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INTRODUCTION 

The main objective of this program was to further examine 
the rms stress versus life relationship of a previously 
developed analytical model with respect to adhesively bonded 
joints and to determine the applicability of the model to bolteo 
joints. In addition, the two joint types were compared 
through safe-life predictions using reliability methodology. 
The model and methodology applicable to this program are given 

in AFML-TR-72-1?!. 

This report is divided into the following main parts, 

o Fatigue and Reliability Methodology - Background 

o Data Development 

o Analysis 

o Pooling Study 

o Conclusions and Recommendations 

t» 
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SECTION II 

FATIGUE AND RELIABILITY 

METHODOLOGY BACKGROUND 

Reliability procedures were developed by Whittaker and 
Besuner (Reference 1) to provide a statistical approach to 
certifying the life of metallic airframe structure rather than 
through use of arbitrary scatter factors. These procedures have 
also been related directly to composite materials by Halpin, 
Kopf, and Goldberg (Reference 2). Later, probabilistic mathe¬ 
matical models were introduced by Halpin and Waddoups at the 
National Symposium on Computerized Structural Analysis and 
Design, George Washington University, Washington, D. C. 27-29 
March 1972 and these models are discussed and reported in 
References 3 and 4. 

Experimental programs that were designed to develop the 
data required for reliability analysis as related to composite 
structure have since been sponsored by the Air Force. Initially, 
these programs concentrated on adhesively bonded joints 
(References 5, 6, and 7). In these programs the approach has 
been to evaluate fatigue in the laboratory using flight-by-flight 
random spectra that simulate service conditions. Each program 
in turn has advanced the degree to which the laboratory conditions 
simulate the service conditions. 

2.1 BONDED JOINT FATIGUE PROGRAMS 

In the first program, only positive loads were used to 
develop the loading spectrum, which had a narrow-band frequency 
content (Reference 5). The spectrum derived was stored on a 
magnetic tape. The digital data of the magnetic tape were con¬ 
verted by a laboratory mini-computer to analog signals used as 
"commands" in a closed-loop electrohydraulic test system. Boron- 
epoxy to titanium double scarf joints that were 1/5- and 1/2- 
scale versions of a full-scale wing root splice joint were 
studied. 

In the second program (Reference 6), the test spectrum 
included negative loads and ground-air-ground (GAG) cycles. The 
existing closed-loop test facility was used again. Enough small, 
double-overlap graphite-epoxy to titanium bonded joints were 

tested to develop statistical data for the fatigue model derived 
in References 3 and 4. 2 
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The realism of both tue spectrum and the test facility were 
improved in the third program, (Reference 7). A broad band 
spectrum that included mission profile service temperatures was 
generated. Two verions of this spectrum were used in testing. 
In the first version, mission temperatures were not included 
and the spectrum was accelerated to compress a service life 
(4000 flight hours) into 24 test hours. In the second version, 
the mission temperature profiles were included. The spectrum 
was accelerated only at temperatures below 75 F and was real 
time for temperatures above 75°F. The inclusion of real-time 
segments lengthened a simulated service life to 420 test hours. 
Mission temperature extremes were -60 to +300 F, and these were 
applied and controlled (through the same mini-computer) similar 
to the control used for loads. Full-scale, double-step-lap 
boron-epoxy to titanium bonded joints based on the lower wing 
skin splice of an air-superiority fighter were tested in this 
program to demonstrate the feasibility of this type of testing 
on large-scale components. 

2.2 BOLTED JOINT FATIGUE PROGRAMS 

A current program (Reference 8) will continue upgrading 
testing realism by combining mission temperature profiles, 
two degrees of freedom in loading, and humidity exposures. The 
major test article will be a two-spar graphite-epoxy box beam 
component that simulates a full-scale wing section selected from 
a conceptual composite design (Reference 9). Large quantities of 
smaller scale specimens tha t represent the fatigue critical ele¬ 
ments of the beam will also be tested. The critical elements 
of the component are the joints, all of which are mechanically 
fastened. As in the bonded joint programs, reliability proce¬ 
dures will be used in evaluation. 

2.3 SUBJECT FATIGUE PROGRAM 

The subject program is a follow-on to the Reference 6 
program. Therefore, the spectrum used in the earlier program 
was used in the subject program. Bonded joints have been 
included to examine additional details of the rms stress-life 
fatigue model, and bolted joints have been included to test the 
general applicability of the model. 

3 



SECTION III 

DATA DEVELOPMENT 

The original plan for studying mechanical joints required 
connecting a graphite-epoxy laminate to metal plates with a 
tight fitting pin to allow fatigue loading in double shear. The 
test method proved inadequate for a spectrum that included 
negative loads. The specimen was changed to a bolted joint and 
the bolt was torqued to a level consistent with aircraft stan¬ 
dards. The forced modifications to the four test fixtures 
(initially designed for pin-loading) were suspected to have 
introduced an undesirable lifetime-fixture interaction effect; 
hence, new fixtures were designed and specimen loading was 
reused to single shear. In all, 28 pinned joints, 59 double 
shear bolted joints, and 263 single shear bolted joints were 
tested. The bonded joint design used was similar to that used 
in the Reference 6 program. A total of 152 coupons were tested. 

Fatigue tests were conducted using the spectrum used in the 
Reference 6 program. The details of the data development are 
given in the following paragraphs. 

3.1 SPECIMEN PREPARATION 

3.1.1 Graphite-Epoxy Laminates 

Thornel 300/5208 graphite-epoxy material (a product of 
Narmco Materials of Costa Mesa, California) purchased in accord¬ 
ance with General Dynamics specification FMS-2023 Type III, 
Form C was used to fabricate laminates used in bonded and bolted 
specimens. Fabrication costs were minimized by precuring large 
laminates and cutting them into details for use in both bonded 
and bolted specimens. The detailed steps of laminate fabrication 
are shown in Figures 1 and 2. In the case of the bonded specimens, 
precured laminates were secondarily bonded to titanium sheet 
material, Figure 3. A "nylon" peel ply was included on each 
laminate to provide a bonding surface. The "nylon" peel ply 
had been used successfully for bonding graphite-epoxy laminates 
for eight years, but in the case of this particular laminate 
material, Thornel 300/5208, the bonded specimens were found to 
have poor static ultimate shear strength. Two companies currently 
conducting programs in which graphite-epoxy laminates were used 

4 
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Figure 1 Fabrication of Bonded Joint Specimens 
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in bonded joints have also reported problems with nylon peel 
ply materials, see References 10 and 11. An investigation was 
conducted to determine the most expedient process to use in 
fabricating higher strength specimens. For program purposes, 
the replacement specimens were fabricated by thoroughly sanding 
the laminate bond surfaces. Specimens used in bolted joint 
tests are shown in Figure 2. 

3.1.2 Me ta1 Adherend 

Titanium alloy 6A1-4V, per MIL-T-9046, Type III, Composition 
C, annealed was used in the bonded specimens. The titanium 
details were cleaned by solvent wiping, followed by grit blasting, 
solvent wiping again, vapor degreasing, and finally acid cleaning 
by immersion in Pasa Jell 107M, which is a product of Sernco 
Sales and Service of Los Angeles, California. Parts were rinsed 
in distilled water and oven dried. After cleaning, the derails 
were primed using EC-2333, which is a product of the 3M Company 
of St. Paul, Minnesota. 

3.1.3 Adhesive 

The adhesive used was "Reliabond 398," a product of the 
Reliable Manufacturing Company of Costa Mesa, California. 
Reliabond 398 is a supported, epoxy-novalac film material and 
was purchased in accordance with General Dynamics specification 
FMS-1013 Form 1A. Bonded panels were assembled using one 
adhesive layer between each faying surface and were cured at 
330°F. This same adhesive product was used in the Reference 6 
program. 

3.2 FATIGUE SPECTRUM 

The random spectrum used was identical to that of the 
Reference 6 program to allow a comparison of data developed. 
Characteristics of the spectrum are summarized as follows: 

1. Asymmetric about +lg load level 
2. Irregularity parameter of unity (Rayleigh distribution) 
3. 738,742 random loads in one lifetime 
4. Maximum truncation is 81.7 percent of limit bending 

moment 
8 



5. Minimum truncation is -66.3 percent of limit bending 
moment 

6. Accelerated time base (10 load changes per second), 
narrow band PSD shape. 

A typical mission profile, Figure 4, was developed for use 

in generating the spectrum. Mission length was defined as 3 

hours and a service lifetime as 4000 hours (real time), i.e., 

1334 missions per lifetime. The spectrum was stored on a mag¬ 

netic tape using a simulation procedure developed during the 

Reference 5 program. The load signals on the magnetic tape 

were normalized to permit load magnification to be varied in 

the laboratory. For test specimens that required multiple life¬ 

times, the magnetic tape was simply restarted and used again. 

As stated above, the test spectrum is truncated at 81.7 percent 

and -66.3 percent of limit bending moment; therefore, a fatigue 

specimen reaches the peak (truncation) load level many times 

in a lifetime. The total occurrences per mission are shown 

in Reference 6. The frequency at which several discrete load 

levels occur in a lifetime is illustrated in Table I. Since the 

sequence of loads was selected at random for the magnetic tape, 

the number of loads of a specific magnitude for fractions of a 

lifetime can be approximated by that fraction times the total 

per lifetime. The randomness of the spectrum also permits 

initiating a fatigue specimen at any time in the test sequence; 

therefore, test time is not lost in waiting on the magnetic 

tape to finish a complete life before starting new specimens . 

Table I FREQUENCY OF OCCURRENCE FOR SPECTRUM LOAD LEVELS 

(2) 
Spectrum Load Level v ' Frequer.cy/Lifetime^ 

+81.7% 

+76 

+70 

+67.5 

+64.5 
• • • 

-66.3 

293 

680 

974 

1334 

1961 

1334 

NOTES : (1) Lifetime 738,742 Random Loe .o 

(2) Upper Truncation +81.7% 

(3) Lower Truncation -66.370 
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The test facility load control system is shown schematically 
in Figure 5. The facility is capable of operating 24 channels 
(i.e. fatigue fixtures) simultaneously. The subject program 
required only 8 load channels; however, two concurrent programs 
resulted in 22 channels being used simultaneously for a period 
of time. The magnetic tape can store a maximum of five random 
spectra if the time bases ("frequency") of the spectra are 
compatible. Separate magnetic tapes are required for coses 
in which the random spectra have dissimilar time bases. The 
facility also has closed-loop temperature control capability; 
however, it was not necessary for the subject program. 

3.3.1 Bonded Joint Fixtures 

The four fixtures (Figure 6) used in the Reference 6 
program were used to load bonded joints in this program. Three 
simultaneous tests per fixture are possible through use of a 
clamping arrangement on the specimen ends and stabilizing 
guideblocks. Each fixture is controlled separately; hence, 
load magnitude may be varied for each. Specimens were stabilized 
during loading by a lateral support system (Figure 7) also used 
on the earlier program. 

3.3.2 Bolted Joint Fixtures 

The final load fixture design for bolted joint specimens 
in single shear is shown in Figure 8. Four duplicate fixtures 
were used. The ends of the fixtures were tap drilled to connect 
them directly to a hydraulic loading ram on one end and a load 
cell on the opposite end. Then, the load cell was connected 
to a rigid, fixed frame. The bolted specimens did not require 

lateral support plates. 

3.4 BONDED JOINT TESTING 

In this program, the approach was to evaluate fatigue in 
the laboratory under simulated service load conditions. The 
empirical data developed to allow determination of fatigue 

11 
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RAM

Figure 6 Bonded Joint Test Fixtures







model parameters included residual strength versus lifetime, 
maximum stress (or truncation load) versus lifetime, and static 
strength. These three conditions and the Weibull distribution 
parameter estimates for each are shown in Table II. 

3.4.1 Bonded Joints - Comparison With 
Previous Program 

A comparison of the joints tested on this program and 
Reference 6 are summarized below. 

Item 

Laminating material 

Adhesive material 
Titanium 6A1-4V gage 

Laminate thickness, 
average 
Laminate orientation 
Joint parameter, L/t 
(Thick.laminate/ 
Thick.Ti) 
Joint strength, 
average 
S|£ess in Ti at joint 

Current Program 

Narmco 5208/Thornel 
300 
Reliabond 398 
0.050 inch 

20 plies; .120 in. 

(0,+45,0,-45,0) 2 

20 SJ 
2.40 

5245 lb. 

105 ksi 

Prior Program 

Fothergill & Harvey 
ERLA4617/HTS 
Reliabond 398 
.040 inch 

10 plies, .090-inch 

(0,+45,0,-45,0) 
25 

2.25 

5950 lb. 

149 ksi 

The highest load level used in fatigue on the prior program was 
3130 pounds. The stress level in the metal tongue of the specimen 
at 3130 pounds was 78 ksi. The 3850 load level of the subject 
program gave a stress in the Ti of 77 ksi. The mean life of 5 
specimens at 3130 pounds was 1.13. The mean life of 20 specimens 
at 3850 pounds was 1.42. The endurance capability of the joints 
tested on either program appears to be similar at equal stress 
levels in the titanium adherend. 

The static capacity of the joints in the two programs was 
dissimilar. The adherend stress level, at the average joint 
strength, was well above titanium yield strength (approximately 
126 ksi) on the earlier program, but it was below yield on the 
subject program. The difference in being above or below yield 
strength is reflected in the static test results. In the earlier 
program, 24 static test specimens failed at an average strength 
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of 5950 pounds, and with a Weibull shape parameter estimate of 
47.34 (coefficient of variation of 2.7 percent). In this pro¬ 
gram, 12 static cest specimens failed at an average strength 
of 5245 pounds, and with a Weibull shape parameter estimate of 
14 (coefficient of variation of 8.7 percent). In other words, 
bonded joints that fail statically through induced cracking, 
as a result of yielding of the metal adherend, have significantly 
less scatter than specimens that fail due to interface weaknesses 
that propagate into flaw growth randomly at stress levels below 
metal yield strength. However, in either case, fatigue loading 
apparently activates the inherent "flaws" to propagate in an 
almost identical rate and manner so that for comparable stress 
levels the two specimen types hive similar lifetime character¬ 
istics . 

NOTE: The "flaws" in the material are not quality 
discrepancies. The Reference 6 program 
included ultrasonic NOT evaluation of every 
specimen tested. All specimens were void-free 
within the resolution of the NOT equipment. In 
this case, "flaw" indicates the latent material 

flaw. 

3.4.2 Test Results 

The total listing of individual bonded joint test results 
is given in Appendix I, and the results are discussed in this 
section. Reliability analyses are given in Section IV. Failure 
modes are discussed in subsection 3.4.3. The average static 
strength (and the Weibull mean) of bonded joints was 5150 pounds. 
Based on the ME estimates of Table II, the static probaV.lity 
of survival was calculated (also in Table II) to aid in setting 
truncation load levels for fatigue testing. 

The highest truncation load selected, 5 kips, was intro¬ 
duced after the results at 4.7 kips were known. The 5 kips 
truncation was expected to give failures in a shorter lifetime 
than was observed (scale parameter was 0.195 lifetime) so that 
the truncation load-endurance relationship might include three 
decades of life. Raising the truncation level above 5 kips 
was not risked due to the high probability of static failure. 
The results are presented in Figure 9. 
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The model assumtion that the relationship between trun¬ 
cation load and lifetime is linear when plotted on logarithmic 
paper is substantiated by this data set. The relationship is 

given as 
-s 

where and are spectrum magnification parameters (F^(t) = 

and /3^ are the corresponding characteristic lifetime 

s is related to r, the model flaw growth rate exponent 

(Section IV). 
and 

linear regression of the data points of Figure 9 gives a slope 
of -6.4 = “S. This value is used in the analysis presented in 
Section IV. 

The data of Figure 9 was studied to determine a truncation 
load level to conduct residual strength tests. (Note the data 
point for truncation load of 3550 was not known when residual 
strength load level was selected.) A load level of 3550 pounds 
was chosen. Lifetime "cut off points" of 0.1, 1.0, and 3.25 
were selected as residual strength conditions. The latter 
condition was actually set empirically. It was decided that 
the longest lifetime condition should have approximately 2/3 
fatigue failures, and the endurance data indicated that this 
should occur between 2 and 3.5 lifetimes at 3350 pounds. Six 
specimens were loaded to check the selection of load level. 
Three specimens failed at 2.11, 2.50, and 1.52 lifetimes, 
respectively, and the survivors were stopped at 3.25 lifetimes. 
Then, the remaining specimens were committed for test, under the 
same conditions. The results, 16 fatigue failures in 25 tests, 
satisfied the load level selection criteria almost exactly. 

The residual strength-lifetime results are presented in 
Figure 10. Comparative data from Reference 6 are presented in 
Figure 11. The initial Weibull parameter estimates of aQ are 
dissimilar in the two programs (Paragraph 3.4.1); however, the 
characteristics of the strength-lifetime relationship are 
similar, i.e., mean residual strength degrades gradually and 
variability boradens rapidly as life increases. 

20 
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The anomaly of static strength i8 estimates being less than 
/^estimates after 0.1 lifetime is believed to be due to initial 
specimen relaxation. 

A second, apparent anomaly is the residual strength result 
at the 1 lifetime condition, which is less than the truncation 
load. Obviously, the fatigue loads did not exceed the final 
specimen residual strength of 3050 pounds before the 1 lifetime 
run-out. The load of 3050 is a 70 percent load for a spectrum 
with a 3550-pound truncation load. Since loads of 70 percent 
and higher occur frequently in a spectrum (Table I), the 
residual strength of the subject specimen degraded slowly in 
time until just before it reached 1-lifetime runout when the 
strength loss rate must have accelerated rapidly. The 
characteristic residual strength-lifetime behavior described 
above for this particular specimen (or any specimen) is predicted 
by the fatigue model as illustrated in Figure 12 (adapted from 
Reference 6). The probability of a specimen surviving fatigue 
loading during this accelerated strength loss phase is very low; 
the subject specimen is the only such survivor in a total of 
155 tested on this and the Reference 6 program. 

3.4.3 Failure Modes 

The bonded joint static ultimate specimen failed inter- 
laminarly, possibly due to the high tension (peel) forces that 
occur at the edges of the joint overlap. Typical failures are 
illustrated in Figure 13. 

Residual strength failures are illustrated in Figure 14. 
Each failure surface of the three specimens selected for doc¬ 
umentation is shown. The right-hand failure surfaces illustrate 
the progression of the fatigue crack across the bond area as 
characterized by a roughly parabolic line (approximately at the 
center of the surface). The left-hand failure is interlaminar 
and is believed to be secondary, i.e., a peel failure induced 
after the initial shear failure on the opposite bond surface. 

An unusual residual strength failure mode is illustrated 
in Figure 15. This is the specimen (Figure 10) that survived 
fatigue loading, but it had residual strength less than the 
spectrum truncation load. This specimen is the only one that 
had an angle ply (45-degree lamina) separate during loading. 
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Figure 13 Static Bonded Joint Failure Modes
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3.5 BOLTED JOINT TESTING 

Bolted joints were tested to develop data to examine the 
fatigue model's applicability. Therefore, the same type of 
data generated for bonded joints was obtained for bolted joints. 
The test conditions are summarized in Table III. 

The laminate orientatj-on used for bolted joint testing 
Wvîo identical to the laminate adherends of the bonded joint. 
No attempt was made to incorporate a laminate designed to 
reduce the stress concentration effects of the bolt hole through 
use of "buffer strips" (Reference 9). The laminate had 60 
percent 0-degree lamina in the load direction, and the bolt hole 
was drilled directly through the laminate. Another aspect of the 
bolted joint specimen and test method to be noted is the loss of 
bolt torque during the spectrum loading. The 3/8-inch-diameter 
bolts were initially torqued to 200 inch-pounds under 20 percent 
of the peak spectrum tensile load (truncation). Specimens were 
then observed to lose some torque during the fatigue loading. 
Subsequently, the bolts were retorqued at 45-minute intervals, 
to 200 inch-pounds for the duration of the fatigue test. Three 
factors combine to loosen the fasteners: "frequency" of the 
spectrum (approximately 10 loads per second), the simple single 
fastener joint design, and the unusually large negative GAG 
load applied in 0.1 second. Fatigue tests conducted on bolted 
specimens in the Reference 8 program using a random spectrum 
with a broad-band PSD and a realistically applied (in terms of 
both rate and magnitude) GAG load have retained significant 
torque through multiple lifetimes without being retorqued. 
Although most of the joint data developed was for the case 
where retorquing of the bolts was a part of the test method, 
some of the data was developed in tests (Table III) in which 
the bolts were not retorqued during fatigue loading. 

Two laminates were required to obtain the total number of 
details required for bolted joints. This was not originally a 
part of the test plan, but a large number of specimens were used 
in attempting to load via double shear, pinned or bolted. The 
test conditions of Table III are identified as having specimens 
from "Set 1" or "Set 2" to designare the use of two laminates 
for sampling. 
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3.5.1 Test Results - Specimens Retorqued 
During Fatigue Loading 

The listing of individual test results is given in Appendix 
II, and the results are discussed in this section. The 
reliability analyses are given in Section IV, and failure modes 
are discussed in subsection 3.5.3. 

The average static strength was 4600 pounds for Set 1 and 
4300 pounds for Set 2. Estimates of the Weibull shape parameter 
were similar, i.e. 24.2 and 28.2, respectively. The resin 
content of each set is given in Table IV. 

Table IV LAMINATE RESIN CONTENT 

Set 1 
% of Laminate 

Weight 

Set 2 
7o of Laminate 

Weight 

28.18 
27.30 
26.03 
28.56 

Average 27.51 

29.43 
27.59 
29.94 
29.93 

29.22 

Based on the MLE estimates of Table III, the static pro¬ 
bability of survival, P(s) was calculated to aid in setting 
truncation load levels. Values of P(s) are included in Table 

III. 

The results of the truncation load-lifetime experiment are 
given in Figure 16. The MLE Weibull scale parameter and the 
first specimen failure for each truncation load level are shown. 
Both sets of data may be fit closely with a straight line, but 
the lit is not ar good as that for the bonded joint data (Figure 
9). In the case of the 2500-pound truncation load, only five 
results were available, and none of these were fatigue failures. 
Therefore, this condition is not shown in Figure 16. 
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not retorqued after the fatigue loading began. Specimens were 
loaded to failure ("failure" same as described above) at trunca¬ 
tion load levels of 3500 and 2500 pounds. Then, additional spec¬ 
imens were loaded to a 3000-pound truncation load for two life¬ 
time cutoff points to develop residual strength data. 

The data generated without retorquing, Figure 19, is com¬ 
pared to the data developed where the fasteners were retorqued 
in Table VI. The interval used for retorquing specimens wa. 
45 minutes, which is 0.037 lifetime (27,333 loads). At the 
truncation load level of 3500 pounds, the observed time-to-first- 
failure result of specimens that were retorqued was 7 times that 
of the specimens that were not. The sample Weibull scale n 
parameter estimates differ by a factor of 2. The difference 
between pooled (for all load levels) shape parameter estimates 
is not significant. The large differential between the sample 
shape parameter estimates is reasonable because the estimate of 
the "retorqued" sample was based on fewer fatigue failures, i.e. 
only 2 failures in 16 specimens as opposed to 10 failures in 19 
specimens for the "no retorquing" sample. 

Table VI COMPARISON OF TORQUE EFFECTS IN 
FATIGUE LOADING 

Truncation load, lb. 
Retore lu^(1)(/) Not Retorqued v 7 
3500 3500 2500 

First failure 
(lifetimes) 

Weibull Scale 

Weibull Shape 
(sample) 

Weibull Shape 
(pooled) 

0.68 

2.03 

2.32 

0.98 

— 

0.097( 

0.99 

0.92 

0.96 

0.65 

16.0 

1.12 

NOTES: 

(1) Fasteners were retorqued during fatigue loading. 
(2) Fasteners were not retorqued during fatigue loading. 
(3) Specimen No. 1-10 failed at 0.027 lifetime; however, 

the retorque interval was 0.037 lifetime. 
(4) No fatigue failures occurred at this condition. 
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No fatigue failures occurred at the 2500-pound truncation 
1-ad for specimens that were retorqued during loading; there¬ 

fore, no comparisons can be made. 

3.5.3 Failure Modes 

The failure modes are correlated to individual specimen 

results in Appendix II. Static failure modes of bolted joint 

specimens are illustrated in Figure 20. 

In the case of fatigue failures, failure modes are 

identified in Appendix II as follows: 

1. Shear Out - This included failures in which the 
specimen broke on one or both sides of the bolt. 

(Figure 21). 

2. Elongated hole (E.H.) - Bearing failure in laminate 
occurred primarily on tension side of bolt unless 
otherwise noted. The comment "excessive compression 
damage" indicates bearing failure due to delamination 
of the laminate primarily on the compression side of 

the bolt (Figure 22) . 

3. Compression - Failure occurred in the laminate on 
compression side of loaded bolt. 

The number of specimens for each failure mode are shown 

in Table VII for each truncation load level. 

Specimens that failed due to compression buckling were 
observed at the 4175- and 4040-pound truncation levels. The 
results of these specimens are shown in Appendix II, but they 
were not included in the analysis of Section IV. Specimens that 
failed due to elongated holes where "compression damage" was 
observed did not become unstable. In these cases, the compression 

damage was local crushing and delamination (crippling) of the 

laminate under the concentrated bolt load. 

A failure criteria had to be defined for fatigue specimens 
that had elongated holes. The criteria established was 10 to 
15 percent wear of the bearing hole diameter, i.e. 0.038 to 
0.055 inch, at either end of the specimen. An attempt was made 
to use an electronic latch circuit to monitor the wear. However, 
this was net successful since significant wear occured on both sides 
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Table VII BOLTED JOINT FAILURE MODE SUMMARY 

Truncation Number of 
Load (lb.) Tests (1) 

Shear Out 
Failures 

Elongated Hole Elongated Hole 
"Failures" (2) Failures (7) 

Retorqued 

4175 
4040 
3875 
3550 
3500 
2500 

16 
13 
19 
29(3) 
16 
5(4) 

15 
10 
8 
T 

J 

3 
0 

1 
3 

11 
3 

13 
2 

1 
1 
2 
0 
1 
0 

No Retorque 

3500 
3000 
2500 

19 
30(5) 
16(6) 

9 
11 

2 

10 
2 

12 

1 
0 
0 

! 
? 
■i 

i 
rUf 

Í 

NOTES : 
(1) This excludes laminate compression failures. 
(2) Failure is 10 to 15 percent wear of original bolt 

hole diameter. 
(3) At this load level, 19 specimens were stopped at 

either 0.25 or 1.0 lifetime "run-out". 
(4) Three specimens aborted without failure. 
(5) 17 specimens were stopped at either 0.50 or 0.75 

lifetime "run-out". 
(6) Two specimens aborted without failure. 
(7) Failure is residual strength less than truncation load. 

of the bolt and the monitoring arrangement included only the 
wear due to tension loads. Monitoring then became a "go-no-go" 
responsibility of the test engineers. The percent wear recorded 
for individual specimens that "failed" due to elongated holes is 
included in Appendix II and verifies the consistency developed 
in recognizing "failure." When wear was found to be less than 
10 percent (determined by caliper measurement) specimens were 
retested until wear was sufficient to meet the failure defini¬ 
tion. Orly about a dozen specimens required retesting, anc only 
about one-half of these required more than 0.Q15 lifetime 
additional loading to reach "failure." Since this failure 
definition was arbitrary, all specimens that were aborted due to 
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wear criteria were subsequently failet rtatically to provide 
residual strength data. Therefore, failure in the case of 
elongated bolt holes was redefined for analysis purposes as a 
specimen that had residual strength less than the spectrum 
truncation load. The number of specimens that failed due to 
this latter criteria are summarized by load level in Table VII 
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SECTION IV 

DATA EVALUATION 

The data of Section II was evaluated using the model 
developed in References 3 and 4. The four significant points 
that were to be examined with respect to the model through this 
program were 

1. Applicability to bolted joints 

2. Applicability to bonded joints over several decades 
of lifetime 

3. Verification of the assumption that the fatigue shape 
parameter is independent of peak Spectrum load level 

4. Verification that the residual strength-lifetime re¬ 
lationship for any peak load level can be predicted 
using parameters estimated from a reference load level. 

4.1 WEAR-OUT MODEL 

The fatigue model is based on four assumptions (three physical 
and one of mathematical form). 

1. Materials fail because of the presence of preexisting 
flaws . 

2. Flaws grow in a deterministic manner. The manner is 
determined by material properties, state, and magni¬ 
tude of the stresses at the flaw perimeter; history of 
applied stress; and the thermal and mechanical history. 

3. The critical load for a structure is a function of 
instantaneous flaw state, and the distribution of 
residual strengths defines the flaw field statistics. 

4. Damage rate accumulation is of the functional form: 

de _ M 

T? 'M 
(i) 

where C is the flaw length and r is the flaw growth 
rate exponent. 
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The residual strength function F^(t) can be shown to have 

the form 

where : 

1. A, = F /F with F being the truncation load a 
1 max ref max ° 

measure of RMS strens and F ^ being a reference RMS 

stress level. (See Appendix III for additional 

discussion). 

2. The term A, is related to the history-dependent constant 

(M) in Equation (1). 

3. The term r is the exponent of the flaw state (C) in 

Equation (1). 

4. The term -1/s is the slope of the (InF ) vs. (In t) curve 

and is related to r. max 

5. The term t refers to time and to is a reference time 

condition. 

If the initial assumptions are correct, the results of 

varying stress history, environmental conditions, and geometry 

are contained in A.. 
4 

Note that Equation (2) is a strictly monotonie decreasing 

function of time. Therefore, time t must be measured after the 

initial stress relaxation, discussed in subsection 3.4.2 and 

6.1, occurs. If this point in time is considered to be the 

time origin, t = o, Equation (2) may be considered applicable 

for all positive values of t. F(t=o) is the initial static 

strength of the component possessing a Weibull (extreme value) 

distribution 

(3) P(F(t«o) >F) = exp - I — 
\ ßo 

where a and ß are the shape and scale parameters, respectively, 

for the Weibull distribution. Introducing the Weibull flaw 

distribution (3) into Equation (2), gives the time-varying 

residual strength distribution of the form a° 
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for 

and 

p(0<Fr (t)<Fmax) 

P (FR(t) » 0)-1- 

= 0 ; 

P(FR(t)>F 
max ). 

The probabilistic Equation (4) does not involve the reference 
time to, which appears in Equation (2), and agrees with Equation 
(3) when t = o. For fixed time t, it follows from Equation (4) 

that the transformed variable F^(t)^^r ^ has a truncated three- 
parameter Weibull distribution. 

The distribution depicted in Equation (4) has a limiting 
form for (F / o )2(r“l)«l which gives the lifetime distribu- 
tion as 

af 
P(T > t) = P 

where 

FR(t>>Fn1.v K max 
= exp (5) 

a 
f 

«o 
2(r-l) 

(r-1) A4 A® 

(6) 

(7) 

It specimen behavior is found to be consistent with the 
model, the following responses would be expected. 

1. The lifetime shape parameter would be independent of 
RMS stress, temperature, and humidity. 

2. Both the truncation load-endurance data and initial 
shape parameter to fatigue shape parameter relation¬ 
ship will yield consistent values of r. 

3. Characteristic strengths and endurances will shift 
log-linearly. 
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4.2 APPLICATION TO BONDED JOINTS 

Bonded joint life as a function of truncation load is 
illustrated in Figure 9. The data range is approximately 0.2 
to 7.0 lifetimes. In the previous program (Reference 6), the 
corresponding experiment had a data range of 1.3 to 6.9 lifetimes; 
hence, the subject data has broadened the lifetime range a full 
decade. The shortest life corresponds to a truncation load 
level (5000 pounds) that has a high risk of static failure; 
hence, it becomes improbable to increase the time range further 
by decreasing fatigue life into the neighboring decade. The 
alternative approach, i.e. to extend testing into the 10-life¬ 
times and greater decade, was not attempted due to budget con¬ 
straints . 

Under the assumption that the fatigue shape parameter (a^) 
is known and constant, a value of the flaw growth exponent 
(r) can be determined from Equation (6). Since the relationship 
between truncation load (F ) and life (/3^) has been determined 
empirically (Figure 9), the parameter A^ can be calculated from 
Equation (7). Calculation of the product A^A^ can be made for 
any truncation level for which F x " ßf is applicable ; hence, 
Equations (4) and (5) may be useâXat any of these same trunca¬ 
tion levels. The utility of the model in permitting stress 
level shifts is therefore dependent upon the initial assumption 
of = constant. This assumption was examined by testing 20 
or more specimens at four truncation loads to provide estimates 
of «£, while two other load levels included tests on 9 specimens 
each. The estimates are shown in Table II. The range of 
estimates (for sample sizes greater than 5) for «£ is 1.4 to 
2.2 with an average of 1.84. This range of estimated values 
for the parameter is well within a 907o confidence band centered 
at the average value. Therefore, this data set tends to confirm 
previous experience that while the estimated values of a vary 
from data set to data set this variation is within statistical 
expectation. For this analysis, «£ may be considered to be 
constant. 
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4.2.1 Evaluation of Bonded Joint Data 

Equation (4) has been programmed on the Hewlett-Packard 
9830 calculator to determine certain model parameters through 
iteration by minimizing the error (variance) between the pre¬ 
diction and sample data (residual strength-lifetime). The data 
shown in Figure 10 was input along with the parameter values 

a = 15.0 
o 

ßQ ~ 5.82 kips 

= A ref a 1.0. 

In application, the iteration sequence was begun by assuming a 
value of r. Then, a value of A^ was determined through a least- 
squares fit of the relationship given in Equation (4). This is 
more easily observed if Equation (4) is rewritten in the form 

2(r-l) 
In 

1_ 

P 

1 
*f 

2(r-l) 
R 

A* (r-1) 

where P = P(FR(t)>FR). 

= \ * (8) 

This equation is represented functionally as 

V 
f(P, Fr) = A/.C. (9) 

Therefore, the constant A^ is the slope of the linear regression 
equation fitted to the empirical data. The sequence (selection 
o.: r) is repeated until the error term, i.e. the probabilistic 
squared difference between the model and the observed data, be¬ 
comes a minimum. 

The error converged to a minimum for the following values 

A, = 6.53 X 10' 
4 

2(r-l) 
(KIps)' 
life 

r = 5.6 

The model probability of survival curves and the data are 
shown in Figure 23. The fatigue parameters calculated from 
Equations (6) and (7) are 
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Àf = 1.63 

= 3.62 lifetimes. 

The overall fit of the model is moderately good. Test 
results (life and residual strength) plot 37 below and 20 above 
the median probability of survival, P(s), curve. This indicates 
that the predicted value of life for this joint is somewhat high. 
(The MLE Weibull estimate, Table II, for the 3.25 lifetime con¬ 
dition predicted /3f = 3.11 lifetimes as opposed to 3.62 for the 
model estimate). Two test results plot below P(s) = 90% and 
seven plot above P(s) = 107o. This is 3.5% and 12% respectively, 
of the sample of 57 specimens and illustrates again the model 
P(s) curves to be predicting slightly high. 

The estimate of the shape parameter is in close agreement 
with the pooled MLE estimate (see Section V) determined from 
the truncation load-lifetime experiment (84 specimens), viz. 

af = 1.68. 

An independent investigation using a bonded specimen of 
similar design, i.e. double overlap, and identical adhesive 
material (Reliabond 398), laminate material (Thornel 300/5208) 
and laminate orientation, but tested in constant amplitude 
fatigue (Reference 12) reported a pooled (using the normalization 
method, Section V) &£ of 1.26 for the truncation load range of 
2000 to 3100 pounds and 77 fatigue specimens. The referenced 
program also reported specimen static characteristics similar 
to the subject program, i.e. 40 = 5050 pounds and = 11.0. 

4.2.2 Recalculation of Parameters from 
Previous Program 

The Reference 6 program included a wear-out experiment on 
bonded joints of similar design to the subject program but with 
very different static characteristics. The differences were 
discussed in detail in Section III. The data of the earlier 
program has been reanalyzed using the methodology discussed 
above. The results of the new analysis are presented in 
Figure 24. A comparison of the parameter estimates obtained in 

each analysis is given below. 
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' 
Estimated 

AFML-TR-72-121 Data 

Previous Recalculated 

Value Value 

Subj ect 

Program 

Data 

af 
4.35 2.58 

4.90 6.95 

4.73 7.3 

1.63 

3.62 

5.6 

The differences in the parameter estimates for the earlier 

data set are due to the methods used in calculating thé para¬ 

meters. In the analysis reported in Reference 6, values of 
and were determined using MLE equations from the 4-lifetime 

condition of the residual strength-lifetime experiment. These 

estimates permitted calculations of r and A4 directly from 
Equations (6) and (7), subsection 4.1. The method used in 

recalculating the parameters was to determine by pooling the 

^ma “ ^f ^ata anc* 4-lifetime data (using the MLE method of 
Section v). The expanded data base of 31 results, including 

17 fatigue failures compared to the 21 results with 7 fatigue 

failures used in the original estimate, permitted calculating 

with a higher degree of statistical confidence. Then, a 

new value of r was calculated from Equation (6) and the iteration 
method described in subsection 4.2.] was used to minimize the 

variance between the model and the data in this case by adjusting 

A4. Then, the new value of yâf was calculated from Equation (7). 

The "recalculated" values give a much improved fit to the 

empirical data at 4-lifetimes than the original values, 

Figure 25; therefore, they are preferred over the original. 

(Note that the model curves shown in Figure 25 would be shifted 

to the left for design purposes by applying statistical confi¬ 

dence factors to provide reliable tolerance limits, Reference 6). 
The overall fit of the model to the data is good; it is cer¬ 

tainly better than the model fit to the subject program data. 

However, the sample size was larger for the earlier program, 

80 specimens versus 57, and the maximum lifetime cut-off point 

was 4 versus 3.25. Thirty-six of the fatigue/residual strength 

test results (457«, of the sample) plot below the median prob¬ 

ability of survival curve, 12.5 percent plot below P(s) = 907,, 

and II percent plot above P(s) = 107,. These calculations 

indicate the model P(s) predictions of residual strength/life¬ 

time are well within statistical expectation. 
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4.2.3 Comparison of Wear-Out Models 

Each wear-out model given in Figures 23 and 24 may be 
"shifted" to the stress (truncation load) level that allows a 
comparison with the other. The model is shifted by recalcula¬ 
tion of the parameter A^ for the truncation load of interest 

from the relationship. 

p 
= max (see subsection 4.1). 

Since "s" is known from the versus /3f relationship and the 
values of Aa, r, A0, and $0 have been determined previously, 
the model P(s) percentiles can be recalculated for the load level 
desired. The subject program model (Figure 23) was shifted to 
a load level of 3000 pounds (Figure 26) to correspond to the 
same titanium adherend stress level as Figure 24. Likewise, 
the earlier model (Figure 24) was shifted to 2850 pounds 
(Figure 27) for direct comparison to the model in Figure 23. 
The comparison is summarized in Table VIII. This table illus¬ 
trates the importance of reliability analysis in the certifica¬ 
tion of a joint concept and the influence of the parameter &0. 
The comparison at both levels has of this program greater 
than the of the prior program; however, for reliability 
(probability of survival) levels of 0.99 and 0.999, the joint | 
of the prior program is superior. This is due to less scatter 
(greater &o) in static strength of specimens used in the prior 

program. 

Table VIII COMPARISON OF WEAR-OUT MODELS-BONDED JOINTS 

Titanium Stress=71 ksi 

P(s) = .9? 
P(s) = .999 

Prior Program 
(Reference 6) 
Lifetimes 

Subject Program 

Lifetimes 

(Figure 27) 

2.52 
0.43 
0.18 

(Figure 23) 

3.62 
0.18 
0.015 

Titianium Stress=60 ksi 

4 P(s) = .9§ 
P(s) = .999 

A0 

(Figure 24) 
6.95 
1.2 
0.46 

32.48 
2.58 

(Figure 26) 
10.63 
0.58 
0.13 
15.0 
1.63 
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4.3 APPLICATION TO BOLTED JOINTS 

The models fit to the bolted joint data are given in 
Figures 28 and 29 for retorqued and non-retorqued joints, 
respectively. The starting input parameters were 

¿L = 29.7 “o 

y§o = 4.64 kips 

A. = A = 1.0 
1 ref 

for both data sets. The "error" was minimized for the following 
va lues : 

18 
retorqued: A^ = 4.91 x 10 

r = 16.2 

19 
non-retorqued: A^ = 5.20 x 10 

r = 16.5. 

The resultant fatigue parameters for each condition are 

retorqued: A. = 0.98 
(3.55 kips) 

$f = 2.47 

non-retorqued: = 0.96 
(3.0 kips) 

yâj = 0.60. 

Both of these models were obtained by iteration of the 
parameter A^. A value of r was calculated from Equation (6) 
using a value of ètr obtained from pooling the fatigue data (MLE 
method of Section v) available at all load levels for each 
torque condition. For the retorqued sample, pooling at all load 
levels permitted expansion of the data base from 10 fatigue 
failures in 29 tests (3550 pound level) to 50 failures in 93 
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tests (all levels). The model "fit" is good. Of the 29 specimens 
tested in fatigue/residual strength, 14 results plot above and 
15 results below the median probability of survival curve. Nine 
results are below the 75-percentile curve, i.e. 31 percent of 
the sample and 4 results or 14 percent of the sample are below 
the 90-percentile curve. 

For the "non-retorqued" sample, pooling expanded the data 
base from 11 fatigue failures in 30 tests (3000 pound level) to 
23 failures in 65 tests (all levels). The model determined by 
iteration of the parameter A4 did not fit the sample data as 
well in this case as a model determined by iteration of the 
parameter r. The former model is reported (Figure 29), however, 
to keep the analysis methodology consistent. The model of 
Figure 29 gives conservative predictions of fatigue life compared 
to the model determined by iteration of r, and from a statistical 
viewpoint, the sample size is not sufficient to disqualify either 
model on a "best-fit" basis. The model prediction of Æf = 0.60 
lifetime is significantly less than the value of 1.30 lifetimes 
predicted by the Weibull MLE estimator (Figure 19). However, 
the MLE calculation cannot "recognize" the low residual strength 
values at 0.75 lifetime (Figure 29) as being near the truncation 
load, i.e. "failure", whereas the model has this capability. 

The "retorqyed" model was shifted, using s^lS determined 

from the F^x - /3f data (Figure 16), to F^x = 3875 pounds 
(A^ = 1.09) and F^x * 3500 pounds (Ai = 0.99). The shifted 
models are presented in Figures 30 and 31, respectively. Test 
data was available to compare to the shifted models. The data 
is superimposed on the applicable figure. Six test results at 
the 3875 pound load level plot below the median probability of 
survival, P(s), and 13 plot above, which indicates that the 
model P(s) curves are conservative. The results at the 3500 
pound load level plot 6 above, 7 below, and 4 upon the median 
P(s) curve and this indicates that the model fit is good. 

4.4 COMPARISON OF JOINT TYPES 

The model was used to determine residual strength-fatigue 
characteristics at percentages of joint strength to permit com¬ 
parisons between the joint types. 

The predicted probability of survival at three levels for 
bonded and bolted joints tested in this program are compared in 
Table IX for truncation load levels of 69 and 80 percent of 
ultimate joint strength 
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For joints fatigue loaded at a truncation load level of 80 
percent of ultimate joint strength, the bolted joint has a value 
of nearly twice that of the bonded joint. However, at P(s) * 
0.99, the joints are essentially equal. 

Table IX COMPARISON OF BONDED AND BOLTED JOINTS 

Bolted Joint (Retorqued) Bonded Joint 

__LLL_(2),(3),_LU 
P(s) 3550 lb=827oULT 

(Hfel 
3000 lb-69%ULT 

flife) 
4100 lb=807oULT 

(life) 

3550 lb=697oULT 
(life) 

4 
0.99 

0.999 

2.47 

0.02 

0.0015 

30.9 

0.28 

0.028 

1.44 

0.028 

(4) 

3.62 

0.18 

0.015 

^0 29.7 15.0 

4f 
0.98 1.63 

NOTES : 
(1) Fatigue/Residual Strength data presented in report. 
(2) Fatigue data presented in report. 
(3) P(s) data based on shift of 3550-pound load level model. 
(4) Static failure. 

At the truncation load level of 69 percent of ultimate, the 
bolted joint has a value of Pf nearly 10 times that of the 
bonded joint. At P(s) of 0.99 and 0.999, the bolted joint is 
still superior to the bonded but only by factors of 1.5 and 1.8. 

An additional advantage of the bolted joint is that the 
mechanically fastened joint can be inspected visually for fatigue 
damage or wear at any point in its lifetime. The bonded joint 
requires use of NDI (nondestructive inspection) techniques and 
special equipment to attempt to ascertain fatigue damage (flaw 
growth). 
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No attempt is made to compare the structural efficiency 
of the joint types in terms of strength-to-weight ratios since 
the laminates of the bonded joint have been designed overly thick 
tc constrain failure to the adhesive bond line. 
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SECTION V 

STATISTICAL POOLING 

STUDY 

The analysis of failure data is an attempt to express 
observed data in a simple form so that reliable conclusions 
can be reached. In general, the larger the "effective" sample 
size the more reliable inferences and conclusions will be. The 
possibility of pooling data from several sources to estimate 
the Weibull distribution shape parameter has obvious advantages 
in application of the fatigue model. A study was conducted to 
explore techniques for pooling dispersion data from several 
sources to estimate the Weibull shape parameter. References 
13 through 16 are included as background information for this 
study. 

5.1 NORMALIZATION OF DATA BASE 

The shape parameter a of the Weibull distribution is 
invariant under scale transformations of the Weibull random 
variable. Therefore, it is heuristically inviting to analyze 
data from several different Weibull populations having the same 
shape parameter by scaling (normalizing) the variables to a 
common base and then treating the scaled data as a single pop¬ 
ulation. Since the Weibull distribution scale parameter ß 
generally will not be known, it is theoretically impossible to 
scale each variable to a common base. In practice, this can be 
accomplished (although not theoretically justifiable) by divid¬ 
ing each data point by its estimated scale parameter $ . This 
procedure normalizes all the data to a common data base with a 
Weibull scale parameter /8=1. At this point, the shape para¬ 
meter a is estimated using the pooled scaled data. 

Suppose two samples (t]^, and t21,t22»***» 
tzm) are available from two Weibull distributions with the same 
shape parameter but different scale parameters /8^ and /^2 res¬ 
pectively. Then, to apply the pooling procedure, one must 
obtain the estimates and /82 from the two original samples 
respectively and a single pooled normalized sample 

Pl,...,tin/ t2i/$2^22^2. t2m/^2* Then this P°ole“ 
normalized sample of size n+m is used to estimate the Weibull 
shape parameter a. 
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5.2 PARAMETER AVERAGING 

Parameter averaging is a statistical technique that is based 
on the central limit theorem. This theorem states in essence 
that the sample average of a statistic converges to its mean 
value. Therefore, if k estimated shape parameters 

were statistically distributed with a mean of a, the average 
value 

(1) 

wculd be a "good11 estimate of the unknown value a. 

The small sample properties of the statistic given by 
Equation (1) are of interest. For small sample sizes, the 
estimated shape parameter A is biased, i.e. its true mean is not 
the unknown parameter of interest. Therefore, the statistic 
given by Equation (1) will not have the desired properties of 
a good statistical estimator unless this bias is corrected. The 
"averaging" estimating method is inferior to the normalization 
procedure discussed above; this is illustrated in the numerical 
example presented later. 

5.3 MAXIMUM LIKELIHOOD POOLED ESTIMATION OF 
THE WEIBULL SHAPE PARAMETER 

In this section maximum likelihood techniques are used to 
develop an estimator for the shape parameter a of the Weibull dis¬ 
tribution defined by 

F(t; a , /8 ) = 1 - exp (- -j)“ , t, , >0. (1) 

In a typical life test, n specimens are placed under obser¬ 
vation and the accumulated life is recorded as each failure 
occurs. This is referred to as a "complete sample" test. Various 
deviations from a "complete sample" test are also considered 
in this section. 
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5.3.1 Single Censoring From the Right 

At some predetermined fixed time or after some predeter¬ 
mined fixed number of sample specimens fail, the test is termi¬ 
nated. When censoring is based on a fixed time, it is said to 
be Type I. This is consistent with current terminology. When 
censoring is based on a fixed number of failures, it is said to 
be Type II. 

5.3.2 Progressive Censoring From the Right 

In many life testing situations progressive censoring of 
both Type I and Type II are possible. This can be thought of as 
multiple stage censoring that withdraws only a portion of the 
survivors; some remain on test and are observed until failure 
or until withdrawn at a subsequent stage of censoring. 

Let m sets of n^, i=l,2,...,m items whose failure times 
have a two-parameter Weibull distribution with common shape 
parameter a be placed on test. Associate with each item a right 
censoring time that can be any positive real number. Let the 

^ n^ items under consideration be numbered so that items 1 

through ki for each set are the only items that have their 
failure times exactly observed as ti^, t-j^, ..., tj^ • Also, 

assume that items + 1 through n¿ are items that are taken 
respectively from test before failure at the previously fixed 

times , tki+2 » •••» tn^ (TyPe I progressive censoring 
from the right). The integers k¿ (o<k^<n£) are random vari¬ 
ables. Note that this numbering of the items does not imply 
an ordering of times associated with each item. 

The logarithm of the likelihood function, L, for the above 
data situation is given by 

m 

In L = In c n 
i=l 

~i “i 

n f (t..) n 
j=i 1J j=vi 

(1-F(t 
ij 

,(2) 

where F (b^j) = F 

f (ty) = f (ty; 

(t^. ; a, ß^) is defined by Equation (1); 

a t ß ±) = F7 (tjj); anc* C is a normalizing 
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constant. Equation (2) can be rewritten as 

m 

ln L = ln C + A Ina “ “ln/8¿ + ( aIn t^ 

n. 
iiV 
Tj 

(3) 

Differentiating Equation (3) with respect to a and/3. and 
setting the result to zero, the following m+1 maximum-likelihood 
estimation equations are obtained. 

g ln L 

ößl 
(5) 

Equation (5) can be solved for in terms of a and t^ as 

ni 

■ (¾ 
Substituting Equation (6) into Equation (4) and simplifying, the 
following nonlinear equation is obtained for a 

a 
1/a 

i-l,...,m (6) 
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tn 

a = (7) 
m n. n. k 

ki E1 cij ln ‘ - E cij E 
j-i i=i i-i 

E 
i-1 

in tlJ 

n 

E1 
j=i 

ta 

Equation (7) expresses the maximum likelihood estimate of the 
shape parameter a as an iterative solution involving the t^j. 

In no way does it depend upon the scale parameter ß . The 
estimator given in Equation (7) has been programmed for a HP- 
9820 desk calculator. 

5.4 NUMERICAL EXAMPLE 

A numerical example illustrates the pooling techniques. 
The data in Table X represents ten data sets of ten samples 
each generated from Weibull distributions having the same shape 
parameter a =10 and scale parameter ranging from 10 to 100 in 
intervals of ten. Each data set was used to evaluate the 
corresponding shape and scale parameter estimates based on the 
first two, first three, first five, and finally all ten data 
values. These estimates illustrate the effect of sample size 
and are given in Table XI. The data in Table X were normalized 
based on the corresponding 4estimate from Table XI; then, the 
pooled data from all ten data sets were used to estimate the 
Weibull shape parameter as a function of sample size. The data 
of Table X were also analyzed using the MLE. All three pooling 
methods are summarized in Table XII and Figure 32. 

Either the normalization or the MLE method of pooling is 
superior to the averaging method. There does not appear to be 
a significant difference between either normalization or MLE in 
application, although the MLE is desired from a statistical 
standpoint and would also be easier to compute. 

Application of the three methods for a sample size of 2 
may be clarified by the following computations. 
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Table XI ESTIMATE MLE WEIBULL PARAMETERS FOR TABLE X DATA 

Scale 
Parameter 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

-5-/3 
55.48 10.05 

8.68 25.17 

11.90 27.33 

7.50 36.18 

11.37 49.54 

24.09 64.92 

18.17 71.79 

9.97 84.85 

148.62 82.09 

54.47 100.52 

Sample Size 

a 
30.68 

6.85 

10.76 

10.07 

15.56 

10.16 

9.54 

10.92 

19.07 

30.46 

/3 
9.89 

23.74 

29.32 

37.64 

50.50 

61.80 

68.20 

83.40 

80.19 

98.94 

a 
38.70 

6.41 

10.43 

14.66 

17.79 

6.40 

13.07 

8.73 

14.11 

38.71 

~T~ 
9.98 

22.37 

30.60 

38.51 

49.80 

57.22 

71.34 

82.11 

82.67 

98.37 

1£L 
a 

28.72 

6.20 

8.94 

14.52 

13.68 

8.96 

9.29 

12.26 

16.03 

17.68 

P 
9.81 

21.20 

29.41 

38.83 

49.91 

57.61 

69.89 

81.94 

86.24 

99.93 

NOTES: (1) Known a = 10 
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(1) Parameter averaging method: 
values of are taken directly from Table XI for a 
sample size of 2 to calculate the pooled estimate A . 

a lyv _ 1__ (55.48 + 8.68 + ... + 54.47) = 35. 
10 

(2) Normalization method: 
The sample is normalized based on ß for sample size o 
2 from Table XI and the entries of Table X. i.e. 

y - 9.73 . y _ 10.16 . y = 26.99 . y = 20.47 ; 
1 “ 10.05 ’ 2 10.05 ’ 3 25.17 ’ 4 “ 25.17 

101.64 
X20 100.52 

Then, the X^ values are used to determine A from the MLE 
Weibull equation, 

S¥ 

A = 13.8. 

(3) Maximum likelihood method: 
The data in the first two rows of Table X are 
substituted directly into Equation (7) with m = 10, 
k^=k2=2, and n^=n2=2. The iterative solution of 

equation (7) then gives A = 14.6 

74 

.-... ....Mk.. 



SECTION V I 

CONCLUSIONS AND 

RECOMMENDATIONS 

The conclusions and recommendations of the subject program 
are summarized in this section. 

6.1 CONCLUSIONS 

The following conclusions are based on the results of this 

investigation. 

1. The probabilistic fatigue model was found to represent 
the wear-out behavior of bonded joints over a range of 
0.2 to 7.0 lifetimes and for spectrum truncation loads 
as high as 95 percent of average ultimate joint 
strength. 

2. The model fatigue shape parameter for bonded joints 
was found to be constant (within the limits of 
statistical expectation) over the truncation load 
range of 63 to 95-percent of ultimate static strength. 

3. The general characteristics of the bonded joint observed 
under fatigue loading as reported in AFML-TR-72-121 
were also observed in this investigation, i.e., mean 
residual strength degrades gradually and variability 
broadens rapidly with increasing life. 

4. The model assumption that the truncation load-lifetime 
relationship may be represented by a power law was 
verified for both bonded and bolted joint specimens. 

5. The fatigue model was shown to represent the experi¬ 
mental "retorqued" bolted joint data very well and 
to yield conservative predictions of probability of 
survival for the bolted joints that were not retorqued 
during testing. 

6. This initial program on bolted joints under random 
flight-by-flight spectrum loading, which included 
negative loads and high GAG cycles, identified prob- 
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lems associated with testing techniques and failure 
definitions not previously documented. 

7. Composite bolted joints appear to have fatigue charac¬ 
teristics that will give improved reliability over 
adhesively bonded joints for structural connections. 
The bolted joint has the added attribute of increased 
reliability in terms of being available for visual 
inspection of fatigue wear or damage. 

8. The average residual strength of bolted joints improves 
over average static strength for short durations of 

fatigue loading. 

9. Three methods of pooling test data to improve the 
estimate of the Weibull shape parameter have been 
documented and compared by a numerical example. The 
maximum likelihood method of pooling was exercised in 
this program for both bonded and bolted joint test data 
to give improved estimates of «£ for use in calculating 

the model parameter r. 

6.2 RECOMMENDATIONS 

The following recommendations are based on the results of 

this investigation. 

1. The evaluation of composite bolted joints under random 
fatigue loading should be continued using a fighter 
spectrum that has a more realistic PSD and GAG load 
than the spectrum that was used in this investigation. 

2. A definition of a bearing fatigue failure should be 
established for use in developing bolted joint data 
on laminated composite materials. In addition, a 
suitable test method for recognizing a bearing failure 

should be established. 

3. As an alternate to Item (2) above, bolted joint fatigue 
characteristics can be evaluated in terms of residual 
strength and application of the fatigue model developed 

in References 3 and 4. 

4. The initial shape and scale parameters a0 and ß0, 
should be evaluated on specimens that have been fatigue 
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loaded for a brief duration so that stress relaxation 
effects may be compensated for in model application. 

5. The use of proof-loading to censor weak specimens of a 
population to extend time-to-first failure should be 
examined for both bonded and bolted joint elements. 

6. The fatigue model and reliability methodology of 
Reference 3 should be used for evaluation and certifi¬ 
cation of structural adhesively bonded joints. 

I 
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APPENDIX I 

RESULTS OF 

BONDED JOINT TESTS 

The individual test results on bonded joint specimens are 
given in the Tables of this Appendix. 
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Table XIII STATIC ULTIMATE STRENGTH OF GRAPHITE- 
TO-Ti BONDED JOINT SPECIMENS 

Specimen Number 

6-9 

6-2 

5-2 

5-15 

4-1 

4-10 

3-25 

3-10 

2-26 

2-5 

1-18 

1-4 

Average Strength 

Ultimate Load 

(lb.) 

5300 

4150 

5050 

5200 

5900 

5350 

4950 

5600 

5150 

5100 

5500 

4600 

5154 

Notes : 
(1) Load rate 0.1 in/min. head deflection 
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APPENDIX II 

RESULTS OF 

BOLTED JOINT TESTS 

The individual test: results on bolted joint specimens 
are given in the Tables of this Appendix. It was observed 
from the data of Table XVII that there was no correlation 
between specimen thickness and lifetime for the thicknesses 
studied; hence, subsequent tables do not include thickness 

measurements. 
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APPENDIX III 

truncation level and 

RMS LEVEL IN RANDOM 

FATIGUE testing 

As discussed in Re£e^n“”^ ^nd^lsston^segwnC^^eedance 

■S based on mission pro i e tM gdiscussion> suppose that the 

mrves. For the PurP°^S.f ^verned by one segment whose 
ipectrum to be generated 'egment is illustrated In 

ïxceedance is Gaussian. number of crossings of the 
Figure 33. The parameter N0 is converted to an average 

mean 17 load per thousand ^rS’T^d Regularity6 f act or, R, is the 
loading frequency in Hert . load occurrences, Np. For 
ratio of mean crossings, N^, to ^ parameter o- is inversely 

this discussion, assume R _ exCeedance curve, and is the 
proportional to the si°PeR ^ dance curve. The nrms level 

measure of intensity relationships are embodied in the 

ú.. ri."—.'» --- 
3iagram, 2 

-V 

2 
Nx = No 

-X 

e 2 <r 

_ inaA factor parameter, measured 
¿here x is the load, s^reSS[ °Fi ure 33 is the truncation load, 
from the mean. Also shown in Figu red by the clipping 
X The dispersion of the loaos 

ratio, X , defined as 

y = Xt/ít 

To simulate such » ^InpuT^Alto! a value of 

-a«, 
typ^o^consisten^units of lold. stress, or acceleration. 

To allow the computer to “ 

scaling quantity is h are written on magnetic 
into all the load values before th y both usuaiiy 
tape. Normally, PLOAD Is equal to ^ and^t load 

equal to limit load or the once per a p 
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Nx, POSITIVE SLOPE CROSSINGS/1000 HRS 

No 

LOG SCALE 

LINEAR SCALE 

Figure 33 Cumulative Frequency Diagram 

LOAD 

nl. positive slope crossings/life 

LINEAR SCALE 

Figure 35 Relationship of PH to Strength 
Distribution 
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This is not necessarily always true, however. The spectrum may 
be purposely truncated at an Xrj below PLOAD to vary the clipping 
ratio. Another distinct possibility is that over the desired 
simulation time, the load statistics may reach neither X or 
PLOAD. In this case, the maximum load reached is X_. Neverthe¬ 
less, as far as the magnetic tape is concerned, PLOAD is the 
maximum permissible load value and is defined as 511 integer 
"load counts". All other loads are scaled down from PLOAD, and 
converted to integers ranging from -511 to +511. To relate this 
to the spectrum used in this program the truncation level is 
+81.7% and -66.7% of PLOAD. On the magnetic tape, then, the 
value of R is fixed, the maximum N0 is fixed (explained below), 
the maximum value of X^/PLOAD or X /PLOAD is fixed, and the 
maximum value of Xq/PLOAD is fixed1!1 All other values are set 
by the test engineer as described below. 

The test engineer must relate the integers on the magnetic 
tape to a number of pounds applied at a hydraulic ram. To do 
this, a "truncation percentage" and a "hundred percent load" are 
required. Call these P^ and PH, respectively. PH and P^. 
specified for each D-A servo (see Figure 5). 

The effect of changing P-p and P„ can be seen in Figure 34. 
Here the first spike is the highest Toad in the spectrum, corres¬ 
ponding to Xjjj, the negative spike corresponds to Xq, and the 
next spike is any other small load. The dotted line shows the 
effect of increasing Pu. The dashed line shows that by lowering 
Pm while raising P , the intensity of the spectrum is increased, 
while maintaining the peak load on the specimen. 

These effects can also be seen in Figure 35, which is like 
Figure 33 except that the abscissa is now in load coordinates 
that relate to the specimen being tested. As mentioned above, 
Nq can be slightly changed in the lab. This is because the 
computer will not recognize any periods below 50 milliseconds. 

Referring to Figure 35, suppose that specimens are tested 
at a load of P„, with PT at 100%, and no fatigue failures occur. 
For the case where P^ is increased to P , the allowable static 
load for the specimen, and still no fatigue failures occur, it 
becomes necessary to intensify or magnify the spectrum, without 
causing a static failure. This is done by raising PH to a value 
above Pa, and then specifying P-j- so that the specimen is not 
loaded over Pa. The specimen will "see" many more occurrences 
of Pa, but will still not be expected to fail statically. It 
should be noted that this use of PT effectively decreases y , 
the clipping ratio. (Note the clipping ratio is not increased, 

by lowering PH. 95 
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The process of increasing serves to increase cr . Once 
P is increased above P , and P is used to truncate, P^ occurs 
more than once per lifetime. Since the ordinate is a logarithmic 
scale, substantial increases in cr may be obtained while 
truncating a relatively small number of loads in the spectrum. 
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