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SECTION I

I NTRODUCTI ON

Among the major advantages of laminated composite

structures over conventional metal structures are their

comparatively high strength to weight and stiffness to

weight ratios. As a result, fiber reinforced composite

materials have been gaining wide application in aircraft and

spacecraft construction. These applications require joining

composites either to composites or to metals. Most

commonly, joints are formed by using mechanical fasteners.

Therefore, suitable methods must be found to determine the

failure strengths and failure modes of mechanically-fastened

joints. A knowledge of the failure strength and failure

modes would help in selecting the appropriate size joint in

a given application.

Owing to the significance of the problem, several

investigators have developed analytical procedures for

calculating the strength of bolted joints in composite

: materials. Among the recent studies are those of Waszczak

and Cruse (Reference 1), Oplinger and Gandhi (References 2 & 3), Agarwal

(Reference 4), Soni (Reference 5), Garbo and Oyonowski (Reference 6).

York, Wilson. and Pipes (References 7 & 8),and Collings (9). The

results of these investiqations apply only to joints containing a

single hole, and, with the exception of Agarwal's method, none of the

previous methods can predict the mode of failure. Furthermore, as will be

discussed in Section VIII, the previous methods provide conservative

results and underestiiate the failure strength, often by as much as 50

percent.
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The first objective of the investigation was,

therefore, to develop a method which a) can be used to

estimate both the failure strength and the failure mode of

pin-loaded holes in composites, b) applies to laminates

containing either one pin-loaded hole or two pin-loaded

holes in parallel, or two pin-loaded holes in series, c)

provide results with better accuracy than the existing

analytical methods and, d) can be used in the design of

mechanically-fastened composite joints. The second

objective was to develop a "user friendly" computer code

which can be used to predict the failure strength and

failure mode of loaded holes (joincs) involving laminates

with different ply orientations, different material

properties, and different configurations-- including

different hole sizes, hole positions, and joint thicknesses.

The third objective was to generate data which can be used

to assess the accuracies of analytical methods,

The analytical model and the corresponding numerical
method of solution are presented in Sectiohs II-VI. The

experimental apparatus and procedures are given in Section

VZX. The data, and comparisons between the analytical and

experimental results are presented in Section V!Zi. "he use

of the model in the design of joints is described in Section

'IX.

a • iJ
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SECTION II

PROBLEM STATEMENT

Consider a plate (length L, width W, thickness H) made

of N fiber reinforced unidirectional plies. The ply

orientation is arbitrary, but must be symmetric with respect

to the x 3 -0 plane (symmetric laminate). Perfect bonding

between each ply is assumed.

Three types of problems are being analyzed (Figure 1):

a) A single hole of diameter D is located along the

centerline of the plate; b) Two holes of diameter D are

located at equal distances from the centerline of the plate

(two holes in parallel); c) Two holes of diameter D are

located along the centerline of the plate (two holes in

series). A rigid pin, supported outside of the plate, is

inserted into each hole.

A unito'm tensile load P is applied to the lower edge of

the plate and a uniform tensile load P, (referred to as the

"by-pass' load) is applied to the upper edge. These loads

are parallel to the plate (in-plane loading) and are

symmetric with respoct to the centerline. Hence, the loads

cannot create bending moments about either the x•, XV or I3

axes. Moreover., !or symmetric i.miates, in-plane loading

and bending e!!ects are uncoupled. Transverse forces.

(i.e.. forces in the x, direction) are not applied. and

transverse displacement o! the la.inate .s not taken into

account. For exhaople, a washe, on each aide o! the

-7 W17-
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laminate, supported by a lightly-tightened ("finger-tight*)

bolt in the hole, would ensure that there is no transverse

displacement, and that the condition of two dimensionality

is satisfied 110).

It is desired to find

1) the maximum (failure) load (P) that can be applied

before the joint fails, and

2) the mode of failure.

Point 2 refers to the fact that, according to

experimental evidence, mechanically-fastened joints under

tensile loads generally fail in three basic modes, referred

to as tension mode, shear-out mode, and bearing mode. The

type of damage resulting from each of these modes is

illustrated in Figure 2. The objective, listed in point 2

"above, is to determine which of these modes will most be

responsible for the failure.

The calculation proceeds in three steps. For a given

geometry and load •

1) the stress and strain distributions around the hole are
calculated,

2) the maximum (failure) load is predicted,

3) the mode of failure is determined.

The details of these steps are presented in Sections IIN and
IV.

ii

e- •
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4 TENSION SHEAROUT BEARING

Figure I. Illustration of the Three Basic railure Modes
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SECTION III

STRESS ANALYSIS

The calculation of Stresses raises the issue of whether

a two or three dimensional stress analysis is required. If

tests were to show that the stacking sequence did not affect

the failure strength and the failure mode, then a two

dimensional stress analysis would suffice. Existing

experimental evidence indicates that the stacking sequence

is important only when a) the laminate is narrow (and edge

effects are not negligible [11]). or b) the laminate is

unrestrained laterally (12]. However, even when the

stacking sequence affects the results, it seems to affect

the failure strength by only 10 percent to 20 percent

[11-15]. Furthermore, the failure strength and the failure

mode seem unaffected by the stacking sequence when there is

a slight lateral constraint on the laminate, such as

provided by lightly tightened (finger-tight) bolts

i i (c,0.6.,7].

For these reasons, a two dimensional stress analysis was

chosen for the present work. As will be demonst:ated in

Section ViIl. this analysis provides a useful estimate of

the failure strength and the failure =We of loaded holes.

in addition to beiag reasonably accurate, the two

dimensional analysis adopted here also provides a simple and

inexpensive means for calculating failure strengtht and

failure modes. making it an attractive design aid.

/
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3.1) Governing Equations

The stresses in the laminate are calculated on the bases

of theory of anisotropic elasticity and classical-lamination

plate theory. Accordingly, in the analysis, planes are

taken to remain planes, the strain across the thickness ;s

taken to be constant ([ij'f(xlx2)], and only plane stresses

are considered (c13ao23=033a0). Under these conditions, in

the absence of body forces, the condition of force

equilibriui can be expressed as E18]

(1)

Bo2 1/ax 1*ao 22 /0-x 2  0

In index notation eq. (t) becomes

c 0 (2)

oij is the stress component in the plane nor-=! to the

"x ax is and is in the xj direction. The subscripts i anid j

may have the values of I or 2. Now consider an elastic

laminate o! volume V0 containing a single pin-loaded hole or

two pin-loaded holes, as shown in Figure 3. Loads are

applied over the surface area AL. The displacements along

the surface area a are restricted in a stnner described

st-t'sequently. The surface area is tree of applied

stress.

* *i
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The total surface area is

A- AL AR +AF(3

Let us denote by Zi any arbitrary displacement inside

the body. *~is a test function. The only requirement is

that u.be continuous and differentiable. In addition,

along the A R surface, the components of 5i normal to the

surface must be zero. By multiplying eq.(2) by 5.and by

taking the volume integral of the resulting expression, we

obtaiin

ifff 0 
03ij,j Ui~ :

By employing tý'e identity

~ 5.*(O. *j o* (5)

'I and by utilizing Gauss' theorem, eq. (4) may be- written as

nj01 dA O- o dVu 0

where n. is the unit vector normal to the srface. By

utilihzing tiq.(3). eq.(6) can be express.eda

o nudA * (i o.ijai, d.CA oj *Up.j dA

* Iff~ o uij(7)

Hi ijU~



On the free surface AF the stresses are zero. This

condition gives

HAF aij nj U1 d " 0 (8)

The forces per unit area (called surface traction) at each

point of the surface area AL are (182

T.- a.. n. (9)
i1)

Equations (7)-(9) yield

ffLT ii dA M ffAR oijnidA fjfv oijij dV (10)

The stress is related to the displacement through the stress

-strain relationship, which for an elastic body is [183

°ij " -ijkl Ckl •

The subscripts k and I may take on the values of I or 2. in

order to 7educe the analysis from three dimensiont to tvo

dimensions, the reduced modulus 9 is introduced

I a j(hP/i4) OP12

t here hP is the thickness of the p-th ply, and 011P is the

transformed reduced stiffn•ss matriu for the P-th ply [193

.-
- .a..'-'a'.$r-~Pe*. - ~-;, - ';A ':. W

L _ _ _ _ _ _ _ _~- -
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(Appendix A). The subscripts i,j,k, and 1 are related to m

and n as follows

i-j-1 M r-1 k=l-1 n-1

i-j-2 - m-2 k-1=2 nw2

i#j - m-3 kol n=3 (13)

Note that this reduced modulus is a constant and is

independent of the thickness of the laminate. The strains

are related to the displacements ul by the expression

ckl - (1/2)( auk/axl + aul/axk ) (14)

By combining eqs (10)-(14) we obtain

fIfV EijklUijuk,1 dV .ffA Ti.i dA fAR oijnjuidA (15)

Since the problem is treated as two dimensional, the

"displacements and, consequently the strains are constant

I: across the laminate. Hence the stresses, as defined by

I eq.(11), are also constant across the laminate. However,

the on axis stresses in each ply vary froi ply-to-ply, and

are given by

op

Po' (TIE.lT 62 (16)

aPXy Y12

.. 7
77" ---
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where the subscripts x and y represent the directions

parallel and normal to the fibers, respectively. The matrix

[TI is the coordinate transformation matrix given in

Appendix B.

3.2), Boundary Conditions; Single Hole and Two Holes in

Parallel

For problems involving a single hole and two holes in

parallel, it is assumed that a portion of the surface of

each hole is subjected to a surface traction Ti (Figure 4).

The parameter T. is related to the applied load. The
i

spatial distribution of Ti* depends on the magnitude of the

applied load, on the material properties, and on the

geometry in a complex manner. It is extremely difficult to

I: determine the exact distribution of Ti* inside the hole

[20-22]. To overcome this difficulty, a cosine normal load

distribution was assumed. With this approximation, a force

balance in the x2direction gives

'T 2

Pu P2 + H f (D/2)T cos 2 e do (17)

where T2 is the normal stress at the hole surface at e90.

At any arbitrary angle 6 (-v/25 eOw/2), the stress normal to

the surface is

T Tx ni cose (18)

................-x-.~-
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Eq(17) and (18) give

-4 C((P-P2 )/7DH) ni cose (19)

where P2 is the by-pass load which is a fraction f of the

total load P

aP fP (20)

The values of either P and P2 or P and f must be specified.

Thus, the surface traction on ALl can be written as

Ti -C (P(1-f)/7DH)ni cose (21)

The surface traction on AL2 is

T (P2/HW) ni = (fP/HW) ni (22)

For a single hole C is equal to 1 and, for two holes in

parallel it is equal to 1/2. The angle 9 varies from -w/2

to w/2 in each hole. The angle 6 is in the Xl-X2 plane,

and is measured clockwise from the x2 axis (Figurel). For

isotropic materials, the cosine normal load distribution

(eq.21) was found to represent closely the actual load

distribution [23]. Calculations performed by previous

investigators also showed that, for composite materials, the

stress distribution inside the body is insensitive to the

K'

',.'- . .":• .. . . "" . .. .... ... . . .. .. • ' " ., • - ' I, ] -•? - 2
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assumed load distribution [1, 6, 24). Therefore, eq. (2t)

should suffice for the purpose of the present analysis,

which is to determine the overall strength of the joint.

Equations(10),(20),(21) and (22) give

H fV0 Eijkl i,juk,, dV - IfALi -C(4p(1-f)/vDH)ni icose dA

ffA (fp/HW) ni dA + .fARij nj Ui dA (23)
L2 A R f * .u A(3

We recall that ui are function! that can be selected

arbi'rarily. The unknowns in eq.(23) are the displacements

uk. once uk are known, the stresses at every point can be

calculated from eqs (14) and (16).

Solutions to eq.(23) must be obtained subject to the

following constraints: a) Along the symmetry axis and along

the lower edge, displacements are allowed only in the

direction tangential to the surface. These tangentiatl

displacements may occur freely without any restraints. b)

The intersection of the symmetry axis and the lower odge

must not move (i.e., the intersection is rigidly fixed).

The integral (eq. 23) over the A surface now applies to

the surfaces along the symmetry axis and along the lower

edge (Figure 4). On these surfaces, the normal component of

the displacement and the tangential component of the surface

traction are zero. Accordingly, we have

If oijnjidA - 0 (24)
K:
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Equation (23) can now be simplified, and becomes

ffmvo Eijkl i juk l dV -fAL - C(4P(1-f)/vfX)ni icose dA

SffA (fP/HW)ni.i dA (25)
L2

*, The method of solution of eq.(25) is describ-od in

Section 3.4.

3.3) Boundary Condition; Two Holes in Series

For the problems of two holes in series, the fractions of

the load carried by each pin ace unknown. To analyze the

the problem, it is assumed that a uniform load distribution

is applied along the lower edge of the plate. and it is

further assumed that a rigid pin is inside each hole. The

assumption of the rigid pins implies that the normal

displacements are :ero along the contact surface (Figure 4).

The extent of the contact surfaces are as yet unknown and

need to be determined.

*,The uniform load distribution on the kt. surface is

, Ti -(PAWi) n i (26)

where H and WI are the thickness and the width of the plate,

respectively (t'igure o1.

79!
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Equations (15), (22), (26) give

ffEijklUi,juk,ldV ffAL1 (P/HW)niuidA AL2 (fP/HW)niuidA

' 27)

As before, Zi can be selected arbitrarily, but must

satisfy the displacement boundary conditions. Hence, the

unknowns in eq.(27) are the displacements uk. The solution

to eq.(27) must be obtained with the displacement uk subject

to the following constraints:

a) Along the symmetry axis, displacements are allowed only

in the direction tangential to the surface (i.e., in the

x direction). This tangential displacement may occur

freely.

b) The contacts between the rigid pins and the surfaces of

the holes are assumed to be frictionless and are assumed

to take place through arcs bounded by the angles %U and

OL (Pigure 4). Along the arcs the surface displacements

can take place only in the direction tangential to the

surface. Because of the assumption of frictionless

contact, this displacement may occur freely.

c) The radial displacements at the intersections of the

symetry axis and the upper edge of each hole are zero

(i.e., these intersections are rigidly fixed ). This

corresponds to the rigid supporting pins being fixed in

space.

I .
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The integral over the AR area now applies to the

symmetry axis and to contact surfaces. We express AR as

the sum of two surfaces

AR= ARS +A~c (28)

ARS is the surface area along the symmetry axis and ARC is

the total contact surface inside the upper and lower holes.

Along the symmetry axis, the normal component of the

displacement and the tangential component of surface

traction are zero. Accordingly, we have

ffARsOijnj~ioA - 0 (29)

Equation (27) gives

fv 0oEijkli,juk,ldV ffALi -(P/HW)nL5idA *

MA (fp/HWlni~idA + A ff .ijnj~idA (30)
L2 R

Solution to eq.(30) require that the contact area ARC (i.e.,

the contact angles 6 and eL , Figure 4) be known. However,

i the contact angles eu and 8L are as yet unknown; therefore,

these angles must be determined beor soluin for Uk Can

: .1 be obtained. Procedures for calculating 0 and 0L are

described in Section 3.4. Note that the procedure was also

performed for 4 single hole. Little difference was found

between the predicted failure load and the one predicted

using the stress boundary condition.

1147. . ... . .. .. .. ..
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3.4) Finite Element Analysis

Solutions to eq.(25) and (30) were obtained by a finite

element method. As a first step in the solution procedure,

the volume V0 is subdivided into M subdomains of volume vg

M
V0  g•jVg (31)

Eqs.(25) and (30) may now be written as

M ModVV• T dA"
USSV EijklUi jUkl dV IA i ui dA

9:1 g g=1 LgIM M
STi u A oija *njýi dA (32)g AL- i i ÷ cg i

Ti and T i are the surface tractions given by eqs.(21) and

(22) for a single hole and two holes in parallel, and by

eqs. (22) and (26) for two holes in series. ALg is the

*• surface of an element where the surface traction is applied.

At any surface where load is not applied, ALgIS zero. Aeg

is the surface of an element along the contact surfaces.

For problems involving a single hole and two holes in

parallel the summation over ALg is zero.

ij Advantage is now taken of the assumption that the

strains (C1,c2, and c2), the reduced modulus Emn. and the

stress (eq. 11) are independent of the thickness. Thus, the

three dimensional grid, consisting of 1 volume elements, may

be
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replaced by a two dimensional grid consisting of M surface

elements of area s (Figures 5-7)

M
s IS (33)

Equation (32) thus becomes

SM M
"ffs Eij U-i,jUkl ds -* r- T iUi dP

.,.g ~ f 9 M :1 L ,g l
T gi •g 1

r T idA Ur ,jnju d(34)
9:1 Lg2 g91 cg

Where rL9  and rLg2 are segments of a line which coincide

with tshe boundary of an eleatent g where the load is applied

(Figure 5-7). rcg denotes the boundary of an element along

the contact regions bounded by eU and 0, (Figure 7).

Isoparametric 4-node elements were used in the

investigation. The mesh was generated using a mesh

generator. This mesh generator was designed to

automatically generate grid si:es around the hole (or holes)

in a mannet which ensures accurate resolution of the

stresses in the vicinity of the holes (Appendix C). S=aller

grids were used around the holes to obtain a better

resolution of the stresses. Utilizing the sym0etry about

the x axis. grids were placed on one half of the laminate.

as illustrated in Figures 5-'. Grids cunsisting of 306, 612

. I and 655 elements were used for probloms involving a single
hole, two holes in parallel, and two holes in series,

I, f resp~ectively.

A '. 41.I

S* "• : ". j " .1 , " ."M- • , --..-- - ,.-. ,: "- .. • -: ;: ., _ . . .,,.
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3.4.1 Method of Solution; Single Hole and Two Holes in

Parallel

For problems involving a single hole and two holes in

* parallel, the displacements in each element can be expressed

in terms of the displacements of the four nodal points [25,

261
i ~ui" Na qia

U i -N "i (35)

The subscript a designates the nodal points (a -1,2,3, or

4). N is the shape funct'ion described in detail in
!a

Appendix D. qi, is the displacement at the nodal point a in

the i direction.

We define a stiffness matrix for the q-th element as

• •g~isk• ffsg EijklI,: a s 1j

9

,1K9  is an eight by eight matrix. The subscript a may

take on the values 1, 2, 3, and 4. The i.odal displacements

and are independent of the surface ond line

Accordingly, eqs(34), (35). and 436) yield

* - [ B -C(4?P/t )nj Ntcose dr

.4J (fPAiW) N at 8r) (37 ý

- - 7-.73 -1"
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The nodal displacements qi, are arbitrary functions and

hence eq. (37) can be written

K~j q (38)

where the global stiffness matrix R. and the load vector
ika

F. are given by18
M

ik (39)

M
,Fi Z( fr -g(4P/vDH)ni N cos6 dr

g=i Lgj

+ fr 9 2(fP/HW)niN dr (40)

The elements of i and the components of the vector Fi

are known; hence, q, can be obtained from eq. (38), using

the Gaussian elimination method [27]. Once qk are known,

the displacements ui are calculated from eq. (35).

3.4.2 Method of Solution; Two Holes in Series

For problems involving two holes in series, a local

F' ,coordinate system is employed along the contact surfaces.

The coordinates of thitr system'tx/ and x') are everywhere

normal and tangential to the contact surfaces as illustrated

in Figure 8.

' /

- •.
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SFigure 8. Illustration of the Local coordinate System X"
and x, along the contact Surfaces
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In this coordinate system the component of ui, i and

aij are denoted by the symbols, ul, ui, and oij,

respectively. These parameters in the local coordinate

system are related to the parameters in the fixed x1, x

coordinate system by the expressions

= Aim UM

1 im M0. *fl= Ai a'flm(1
oijnj Aim mknk (41)

I The above transformations (eq.40) are only used for the

"elements adjacent to the contact surfaces. For all other

* elements these transformations are not employed, and we have

I - ,Ui = Ui

ojnj - oijnj (42)i1).J

Therefore, for elements adjacent to the contact surface, the

matrix [A] is:

Cosa sinf 1
1 [A] [43)n coso I

l C s

i is the angle measured clockwise from the xi axis to the x

axis [26] (Figure 8). For any other elements which are not

* I

-| k. ,' . -
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adjacent to the contact surfaces, the matrix (A) is

1F 0

[A] (44)S0 1

Substitution of eqs(41) and (42) into eq.(34) gives

M M ,_n
IffS AimEijklAknUmjUn ldS ;Ur (-P/HW)AiminrlmUn dr

gzl M g= Lg 1M ~' M
Ur (fP/Hw)Ai A n' u dr + 1rAi A a n undA (45)

im in m n +Ir i in mrrn
gzI Lg2 g=1 cg

On the contact surfaces, the normal component of the

displacements and the tangential component of the stress are

zero (in the new coordinate system x' and x'). Accordingly,

the line integral along the contact surfaces is zero. With

this simplicification, eq.(451 becomes

M g -, / ds -
gfsi kimkkn'ijklum,jUnI

UrJ" -(P/HW)Ai Ainnmundi'*Zfi' (fp/HW)A.mAinnun dm (46)
g:1 Lg I g=1 g'&

The displacements at the nodal point a ar•e now designated by

the symbol q!. With this notation, the displacements in

each elemenL become

5!~j

ii

::".'i + " " ':'" ,, " " "
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r /

ui N1i Qi

Ui N a q io (47)

N a is the shape function given in Appendix D. The

calculation now proceeds along the line developed previously

for problems involving either a single hole or two holes in

parallel (Section 3.4.1). The stiffness matrix of the g-th

"element is defined as

Kg f A ds (48)mono "f 9f~ Aim kn ijkl MiNO'j

As before, the nodal displacements qi, are independent of

the surface and line integrations. Thus eqs(48)-(4!9) yield

t Kg9~n• n * " -(P/HW)A. A. n'N dr
mono no Lglqm( im in ~n8 d

1r (P2 /HW)Al A n#N dr (49)

Lg2 ~ in

The nodal displacements are arbitrary functions. Thus

eq.(49) can be written as

A •mna no too (SO)

Uhere and t are gien by

flno K9 mono(51)
U-t

/

a i

--. ,,. i. -• • • • - • ,
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M

"m8 J..(frLg- (P/HW)AimAinnn N dr

+ frLg2 (fP/HW) Aim Ain n N Bdr) (52)

The elements of Km8 n and the components of the vector Fma

are known, provided that the components of the matrix (A] in

eq.(50), are known. Hence, eq(50) can be solved, once the

contact angles have been determined. This can be

accomplished as follows.

Values of U and 0L, e8 U and 0a are assumed such that

8aU and 6aL are greater than n/2. The displacements ui are

then calculated from eqs (41), (42) and (47). Using

eqs(I1), (14), (41) and (42), the normal stresses along the

contact surfaces bounded by the arcs 08aU and OaL are then

calculated. For contact angles greater than the actual

contact angles compressive stresses become tensile (stress

reserval), as illustrated in Figure 9. The angles 9a andU
aL re then decreased slightly (by one grid length, say),

and the stresses are calculated again. This procedure is

repeated until no reversal in sign of the normal stressesI
occurs along the arcs, 0 to 8 and 0 to 8L (I.e., both

contact surfaces are in compression) . These values, and

S.L' are taken to be the contact angles. As an illustration.

values of the contact angles were calculated for Fiberite

T300/1034-C composites with different width ratios. The

variation in the contact angles with the width ratios are

given in Figure 10.
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SECTION IV

PREDICTION OF FAILURE

In order to determine the load at which a joint fails

(failure load) and the mode of failure, the conditions for

failure must be established. In this investigation, the

joint is taken to have Zailed when certain combined stresses

have exceeded a prescribed limit in any of the plies along

a chosen curve(denoted as the characteristic curve). The

combined stress limit is evaluated using the failure

criterion proposed by Yamada-Sun (28].

4.1) Failure Criterion

Numerous criteria for failure have been proposed in the

past (29, 30-33]. Although the concepts underlying the

different failure criteria may be different, the results of

the various criteria are generally quite similar. in this

investigation, the Yamada-Sun failure criterion was adopted

(28]. This criterion is based on the assumption that just

prior to failure of the laminate ,every ply has failed due

to cracks along the fibers. This criterion states that

failure occurs when the following condition is met in any

one of the plies

) (oXy/S) 2 - e2  ,e no failure (53)

.e fi failure

./

":• • 'O'-' -" 14 "" ' -
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As indicated in eq. (53) failure occurs when e is equal to

or greater than unity. In the above equation, ax and Xy

are the longitudinal and shear stresses in a ply,

respectively (x and y being the coordinates parallel and

/ normal to the fibers in the ply). S is the rail shear

strength of a symmetric, cross ply laminate [O/O/s, X is

either the* longitudinal tensile strength or the longitu$ nal

compressive strength of a single pay. The tensile strength

(X-Xt) is used when the stress ox is in tension (o,>O). The

compressive strtngth (X-Zc) is used when o is compressive

(ox <0).

4.2) Failure Hypothesis-Chara.cteristic Curve

The hypothesis is proposed he%-e that tailure occurs

when, in any one oif tsite plies, the --ombined stresses satisfy

an appropr ate y-chosen failL,-e criteri•'n at any point on a

characteristic curve. The cho cteor-stic -urve !'Figure 11)

is specified by the expression

r(8) D/2 R (RC. -R cos5

The angle m, easured clurckvise tro the a -X2 aXA.sk WAY

;.:ange in value frz -r/2 to 1/2. a and P are refer.-od to

as the characteristic inths tor tension and coopression.

A 1- -

Kl 11'.
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These parameters must be determined experimentally.

The concept of the characteristic length in tension Rt

was introduced by Whitney and Nuismer (34-37]. In recent

years, several investigators utilized this concept in

analyzing the strength of loaded holes. However, different

investigators used different definitions of Rt, and employed

different procedures for determiring the value of Rt. As

will be discussed in Sections VI and VII, the method

proposed here for determining Rt differs from that proposed

by previous investigators (7, 34, 35]. It is also noted

that the characteristic length in compression Rc has not yet

been employed ".n the strangth Rnalysis of loaded holes.

in this investigation, the characteristic curve is used

together with the Yamada-Sun failure criterion. Accordingly

(see e'q. 53), failure occurs when the parameter e is equal

to, or is greater than unity at any point on the

characteristic curve

No failure e < 1 at r r (55)

Failure e Z 1

It is emphasized that the above failure hypothesis is

used here in conjunction with the Yamada-Sun failure

criterion (eq. 53). However, the hypothesis is general and

is not restricted to the Yamada-Sun criterion. The

characteristic curve proposed here may be used with any

other failure criterion.

i '
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[ 4.3) Solution Procedure

Whether or not a joint fails under a given condition is

determined as follows. For a given load

a) The components of strains of 1,1' £22 and c12 are

calculated, using the method of solution described in

Section III.

b) The lcngitudinal and shear stresses in each ply are

calculated using eq.(16'.

c) The parameter e is calculated (eq.53) along the

characteristic curve.

1'd) If e equals or exceeds the value of unity (eal) in any

ply along the characteristic curve, the joint is taken

to have failed.

The procedure outlined above is used to predict whether

or not failure occurs under a given load. Due to the

assumption of a linear stress-strain relationship, the

calculated stresses are linearly proportional to the applied

"load P. This fact, together with Yamada-Suh Zailure

I criterion (eq.53) gives

This relationship is utilized to determine the maximum

load (P~x) which can be imposed on the joint. For a given

ma
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load P, values of e are calculated on the characteristic

curve, as discussed above (points a-d). Note that there are

two characteristic curves when there are two holes. The

highest value of e (eo) is then determined, and the maximm

load is calculated by the expression

Pmax P/e (57)

The calculation procedure described in the foregoing

also provides the location (angle Of) at which e first

reaches the value of unity (e-1) on the characteristic curve

(Figurel2). A knowledge of Of provides an estimate of the

mode of failure. When Of is small (0f=00), failure occurs
0by the bearing mode. When 0f=45 failure is due to

shearout; when 0 :900, failure is caused by tension.

In summary

-15 : 0I < IS5 bearing mode

30°O : S60, shearout mode (58)

A t int.aediate volues of at, failure may b* caused by a

combiPi~on oft thes* modes.

A
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SECTION V

NUMERICAL SOLUTION

A "user friendly" computer code (designated as BOLT) was

developed which is suitable for generating solutions to the

problem formulated in Sections III-IV. The required input

parameters and the output provided by the code are

summarized in Table 1. The input-output is illustrated by

the sample calculations included in Appendix E.

In order to assess the accuracy of the numerical method,

solutions were generated to problems for which analytical

solutions were available. Specifically, stress

distributions were calculated in isotropic plates containing

both unloaded (open) and loaded holes, and in orthotropic

plates containing unloaded holes.

An analytical solution for the stress distribution in an

infinite (w c• ) isotropic plate containing an unloaded hole

was given by Timoshenko [381. The stress distribution in

such a plate was also calculated by the present method. The

parameters used in the numerical calculations are given in

calculation to approximate an infinite plate. The results

of the present method and the analytical solution of

"Timoshenko are compared in Figure 13. There is excellent

agreement between the stresses calculated by the two

methods.

• 7 : 41
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Table 1. Input parameters required by the computer code and
the output provided by the code.

INPUT PARAMETERS

1) Material Properties

a) Longitudinal and transverse Young's moduli; EI and E2

b) Shear modulus, G12

c) Poisson's ratio, U12

d) Longitudinal tensile and compressive ply strength,
xt and XC.

e) Rail shear strength of a cross ply laminate

[0/901s 5 0

f) Characteristic lengths, Rt and Rc

2) Geometry

a) hole diameter, D

b) thickness, H

c) width, W

d) length, L

e) edge distance, E

f) distance between two holes, G (for two holes only)

3) Ply orientations

OUTPUT PARAMETERS

1) Failure load

2) failure mode

-/
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The stresses in isotropic plates containing loaded holes

were also calculated. Plates of infinite and finite width

were considered. Calculations were performed for the

parameters given in Figure 14.

As shown in Figure 14, the stresses calculated by the

present method are in excellent agreement with De Jong's

approximate solution [24].

The stress distribution in an orthotropic plate of

finite width containing an open (unloaded) hole was also

calculated. The calculations were performed for a plate

with the symmetric laminate lay up of [0/90] . An

analytical solution for this problem was provided previously

by Nuismer and Whitney (35], who modified Lekhnitskii's

earlier solution (39] for an infinite plate. The results

given in Figure 15 show excellent agreement between the

stresses calculated by the present method and by the

analytical solution.

The aforementioned comparisons indicate that the present

method predicts the stress distribution around loaded and

unloaded holes with high accuracy.

t1
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Figure 14. Stress 02 Along the x -axis in an Isotropic
Plate of Finite width Containing a Loaded Hole.
Comparison of the Present Results With the
Theoretical Results Given by De Jong [24).
Parameters Used in the Numerical Calculations%
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SECTION VI

EXPERIMENT

An experiment was performed to measure the mechanical

properties of composite laminates (with and without holes),

and the failure strengths and failure modes of mechanically-

fastened composite joints.

The apparatus and procedures used in the tests are

described in this section. A brief description of the

procedure used to fabricate the test specimens is also

given.

6.1) Measurement Procedure for the Laminate Shear Strength S

Rail shear tests were performed to measure the laminate

shear strength. Cross ply [0/901s laminates made of either

20 or 24 plies were used in the tests. Laminates with

different volume fractions v of 0 plies were tested. is

4 the number of zero degree plies divided by the total number

of plies.

Tbe specimens ranged fcom 8 in to 7.75 in in length and

2 in to 1.5 in in width. These specimen dimensions were

selected because it was demonstrated by previous

investigators that for such specimens, edge effects are

negligible (40,41]. The configurations of the rail-shear

specimens are shown in Appendix E.

47Al
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'LOAD TEST
SPECI MEN

1/" /1"Do.3/16"I Dia.

+ ~~Holes --

1" (8 Holes
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8"+t Steel Plates--

+ +

++

+ +

-,y

t LOAD

Figure 16. Schematic if Rail Shear Test Fixture.
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Light 3/16 in diameter holes were drilled along two

sides of the specimens, as illustrated in Figure 16. The

specimens were placed between a rail-shear fixture. The

geometry and dimension of this fixture are given in Figure

16. The specimen was fastened to the rail-shear fixture by

16 bolts. The bolts were tightened to at least 80 ft-lbf

torque.

The shear tests were performed by placing the rail-shear

fixture into a mechanical testing machine and by applying a

compressive load. The ultimate failure load of the laminate

was recorded.

6.2) Measurement Procedure for the Characteristic

Length R

The characteristic length R "as measured using
t

rectangular specimens with an open hole in the center of the

specimen. Tests were performed with specimens having

different ply orientations. differen- hole si:es, and

different dimensions (Appendix F). During each test. the

specimen was subjected to a tensile load and the ultimate

load was recorded. in addition, (after failure) the

specimens were inspected visually to establish the uode of

failure. "

*1 from the measured tensile strength the value of R was
t

determined as follows

At the failure load, the stresses in the laminate were

r

-U
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calc-lated, using the model described in Section III for a

laminate containing and open hole. The stresses calculated

in each ply along the 0=90 line were substituted into the

Yamada-Sun failure criterion (eq. 53). The point

along this line was found at which the value e became unity.

The distance between this point and the edge of the hole was

taken to be Rt. The values of Rt thus measured are

presented in Section VII.

6.3)Measurement Procedure for the Characteristic

Length RI

The characteristic length Rc was determined by the

following method. A single hole was drilled into the

specimen. The position and the diameter of the hole. the

specimen geometry, and the laminate configurations used in

the tests are given in Appendix F. The specimen was

inserted into a fixture shown in Figure 17. The top part of

the fixture consisted of two 3 in wide and 5 in long steel

plates (main plates*). A 1.25 in diamete. and 3.5 in long

rod was inserted between these plates. The rod was !astened

to the main plates by bolts. A 0.2 in diameter hole was

drilled along the center line o! each main plate, 1.5 in

from the bottom edge. A 0.5 in dowel pin was inserted into

this hole.

The bottom part of the fixture consisted of two 3 in

S.-. •
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Steel Rod
-- Dic: 1.25"

Length 3.5"

Steel Main Plates---- Dowel Pin
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- Dowel Pin
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1/4" Die.
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Figure 17. Fixture Used in Testing Loaded Holes (Base Plate

Geometry Given in Figure 18 and Table23).
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wide and 5 in long "base plates." These plates were

supported by the dowel pin. The material to be tested was

placed between the two base plates. A second 0.5 in

diameter dowel pin was passed through the base plates and

the laminate.

A C clamp was placed around the base plates near the

lower dowel pin and tightened by hand. The purpose of this

clamp was to simulate the lateral force which would be

[ provided by "finger-tight" bolts in the hole.

During the tests the rod protruding from the main plates

was inserted into the upper grips, and the laminate was

inserted into the lower grips of a mechanical testing

machine. A tensile load was applied by the machine and the

ultimate tensile strength was recorded.

From the measured tensile strength, the characteristic

length Rc was determined . The stresses were calculated

using the model described in Section III for a loaded hole.

I A value of R was assumed and the characteristic curve wasc

constructed in the manner given in Section IV. The value e

in the Yamada-Sun failure criterion (eq.53) was determined

* Iin each ply along a segment of the characteristic curve,

I ranging from 0-15 to G--15. The procedure was repeated for

different assumed values of Rc until (in any ply) the value

e-l was reached along the characteristic curve segment

(-15:e5+15). This value was then taken to be Rc. The

measured values of Rc are presented subsequently (Section

7.3).
'I
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6.4) Strength of Mechanically Fastened Composite Joints

The strengths of mechanically fastened joints (loaded

holes) were determined using rectangular specimens. Either

a single hole or two holes in parallel or in series were

drilled in each specimen. The geometries of the specimens

and the laminate configurations used in the tests are

described in Appendix G.

The test was performed by placing the laminate into the

fixture described previously and illustrated in Figure 17.

In each test the same main plate and the dowel pin were

uesd. The dimensions of the base plates were different,

depending upon the specimen configurations. The dimension

of the base plates are given in Figure 18 and Table 2.

During the test, a lateral f4rce was applied with one C

claanp to simulate the lateral force that would be provided

by 'finger-tight* bolts placed in the hole. The fixture was

inserted into a mechanical testing machine. A tensile load

was applied and the ultimate tensile strength as recorded.

After the test, each specimen was inspected and the mode of

failure was determined.
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6,5) Specimen Preparation

The laminates were constructed from Fiberite ?300/1034-C

prepreg tape. The panels were cured in an autoclave [43).

The test specimens were cut by a diamond saw. The holes

were drilled with solid carbide drills for hole diameters

less than one half inch anO by carbide tip drills for 1/2 in

diameter holes. The nominal sizes of holes were 0.125 in,

0.1875 in, 0.25 in, and 0.5 -in. The nominal size dowel pins

were the same. To provide a close fit, each dowel pin was

dressed down by about 0.001 in. The properties of Fiberite

T300/1034-C are listed in Table 3.

I
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Table 2 Dimensions of the base plates shown in Figures 17
and 18. All units in inches.

Single Hole D G E

plate 1 0.5 1.5

plate 2 0.25 1.0

plate 3 0.1875 0.75

plate 4 0.125 0.5

Two Holes in Parallel

plate 1 0.5 2.5 1.5

plate 2 0.5 1.5 1.5

plate 3 0.25 1.25 1.0

plate 4 0.25 0.75 1.0

Two Holes in Series

plate 1 0.25 1.25 0.75

plate 2 0.25 0.75 0.75

plate 3 0.1875 0.625 0.5

plate 4 0.1875 0.375 0.5

t, i

I
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Table 3 Properties of Fiberj.te T300/1034-C craphite/epoxy
composite

Longitudinal Young's modulus, 1l m 21300000 psi

Transverse Young's modulus, E2  a 1700000 psi

Shear Modulus, G12  n 897000 psi

Poisson's Ratio U12 a 0.3

Longitudinal tensile strength, Xt a 251000 psi

Longitudinal compressive streiigth, Xc - 200000 psi

Rail shear strength, S-S5 0  U 19400 psi

Characteristic length in tension, Rt U 0.018 i.!

Characteristic length in comFression, Rc * 0.07 in

I :w



SECTION VII

MEASUREMENTS OF S, Rto AND Rc

Tests were performed to determine the rail-shear

strength S and the characteristic lengths Rt and Rc of

Fiberite T300/1034-C composites. These data were generated

because they are required in the numerical calculation of

the failure strength and the failure mode of loaded holes.

The data obtained also indicate the sensitivities of S. RtV

and Rc to such parameters as specimen geometry and laminate

configuration.

The material properties used in deducing S, Rt. and R

from the measured data are listed in Table 3. In these

tables the values of S. Rt, and R c obtained in this

investigation are also included.

7. 1) Rail Shear Strength_S

Rail shear tests were performed with symmetric cross-ply

laminates [0/901s having different volume fractions of zero

degree plies and different geometries. The test conditions

and the test results are summarized in Appendix F. During

some of the tests, cracks were observed near the top and

• I bottom holes of the rail-shear fixture. These c€racks

resulted in a reduction of shear strength. Specimens with

such cracks were not used in calculating the rail-shear

strengths. Accordingly, the rail-shear strength of cross-

- -! .. ..... . .
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ply (0/90) specimens having 50 percent zero-degree plies by

volume was found to be S50 =19.4 ksi.

The rail-shear strength depends on the volume fraction

of the zero degree plies in the laminates. At volume

fractions above 50 percent the rail shear strength decreases

(Figure 19). At volume fractions above 60 percent the rti±

shear strength remains nearly constant. Therefore, when the

volume fraction of zero-degree plies is higher than 50

percent, the rail-shear strength corresponding to the

appropriate volume fraction should be used in calculating

the failure strength and the failure mode.

It was observed that the shear stress to shear strain

relationship was nonlinear. However, in the present model,

this nonlinearity was not taken into account. The

assumption of linear stress-strain -elation may result in

some error in the calculated values of the failure strength

(Section VIII), especially for joints consisting

predominantly of 10/901 and [t451 laminates.

7.2) Characteristic lenqth R

The characteristic length R was determined using{t
ilaminates with difievent geometries and different ply

orientations. The detailed results of the measurements are

given in Appendix F. The data are summari:ed in Figures 20

and 21. Each data point in these figures is the average of

four measurements. Figure 20 shows the variations in Rt

with .aminate lay up. :n Figure 21. all but one set of data



60

are presented in a single plot. The data for [(±45)]

laminates were excluded from Figure 21, because with these

laminates failure occurred not by tension, but by tear-out

along the 45 dwgree fibers.

The results in Figure 20 show that the value of Rt

depends on the hole diameter, the width ratio (W/D), and the

ply orientation. The value of Rt increases with increasing

hole diameter (Figures 20 and 21). As was discussed

previously (Section 4.2), different investigators use

different definitions of the characteristic length. It is

still noteworthy that an increase in characteristic length

with hole diameter was also observed by Whitney and Nuismer

[34, 35] and by Pipes et al. (7) in their tests with

T300/5208 and AS-3501-6 graphite/epoxy laminates. It is

difficult to discern definite trends in Rt with width ratio

and ply orientation. In calculating the strength of loaded

hole, the Rt value appropriate to the laminate and hole

configurations should be used. When this value is

unavailable, an approximate value of R must be used..1t
A -Fortunately, it was found that strength prediction is not

too sensitive to the value of R . For example, the failureit

strengths of loaded holes in T300/1034-C laminates were

calculated with the values of Rt *0.007, 0.018, and 0.04 in.

v} The use of tht lowor and higher Rt values yielded failure

strengths which were about 10 percent to 20 percent

different from the one obtained by the average R value

(Yt-O.018 in )

4.-
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7.3) The Characteristic Length R

The value of Rc was determined for four different ply

orientations, as indicated in Appendix F. The data are

summarized in Table 4. Each Rc value in this table is the

average of four measuremen:ts.

As was discussed in Section 6.3, the values of R were
c

obtained from data generated using loaded holes and from the

Yamada-Sun failure criterion (eq.53). Both the longitudinal

and shear etresses play a role in this criterion. Thus,

both of these stresses may affect the value of Rc. The

shear stress has a significant effect in those laminates in

thich the shear stress to shear strength ratio (ay/S) is

comparable to the longitudinal stress to longitudinal

compressive strength ratio 'ox/Zc), This situation arises,

for example, in [0/90]s and (±45]s laminates.

In calculating R , the stresses were assumed to vary

linearly with strains. As was noted previously (Section

S I61). for shear stresses this assumption may be invalid.

since the value R may depend on the shear stress. This

assumption may have affected the valmues o! R•, especially

for the tvo ccoss-ply 1**inate% in Table 4. The cffects

introduced in AC by the assumption of linear stress-strain

relationship is un~novn; theretove, the value of R (w-.07

in.) obtained to: qusi-itotropic laminates vas adopted in

this investigation.

;= i

-I
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Table 4 The Characteristic Length in Compression R
for Fiberite T300/1034-C. Data obtained fSr
D=0.25 in, W=2.0 in, L=7.0 in , E-1.25 in

Ply Orientation Characteristic Length Rc (in)

[(O/±45/90) 3J5  0.07

B(902/±60/±30)2]s 0.08

[(0/90)6 1 0.09

S[±45) 6]3 0.13

, I

1i
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SECTION VIII

EXPERIMENTAL VALIDATION OF THE MODEL

In this section, comparisons between data and the

results of the model are presented. The data used in the

comparisons were generated during the course of this

investigation with Fiberite T300/1034-C graphite/epoxy

composite having different geometries and different ply

orientations. The failure strength and the failure modes

were measured with composites containing either one pin-

loaded hole or two pin-loaded holes in parallel, or two pin-

loaded holes in series. The experimental results are

presented in Figures 22 through 29.

To facilitate comparisons between the data and the

results of the model, the ordinates in these figures

represent the bearing strength PB' For laminates with a

single hole or with two holes in series, the bearing

strength is expressed as PB= P/DH. For laminates containing

two holes in parallel, the bearing strength is taken as P

P/2DH. P is the failure load and DH represents the cross

sectional area of the hole. In Figures 22-29 the measured

bearing strengths and failure modes are represented by

different symbols.

Tie bearing strengths and failure modes were also

calculated by the model. The numerical calculations were

performed using the material properties listed in Table 3.

The numerical results are included in these figures. The

66
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calculated bearing strengths are given by solid lines. The

calculated failure modes were not identified separately as

long as they were the same as those given by the data. In

those cases where the calculated failure model differs from

the data, the calculated failure mode is identified by the

letters T, B, or S, next to the corresponding data point.

These letters represent failure in tension, bearing, and

shearout modes.

As indicated in Figures 22-29, for [(0/±45/90)3]s and

[(902/±60/±30)2] laminates the calculated failure strengths

agree with the data within 10 percent to 30 percent. The

specimen geometry (hole diameter, edge distance, and width)

has little effect on the accuracy of the model.

For cross-ply laminates([O/90] and [±45]s) the
5 S

difference between the calculated bearing strengths and the

data ranges from about 10 to 40 percent. The accuracy is

better for smaller holes (10 percent for D= 1/8 in) and

j decreases the hole size increases. The differences

between the calculated and measured bearing strengths become

' about 40 percent for 1/2 in diameter holes. In all cases,

the calculated values are conservative and underestimate the

actual bearing strengths. The veason for the lower accuracy
"of the model for cross ply laminates is most likely due to

the assumption that the shear stress is linearly

proportional to the shear strain. Since shear stresses are

important in determining the failure strengths of cross ply

laminates (Section VII), the use of nonlinear shear stress-
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strain relationships should improve the accuracy of.the

model for such laminates.

The results in Figures 22-29 show that the model predicts

the failure mode with good accuracy. Of the 83 specimen

configurations tested, the model failed to predict

accurately the failure mode only in 9 cases - - these cases

being indicated by the letters, T, B, or S, in Figures

22-29. In 3 of those cases where the model gave different

failure modes than the data, the data were ambiguous.

Failure, in fact, may have occurred by the combination of

two different modes.

The results discussed in the foregoing, and represented

in Figures 22-29, show that the model provides the failure

strengths and failure modes of loaded holes with reasonable

accuracy. The accuracy of the present model could be

improved further if, instead of the average values of S, Rt

and RC, the values corresponding to the specific geometry

and laminate configuration were used in the calculations.

It is worthwhile to compare the accuracy of the present

model with the accuracy of the models developed by previous

investtgators. A summary of the accuracies of the various

models is presented in Table 5.

The accuracy may depend on the geometry, ply

orientation, and material properties. Therefore, the

accuracies in Table 5 must be viewed with caution.

Nevertheless, the numbers in this provide an estimate of the

magnitudes of error of the different models. The present

, . -- - - - --
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"model appears to be more accurate than any of the other

models.

Two points are worth noting: First, the models

developed previously apply only to laminates containing a

single hole. None of the models except the present one

applies to laminates containing two holes. Second, of the

existing models, only the present one and the one by Garbo

"and Ogonowski (61 have been supplemented with *user

friendly' computer codes. Therefore, presently, only these

two models can be used readily. Furthermore, the Garbo and

Ogonowski model yields the failure strength, but does not

provide the mode of failure.

/,
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SECTION IX

DESIGN CONSIDERATIONS

As illustrated by the sample computer input-output in

Appendix E, the model, together with the computer code, can

readily be used to calculate the failure strengths and

failure modes of laminates containing a single pin-loaded

hole, two pin-loaded holes in parallel, or two pin-loaded

holes in series. The model can also be used to design

joints containing many pin loaded holes. In joint design,

it is desired to determine the number of holes, the hole

diameter, and the hole positions which result in the maximum

failure load P and the maximum failure load per unit weight
P The failure load per unit weight is defined as

*I • /w(59)
P mP/W

where P is the failure load, and w is the combined weight of

the composite wc and the pin w5

I.-wwc + w (60)

In this section, procedures suitable for calculating PM

and PM are illustrated via two sample problems. In these

problems, the failure load of 24-ply (thickness H-0.125 in)

[(0/±45/90)3 Fiberite T300/1034-C graphite-epoxy

composites are determined. The material properties used in

"79
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the calculations are listed in Table 1. The density of the

composite is PC n 0.00194 ibm/in3. The pia or pins are

assumed to be 3/4 in long and to be made of steel (density

Psm 0.0093 ibm/in').

The calculation procedures are presented in Section 9.3

for joints containing one or two holes, and in Section 9.4

for joints containing three or more holes. First, however,

interferences between two aujacent holes, between the edge

and an adjacent hole, and between the side and an adjacent

hole are discussed.

"9.1) Interaction Cuefficients

It is desired to know under what conditions, if any, the

proximity of two holes, or the proximity of a hole to the

edge or to the side of the laminate, affects the failure

load. The interaction between two holes, between a hole and

the edge, and between a hole and the side, can best be
8 evaluated by the use of interaction coefficients.

Two Holes in Parallel The parallel hole interaction

coefficient g. is defined as

*1, P /(PH/2) (61)

Where P5 is the failure load of a GH wide laminate

containing a single hole, and P is the failure load of' a

2GH wide laminate containing two loaded holes separated by a
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distance GM (Figure 30). When GM becomes large, the

interaction between two holes becomes small (PH/2 . ps).and

the interaction coefficient approaches unity (gH 1).

Two Holes in Series The series hole interaction

coefficient.gV is defined as

(62)

where P is the faiiure load of a laminate (width W)

containing two loaded holes separated by a distance Gv. PT

is the failure load of a laminate with the same width

containing two holes; one located at a distance E from the

edge, and the other located at the center of the laminate

(Figure 31). When the hole distance increases, the

influence of one hole on the other becomes small; the

failure load PV approaches P (Pv .P) and gv approaches

unity (9v . 1).

Edge Interaction The edge interaction coefficient gF is

defined as

9E PS/Pc (63)

where PS is the failure load of laminates (width W) with a

single loaded hole at distance E from the edge. PC is the

failure load of a laminate of width W with a hole in the

center (Figure 32). The influence of the edge on the
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failure load becomes smaller as the edge distance increases.

When the hole is moved to the center (E-L/2), PS becomes PC

and the interaction coefficient becomes unity (gE . 1).

Side Interaction Coefficient The side interaction

coefficient gS is defined as

S /P (64)

where PH is the failure load of a laminate (width W)

containing two loaded holes separated by a distance W/2. PG

is the failure load of a laminate with the same width

containing two loaded holes separated by a distance GH (GH

W/2, Figure 33). As the distance Q between the side and the

hole increases P P and the interaction coefficient g

approaches unity.

9.2) Numerical values of the interaction Coefficients

in order to illustrate the trend in the interaction

coefficients these coefficients were calculated for Fiberite

T300/1034-C graphite-epoxy composite laminates with ply

orientations of [(0/t45/90)3))s and E(0 2 /45) 3 3. The

ii results, obtained using the computer code, are presented in

Figures 30-33. The most significant feature of these

results is that the failure load is not affected

significantly

,-. .
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a) by the proximity of two holes in parallel when the

distance between two holes is larger than 3D

b) by the proximity of two holes in series when the distance

between two holes is larger than 2D

c) by the edge when the distance between the edge and the

hole is greater than 3D.

d) by the proximity of side when the distance between the

hole and the side is larger than 2D

Mathematically, these conditions can be expressed as

9H I P H 2Ps as GH/D a 3

gV ° I Pv " PT as Gv/D Z 2 for [(0/t45/90)), (65)

gE I PS PC as E/D Z 3 ((02/145)315

gS I P G PH as Q/D Z 2

it is emphosi:ed that the conditions expressed by the

above equations (eq. 65) may not apply for every ply

orientation. The conditions at which the different

I coefficients become unity must be evaluated separately for

each laminate lay up.
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9.3) Laminates with One or Two Holes

In this subsection, a procedure is described which can

be used to size a laminate containing either one or two pin-

loaded holes.

We consider a laminate of known width (W-1 in), length

8(L- in) and thickness (H- 0.125 in ). The laminate may

contain either one pin-loaded hole or two pin-loaded holes

in parallel or in series, as illustrated in Figure 34.

It is desired tj find the number of holes ( one or two

holes), the hole diameter D, the edge distance E, and the

distance between two holes G, which result in the maximum

failure load P and in the maximum failuce load per unit

weight P M"

"The calculation proceeds along the following major

steps:

a) Using the computer code. the failure loads of

a laminate containing a single-loaded hole are

calculated for different hole diameters D and

for different edge distance ratios C/D.

The failure load is plotted versus the edge ratio

S/D (Figure 35). The desired edge ratio

W"1D) is selected.

Here, the edge ratio E/O-3 was selected because the failure

load reaches a MaXiMUM at the edge ratio of about 3 and

remains nearly constant at higher edge ratios. 7his

,,a
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value (E/D) will also be used for joints containing two

loaded holes in parallel and two holes in series. The

reasons for this choice of E/D are as follows: 1) For

parallel holes the interaction between two holes has almost

no effect on the failure load (gH . 1 and PH/2 , PS,

Section 9.2 ). Hence, when G /D>3 (as is the case in the

present problem), two parallel holes can be treated as two

independent holes. 2) For two holesin series, the

interaction between the holes is unimportant, when Gv/D>3

(gV * 1 and PV + PC, Section 9.2). Two holes can be

considered as two independent holes sharing part of the

total load. Hence the value of E/D=3 is a suitable choice

for the present problem when Gv/D> 3 .

b) Using the computer code, the failure loads are

'. I calculated for different hole diameters, and

for different hole separations G for two holes in

parallel and for two holes in series. The failure

loads are plotted as functions of the hole distance

ratio G/D (Figure 36, top). From these plots,

the maximum failure load PM can be obtained.

For the problem under consideration, the maximum failure

load is 5000 lb. This load is achieved by two 0.125in pins

in parallel separated by a distance GH-0.5 in (GH/D * 4).

c) Frcm the known values of the failure load P,

the failure load per unit weight P• is

calculated using the expression

A,
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* 2P = P/AP WHL + a (rD /4)(PsLs-PLH)] (6f)

where L is the length of the pin. The

parameter a=1 for a single hole, a=2 for

two holes. The failure load per unit weight

is plotted as a function of G/D

(Figure 36, bottom).

For the present problem, the maximum failure load per unit

weight P*M is 8000 lbf/lbf and occurs with two 0.125-in

diameter pins separated by a horizontal distance G 0.5 in

(GH/D =4).

9.4) 1-!.iir.Ates with Multiple Holes

This problem is concerned with laminates containing

several pin-loaded holes spaced evenly, either in a single

row or in two parallel rows, as illustrated in Figure 37.

The number of holes in the laminate with a single row of

holes, or the number of columns in the laminates with two

rows of holes is

N 0 W/GH (67)

It is desired to determine the number of holes No, the

hole size D, the positions of the holes G and GV, and the

edge distance E, which result in the maximum failure load.

K7 77
________77
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The model developed in this investigation can be applied

only to laminates containing either a single pin-loaded

hole, or two pin-loaded holes in parallel or in series.

Therefore, the model can not be used directly to calculate

the failure load of laminate containing several holes. The

failurt loads of such laminates can still be estimated with

the use of the model by the procedure described below.

a) The interaction coefficients gB and gv are calculated and

plotted in the manner described in Section 9.1.

b) The ratios E/D and GV/D are selected, which correspond to

the conditions g. 1 and gV* 1. In this investigation,

C the values of both E/D and Gv/D were selected to be 3

because both and gVreach unity at this ratio. ThisSE/D ratio is used or a single row of holes. This is

also a reasonable choice for two rows of holes, because

I the first row of holes acts independently of second rows

of holes, to a very large degree.

c) Values are assumed for the number of holes and the hole

diameter. The distance GH is calculated form

GH - w/•1(68)

%• • i.....• ............. ':•• i ........
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d) Using the computer code, the failure load is calculated

for a 2G wide laminate containing two loaded holes in

parallel PH' and for a G. wide laminate containing two

loaded holes in series PV. The interaction parameter 9H

is then calculated for the geometry under consideration,

according to the method given in Section 9.2.

e) The failure load is approximated by the expression

P P + 2 P (69)
N 0-2 side

where P~-2 is the load carried by the second (n-2) through
the next to last (n=No-1) pins, and Pside is the load

carried by the first (n=1) and last (n-N 0 ) pins. Thus, the

failure load of a laminate containing one or two rows of

holes is

Pr ((N2)/2)P +gSPH (one row) (70)

0 2r2 (No -2)gPV + 2 gSPV (two rows) (71)

If Q-GH/ 2 then g, is equal to unity. This is the case

in the present problem. Accordingly,

Pr" ((N-Z )/2)gHPH + PH (72)

2' r2 N N0 2)9H PV + 29HPV (73)

4-1

Ad-7z IO
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f) The failure load per unit weight P* is calculated

P rl,r2 =Pr,r2/[PCWHL+aNo(rD2/4)(PS L S-p H)] (74)

where the subscripts ri and r2 refer to one row or two rows

of holes, respectively.

g) The calculations are repeated tor different values of NO

and D. The failure load Prl,r2 and the failure load per

unit weight P rl,r2 are plotted as functions of No. From

these figures, the maximum failure load rM and the

maximum failure load per unit weight P M are determined.

in the present problem a 4 in wide and 10 in long

composite laminate was considered. The ply orientation is

[(0/t45/±90)3]s. The material properties are listed in

Table 3. The procedures gave the maximum failure load PM

23400 lbf when there are twelve 0.125 in diameter holes

arranged in two rows of holes (Figure 38). The maximum

failure load per unit weight (P* - 67000 lbf/lbf) is

achieved with twelve 0.125 in diameter holes in a single row

(Figure 38).

9.5) Failure Mode

The results generated by the computer code also show the

modes of the failure. The changes in the modes of failure

with the number of holes No are illustrated in Figure 39.

pe ; In the present sample problem, at the condition of the
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maximum failure load (NoW12) the failure mode is in tension.

Failure in such mode often happens quite suddenly. In some

situations it might be preferable to choose a design in

which failure occurs by a less sudden failure mode. For

example, failure would have occurred in bearing mode if, in

the present problem, a hole diameter of 0.125 in were

chosen, and the number of holes were taken to be No=6.

Howeverthis would have resulted in a 30 percent to 40

percent reduction in the failure load.

- I

'I -

[i•af .
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SECTION X

SUMMARY AND CONCLUSIONS

The following major tasks were completed during the

course of this investigation:

a) A model and a computer code were developed which can be

used in the design of mechanically-fastened composite

joints involving fiber reinforced laminates. The model

can be used to determine the failure loads and failure

modes of laminates containing a single pin-loaded hole,

two pin-loaded holes in parallel, and two pin-loaded

holes in series.

b) Experimental procedures were developed to determine the

characteristic lengths.

c) Tests were performed to determine the values of the rail-

shear strength and the characteristic lengths of Fiberite

T300/1034-C composites, and to evaluate the effects of

geometry and laminate lay up on these parameters.

d) A series of tests was performed measuring the failure

strengths and failure modes of Fiberite T300/1034-C

laminates containing a single-pin loaded hole, two pin-

loaded holes in parallel, and two pin-loaded holes in

series.

101
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e) Comparisons were made between the data and the results of

the model. Good agreements were found between the

analytical 7na the experimental results.

f) Procedures were developed for the design of composite

laminates containing one, two, or more pin-loaded holes.

The model was developed on the basis of the following

assumptions: a) classical, two-dimensional laminate plate

theory, and b) linear relationship between the stresses and

strains. Good agreements between the results of the model

and the data suggest that these assumptions are reasonable

for a wide range of problems. Three dimensional stress

distributions and nonlinear stress-strain relationships

could be incorporated into the model in the future.
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APPENDIX A

The Transformed Reduced Stiffness Matrix Qij

•: x 1

The components of the matrix QPi appearing in Eq. (12) are

O, 1 1 I PCos 4+2 (QP 1 2 +2QP 6 6 )sin 2+Q P2 2 sin 41
P 2=(QP +QP22- 4QP66 sin 2rcos2O +QP1 2 (sin 4I+cOS 4i)

Q 2 2 QP I1sin4 +2 (QP .+2QP 6 6 )sin2 cos2S +QPcos 4
Q? P -P 3Q3 ) siPco3• 3QP13(Q 11 Q 1 2- )sinlcos71+(Q12-QP22+2QP33 )sin3TcoOsT

O P (QP QP - 2 Q P )sin3ncOsy+(Q1 2 -QP2 2 +2QP )sinncos3n

P (QP +QP2 QP -2Q 3 3 )sin cos2r,+QP (4si n+cos )
33(si22- 12C33 33

* , in which

P 12 (up 1 2 EP 2 )/(0"UP 1 2 UP 2 1  1 /(1 12P 21lP -P )
!! •P2~2 " P/l•12UP21)

4' P

31 1
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The superscript p denotes the material properties of the

p-th ply, and the angle -n is measured from the xias to

the x-axis. 2~ 12a

transverse, and shear moduli of the p-th ply, respectively.

P 1 and V 2 1 are Poisson's ratios for the p-th ply and

satisfy the relation

Pi 12/E P1  2 /P2

.......
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APPENDIX B

The Coordinate Transformation matrixT

xl

Cos 2 1sin 21 2sinricosri

[T) 1 n TI CS T1 -2sinncosin

-sinnrcosTn s inricosj Cos T-sin '

The angle n~ is measured from the x-ai cth xais

+t\1

..........
~iA*
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APPENDIX C

The Finite Element Mesh Generator

II The mesh generator generates 306 quadrilateral elements

for a single hole, and 612 and 655 elements for two holes in

parallel and two holes in series, respectively. To controlI costs, this number was held fixed (the reader should note

that 612 elements involve a matrix of size 1400 x 300). The

mesh is designed in such way that the characteristic curve

can be encompassed by a square of size 2z x 2z, in which a

fine mesh was generated and outside of which the calculated

stresses are still reasonably accurate (see Figures 5, 6,

7). A suitable value of z for a given geometry has to be

determined before calculating the stresses. Mathematically,

this problem may be stated :

Optimize z

subject to ( Rc + D/2 ) S z S W/2 (C.1)

z s:E (C.2)

Equation (C.1) can be rewritten as

0 R ( z - D- f/2 ) S ( W/2 - R- D/2 ) (C.3)
i i

Assume that E is large enough that eq.(C.2) is always

satisfied. Assume that z/D is a function of W/D and R /Do
'~ /
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and can be expressed by

z/D - f( W/2D- Rc/D -1/2 ) f( ý/D ) (C.4)

where ý/D u W/2D - R /D - 1/2 and t is some unknown

c

function.

Assume that z/D is a second order polynomial function of

4/D. Then eq.(C.4) can be written as

z/D * a(4/D) 2 + b(ý/D) + c (C.5)

This equation reflects the general trend that as W, and

hence 4, increases, z must be made bigger, since the total

number of *.lements is constant. Three conditions are

necessary to determine the constants, a, b, and c.

When W/2 R + D/2 ( =0 ), then the only choice of z

is

z/D -R /D ÷ 1/2 W w/2 (C.6)c

Substituting eq.(C.6) into (C.5), gives

v 2300

c - R /D * 1/2 (C.7)c

When W changes from Wl to W2, say, 4 changes by the

* . amount C 2 - (. The writer has found from

computational experience that the following changes in z

~Amt
,/''

!--,,• = : _ - : ÷ ___• • :. "-- •'- • ..... . .. ... ... : ,- . ...: .... .... - - •" -,• - • ---- •i -..----. 7 • - -
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generated results close to known analytical solutions.

1 : :5 1.5 A(z/D) (1/4) A(ý/D) (C.8)

Ž 2 A(z/D) 4 A(C/D) (C.9)

Imposing these cotiditions, we have

at 1 1, A(z/D)/A(t/D) =d(z/D)/d(t/D) - 2a + b 1/4

(C. 10)

at • .5, A(z/D)/L((/D) =d(z/D)/d(C/D) = 5a +b 4 (C.11)

From eqs (C.10) and (C.11), give

a - 0.05 (C.12)

b * 0.15 (C.13)

As a result, eq.(C.5) becomes

z - D [ 0.05 (W/2D - RC/D - 1/2)2 * 0.15 (W/2D -Rc/D - 1/2)

(Rc/D + 1/2)1 (C.14)

Using this result, excellent agreement between the

computational results, and Timoshenko's and De Jong's

* solutions were obtained (Figures 13 and 14, Section V).

AI

/1
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Appendix D

Shape Function Used in the Finite Element Code

In the isoparametric element, the geometry and the

displacement of the element are described in terms of the

shape function N , by a transformation from a mz.ster element

in the r-s coordinate system to the element in the z -x2

coordinate system (Figure 40).

X. N (y,s) ii= i=1,2

ui  Na (Ys) qic a=1,2,3.or 4

N(r,s)-l/4(1+rr )(tss ) -Sr, sS I

Here xi, is the coordinate of node a in the i-direction, qi,

is the displacement of node o in the i-direction, and r and

sacre the coordinates of node a referred to the master

element. Note the property

1, if ae

N (rsB) -

L 0, if a$B
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qq U2, S2 (r4 , s4)

(011)

q2 /(-1,o)
2-2 r

q q (0,0) (1,0)

(•,•'z) (•,,,____ (0,-1)

X, (r,,s ) (r 3 ,s 3 )

Element in xt-x 2 coordinates Master element in local
r-s coordinates

Figure 40 Geometry of an Element Used in the Finite Element
Calculations; Left: Element in the x -x

Coordinate System. Right: Element (Nato?
Element) in the Local (r-s) Coordinate System.
X. is the Coordinate of Node o in the i
DI~ection, q. is the Displacement of Node
ca In the i DIiection and (r ,s ) are the
Coordinates of Node a in tho r s Coordinate
System. i-1,2, a-1,2,3, or 4.

S--"-
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2 APPENDIX E

7 Listing of a Sample of Input-Output of the Computer Code

1,, 4 1.
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"<< BOLTED JOINTS >>

THE PURPOSE OF THIS PROGRAM IS TO PREDICT
THE FAILURE LOAD AND THE FAILURE MODE OF
BOLTED COMPOSITE JOINTS.

FU-KUO CHANG, RICHARD A. SCOTT, GEORGE S. SPRINGER
MECHANICAL ENGINEERING AND APPLIED MECHANICS
THE UNIVERSITY OF MICHIGAN
ANN ARBOR, MI 48109
APRIL 30, 1983

*emme**e$$wss•$..eue msee se e55ee smssesseessessi~sm•eees$es

CAPABILITIES:

THIS PROGRAM HAS THE CAPABILITY TO DEAL WITH THREE
TYPES OF BOLTED COMPOS'.TE JOINTS DEFINED AS FOLLOWS:

TYPE I -- JOINTS WITH A SINGLE HOLE
TYPE 2 -- JOINTS WITH TWO IDENTICAL HOLES IN A ROW
TYPE 3 -- JOINTS WITH TWO IDENTICAL HOLES ZN TANDEM

SZE FIGURE BELOW:

--------------- ----------------

TYPE I TYPE 2 T YPE 3

/

/
€-
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THIS PROGRAM CAN ALSO HANDLE THE FOLLOWING
LOADING CONDITIONS:
(A). PIN OR PINS CARRY ALL THE APPLIED LOAD.
(3). PIN OR PINS CARRY ONLY A FRACTION OF THE TOTAL

LOAD APPLIED AT THE BOTTOM OF THE JOINT. THE
REST OF THE LOAD IS CARRIED BY THE UPPER END.

SEE FIGURE BELOW:

P2

/P=P+P2, P>P1 AND P>P2 OR P-Pl

P: THE APPLIED LOAD
Pl:LOAD CARRIED BY THE PIN (PINS)
P2:BY-PASSED LOAD

P

tFOR EACH TYPE OF JONI. TH:S PROGRAM CAN HqOLE

THE FOLLOWING SITUAT!ONS:
SI

(A). DIFFERENT PLY OR:NATICZNS
(BW. DFFERENT MATERIAL PROPER'4£S (SYNMETRtC LAMINATE)
•(). DIFFERENT GEGMETRICAL CONF GURATIONS INCLUDIG

DIFFERENT HOLE SIES, HOLE POS3T:S, JOINT
ThCKNESSES, AND JOINT LENQTHS.

E PROGRAM !S BASED ON VIE FOLLZOING ASSUM"ZONS:
(1). A UNr1MOR TENLSILE LOAD 4S APP&AIE SYML'RICALZJ

WT.HS RESPE•1T' TO VIE CENTELa`NZC OF THE PLATE.
(2). Th LM:fl IS S aTRZC,

S.-



"(3). HOLE SIZES ARE EQUAL IN EACH JOINT WITH TWO HOLE
(4). PIN IS RIGID. THE PIN SUPPORT IS ALSO RIGID.

-------- ANALYSIS:

THE STRESSES ARE CALCULATED USING A FINITE ELEMENT METHOD
FORMULATED ON THE BASIS OF TWO DIMENSIONAL CLASSICAL
LAMINATION PLATE THEORY. THE FAILURE LOAD AND FAILURE
MODE ARE CALCULATED USING THE CHANG-SCOTT-SPRINGER FAILURE
HYPOTHESIS TOGETHER WITH THE YAMADA-SUN FAILURE CRITERION

---- INPUT INSTRUCTIONS

***'* ENTER MATERIAL PROPERTIES *..

DO YOU WANT TO USE GRAPHITE/EPOXY T300/1034-C?
ENTER YES OR NO
yes

MATERIAL PROPERTIES OF T300/1034-C

LONGITUDINAL YOUNGS MODULUS: 21300000.00000 PSI
TRANSVERSE YOUNGS MODULUS: 1700000.00000 PSI
SHEAR MODULUS: 897000.00000 PSI
POISSON RAT!O: 0.30000
LONGITUDINAL TENSILE STRENGTH: 251000.00000 PSI
LONGITUDINAL COMPRESSIVE STRENGTH: 400000.00000 PSI
LAMINATE SHEAR STRENGTH: 19400.00000 PSI
CHARACTERISTIC LENGTH (TENSION): 0.0180 INCH

CHARACTERISTIC LENGTH(COMPRESSION4): 0.0700 INCH

-~.-------- ------------------

JOINT TYPE SELECTZON

TYPE f : JOINT WIrH A SZNGLE HOLE
TYPE 2 : JOINT WITH TWO HOLES !N ROW
TYPE 3 : JO:NT WITH TWO HOLES IN TAND4E

4 WMICH TYPS OF JOINT DO TOU WANT TO SELECT?

ENI&AER I.. OR 3.

4 I

I , , m • i " ' . . . - r: m "•,, -
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�
DO YOU CONSIDER A BY-PASS LOAD?

ENTER YES OR NO

no

THE FOLLOWING GEOMETRIC PARAMTERS MUST BE SPECIFIED:

(A) DIAMETER OF THE HOLE, D
(D SHOULD BE LESS THAN 1 INCH FOR DEPENDABLE RESULTS)

(B) WIDTH OF THE JOINT, W
(C) LENGTH OF THE JOINT, L
(D) EDGE DISTANCE OF THE JOINT, E
(E) DISTANCE BETWEEN THE CENTERS OF

TWO HOLES, S

SEE FIGURE BELOW:

I-. w -�

I-S-I I I
* -

S
* -

j � THE DIAMETER MUST BE WPUTED IN INCHES, THE OTHER
GEOMETRIC PARAMETERS MAY BE EITHER IN INCHES
OR AS A RATIO TO DIAMETER (PARAMETER! DIAMETER)

ENTER THE HOLE DIAMETER IN INCHES

0.25

DO YOU WISH TO ENTER ALL G�OMETR!C PARA?4�TERS
IN TERMS OF DIAMETER RATiC� (PARAMETER/DIAMETER) ?
ENTER YES OR NO

''I
y

ENTER THE WIDTH TO DIAMETER RATiO;

8

� /

I
- *--- . - __ �



120

ENTER THE EDGE TO DIAMETER RATIO:

3

ENTER THE LENGTH TO DIAMETER RATIO:

20

INPUT THE JOINT THICKNESS AND THE PLY ORIENTATIONS
(SYMMTRIC LAMINATE ONLY)
THE PLY ORIENTATION AND THE NUMBERS OF PLIES IN THE
PLY GROUP HAVE TO BE SPECIFIED.

*1. THE PLY GROUP IS DEFINED AS A GROUP OF PLIES
HAVING THE SAME PLY ORIENTXATION.

*2. EACH PLY ORIENTATION IS MEASURED FROM THE
LOADING DIRECTION TO THE FIBER DIRECTION.
THE ANGLE IS POSITIVE CL~OCKWISE AND
NEGATIVE COUNTJ.ERCLOCKWI SE

SEE F'IGURE BELOW

ANGLE/

*HOLE

ENTER THE JOINT THICKNESS IN INCHES

2 0.125

ENTE~R THE TOTAL NUMBER OF PL~Y GROQUPS.
O.THE NAXIMUM NUMBER OF '7HE PLY GROUPS 100

INPUT AN INTGE.R

II 4C~NTER WhE PLY ORI ZNTA'?I ON OF EACH PLY GROUP

F.NTER THE PLY ORIENTATION OF PLY GROUP I

*Pa
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IN DEGREES

0

ENTER THE NUMBER OF PLIES IN PLY GROUP T IN INTEGER

6

ENTER THE PLY ORIENTATION OF PLY GROUP 2
IN DEGREES

45

.r.
ENTER THE KNMBER OF PLIE~S I N PLY GROUP 2 I N I NTEGER

6

ENTER THE PLY ORIENTATION OF PLY GROUP 3
IN DEGREES

ENTER THE NUMBER OF PLIES ItN PLY GROUP 3 IN INTEGER

6

ENTER THE PLY ORIENTATION OF PLY GACOU 4
VIN DEGREES

90

ENTER THE NUMBER OF PLIES IN PLY GR')UP 4 !N INTEGER

64

VC' YOU W~AN-T TO AAVE A LIST OF THE 18MU D)At$ 7
WERT) YES OR NO

LIST OF DATA

k ; JJl NT TYPE SiLCTgON' 1
:. ~. LOAD TYPE SE. TI41.: 0.0 1 OF BYPASSWD

": GEOMETRY s ( INCES)

I DZ! ETER V I rTH EweG THtCKN£SS LLNGTH

0.2500 2.OCOO 0.?500 .0.1250 5.0000

i
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< GROUP ORIENTATI ON >:

TOTAL PLY GROUP NO.- 4

GROUP 1 ORIENTATION= 0.0 THICKNESS= 0.03125 INCH

GROUP 2 ORIENTATION= 45.000 THICKNESS= 0.03125 INCH

GROUP 3 ORIENTATION=-45.000 THICKNESS- 0.03125 INCH

GROUP 4 ORIENTATIONa 90.000 THICKNESS- 0.03125 INCH

< MATERIAL PROPERTIES >

LONGITUDINAL YOUNGS MODULUS : 21300000.00000 PSI
TRANSVERSE YOUNGS MODULUS : 1700000.00000 PSI
SHEAR MODULUS: 897000.00000 PSI

2 POISSON RATIO: 0.30000
LONGITUDINAL TENSILE STRENGTH: 251000.00000 PSI
LONGITUDINAL COMPRESSIVE STRENGTH: 200000.00000 PSI
LAMINATE SHEAR STRENGTH: 19400.00000 PSI

CHARACTERISTIC LENGTH (TENSI'ON): 0.0180 INCH
"CHARACTERISTIC LENGTH(COMPRESSION): 0.0700 INCH

DO YOU WANT TO MAKE ANY CHANCE IN YOUR DATA?
ENTER YES OR O0

c TH E .ISAENGTH PREDICTION OF FASTENED COMPOSITE JOINTS

-------------------------- ----------------
1

--------.... L ST OF INPUT --------

JONT TYP SELECTION O
SLOAD TYI: SELECTI ON: 0.0 X OF BY-PASSED LOAD

* c GEOMETRY - (INCHES)
4"Nw ANTE1R WI UTH EZE 1?11 CKNE4SS LENGTH

0.2500 2.0000 0.'500 0.-1250 5.0000

8'K



123

< GROUP ORIENTATION >
TOTAL PLY GROUP NO.= 4

GROUP 1 ORIENTATION= 0.0 THICKNESS= 0.03125 INCH

GROUP 2 ORIENTATION- 45.000 THICKNESS- 0.03125 INCH

GROUP 3 ORIENTATIONE-45.000 THICKNESS- 0.03125 INCH

GROUP 4 ORIENTATION- 90.000 THICKNESS- 0.03125 INCH

MATERIAL PROPERTIES:

LONGITUDINAL YOUNGS MODULUS: 21300000.00000 PSI
TR~ANSVERSE YOUJNGS MODULUS: 1700000.00000 PSI
SHEAR MODV.US: 897000.00000 PSI
POISSON RATIO,* 0. 30000
LONGITUDINAL TENSILE STRENGTH: 251000.00000 PSI
LONGITUDINAL COMPRESSIVE STRENGTH: 200000.00000 PSI
LAMINATE SH~EAR STRENGTH: 19400.00000 PSI

CHARACTERISTIC LENGTH (TENSION): 0.0180 INlCH
CHARACTERISTIC ZLENGTH(COMPRESSON). 0.0700 INCH

-------- LIST OF OUTPUT -----

< FAILURE L0AD AND FAILURE MODE >

I krTE MAXIMUM4 LOAD (P ).3012.7 La

THM BEARING STRENGTH( P/(DONS) )s 96406.5 PSI
(H "H LAMI NATE THICKNESS)

N4E ?A ILURE XWODE :BEAR ING MODE. AT THE ANGLE 8. 43?7 DEGREE

THE FAILURE ANGLE IS W~INEDJ IN THE FOLLOWINMG FIGW.Er
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ANGLE/ \ /

\ /
/O* ,

/ HOLE

HOLE

* THE INITIAL FAILED PLY GROUP (AT THE MAXIMUM LOAD) -
THE PLY ORIENTATION OF THIS PLY GROUP- 0.0

DO YOU WANT TO RUN THE PROGRAM AGAIN?
ENTER YES OR NO

y

DO YOU WANT TO MAKE ANY CHANGE IN YOUR DATA?

ENTER YES OR NO

WHICH PART OF THE DATA DO YOU WANT TO CHANGE ?
"(1). JOINT TYPE AND GEOMETRY.

4 (2). PLY ORIENTATION.
(3). MATERIAL PROPERTIES.

ENTER 1,,2.OR 3.

JOINT TYPE SELECTION

TYPE 1 : JOINT WITH A SINGLE HOLE
TYPE 2 : JOINT WITH '""WO HOLES IN ROW
TYPE 3 : JOINT WITH T4O HOLES IN TANM

WHICH TYPE OF JOINT DO YOU WANT TO SELECT?

ENTER 1, 2. OR 3.

;7.",
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3

DO YOU CONSIDER A BY-PASS LOAD?

ENTER YES OR NO

n

THE FOLLOWING GEOMETRIC PARAMTERS MUST BE SPECIFIED:

(A) DIAMETER OF THE HOLE, D
(D SHOULD BE LESS THAN 1 INCH FOR DEPENDABLE RESULTS)

(B) WIDTH OF THE JOINT, W
(C) LENGTH OF THE JOINT, L
(D) EDGE DISTANCE OF THE JOINT, E
(E) DISTANCE BETWEEN THE CENTERS OF

TWO HOLES, S

SEE FIGURE BELOW:

I- wW

E-- S -I I i
S -

S
L -

1;

"THE DIAMETER MUST BE INPUT-ED IN !.NCHES, THE OTHER
GEOMETRIC PARAMETERS K"%Y BE EITHER IN !NCHES
OR AS A RATIO TO ixiAmEPlF4 (PkARAETER/ DIAMETER)

ENTER THE 14OLE U! Ab•-. ER I N I NCHES

0.25

DO YOU WIS;4 TO ENTER ALL GEOMETRIC PARAMETERS
IN TERMS )F DIAMETER RATIO (PARAMETER/DIAMETER) ?
ENTER YW,'; OR NO

--- . . " _ , - -- ' . .. ,,
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ENTER THE WIDTH TO DIAMETER RATIO:

8

ENTER THE EDGE TO DIAMETER RATIO:

3

ENTER THE LENGTH TO DIAMETER RATIO:

20

ENTER THE TWO HOLE DISTANCE TO DIAMETER RATIO:

3

DO YOU WANT TO HAVE A LIST OF THE INPUT DATA ?
ENTER YES OR NO

n

< THE STRENGTH PREDICTION OF FASTENED COMPOSITE ;]OITS

- LIST OF INPUT

JOINT TYPE SELECTION- 3
LOAD TYPE SELECTION: 0.0 % OF BY-PASSED LOAD

GEOMETRY > : (INCHES)
DIAMETER WIDTH EDGE THICKNESS LENGTH

0.2500 2.0000 0.7500 0.1250 5.0000

DISTANCE BETWEEN THE TWO HOLES (INCHES)

0.7500

SGROUP ORIENTATION :
TOTAL PLY GROUP NO.- 4

GROUP I ORIENTATION* C.0 THICKNESS- 0.03125 INCH

GROUP 2 ORIENTATION* 45.000 THICKNESS* 0.03125 INCH

GROUP 3 ORIENTATION,-45.000 THICKNESS- 0.03125 INCH

/

I
* i
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GROUP 4 ORIENTATION- 90.000 THICKNESS= 0.03125 INCH

MATERIAL PROPERTIES:

LONGITUDINAL YOUNGS MODULUS: 21300000.00000 PSI
TRANSVERSE YOUNGS MODULUS: 1700000.00000 PSI
SHEAR MODULUS: 897000.00000 PSI
POISSON RATIO: 0.30000
LONGITUDINAL TENSILE STRENGTH: 251000.00000 PSI
LONGITUDINAL COMPRESSIVE STRENGTH: 200000.00000 PSI
LAMINATE SHEAR STRENGTH: 19400.00000 PSI

CHARACTERISTIC LENGTH (TENSION): 0.0180 INCH
CHARACTERISTIC LENGTH(COMPRESSION): 0.0700 INCH

------ LIST OF OUTPUT

"<AILURE LOAD AND FAILURE MODE >

THE MAXIMUM LOAD ( P ), 5346.7 LB

THE BEARING STRENGTH( P/(D*H) )- 171093.2 PSI
(H : THE LAMINATE THICKNESS)

THE FAILURE MODE w SHEAROUT MODE, AT THE ANGLE 47.812
DEGREE

THE FAILURE ANGLE IS DEFINED IN THE POL.LOWING FIGURE

----------------------------------------------------------------1' \*ANGLE

-1•/ HoLE

LHOLE

I I
I "

/

: " ~~~~~~~~~~~......................................" ' -............. •-:• ..... •.... .....
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* THE INITIAL FAILED PLY GROUP (AT THE MAXIMIUM LOAD) 2
THE PLY ORIENTATION OF THIS PLY GROUP= 45.000

*.e THE FAILURE INITIATED FROM THE BOTTOM HOLE

LOAD CARRIED BY THE TOP PIN = 2028.644466 LB
LOAD CARRIED BY THE BOTTOM PIN , 3318.018795 LB

-------------------------------------------------

DO YOU WANT TO RUN THE PROGRAM AGAIN?
ENTER YES OR NO

no
#Execut ion terminated

I

/

t.

-A

b. . .. >'- • '' .- a..- ' ,, -- ,.•. ,-- "...... .... .. " -" " aZL
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APPENDIX F

Summary of Data for Calculating RI andH

This Appendix contains the data which were generated to

determine the rail shear strength S and the characteristic

lengths R t and R Cfor Fiberite T300/1034-C graphite epoxy

laminates.

N4otations used in Tables 6-14

D hole diameter (in)

W specimen width (in)

L. specimen length (in)

H4 spetcimen thickness (in)

edge distance (in)

P failure load under tension (lbf)

Pae average iailure load under tension (lbf)
avggt

S rail shear s.rnt (psi)

Sav average r~ail shear strength (psi)

characteristic lengt~h in tension (in)

K. characteristic length inl compression (in)

4C
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APPENDIX G

Summary of Data for Loaded Holes

This Appendix contains the data vhich were generated

from Fiberite T300/1034-C graphite epoxy laminates

containing loaded holes. The Tables in this Appendix also

contain the failure strengths and failure modes calculated

by the present model for the conditions of the tests.

Notations used in Tables 15-29

D hole diameter (in)

W specimen width (in)

L specimen length (in)

H specimen thickness (in)

E edge distance (in)

GH distance between two parallel holes (in)

GV distance between two series holes (in)

P failure load under tension (lbf)

P average failure load under tension (1bf

Pa calculated failure load (lbf)

N experimental failure mode

Mc calculated failure mode

T tension failure mode

B bearing failure mede

S shearout failure mode

T• tearou& along !iber direction
at t45
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