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SUMMARY

Static strength tests have been carried out on fatigue-cracked multi-fastener joint
specimens of L.65 aluminium alloy to determine the influence of cracks of various shapes,
sizes and locations on the residual strength.

The residual static strengths were found to be considerably less than would have
been expected on a simple percentage loss-of-area basis; whereas simple fracture mechanics
analysis using models of a semi-elliptical surface crack and a semi-circular corner crack
at a hole consistently predicted lower failing loads than those obtained experimentally.
For the larger crack sizes, the percentage differences between actual and predicted failing
loads were greater than for small crack sizes.

Multiple fatigue cracking at different locations and the possibilities of interactions
between cracks are complicating factors which introduce considerable uncertainties in
extending simple fracture mechanics analyses methods to more complex practical cases.
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Multiple fatigue cracking at different locations and the possibilities of interactions
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1. INTRODUCTION

A fundamental concept in fail-safe, damage-tolerant and safety-by-inspection design methods
is that a structure must be able to maintain an acceptable level of static strength under specific
loading conditions with some of its elements either broken or cracked. Thus, in addition to know-
ledge relating to crack propagation rates, it is essential to have information on the residual static
strength of components containing cracks of different sizes. Relevant information is often obtained
by conducting static tests on fatigue-cracked specimens.

A previous investigation® into the relative fatigue performance of various types of fastening
systems for attaching sheet to heavy extruded sections involved tests on both continuous (full-
sheet) and discontinuous (divided-sheet) specimens. For the full-sheet type specimens shown in
Figure 1, it was found that about 90%, of the final fatigue fractures occurred in an end row of
fasteners. As the specimens were symmetrical in a lengthwise direction, it was considered that
some fatigue crack development should have occurred in the row of fasteners at the opposite
end of each specimen.

By conducting static tensile tests on the larger of the two previously broken pieces of a
number of specimens, it was possible to determine residual failing loads, to clearly identify and
measure the extent of fatigue cracking, and then to asscss the residual strength of specimens with
different numbers, sizes and shapes of fatigue cracks. The rcsults of this investigation are outlined
in this report.

2. TEST SPECIMENS, TESTING PROCEDURES AND RESULTS

2.1 Test specimens

A total of 57 broken specimens (Fig. 2) previously tested under axial-load constant-
amplitude fatigue conditions' was available for this residual strength investigation. They had
been manufactured from two batches of 100 mm by 32 mm British Standard BS L.64 aluminium
alloy extrusion—designated BJ and CL—and precipitation aged to the requirements of BS L.65
before finishing.

The specimens included 38 Type El specimens which had No. 6 Parker-Kalon (PK)
countersunk-head self-tapping steel screws at each of the 24 fastener locations, and 19 Type G
specimens in which the No. 6 PK screws at the four corners were replaced by No. 12 PK screws.
Of the 57 specimens, 34 were from material batch BJ and 23 from material CL. Prior to static
testing the specimens were disassembled by removing all of the PK screws and the 16 gauge alum-
inium sheet “skin”. However, no detailed inspection to dctect fatigue cracking at the expected
failure location was made prior to static tensile testing.

2.2 Residual strength tests

The previously broken fatigue specimens were held in hydraulic grips in a 600 kN Tinius-
Olsen electro-hydraulic fatigue machine as shown in Figure 3. They were loaded in tension at a
rate of 2-4 kN/sec, which resulted in failure after between about two and four minutes. A con-
tinuous trace recorder was used to record the load/time characteristics and failing loads, the
latter being checked independently against a peak-load holding voltmeter.

Tables | and 2 give the static failing loads for the 57 specimens involved, together with the
prior fatigue loading histories in each case.

2.3 Examination of fractures

After static testing, the fracture surfaces were examined at up to x 30 magnification in a
stereoscopic microscope to determine the extent of fatigue cracking. Because of the absence of
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areas of rapid fatigue crack propagation and pseudostatic failure it was not difficult to identify
the boundaries of the genuine fatigue cracks.

Of the 39 Type El specimens, eight either had no fatigue cracks or cracks so small that they
were not detected at low power magnification (< 2). Six of the 19 Type G specimens either had
no cracks or very small cracks. The fracture surfaces of the 30 Type El and 13 Type G specimens
which had well defined fatigue cracks at low power magnification were photographed at about
x 1 magnification, and enlarged prints made at <2 magnification. Some typical macrophoto-
graphs are illustrated in Figure 4. The areas corresponding to fatigue cracking on the fracture
surfaces were then accurately traced from the photographs onto master sheets, making further
reference to the actual fracture surfaces as required. A complete set of diagrams of the fatigue-
cracked areas is shown in Figures 5 and 6.

Millimetre grid graph paper was used to determine the area of each individual fatigue crack.
These values are noted on Figures 5 and 6, and the total cracked area for each specimen is also
listed in Tables |1 and 2. It was considered that the error in the estimation of the total areas of
actual fatigue cracking was less than 2 mm? for small areas and 29, for large areas.

TABLE 1
Detailed results of fatigue and residual strength tests, Type E1 specimens
Uncracked nett area = 1052 mm?

Prior fatigue stressing Residual failing load | Total fatigue crack area

Specimen

number MPa Life, % of % of

nett area cycles kN uncracked* mm? uncracked
nett area
BJ20D 79 +159 8,300 379-5 69-3 137 13-0
BJI5C 794159 8,500 504-0 92:0 41 39
BJ13I 794159 8,700 392-5 717 136 12-9
CL25I 794158 10,000 365-0 64-3 235 22-3
CL21C 794157 10,600 4970 87-6 66 6-3
CL22F 794119 28,200 4710 83-0 100 9-5
BJ18H 794119 28,600 510:0 93-1 40 3-8
CL27G 794119 31,400 4230 74-6 125 11-9
BJ14F 79+119 33,500 479-5 87-6 46 4-4
CL26C 794119 37,500 473-0 83-4 90 8:6
BJ18F 79479 73,000 5380 98-2 1 0-1
BJ12F 79479 79,700 525-0 95-9 4 0-4
BJ16D 79479 86,100 4910 89-7 27 2:6
CL2]11 79479 103,000 512-0 90-2 35 33
CL24F 79+79 143,100 539-5 95-1 22 2-1
BJI9E 79 140 948,000 528-0 96-4 8 0-8
BJ20F 79140 1,318,100 54]-5 98-9 0 0
CL25G 79140 1,504,000 515-5 90-9 50 4.8
CL24B 794-40 1,663,700 534-0 94-1 14 13
BJ4H 354200 4,900 4720 86-2 112 10-6
BJ7C 334200 5,100 362-0 66-1 253 24:0
CL23G 324199 6,000 4425 78-0 98 9:3
BJIOF 334203 6,800 4095 74-8 168 16:0
CL2IE 364193 6,800 2880 50-8 289 275
2
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TABLE 1—continued

Prior fatigue stressing

Residual failing load

Total fatigue crack area

Specimen
number MPa Life, Y, of % of
nett area cycles kN uncracked* mm? uncracked
nett area
BJ14B 324139 25,500 4950 90-4 31 3-0
BJ16J 324139 27,400 509-0 92:9 36 3-4
CL26H 324139 28,900 395-0 69-6 165 15-7
CL22H 324139 33,000 384-0 67-7 137 13-0
CL23E 314139 41,100 4385 77-3 153 14-5
BJI1D 32483 174,500 545-5 995 1 0-1
CL22J 32479 257,000 556-5 98-1 2 0-2
BJSH 32483 262,800 526-5 96-1 15 1-4
BJIIE 32482 309,000 4090 74-7 130 12-4
BJI19C 32463 506,000 551-0 100-6 0 0
BJ13C 32463 658,000 460-0 84-0 59 56
BJ171 32463 905,000 549-5 100-3 0 0
BJ2I 32166 2,585,400
32482 440,200 554-5 101-2 1 0-1
BJ15I 32452 4,486,000 552-5 100-9 0 0

* Taking “uncracked” BJ series as 5475 kN and “uncracked’ CL series as 567-4 kN.
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Detailed results of fatigue and residual strength tests, Type G specimens

TABLE 2

Uncracked nett area — 996 mm?

Prior fatigue stressing Residual failing load | Total fatigue crack area
Specimen
number MPa Life, 9%, of % of
nett area cycles kN uncracked* mm? uncracked
nett area
BJ11J 824123 11,200 475-0 90-9 15 1-5
BJ201 821123 14,700 3990 76-4 53 5-3
BJ17J 82182 30,500 501-5 96-0 8 0-8
CL24H 82482 35,900 518-0 95-7 7 0-7
CL23B 83483 57,200 528-5 97-6 4 0-4
BJISH 82441 300,700 529-5 101-3 1 0-1
CL27E 83 +41 425,500 532-0 98-3 0 0
BJISE 83441 1,199,700 521-5 99-8 0 0
BJ16E 324123 21,400 375-5 71-9 37 37
BJI3D 324123 25,100 4285 82-0 39 39
CL21J) 32+124 29,800 349-5 64-6 147 14-7
BJ19B 33483 44,900 4415 84-5 52 5-2
CL22E 33483 56,200 464 -5 85-8 68 6-8
CL21D 33483 170,100 520-0 96-0 6 0-6
CL26I 33466 93,700 551-0 101-9 0 0
BJ8I 33+42 889,700 4985 95-4 16 16
CL25D 32+42 1,087,500 541-0 999 0 0
BJ14G 32441 1,321,600 516-0 98-8 1 0-1
BJ12G 17-+50 3,028,500 4490 85-9 38 3-8

* Taking “uncracked” BJ series as 5223 kN and “‘uncracked” CL series as 541 -3 kN.

2.4 Fracture toughness and tensile properties

Compact tension fracture toughness specimens 25 mm thick were taken (as indicated in
Fig. 7) from the end gripping portion of eight specimens uscd in the original fatigue investigation.
These included six of the specimens used in the current residual strength investigation. The
fracture toughness specimens were dimensioned and tcsted in accordance with the requirements
of ASTM Standard E399-72.

During fatigue pre-cracking the maximum load of the fatigue cycle for individual fracture
toughness specimens ranged from 6:3 kN to 7-8 kN, with a minimum load of approximately
zero. The first four specimens (numbers CL26HS, CL29BS, BJ16JS and CL29BT) were pre-
cracked in a 100 kN Amsler ““Vibrophore” fatigue machine at a cyclic frequency of about 60 Hz.
About 70,000 to 105,000 cycles were required to produce satisfactory cracks which, in these four
specimens, were monitored optically. The remainder of the specimens were fatigue pre-cracked
in a 330 kN MTS electrohydraulic machine at a cyclic frequency of about 30 Hz. For most of
these, crack growth was monitored from the output of a COD gauge which also allowed the test
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to be automatically discontinued when the appropriate crack length was reached. Between 43,000
and 78,000 cycles were required to pre-crack individual specimens.

The results of the fracture toughness tests are given in Table 3. It is clear that the CL
material has a higher fracture toughness than does the BJ material, the average K;. value being
about 209, greater,

TABLE 3
Fracture toughness of material
Specimen Kie
number

MPa m? ksi in*
BJ15CS 259 23-6
BJI5CT 25-8 23-5
BJ16JS 25-9 23-6
BJ16JT 25-6 23-3
BJI8IS 26-8 24-4
BJ19BS 256 23-3
BJI9BT 25-8 23-5
Average 25-9 23-6
Std. dev. 0-41 0-37
Coeff. variat. 0-016 0-016
CL21CS 31-4 28:6
CL2ICT 30-0 27-3
CL23GS 310 28-2
CL26HS 30-7 279
CL26HT 30-9 281
CL29BS 31-0 28-2
CL29BT 31-3 285
Average 30-9 281
Std. dev. 0-46 0-43
Coeff. variat. 0-015 0-015

Table 4 summarises the results of tensile tests on the two batches of material. Again the CL
material has slightly higher proof and ultimate strengths—approximately 3%, greater than the
BJ material.

3. ANALYSIS OF FRACTURES AND RESIDUAL STRENGTH

Figures 5 and 6 show that, in many cases, fatigue crack development occurred simul-
taneously from a number of quite independent locations both within a particular fastener hole
and also in adjacent fastener holes. The most common locations were the corners of the hole
chamfers, the bottoms of the thread grooves cut by the self-tapping screws, unthreaded parts of
the holes deeper than the self-tapping screws, and the drill-point regions at the bottom of the
holes. However, there was a major difference in the fatigue crack development between the two
types of specimens, in that most of the Type El specimens exhibited extensive crack growth from
at least three of the fastener holes, whereas in about 75Y%, of the Type G specimens the major
fatigue cracking developed from one of the two outer holes. As a point of interest, the great
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TABLE 4
Tensile properties of material

Material | No. of 0-19% PS 0-2%, PS UTS Elong. |0-1%, PS|
batch | tests (%on | UTS
MPa psi MPa psi MPa psi 2")
Specification BS L.65 (minimum)
432 62,700 494 71,700 8
BJ 25
Average 457 66,300 463 67,200 510 74,000 11-5 0-90
Stand. deviat. 12 1,700 13 1,900 10 1,400 1-0
Coeff. variat. 0:026 | 0-026 | 0-028 | 0-028 | 0-019 | 0-019 | 0-081
I, | =
CL 12
Average 469 68,000 476 69,100 526 76,300 12:0 0-89
Stand. deviat. 9 1,300 9 1,300 6 900 1-0

Coeff. variat. 0-019 { 0-019 | 0-019 | 0-019 | 0-0i1 | 0-011 | 0-076

variety of fatigue crack initiation sites, crack shapes and sizes identified in these specimens
emphasizes the problems which could be encountered in detecting and monitoring fatigue
cracks by non-destructive methods.

It should be noted that, of the 57 specimens referred to in Tables 1 and 2, a total of 15 only
were previously fatigue tested under conditions of either positive stress ratio (R) values or at
R = 0. All of these had relatively long fatigue lives, and about 809, had fatigue-cracked areas
of less than 5%, of the original nett areas. Most of the specimens in which extensive fatigue crack-
ing developed at the ‘“‘residual strength’ row of fasteners were tested at negative R values and
had fatigue lives of less than 50,000 cycles.

Specimens with no fatigue cracks or very small cracks at » 2 magnification, were used to
assess the ““100%,” or uncracked strength of the two different types of specimens. For the Type
E1 specimens the average failing ioad for specimens BJ18F, BJ20F, BJ1D, BJ19C, BJ171, BJ2I and
BJ 151 was 547-5 kN. This compares with a value of 545-7 kN for the average failing load of two
unfatigued Type E specimens from BJ material'. For the Type G specimens the average failing
load for specimens BJI5SH, BJI8E and BJ14G, and specimens CL27E, CL261 and CL25D are
522-3kN (BJ) and 541-3 kN (CL) respectively.

As only one “uncracked” specimen from the CL material was included with the Type El
specimens, the average failing load for the Type EI CL specimens was calculated using the
average ratio of the failing loads for Type G specimens in the two materials, i.e. 1-036. Hence
the estimated average failing load for the uncracked Type ElI CL specimens was

547-5 » 1:036 — 5674 kN.

The ratio 1:036 is close to the value of the ratio of the average ultimate tensile strengths for the
CL and BJ materials (i.e. 1-031), and this supports the method adopted for estimating the average
failing load of the uncracked Type El CL specimens.

Values of the strengths of uncracked specimens, which were used as a datum for assessing
the effects of fatigue cracks on the residual strengths of the various specimens listed in Tables
I and 2, were thus:

Type El, material BJ 547-5 kN
Type El, material CL  567-4 kN
Type G, material BJ 522-3 kN
Type G, material CL 541-3 kN
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Figures 1b and lc¢ show the cross-sections of the Types El and Type G specimens through
the end rows of holes. In each case the uncracked nett area was calculated assuming hole diameters
corresponding to those of the “tapping” drills, and allowing for the reduction in section area
caused by the chamfers to accommodate the countersunk screws. The resulting nett areas were
1052 mm? and 996 mm? for the Type El and Type G specimens respectively.

Tables 1 and 2 indicate the failing loads of individual specimens as a percentage of the
average failing loads of uncracked specimens, and the corresponding total fatigue-cracked areas
as percentages c¢¢ the uncracked nett areas. The results are presented graphically in Figure &,
where the three curves are best-fit second-order polynomial curves for the data on Type G speci-
mens, a pooling of Types El and G specimens, and Type E1 specimens.

It is clear from Figure 8 that the failing loads of the fatigue-cracked specimens are much
less than might be predicted on a simple loss-of-area basis; a finding which is in accordance
with previously reported results shown in Figure 9 from static strength tests on fatigue-cracked
bolted joints®?. Figure 8 also shows that the percentage reduction in static strengths of Type G
specimens are greater than those of Type El specimens with the same total fatigue crack areas.

Although fracture mechanics analyses have been successfully used to predict the residual
strength of components with single cracks of simple gecometric shape, the majority of crack
cases which are illustrated for the Type El specimens in Figure 5 are not amenable to solution
by currently available methods. However, for 11 of these specimens it was considered that the
major fatigue crack development might be regarded as approximating to either a surface flaw
or a single crack at the corner of a hole. In the Type G specimens, the majority of cracks initiated
at the bottom of the screw head chamfer and it was not until such cracks propagated to the top
surface of the specimen that they were considered to approximate to either a surface crack or a
hole corner crack. Nine Type G specimens had cracks in these categories.

An attempt was made to predict the failing loads of these 20 specimens using, as appropriate,
the fracture mechanics analysis for a semi-elliptical surface crack presented by Rooke and
Cartwright? or the analysis for a semi-circular corner crack at a hole derived by Liu®. The idealised
models are shown in Figure 10. The parameter K, used in the surface flaw model is a normalising
parameter to account for particular crack boundary conditions, and numerical values of the
ratio K./K, were determined from the nomogram given in Figure 186 of Reference 4. Table 5
summarizes the results of the fracture analysis of these 20 cracked specimens. The data are also
presented graphically in Figure 11, where the chain dotted line simply serves to separate the
results for the two types of crack geometries considered.

It is clear, for the particular types of specimens considered in this investigation, that the two
fracture analysis methods both consistently predict lower failing loads than those obtained
experimentally. In addition, the errors in the predicted failing loads appear to become greater
as the crack size becomes larger. However, only eight of these 20 specimens strictly represented
cases of single crack configuration development, or contained other small secondary cracks
which were not considered to interact significantly with the major crack. The relevant specimens
were Type El numbers BJI9E, CL25G, CL24B, BJ8H, BJI1E; and Type G numbers CL21J,
BJ8I and BJ12G. The data for these specimens are reproduced in Figure 12 which gives more
particular support, for the hole corner cracked specimens at least, to the general trend noted
in Figure 11.

This behaviour may be associated with the extent of the plastic deformation at the tips of
cracks of different size. During constant-load amplitude fatigue cycling the maximum stress
intensity at the tip of a growing fatigue crack will progressively increase as the crack size becomes
larger and, as a consequence, greater plastic deformation or blunting of the crack tip would be
expected at the tip of a large crack compared with a small crack. Such blunting could increase
the effective fracture toughness of the material compared with the value determined in accordance
with the relevant Standards for measuring fracture toughness. For example, one of the ASTM
Standard requirements® for a valid fracture toughness test is that the plane strain stress intensity
corresponding to the maximum force of the fatigue cycle must be equal to or less than 0-60 K.
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TABLE §
Summary of residual strength predictions

Predicted | Actual Maximum

Specimen | Method | strength | strength | Predicted | stress Remarks
number (ref.) (kN) (kN) Actual intensity

(Kp)*

Type El specimens
BJ20D 4 2630 379-5 0-69 24-7
BJI18H 4 378-4 510-0 0-74 14-2 For larger crack
BJ16D 4 405-9 4910 0-83 9-8 For larger crack
BJ16D 5 406-6 4910 0-83 - For smaller crack
CL211 4 469 -4 512-0 0-92 —
CL211 5 343-0 512-0 0-67 15-0
BJI19E 5 4066 528-0 0-77 8-0
CL25G 5 2967 515-5 0-58 13-0
CL24B 5 396-1 534-0 0-74 9-8
CL26H 4 299-5 395-0 0-76 186
BJ8H 5 352:2 526-5 0:67 8-9
BJI1E 4 256-7 409-0 0-63 12-2
BJ13C 5 241-5 460-0 0-52 10-8 For larger crack
Type G specimens

BJ11J 5 314-9 475-0 0-66 16-9
BJ20I 5 2490 399-0 0-62 21-4
BJ16E 5 266-2 375-5 0-71 15-0
BJ13D 5 257-2 428-5 0-60 15-6
CL21J 4 261-6 349-5 0-75 18-4
BJ19B 5 257-2 44]-5 0-58 11-6
CL22E 4 408-7 4645 0-88 87 For larger crack
BJS8I 5 314-9 498-5 0-63 6-1
BJ12G 5 266-2 449-0 0-59 6-5

* For BJ material, 060 K7, = 15-5 MPa m*; for CL material, 0-60 K;. — 18-5 MPa m*,

The relevant values of the maximum stress intensities (Ky) for the largest fatigue cracks in each
of the specimens listed in Table 5 were calculated using the same fracture analysis methods as
those referred to previously. In seven instances, namely specimens BJ20D, CL26H, BJI11J,
BJ201, BJ16E, BJ13D and CL21J, the nominal calculated maximum stress intensity at the crack
tip at the completion of fatigue cycling either exceeded or was very close to the limit of the ASTM
requirements. These particular specimens are identified by small arrows on Figure 11. A further
consideration is the rate of loading during the residual strength test in relation to those specified
in the relevant Standards for fracture toughness determination. In this investigation, they were
comparable to the specified values.

In addition to the severity of the original fatiguc loading history having an effect on the
sharpness of the crack tip and partly invalidating the use of the Standard Kj. values, there are
a number of other complicating factors associated with the prediction of residual strengths. For
the particular configuration of specimens used in this investigation, three of the most important
would appear to be, firstly, uncertainties in extending the two simple analytical stress analysis
methods to the more complex sectional shapes involved; secondly, in recognizing the multi-
plicity of crack initiation sites both in and between specimens and, thirdly, in making allowances
for interactions between both adjoining and remote cracks.
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. CONCLUSIONS
1.

The residual static strengths of fatigue-cracked multi-fastener joint specimens is con-
siderably less than would be expected on a simple percentage loss-of-area basis.

Simple fracture mechanics analysis using models for a semi-elliptical surface crack and a
semi-circular corner crack at a hole consistently predicted lower failing loads than those
obtained experimentally.

. The differences between the actual and the predicted failing loads become greater with

increasing crack size.

. Multiple fatigue crack initiation at different locations and the possibilities of inter-

actions between cracks are complicating factors which introduce considerable uncer-
tainties in extending simple fracture analysis methods to more complex practical cases.

. The great variety of fatigue crack initiation sites, crack shapes and sizes identified in these

specimens emphasises problems which can occur in detecting and monitoring cracks by
non-destructive methods.
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FIG. 2

BROKEN SPECIMEN (TYPE E1) USED FOR RESIDUAL
STRENGTH TESTS




/ Row at which residual
ins failing load determined
Hydraulic grips

A

.9
 Specimen

FIG.3 MOUNTING OF BROKEN SPECIMEN IN TINIUS OLSEN
HYDRAULIC GRIPS



(a) Type E1 — specimen no. BJ14F

(b) Type E1 — specimen no. BJ7C

(c) Type E1 — specimen no. BJ11E

(d) Type G — specimen no. BJ12G

FIG.4 EXAMPLES OF FATIGUE CRACKING
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