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Excellent fatigue, static strength and damage tolerance characteristics together with low 
density make fibre-reinforced aluminium laminates a prime candidate sheet material for 
application in fatigue- and fracture-critical aircraft structures. Their use requires that 
mechanical property design allowables be established for incorporation in design handbooks 
(e.g. MIL-HDBK-5). An experimental programme based on statistical design was conducted 
to establish a meaningful test procedure for determination of fibre-metal laminate bearing 
strength design allowables. The test procedures investigated are the pin-type bearing test 
method (ASTM E-238) and the bolt-type bearing test method, a modified method based on 
the procedure for bearing strength determinations in plastics (ASTM D-953). Results are 
presented from an experimental programme which measured the bearing strengths of two 
grades of S-2 glass-based and one grade of aramid-based aluminium laminates. The 
influences of lateral constraint and ply orientation on bearing strength and failure mode are 
shown. The bolt-type bearing test method, which combines the attributes of the two 
aforementioned methods, is recommended. The study also showed that the bearing properties 
for edge distance ratio e/D = 2 can be predicted by correlation with the aluminium volume 
fraction in fibre-reinforced aluminium laminates. In addition, diagrams of joint structural 
efficiency, shown to be comparable to those of aluminium alloy sheets, have been established. 

1. I n t r o d u c t i o n  
Fibre-metal laminates are arrangements of thin, high- 
strength aluminium alloy sheets bonded to alternating 
plies of fibre-reinforced epoxy adhesive. They repre- 
sent a new class of aerospace sheet materials that 
combine the best features of pure composites and 
metals I-1-12]. Fibre-metal laminates offer the same 
magnitude of weight reduction [13-15] and structural 
performance as graphite-epoxy composites while re- 
taining the familiar design, ease of manufacture and 
support characteristics of aluminium. Fibre-metal 
laminates provide the opportunity for distinctive ad- 
vances in structures at a much lower risk than 
graphite-epoxy composites. In addition, fibre-metal 
laminates also exhibit good thermal stability in cryo- 
genic and elevated-temperature environments 
1-16-18]. 

At present, fibre-metal laminates are the only avail- 
able structural sheet materials that combine the 
fatigue insensitivity of composites with the damage- 
tolerant capability of metals. Their ability to impede 
and arrest crack growth makes them promising candi- 
dates as fuselage materials in next-generation civil 

transport aircraft. Development of fibre-metal lami- 
nates to meet the stringent demands of fuselage appli- 
cations could revolutionize airframe construction by 
providing aircraft designers with a robust portfolio of 
high performance, engineered materials. The need for 
such materials is graphically demonstrated by current 
problems and safety concerns with our "ageing air- 
craft" fleet. 

First- and second-generation laminate forms given 
in Tables I and II have been standardized as product 
benchmarks. Each product benchmark employs thin, 
high-strength (7475 or 2024 type) aluminium alloy 
sheets alternating with layers of adhesive-impregnated 
fibres. A generic schematic representation of a 3/2 lay- 
up (i.e. three layers aluminium alloy sheet and two 
layers prepreg) of fibre-metal laminates is shown in 
Fig. 1. To date, most experience has been obtained on 
laminate products employing 0.012in. (0.30mm) 
gauge aluminium sheet; however, 0.0085 in. (0.22 mm) 
and 0.016 in. (0.41 mm) sheet gauges are also available 
for use. The first-generation ARALL laminates em- 
ploy aramid fibres in a uniaxial configuration, while 
the second-generation GLARE laminates employ 
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T A B LE I Standardized first-generation laminate product forms 

Product variant Description 

ARALL 1 Alloy: 7475-T6, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with unidirectional 
Post-cure: 0.4% permanent stretch 

ARALL 2 Alloy: 2024-T3, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with unidirectional 

ARALL 3 Alloy: 7475-T76, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with unidirectional 
Post-cure: 0.4% peramanent stretch 

ARALL 4 Alloy: 2024-T8, bonding surfaces anodized and primed 
Prepreg: 350 ~ cure epoxy adhesive with unidirectional aramid fibres 

TAB LE I I Standardized second-generation laminate product forms 

Product variant Description 

GLARE 1 Alloy: 7475-T76, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with unidirectional glass fibres 
Post-cure: 0.5% permanent stretch 
Alloy: 2024-T3, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with unidirectional glass fibres 
Alloy: 2024-T3, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with cross-ply glass fibres 
50% fibres in longitudinal aluminium sheet direction 
50% fibres in long-transverse aluminium sheet direction 
Alloy: 2024-T3, bonding surfaces anodized and primed 
Prepreg: 250 ~ cure epoxy adhesive with cross-ply glass fibres 
70% fibres in longitudinal aluminium sheet direction 
30% fibres in long-transverse aluminium sheet direction 

aramid fibres 

aramid fibres 

aramid fibres 

GLARE 2 

GLARE 3 

GLARE 4 

Figure 1 Fibre-metal structural laminates (typical 3/2 lay-up 
shown). Standard constituent materials: aluminium sheet alloy 2024 
or 7475, aramid or glass fibre, unidirectional or cross-ply prepreg. 

glass fibres which may  be in either a uniaxial or an 
o r thogona l  cross-ply arrangement.  Cross-ply fibre 
systems have been explored with some success and are 
generally better suited to biaxial load situations typi- 
cal of aircraft fuselage skins. 

A design prerequisite for the in t roduct ion into ser- 
vice of  f ibre-metal  laminates is the development  and 
presentat ion of  min imum mechanical  proper ty  allow- 
ables consistent with the format  of the Military Stand- 
ardizat ion H a n d b o o k ,  M I L - H D B K - 5  1-19]. This 
h a n d b o o k  is the pr imary  source of  design mechanical  
properties for metallic structural  materials, and its use 
is manda ted  in the design of aerospace vehicles con- 
trolled or  procured  by Depar tment  of  Defense (DoD) 
agencies, the Federal  Aviat ion Adminis t ra t ion (FAA) 

and the Nat ional  Aeronautics  and Space Administra-  
tion (NASA). Bearing strength is one of the impor tan t  
static proper ty  allowables in the statistical basis for- 
mat  required for M I L - H D B K - 5  incorporat ion.  

Due  to the nature of the aniso t ropy in fibre metal 
laminates, characterizing the bearing strength in these 
hybrid materials is more  complex than in conven- 
tional a luminium alloys. In order  to fully unders tand 
bearing mechanical  behaviour,  developing a meaning- 
ful test procedure is mandatory .  Based upon  our  
experience with an A R A L L  3 laminate M I L - H D B K - 5  
design allowable p rog ramme and a literature search, 
we found that  the bearing strength depends on some 
relevant parameters.  These include 

(i) material parameters:  fibre-type and form (uni- 
directional or  bi-axial), resin type, fibre orientation, 
laminate stacking sequence, fibre volume fraction and 
fibre surface treatment; 

(ii)fastener parameters: fastener type (screw, bolt or 
rivet), fastener size, clamping force, washer size, and 
hole size and tolerance; and 

(iii) design parameters: joint  type (single lap or single 
cover butt), laminate thickness and tolerance, geo- 
metry  (pitch, edge distance, width, hole pattern), load 
direction, loading rate, static or dynamic  load, and 
failure criteria. 

This test evaluat ion p rog ramme will focus on the 
study of  some of  the key factors that  influence the 
bearing mechanical  behaviour  and will optimize the 
relevant parameters  affecting the bearing strength in 
f ibre-metal  laminates. The purpose of this research is 
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not only to develop a meaningful bearing test proce- 
dure but also to help designers optimize the edge 
distance, laminate width and pin-hole size (or lami- 
nate thickness). This will assist designers in developing 
full bearing strength for joints in structures and in 
preventing the mechanical fasteners from failing in 
shear, tension or cleavage modes during their opera- 
tion. 

2. Failure modes 
Recently Wu et  al. [20, 21] presented the S-basis 
minimum strength properties for ARALL 3 laminates 
from their MIL-HDBK-5 programme. In their design 
allowable programme, a large number of static tests 
were conducted. In the bearing testing, they found that 
the bearing ultimate strength was strongly dependent 
on the failure modes. The failure mechanisms of 
ARALL laminates showed typical metal-like failure 
modes such as those shown in Fig. 2. However, their 
failure mechanisms are more complex and different 
due to delamination buckling and depend on many 
factors such as fibre matrix type, fibre orientation, 
laminate stacking sequence, fibre volume fraction, 
fibre surface treatment, clamping force, hole size and 
tolerance, laminate thickness, geometry (edge dis- 
tance, width effect) and test procedure. The effects of 
these parameters on bearing test results have been 
described in the literature [22 28]. 

2.1. Tension failure 
As with conventional materials, the tensile load re- 
quired for a laminate to fail through a section with 
holes (net section) is less than at a section in which 

D 

LT 

W ~ . ~ t  

Tension 

4 
Shear-out Bearing Cleavage 

Figure 2 Typical failure modes of bearing test for ARALL lami- 

nates. 
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there are no holes (gross section). The stresses at these 
sections, at failure, are given respectively by 

P 
crN - ( W -  D)t  (1) 

and 

P 
O G  - ( 2 )  

W t  

where P is the failing load of the laminate, W the 
laminate width at the gross section, D the pin-hole 
diameter and t the laminate thickness. The tensile 
strength efficiency achieved at these sections, ex- 
pressed in the form of average net and gross stress 
concentrations, is given by 

and 

where ~ 

(3) 

k G = cy~o/cy G (4) 

is the theoretical ultimate tensile strength of 
a plain laminate. 

2.2. Shear failure 
The'shear strength normally quoted for fibre-metal 
laminates is the interlaminar shear strength obtained 
using the short-beam shear test. The in-plane shear 
strength can be measured using the Iosipescu shear 
test [29, 30]. The shear strength, as for conventional 
isotropic materials, is given as 

= P / 2 e t  (5) 

where e is the edge distance (parallel to the load) 
between the hole centre and the free edge. 

2.3. Bearing failure 
Bearing of a pin in a hole gives rise to compressive 
stresses around the loaded half of the circumference of 
the hole. For practical purposes the bearing strength 
of hybrid laminates, like that of a conventional mater- 
ial, is usually expressed as the average projected 
stress acting uniformly over the cross-sectional area of 
the hole, so that 

cy b = P / D t  (6) 

In the previous work performed by Wu et  al. [20, 21], 
all bearing tests in the MIL-HDBK-5 ARALL 3 
laminate design allowable programme were conducted 
in accordance with the ASTM E-238 [31] test proced- 
ure, which is applicable to conventional aluminium 
alloy products as described in MIL-HDBK-5. Bearing 
strengths in both the longitudinal (L) and the long- 
transverse (LT) directions with e /D ratios of 1.5 and 2.0 
were used in this test programme. Here, L is also 
parallel to aluminium alloy sheet principal rolling 
direction and LT is perpendicular to the principal 
rolling direction of aluminium alloy sheet. Four types 
of lay-up of ARALL 3 laminates (2/1, 3/2, 4/3 and 5/4) 
were selected. Six tests per test direction per lay-up 
were performed. Table III summarizes the failure 
modes of the bearing tests in the MIL-HDBK-5 
programme. 



TABLE III Summary of ARALL 3 laminate bearing failure mode distribution 

Lay-up e/D = 1.5 e/D = 2.0 

L ~ LT ~ L LT 

S b B b C b S B C S B C S B C 

2/1 24 24 24 24 
3/2 24 24 24 24 
4/3 24 24 24 24 
5/4 24 24 24 24 

~Test direction L = longitudinal, LT = long-transverse. 
bFailure mode S = shear-out, B = bearing, C = cleavage (see Fig. 2). 

As the width of the specimen decreases, there is a 
point where the mode of failure changes from bearing 
to net section tension, i.e. the specimen fails across the 
width at the net section, with cracks originating from 
the hole boundary. As the edge distance decreases, the 
bearing failure mode changes to one of shear-out. In 
this design allowable programme the results show that 
a total number of 96 bearing tests in the longitudinal 
direction having e/D = 1.5 failed in either shear-out or 
cleavage mode. This indicates that the full bearing 
strength was not totally achieved when the edge dis- 
tance ratio equalled 1.5 in the longitudinal test speci- 
men. The remaining 288 tests failed in the bearing 
mode. However, a delamination buckling bearing fail- 
ure commonly occurred around the pin hole for AR- 
ALL laminates. The absence of lateral constraint in 
this test set-up allows this type of failure which has 
been analysed and discussed extensively elsewhere 
I32]. Previous work [27, 28, 32] has also demon- 
strated that lateral constraint substantially enhances 
the bearing strength performance of laminates. In 
contrast, aluminium alloy sheet usually showed more 
uniform deformation of bearing failure around the pin 
hole. This suggests that an out-of-plane buckling fail- 
ure of ARALL laminates has occurred during the'test. 
The anisotropic nature of fibres may also induce a 
high magnitude of stress concentration around the pin 
hole. Several hypotheses can be drawn from various 
failure mode observations: 

1. High stress concentration magnitudes occur 
around the pin hole due to the nature of the aniso- 
tropy of the hybrid laminates. 

2. Full bearing strength is not developed with cur- 
rent parameters of e/D, W/D and D/t ratios (geometry 
effect). 

3. Delamination buckling is a typical bearing fail- 
ure mode if lateral constraint is not provided. 

4. Premature bearing failure happened because of 
lacking lateral constraint during the testing. 

The present experimental programme was directed 
toward addressing these concerns and hypotheses. 

3. Experimental procedure 
3.1. Test variables 
The bearing strength and the failure modes of fibre- 
reinforced aluminium laminates depend on four geo- 
metric variables: the edge distance, the width, the hole 

Figure 3 Schematic representation of bearing testing procedures: (a) 
pin-type bearing without lateral constraint (ASTM E-238), (b) bolt- 
type bearing providing lateral constraint ASTM D-953). 

diameter and the laminate thickness. Another import- 
ant variable is whether the testing procedure is used 
with or without lateral constraint. A test matrix of 
bearing strength characterization for ARALL and 
GLARE laminates by the e/D, W/D, and D/t effects is 
described in Table IV (for details see Wu [33]). Two 
test procedures, the pin-type bearing [31] and the bolt- 
type bearing [34] test methods, were investigated in 
this programme. Fig. 3 shows the details of these two 
types of bearing test method. The pin-type bearing test 
procedure is characterized by the lack of lateral con- 
straint, in contrast to the bolt-type bearing test proced- 
ure which can provide lateral constraint. The bearing 
ultimate strength obtained from the pin-type testing 
procedure (ASTM E-238) is calculated by dividing the 
maximum load carried by the specimen by the bearing 
area, while the bearing ultimate strength obtained 
from the bolt-type testing procedure (ASTM D-953) is 
defined by the maximum load occurring before a 4% 
total deflection of the original bolt hole, divided by the 
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T A B L E  IV Test matrix of bearing strength characterization for fibre-metal laminates 

Laminate 

ARALL 2 GLARE 2 GLARE 3 

Metal volume fraction (%) 67.90 64.29 64.29 
Test direction L, LT L, LT L 
e/D (fixed W/D = 6) 1.5, 2, 3, 5 1.5, 2, 3, 5 1.5, 2, 3, 5 
W/D (fixed e/D = 3) 2, 4, 6, 8 2, 4, 6, 8 2, 4, 6, 8 
D/t(fixed e/D = 3 and W/D = 6 
with lateral constraint) - 3 layers thickness: - 

2/1, V AL = 70.59% 
3/2, V AL = 64.29% 
5/4, V AL = 60.00% 
Three hole sizes: 4, 6.35 and 8 mm 

With lateral constraint (modified ASTM D-953) No Yes Yes 
No lateral constraint (ASTM E-238) Yes Yes No 

== 
o /. 

(a) Deformation 

O 
, . . J  

/ 
I 

(b) Deformation 

Figure 4 Typical load-deformation curves using (a) pin-type, (b) 
bolt-type bearing test set-ups. ( x ) ultimate, ( 0 )  proportional limit. 

bearing area. Typical load-deflection curves using the 
pin-type and bolt-type bearing test procedures are 
shown in Fig. 4. 

3.2. Statistical design 
Two randomizations were involved in carrying out 
these statistically designed experiments [333. The first 
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Figure 5 4/3 ARALL 2 laminate pin-type bearing: variation of 
ultimate strength (BUS) and yield strength (BYS) with e/D ratio. 
Longitudinal: �9 BUS, (A) BYS; transverse: ( � 9  BUS, (A) BYS. 
1 ksi = 6.895 MPa. 

was the random assignment of the treatment variables 
to the specimens cut from each panel. This was done to 
guard against systematic variations in the properties of 
the material with position on the panel. The second 
randomization involved testing the samples in a ran- 
dom time order. This guarded against a systematic 
drift in the testing system with time. In this experi- 
mental programme quadruplicate tests were per- 
formed in both longitudinal and LT directions using 
two different test procedures. Data plotted in the 
following figures represent an average value from four 
test data. 

4. Results and discussion 
4.1. Effect of edge distance 
As the edge distance decreases, the mode of failure 
changes from bearing to shear-out. Tests varying the 
e/D ratio between 1.5, 2, 3 and 5 were studied on 
ARALL 2, GLARE 2, and GLARE 3 laminates. The 
test results the plotted in Figs 5 to 7. In these figures, the 
transition region of bearing strength of ARALL or 
GLARE laminates had been developed when e/D >_ 3. 
The e/D effect is shown to be independent of test 
method. In the tests, the bolt-type bearing test method 
provided lateral side restraint to reduce stress concen- 
tration around the pin hole. This caused the stresses to 
be distributed more uniformly over a larger area than 
in a pin-type loaded specimen, resulting in a higher 
bearing strength. 
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Figure 6 3/2 GLARE 2 laminate bolt-type bearing: variation of 
ultimate and yield strength with e/D ratio. Longitudinal: 
O BUS, (~) BYS; transverse: (I~) BUS, (A) BYS. 1 ksi 
= 6.895 MPa. 
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Figure 7 3/2 GLARE 3 laminate bolt-type longitudinal bearing: 
variation of (~) ultimate and (~) yield strength with e/D ratio. 1 ksi 
= 6.895 MPa. 
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Figure 9 3/2 GLARE 2 laminate bolt-type bearing: variation of 
ultimate and yield strength with W/D ratio. Longitudinal: (O) BUS, 
(A) BYS; transverse: (~) BUS, (A) BYS. 1 ks�9 = 6.895 MPa. 
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Figure 10 3/2 GLARE 3 laminate bolt-type longitudinal bearing: 
variation of (C]) ultimate and (0) yield strength with W/D ratio. 
1 ks�9 = 6.895 MPa. 
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Figure 8 4/3 ARALL 2 laminate pin-type bearing: variation of 
ultimate and yield strength with W/D ratio. Longitudinal: (<)) BUS, 
(A) BYS; transverse: (II,) BUS, (A) BYS. 1 ksi = 61895 MPa. 

4 .2 .  E f f ec t  o f  w i d t h  
As the width  of the specimen decreases,  there is a po in t  
where the mode  of failure changes  f rom bear ing  to net- 
sect ion tension. Tests varying the W/D ra t io  between 2, 
4, 6 and  8 were invest igated on  A R A L L  and G L A R E  
laminates .  The test results  are presented  in Figs  8 to 10. 
I t  is i m p o r t a n t  to note  the g radua l  a sympto t i c  behav-  
�9 ou r  of the curves of A R A L L  and G L A R E  laminates ,  
reveal ing a s t rong  influence of  the width  on the bear -  
ing failure load.  In  the figures, the t rans i t ion  region of  
bear ing  s t rength occurs  when W/D > 4. A D~ W value 
of  a b o u t  0.25 thus provides  o p t i m u m  jo in t  s t ruc tura l  
efficiency, which agrees with Ha r t -Smi th ' s  [35] inter-  
p re t a t ion  of bo l t ed  jo in t  d a t a  in f ibrous mater ials .  

4 . 3 .  E f f e c t  o f  t h i c k n e s s  

An effect of thickness was found if the ratio D/t was 
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Figure 11 Variation of longitudinal bearing ultimate and yield 
strengths of 3/2 GLARE 2 laminates with D/t ratio (finger-tight 
bolt); t = 0.84, 1.38 or 2.47 mm. D = 4ram: (O) BUS, (O) BYS. 
O = 6.35 mm: (D) BUS, (11) BYS. D = 8 ram: (• BUS, (A). BYS. 
1 ksi = 6.895 MPa. 

examined. In Figs 11 and 12 it is clear that the bearing 
ultimate strength increases with decreasing D/t for the 
case of finger-tight bolt-type bearing tests on GLARE 
2 laminates. From the current chosen range of holes of 
4-8 mm diameter in these two figures, the effect of the 
pin diameter on bearing strength in the longitudinal 
direc t ion  seems to be more  p r o n o u n c e d  than  in the L T  
direct ion.  However ,  the effect of the pin d iamete r  on 
bear ing  s t rength in the L T  di rec t ion  shows insignifi- 
cant  differences when D/t > 3. In  reality, when we 
a t t empt  to avo id  the influence of  a lumin ium volume 
fract ion (by cons ider ing  a single lay-up),  the effect is 
ra ther  small  (even < 5%). Col l ings  [26] and  G o d w i n  
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Figure 12 Variation of long-transverse bearing ultimate and yield 
strengths of 3/2 GLARE 2 laminates with D/t ratio (finger-tight 
bolt); t = 0.84, 1.38 or 2.47 mm. D = 4 mm: (O) BUS, (0 )  BYS. 
D = 6.35 mm: ([3) BUS, ( i )  BYS. D = 8 mm: (A) BUS, (A) BYS. 
1 ksi = 6.895 MPa. 

and Matthews [-22] presented similar results for 
carbon-epoxy composites and other materials, but 
Collings showed that for high lateral pressure values, 
the effects of D/t almost disappear. 

4.4. Effect of lateral cons t r a in t  
Studies by Stockdale and Matthews [27] for glass 
fibre-reinforced plastics and by Eriksson [28] for 
graphite-epoxy laminates have shown a significant A 
influence of lateral constraint in the bearing tests. A 
finger-tight pressure was applied to the bolt-type bear- 
ing test fixture. This type of side-restraint bearing 
loading provided a sufficient lateral constraint on the 
laminate to control the delamination buckling mode. 
The ultimate load is therefore expected to increase 
since the easiest failure modes are suppressed. How- 
ever, the failure mode of the pin-type bearing speci- 
mens showed the damage to be localized around the 
loaded half of the hole, and delamination buckling 

A was easily observed. Figs 13 and 14 show a com- 
parison of bearing strength variation with e/D and 
W/D ratios using these two types of test fixture, 
respectively. The results show that the bolt-type test 
method yields at least a 20% increase in bearing 
strength over that of the pin-type test method when 
e/D > 3 and W/D >_ 4. 
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Figure 13 Comparison of longitudinal bearing ultimate and yield 
strengths of 3/2 GLARE 2 laminates versus e/D ratio using bolt- 
type and pin-type test fixtures. Bolt type: (D) BUS, ( l l )  BYS; pin 
type: (O) BUS, ( 0 )  BYS. 
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Figure 14 Comparison of long-transverse bearing ultimate and 
yield strengths of 3/2 GLARE 2 laminates versus W/D ratio using 
bolt-type and pin-type test fixtures. Bolt type: (m) BUS, (In) BYS; 
pin type: (O) BUS, ( 0 )  BYS. 
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Figure 15 Cross-section through fibre-metal laminate bearing spe- 
cimen centre for failure mode observation. 

strength, for the direction parallel to the metal rolling 
direction. 

4.5. Effect of fibre orientation 
The fibre orientation in the laminate affects both the 
bearing strength and the mechanism of failure. The 
results show that the bearing strength obtained from 
the longitudinal test direction, is greater than for the 
LT test direction. This implies that the fibres contrib- 
ute more to the bearing performance. For the GLARE 
3 laminates with a cross-ply configuration (50% of 
fibres in 0 ~ orientation and 50% in 90 ~ orientation in 
each prepreg layer) we only acquired one bearing 
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4.6. Bearing strength predict ion 
A rule-of-mixtures (ROM) approach can be applied to 
the prediction of fibre-metal laminate bolt-type bear- 
ing ultimate strength. This has been proved elsewhere 
[32] for an edge distance ratio e/D = 2. In the ROM, 
we assume that bearing failure occurs in the laminate 
when the individual layers (prepreg and aluminium) 
collapse simultaneously. This is because the separate 
layer stiffnesses will not play any significant role. This 
simple analysis is based on the aluminium volume 



TAB LE V Comparison between longitudinal bearing ultimate strengths (BUS) obtained by bolt-type bearing tests and rule-of-mixtures 
predictions for GLARE 2 and GLARE 3 laminates [32] 

Lay-up (aluminium layer Aluminium volume BUS (MPa) 
thickness, ram) fraction (%) Test Theory Difference (%) 

GLARE 2 a 
3/2 (0.5) 75.00 
4/3 (0.4) 68.09 
5/4 (0.4) 66.67 
5/4 (0.3) 60.00 
3/2 (0.3) 64.29 

GLARE 3 b 
3/2 (0.3) 64.29 
2/1 (0.2) 6t.54 
2/1 (0.3) 70.59 
3/2 (0.2) 54.55 
4/3 (0.4) 68.09 
4/3 (0.5) 72.73 
5/4 (0.4) 66.67 

767 762 - 0.7 
714 707 - 1.0 
689 696 + 1.0 
639 643 + 0.6 
709 677 - 4.5 

789 726 - 8.0 
810 709 - 12.5 
856 768 - 10.3 
702 663 - 5.6 
778 751 - 3.5 
832 781 - 6.1 
769 742 - 3.5 

acy~ s = 959 MPa for 2024-T3 aluminium alloy sheet bearing ultimate strength; r~u s = 170 MPa for unidirectional cured glass prepreg 
bearing ultimate strength. 
bCrsu sA~ = 959 MPa for 2024-T3 aluminium alloy sheet bearing ultimate strength; cr~v s = 308 MPa for cross-ply cured glass prepreg bearing 
ultimate strength. 

Figure 16 (a) Delamination buckling of bearing failure of 3/2 
GLARE 2 laminate tested in the longitudinal direction with no 
lateral constraint (ASTM E-238); bearing load = 7478 N, bearing 
strength = 688 MPa, e/D = 3 and W/D = 6 (D = 8 ram). (b) Un- 
deformed portion, view x-x; (c) deformed portion, view y-y. 

The  results  are  p resen ted  in  T a b l e  V. T h e y  d e m o n -  
s t ra te  tha t  a g o o d  p red ic t i on  of bea r i ng  u l t ima te  

s t reng th  of G L A R E  2 l a m i n a t e s  was achieved.  The  
re la t ively  lower  ca lcu la ted  stresses for G L A R E  3 l am-  
ina tes  are p r o b a b l y  due  to the benefic ia l  c o n t r i b u t i o n  

of c ross-p ly  fibres in  the overal l  l a m i n a t e  sandwich .  

f rac t ion  of the l amina te :  

L a m  __ A I  r r A l  O'ul t = Ou l tV  f -]- O'uPlt(] - -  V AI) (7) 

where  cr L,,-,~t is the l a m i n a t e  b e a r i n g  u l t ima te  s t rength ,  
A~ the a l u m i n i u m  al loy  b e a r i n g  u l t ima te  s t rength ,  (3" u l t  

c~,Plt the cured  f i b r e - e p o x y  b e a r i n g  u l t ima te  s t r eng th  
a n d  Ve a~ the a l u m i n i u m  al loy  v o l u m e  fract ion.  

4.7. Observation of bearing failure modes 
O b s e r v a t i o n s  of fai lure m o d e s  of the tested G L A R E  2 
l a m i n a t e  b e a r i n g  spec imens  in  b o t h  the l o n g i t u d i n a l  
a n d  L T  d i rec t ions  o b t a i n e d  f rom p i n - t y p e  ( u n c o n -  
s t ra ined)  a n d  bo l t - type  (cons t ra ined)  tes t ing  proce-  
dures  were e x a m i n e d  us ing  opt ica l  microscopy .  
P h o t o m i c r o g r a p h s  were t a k e n  f rom above  a n d  be low 
the p in  hole  a l o n g  sect ion A - A  as i l lus t ra ted  in  Fig. 
15. Fig. 16 a n d  17 show bea r ing  fai lure pa t t e rn s  of 
G L A R E  2 l amina t e s  in  the l o n g i t u d i n a l  d i rec t ion  for 
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Figure 17 (a) Delamination buckling free of bearing failure of 3/2 
GLARE 2 laminate tested in the longitudinal direction with lateral 
constraint (ASTM D-953); bearing load = 10887N,  bearing 
strength = 977 MPa,  e/D = 3 and W/D = 6 (D = 8 mm). (b) Un- 
deformed portion, view x-x; (c) deformed portion, view y-y. 

Figure 18 (a) Delamination buckling of bearing failure of 3/2 
GLARE 2 laminate tested in the long-transverse direction with no 
lateral constraint (ASTM E-238); bearing load = 6137 N, bearing 
strength = 548 MPa,  e/D = 3 and W/D = 6 (D = 8 mm). 
(b) Undeformed portion, view x x; (e) deformed portion, view y-y.  

both testing procedures. Bearing failure patterns of 
GLARE 2 laminates in the LT direction for both 
testing procedures are shown in Figs 18 and 19. The 
figures indicate that a delamination buckling bearing 
failure has been observed in the testing procedure 
which has no side constraint (ASTM E-238); however, 
no visual evidence of macrodelamination buckling 
bearing failure was found using the testing procedure 
of ASTM D-953 (with lateral constraint). Because no 
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delamination buckling occurs in the latter testing 
procedure, an increased bearing ultimate strength 
over pin-load specimen values is to be expected. An- 
other interesting finding is that the wavy deformation 
(in-phase mode of buckling) found in the centre layer 
of aluminium alloy of the laminate in the longitudinal 
direction is due to the alloy layer being compressed 
from both sides by fibre prepregs. A similar phenom- 
enon is also seen in GLARE 3 laminates as shown in 



Figure 19 (a) Delamination buckling free of bearing failure of 3/2 
GLARE 2 laminates tested in the long-transverse direction with 
lateral constraint (ASTM D-953); bearing load = 10 742 N, bearing 
strength = 959 MPa, e/D = 3 and W/O = 6 (D = 8 ram). (b) Un- 
deformed portion, view x x; (c) deformed portion, view y-y. 

Fig. 20. However ,  in this a lumin ium al loy wavy defor-  
m a t i o n  is no t  found  in the L T  bear ing  specimens.  This  
wavy de fo rma t ion  of  the centre  layer  of a lumin ium 
al loy sheet in t roduces  a great  interest  for future re- 
search of  bear ing  failure mode  analysis.  

4 .8 .  J o i n t  s t r u c t u r a l  e f f i c i e n c y  
Jo in t  s t ruc tura l  efficiency is defined as a c o m p u t e d  
ra t io  of j o in t  s t rength  to l amina te  tensile strength.  

Figure 20 (a) Delamination buckling free of bearing failure of 3/2 
GLARE 3 laminates tested in the longitudinal direction with lateral 
constraints (ASTM D-953); bearing load = 11 422N, bearing 
strength = 1017 MPa, e/D = 3 and W/D = 6 (D = 8 ram). (b) Un- 
deformed portion, view x-x; (c) deformed portion, view y-y. 

D i a g r a m s  of  j o in t  efficiency are used for s t ruc tura l  
fastened jo in t  design for aerospace  appl ica t ions .  H a r t -  
Smi th  [35] has inves t iga ted  the re la t ionship  between 
the s t rengths  of bo l t ed  jo in t s  in ductile,  f ibrous com- 
posites,  and  bri t t le  mater ials .  Based on the bear ing  
s t rength  d a t a  ob t a ined  f rom the effect of  pin  hole  
d i ame te r - to -wid th  rat io,  the jo in t  s t ruc tura l  efficiency 
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diagrams of GLARE laminates in both the longitu- 
dinal and LT directions have been established, as 
shown in Figs 21 and 22. The lines for GLARE 2 
laminates were derived purely on the basis Of test 

results. There are bearing failures in the left region of 
the picture (when W/D > 4) where the bearing speci- 
men width is large in comparison with the hole dia- 
meter. As the pin hole is moved closer to the side edge of 
the specimen (or the specimen is narrowed), there is a 
change in failure mode to tension-through-the-hole 
(when W/O < 2). 

In Figs 21 and 22 the peak strength occurs either at 
a geometry associated with the tension failure mode or 
at an abrupt transition between bearing and tension 
failures; in either case peak strength is associated with 
a definite W/D value, which is projected to a value of 4 
for LT-orientation GLARE 2 and a value of 2 for 
longitudinal-orientation GLARE 2 laminates in the 
bolt-type test procedure. Any effort to impose on a 
bolted composite joint design an arbitrary require- 
ment of failure by bearing only (by using a sufficiently 
large value of W/D) to ensure a less catastrophic 
failure mode must necessarily be associated with a 
significant reduction in joint strength and, hence, in 
structural efficiency. In addition, the results from Figs 
21 and 22 show that joint structural efficiencies in 
both the longitudinal and LT directions have a trend 
compatible with those for fibrous composites and 
ductile material. 

5. Conclusions 
From this study, several conclusions can be drawn as 
follows: 

1. Fibre-metal laminate bearing strength is shown 
to depend on the failure mode as influenced by speci- 
men geometry and test method. 

2. A bearing test fixture with lateral (bolt-type) 
constraint produces a more representative structural 
failure mode than does the unconstrained pin-type 
test. 

3. A bolt-type test fixture (modified ASTM D-953) 
gives a bearing strength at least 20% higher than that 
given by a pin-type test fixture (ASTM E-238) when 
the full bearing strength is being developed. 

4. A minimum edge distance ratio e/D of 3 and 
width radio W/D of 4 should be used to develop the 
full bearing strength for fibre-metal laminates. 

5. A D/W value of about 0.25 for long-transverse 
orientation or 0.45 for longitudinal orientation of the 
specimen provides optimum structural joint efficiency 
when the bolt-type (ASTM D-953) bearing test pro- 
cedure is employed. The joint structural efficiency of 
LT-orientation GLARE 2 laminates has been shown 
to be comparable with that of aluminium alloy sheets. 

6. A rule-of-mixtures approach can be applied to 
the prediction of bolt-type bearing ultimate strength 
in fibre-metal laminates. 

6. Recommendat ions  
The detailed mechanism of wavy deformation of the 
centre layer of aluminium alloy sheet in the longitu- 
dinal bearing test specimen should be further studied. 
The failure mechanism can be correlated with its 
monotonic bearing behaviour which is exhibited in 
the load versus displacement curve. Bearing properties 
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for both cured prepregs and pure aluminium alloy 
sheets should be determined, based on the geometry 
effect with the support of rule-of-mixtures predictions. 
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