life
scatter distributions are significantly affected by loading mode.
Spectrum fatigue loading exhibits significantly less fatigue life
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TABLE 25. COMPARISON OF FATIGUE LIFE SHAPE PARAMETERS
FOR NAVY, BASELINE AND COMBINED DATA SETS.

NAVY 2.29 1.25 0.17

BASELINE 1.68 1.25 0.26
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scatter. This is different from that observed for graphite/epoxy
composites, where Figure 36 show that constant amplitude and
spectrum loading exhibits very similar life scatter. The reason
for this difference is related to the relative slopes of compos-
ite and aluminum stress-life curves. Composite S-N curves are
relatively flat and have approximately a constant slope. This
leads to composite life scatter being independent of fatigue load
level and fatigue life as shown in Figure 3, 21 and 22. In
contrast, aluminum alloys have S-N curves which vary considerably
in slope. The slope decreases as fatigue life increases. This
causes fatigue life scatter in aluminum alloys to increase as
fatigue life increases (Reference 17). In spectrum fatigue tests
of aluminum alloys, the major part of the total damage is caused
by the higher load levels. Thus, spectrum tests are effectively
low-cycle, low-life fatigue tests (even though the total number
of spectrum cycles is large) and will, therefore, exhibit lower
life scatter.

Figure 37 shows a comparison of the fatigue life scatter
distributions for graphite/epoxy composite and aluminum. The
aluminum spectrum loading life scatter is used in this comparison
since certification testing is invariably conducted under spec-
trum loading. Figure 37 shows that graphite/epoxy laminates
exhibit considerably more life scatter than aluminum alloys.

Table 26 presents a summary of fatique life shape parame-
ters for graphite/epoxy, E-glass/epoxy and aluminum. The data
show that both graphite/epoxy and E-glass/epoxy exhibit similar
life scatter, which is significantly higher than that exhibited
by aluminum alloys.
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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. Navy data (Reference 4), both static strength and
fatigue life, fits well within the overall composite
data base published in the literature.

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 mnode,
specimen geometry, test environment and laminate lay-
up.

5. Composite fatigue life scatter is not significantly
influenced by load level, loading mode, laminated lay-
up, fatigue 1life, and failure mode. This Jjustifies
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.

81



reasons:

NADC-87042-60

The use of a Weibull analysis for fatigque life scatter
determination requires a large number of test replica-
tions at each stress level. Where these 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.

It is recommended that the modal 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

Fatigue Life a. = 1.25

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

(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
	Figure
	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
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	scatter. his is different from that observed for graphite/epoxy composites, where Figure 36 show that constant amplitude and 
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	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. 
	Figure
	Figure
	Figure
	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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