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ABSTRACT 

The  low c o m p r e s s i v e  s t r e n g t h  o f  K e v l a r  r e i n f o r c e d  
c o m p o s i t e s  c a u s e s  c o n c e r n  a b o u t  t h e  a b i l i t y  o f  
t h e s e  mater ia ls  t o  w i t h s t a n d  b e a r i n g  l o a d s  i n  

, b o l t e d  j o i n t s .  T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  
o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  p i n  
b e a r i n g  l o a d - d e f l e c t i o n  r e s p o n s e  o f  [ 0 /90 / f45 I r  
[0 /90]  and  [f 451 K e v l a r  49 f a b r  i c / e p o x y  l a m i n a t e s .  
L a m i n a t e  t h i c k n e s s e s  f r om 0.075 i n .  t o  0 .300 i n .  
were examined  f o r  p i n  d i a m e t e r s  r a n g i n g  f rom 
0.1.25 i n .  t o  0.500 i n .  R e s u l t s  o f  t h i s  s t u d y  
r e v e a l e d  t h r e e  s i g n i f i c a n t  p o i n t s :  (1) a s y n e r -  
g i s t i c  e f f e c t  t a k e s  p l a c e  i n  t h e  [0 /90 / f45]  p l y  
s t a c k i n g  s e q u e n c e  which  r e s u l t s  i n  h i g h e r  y i e l d  
and  u l t i m a t e  s t r e n g t h s  t h a n  t h e  [0 /90 ]  and  [245 ]  
l a m i n a t e s ;  ( 2 )  b e a r i n g  s t r e n g t h  v a r i e s  i n v e r s e l y  
w i t h  p i n  d i a m e t e r ,  p r o b a b l y  d u e  t o  t h e  s t a t i s t i c a l  
s t r e n g t h  b e h a v i o r  o f  t h e s e  materials;  and  ( 3 )  
nomina l  b e a r i n g  y i e l d  s t r e n g t h s  a r e  v e r y  l ow  
(10-20 k s i )  . I t  is, c o n c l u d e d  t h a t  j o i n t  d e s i g n s  
s h o u l d  i n c o r p o r a t e  l o c a l  r e i n f o r c e m e n t  i n  b o l t e d  
o r  p i n n e d  a r e a s .  
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I. INTRODUCTION 

The design of structures which 

incorporate high performance 

composite materials is often 

limited by the properties of 

the structural 'joints. Pinned 

or bolted joints in composite 

materials are subject to com- 

posite bearing or shear-out 

failures as well as tensile 

failure of the composite or 

bolt. In the case 'of. 

Kevlar 49-reinforced, comp.osite 

materials, the probability of 

fai1ure.h bearing is enhanced 

'by the low compressive 

strength of the Kevlar 49 

filaments. (5y6) 1't is deair- 

able to obtain not only the 

ultimate bearing strength of 

these materials but als'o 'the 

entire load (stress).-deflection 

curve. The material yield 

'strength from such a curve 

' provides a better'design allow- 

fixture was designed which 

allowed deflections of the 

laminates. to be measured with 

a strain gage extensometer. 

Both quasi-isotropic [0/90/+451 

and aligned [0/901 fabric lamh- 
nates were examiried. 

11. EXPERIMENT 

Laminates used in this s t i i d y  

were fabricated from Dupont 

otylc 1-81 Icevlar 43 fabric 
(50 x 50 yarns/in. 380 

denier, 8 harness satin weave) 

preimpregnated with U.S. Poly- 

meric E-781 epoxy resin. The 

13-781 system is believed to be 

a diglycidyl ether of bis- 

phenol A type epoxide cured 
with a BF monoethyl amine 3- 
complex. The laminate cure 

cycle was carried o u t  hy 

matched die melding in a, h n t  

press. The prepreg plies were 

heated at a rate of 1°~/min. 

under* contact pressure to 
able than the bearing'ultimate 300°F, compressed to stops, 
strength often reported. This heated to 325'~ and held 1 
is especially significant for 

hour, cooled under pressure to 
structures subjected to re- 120"~ and then 18e.moved from 

% .  . 
peated loadings. the press. The laminates were 

This paper presents the results subsequently post cured in air 

of ,an experimental study to 4 hours at' 350'~ and slow 

determine the bearing'load- . cooled. 
I 

deflection behavior of ,Kevlar 

49 fabric/epoxy laminates. A 



Laminates of two different ply 

stacking sequences .were fabri- 

cated, viz. quasi-isotropic 

and aligned. The quasi- 

isotropic laminates were con- 

structed of alternating 0-45' 
plies balanced about the mid 

plane. The other stacking 

sequence consisted of all warp- 

aligned plies which resulted in 

a [0/90] layup. Four quasi- 

isotropic laminate thicknesses 

were fabricated: (1) 0.075 in., 

(2) 0.150 in., (3) 0.225 in. 

and (4) 0.300 in. A single 

laminate 0.150 in. in thickness 

of the [O/g0] construction was 

prepared. Samples of 1.50 in. 

width were cut,with the speci- 

men ax.is in the 0' direction : 

of the quasi-isotropic lamina- 

tes and in the 0' and 45' 

directions . . of the aligned 

laminate. Holes of diameter 

0.125 in., 0.2.50 in. ,..0.375 . . in. 

and 0.500. in. were drilled. iri 

the quasi-isotropic, samples 

.with diamond tooling. :The 

aligned samples were,prepared 

only with 0,.250 in. diameter 

holes. A ,distance of 0..75 in. 
was maintained between the, end 

of the spec.imen and the ho'le. 

Specimen width and end distance 

were chosen such that they did 

not influence 'the stress-state 

around the pinned hole., ( 7 )  

' Five specimens were prepared 

for each thickness-hole size- 

direction combination. Hole 

diameters were machined to a 

tolerance of plus 0.002 in. of 

the diameter of the pin to be 

used in testing. The specimens 

<were compressed between two 

sacrificial A1 plates during 

drilling to prevent distortion 

of the surface plies. 
. . 

Prior to.testing, A1 doublar 

tabs.were bonded' to.the speci- 

men end to be clamped in-.the 

wedge action grips. A thread- 

ed rod was bonded to the 

opposite end .for ,attachment of 

the extensometer fixture. The . 

..rest of the test fixture in- 

cluded a clevis through nilich 

the specimen was pinned with 

a hardened steel' dowel, and a 

sleeve which fit over and 

bolted to the clevis. A speci- 

men and clevis are'shown in 

Figure 1. The assembled test 
a .  

fixture is shown mounted in the . 

testing machine in Figure 2. . 



The fixture is so designed that tolerances 0.f the loading pin 

, defPections. under the. pin are and the machin'ed hole. Once 

the deflections being pre- i contact is established along 

dominately measured. Deforma- the pin-laminate interface, 

tions attributable to stress ' the P-6 curve enters a linear 

acting in the material away : elastic reglon, 11, charac- 

from t'he hole are assumed terized by a slope P/6. In 

negligible. Load was applied region 111, the laminate has 

at a cross-head rate of 0.,02 begun to yie1.d and picks up 

fn./min. All of, the samples some additional load with in- 

examined were characterized by creasing deflection until the 

classical bearlng failures with ultimate load, PU, is reached. 

the top layers on each surface ' Yield is defined in this study 

delaminatiqg, splitting and as the first deviation from 

being pushed outward .. No . linearity in region 11. 

shearout or net sectio'n *ten- 

sile failures were observed 
After the ultimate load is 

reached, the material under 
until considerable bearing the pin beeins to crush-up; 
deformations had occurred. The this is accompanied by large 
appearance of a typical failure 

surface is shown in Figure .3. 

- 
deflections and no additional 

l oad  bu. l l .d l~p  ( r e g i o n  ' I ' V )  . The 

111. RESULTS AND DISCUSSION ' compression of the composite 

The .composite bearing load- 

deflection (P-6) response was ~ 

'similar. 'for all the conditions ' 

examined. This behavior may 

be broken down into five dis- 

tinct regions as represented 

schematically in Figure 4.. As 
@ 

the pin seats into the hole, 

the initial portion of the 

in region IV is not accompanied 

by filament breakage but rather 

by debonding and splitting 

parallel to the fklaments. 

Eventually, the filaments are 

compacied to the pdint where 

they begin to carry increased 

loads and the curve enters 

region V. The'deflection at 

, curve, labeled I in Figure 4, this point is generally 0.150- 

is nonlinear. The extent of 0.200 in. The typical appear- 

region I is determined by the ance at this point is shown in 



~ i ~ u r k . 3 .  Once the laminate 

P-6 curve has entered region V, 
further application of load 

eventually ,results in either 
i 

pin fallure or net section ten- 

sile failure of the laminate , 

across the hole. 

It should be noted that,, 

before . a curve . of the type 

seen in Figure 4 can be 

obtained, the clevis must be 

wide enough to permit lateral 

deformation of the &omPosite. 

A constrained bearing load- 

' .def le,ction curve' wiil exhibit 

region I11 behavior until fail- 

ure of the pin, or until ten- 

sile failure or cracking of the 

. laminate 'takes 'place. Such a 

situation is probably charac- 

teristic of a bolt-washer 

joint with a degree of torque - 
on the bolt. Stockdale and 

 att thews ( 8, have demonstrated 

. that ultimate bearing loads are 

increased 40 to 100 percent.in 

glass-reinforced laminates by 

such application of clamping 

pressure. 

The ultimate bearing stress, 

defined as the ultimate load 

divided' by the projected area, 

i.e., P /td,(d = pin diameter, u 
t = laminate th.l.ckness) vs 

laminate thickness for the 

quasi-isotropic stacking 

sequence laminates is given 

in Figure 5. The data indi- 

cate that a plane stress-plane 

strain transition takes place 

at a laminate thickness of 

about 0.200 in. In laminates 

less than 0.200 in. thickness, 

the outer plies are unable to 

constrain the inner plies and 

all the layers peel back under 

the psn force. The ultimate 

strength for the plane stress 

case is determined by the 

force necessary to deform the 

plies in such a manner. Once 

the inner plies are constrained 

at lam'inate thicknesses 

greater than 0.200 in., the 

ultimate strength is determined 

by the force necessary. to crush' 

the laminate and the strength . 

becomes independent of thick- 

ness. Such behavior .is not 

seen in Figure 5 for the 0.125 
in. diameter pin because of pin 

failures'in the .thicker lami- 

nates. If the pins had not 

failed, one would. also expect 

to see a similar transition 

wtth the 0.125 in. diamet'er 

pins. Micrographs of the 

0.150 in. and 0.300 in. lami- 

nates after being loaded to 



their ultimate bearing strengths 

are shown in Figure 6.. The 

effect of constraint on failure - 

mode is seen by the increased 

evidence of filament buckling 

by the center plies of the 

0.300 in. laminate (Figure 6b). 

The pin bearing yield strength 

vs thickness behavior for the 

same material is given in 

Figure 7. As would be expected, 

pin bearing yield strength, 

which is related to the yield 

properties of the constituent 
materials, is independent of 

thickness. The large amount of 

scatter seen in Figure 7 for 
the 0.125 in. pin is due to the 

difficulty in reading the P-6 

curves for those samples and 

the sensitivity of yield stress 

to load for such a srr~all area. 

The relative position of the 

curves in Figures 5 and 7 in 
terms of pin diameter indicate 

that an increasing stress 

concentration effect is occur- 

ring with increasing pin 

diameter. A slrnilar effect hao 

been noted by Waddoups, 

Eisenmann and Kaminski ( 9 )  for 

the tensile strength of lami- 

nated composites containing 

a circular hole. The appear- 

ance of the failed surfaces in 

this study and the work of 

Althof and .Mueller, ( 7 )  make it 
unlikely that the.stress con- 

f 
centration seen is due to edge 

$ 

effects. Rather, in the manner 

presented by Whitney, (lo) t h e  

concentration effect may be due: 

to the larger volume of ma- 

terial exposed to a high stress 

with the larger pins and the 

concurrent higher probability 

of. having a large flaw in the 

highly stressed region. 

The 'warp-aligned laminate, 

[0/90], exhibited P-8 curves 

similar to the curve shown in 

Figure 4 for the quasi-isotropic 

laminates- In the warp dbrsc- 

tion, oO, an average yield ' 

stress o f  10.1 ksi and ulti- 

mate stress of 25.2 k s i  were 

determined. For the 45' 
specimens, these values were 

14.1 and 25.1 ksi respectively. 

These results compare to yield 

and ultimate values for the 

comparable quasi-isotropic 

la~nlnate-hole size combination 

of. 16.7 and 27.3 ksi. On the 

surface, one might expect that 

the yield strength of the 

quasi-isotropic plate be an 

average of 'the [O/g0] and 

[f 451 laminates. That the 

quasi-isotropic material is 



. . 

stronger than its components 

suggests a sy.nergis.tic mecha- 

nism which utilizes the posi- 

tive features of both $the 

12 451 and [0/90] laminates. 

A clue to such . . a mechanism, 

which re.flects relative fiber 

loading efficiencies, is seen 

in the slopes of the stress- 

deflection curves . , of the three 

laminates. . . . .  . 

The [?45] layup is the most 

sttff at 7.4 x106 iblin., 
followed by the qua'si-iso.tropic 

6 
at 6;0 x 10 . lb/in. 'and the 

[0/96] at 3.8 x ;06 lb/in. The ' 

roughly double slope of the 

[f 451 compared to the [0/90] , . 

indicates that, toto, the. 

filaments in the [?45] are - 
loaded nearly as efficiently 

resin., which resists the fila- 

ments from being spread apart 

in a sissors-like fashion. As 

.such, a micrograph of the bear- 

ing failure surface of a [?45] 

.laminate is for the most part 

nondescript as seen in Figure 

9. When the two different ply 

sequences are combined to fbrm 

a quasi-isotropic laminate, the 

filaments 'at 45' share the load 

, with the 0' filaments, thereby 

reducing the stress on the 0' 

filaments and, consequently, 

suppressing the buckling mode. 

The reduced amount of buckling 

in the quasi-isotropic lami- 

nate compared to the ~'direc- 

tion of the [0/90] layup may be 

seen by comparing Figures 6a 

and 8. While, the 0' filaments 

are prevented from buckling, 
as only the axial filaments in the 90' filaments. suppress the 
the [0/90]. In the [0/90] lay- resin yield mode seen in the 
up, the axial fiiaments pick up [f 451 laminate by sustaining 
the majority'of 'the load in transverse loads. The result. 
compression ,and buckle at a is that the material- yield 
low value of bearing stress. 

. . strength is raised in the 
Once initiated, the buckling: 

mode predominates to large 

deflections as seen in Figure 

8. The filaments in the [f 451 

quasi-isotropic 1aminat.e by 

delaying the normal yield 

modes of the [0/90] and [ti51 

laminates. 
laminate do n ~ t  see direct com- 

pressive loads.'. Yield in such Even with the 60 percent in- 

a geometry is controlled by the crease in yield strength 



. exhibited by the quasi-iso- 

tropic stacking--sequence, : the 
bearing yield and ultimate ' 
strengths of Kevlar fabric 

laminates are much lower than 

seen in other high performance 

composites such as boron and 

graphite. Because of the 

low bearing strength, destgn 

with bolted or pinned joints 

in highly loaded Kevlar-re- 

inforced composite structures 

- should incorporate local joint 

reinforcements such as bush- 

ings. 'A lightweight alterna- 
tive to bushings which consists 

of local ply reinforcement with 

boron film has been demon- 

strated by Padawer. (11) : These 

methods should circumvent the 

bearing problem while retaining 

' the desirable properties of 

Kevlar-reinforced laminates. 

IV. CONCLUSIONS 
The results of this experimen- 

, . 
tal study on the bearing . .- re- 

sponse of Kevlar 181 fabric/ 

epoxy laminates lead,to the 

following conclusions: 

(1) ' Bearing yield in these 

materials.occurs sub- 

stantially below the 

ultimate bearing strength. 

( 2 )  The yield strength in 

bearing is very sensitive 

to ply stacking sequence, 

: with the quasi-isotropic 

configuration [o/go/r45] 

'exhibiting the highest 

strength of those tested. 

( 3 )  Ultimate bearing strength 

is not sensitive to . 

stacking 3equence , but 
does exhibit a plane 

stress-plane strain tran- 

i sition at a lamjnate 
thickness of approximately 

0.200 in. 

(4) Both ultimate and yield 

strengths in bearing 

exhibit an increasing 

stress concentration 

, effect with increasing 

p,in diameter. It is 
; believed'that this gheno- 

menon is due to the sta- 

tistical strength behav'ior 

of composite mqtesials. 

( 5 )  Bearing strengths of these 

materials are substantial- 

ly below &those reported 

for other high performance 
composites. For this 

reason, it is recommended 

that local reinforcement 

be 1ilc'oi"porated into the 

joint area when designing 
. .. 
with. ~evlar-reinforced 

, . 
compo'site materials. 
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Figure 1. Fixturing for  pin bearing t e s t  - (1-r ) 
cbmposite t e s t  specimen, sleeve edensometer 

mount, hardened s t e e l  clevis. 



Figure 2. Assembled pin bearing test  setup. 



Figure 3. aurrnce appearance of bearing fatlure 
in quasi-isotropic Kevlar 181 fabric/epoxy laminate 

loaded wtth a 0.250 in. pin. 



DEFLECTION 9 d 

Figure 4. Schematic pin  bearing load-deflection curve f o r  Kevlai' 
49 f abric/epoxy laminate. 
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Figure 6. Micrographs of bearing fa i lure  surfaces i n  0/90/+45 Kevlar 181 
fabric/epoxy laminates. (a) 0.150 in. ,  (b) 0.300 in.  ( 1 0 ~ ) .  Constraint of 

the inner p l ies  i n  the thicker laminate i s  evidenced by increased 
buckling of the inner p l ies  i n  6b. 
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Figure 7. Pin bearing yield strength of 
quasi-isotropic Kevlar 49 fabri c/epow as 
a function of 1amina;te thickness and pjn 

(sample width = 1.5 in.). 



Figure 8. Microgra h of bearing 
fa i lure  surface i n  fO/90] Kevlar 
181 fabriclepoxy laminate loaded 
a t  0' showing buckling mode of o0 
filaments. ( 1 0 ~ )  

Figure 9. Bearing f a i lu re  sur- 
face micrograph of 451Kevlar 
181 fabric/epoxy laminate. ( 1 0 ~ )  
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