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ABSTRACT

Classical laminate theory is a well known theory for obtairing the properties and
stress distribution in a layered orthotropic laminate. This theory, however, only
applies to laminates of infinite size,where disturbances in the stress field as may be B
caused by free edges,holes or cut-outs are not present.

’ Metkods of ing the stress distributions and b iour of holes ard pin-loaded
holes in 2 composite laminate have been investigated.

This dissertation presenis a computer program written in the "C" programming
language as implemented on a persanal computer. The theory is based upon the
original work of Lekhnitski (1947) [Ref], as farther developed and presemted by De
Jong. The theory is briefly presented. The method is an ‘alternative to the more
expensive method of finite element modelling and is derived from the solution of the
governing differential equation by means of complex stress functions. b

The program, (BHOLES), is a data generating module which generates the stress
field in the vicinity of a hole or pin-loaded hole in a laminate specimen of arbitrary
wigth {o hole dismeter ratio.

Alternative methods of presenting and analysing the generated data have been
i d but 20 direct ison is made with i results,

The accuracy of the gemerated data is verified by several methods including

lation with data d. by an ind Sy d ped program. Indirect
reference to test Tesults obtained by De Jong [2] is used to indicate the effectiveness :
of the model.
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The complex terms sy and sy, are distinguishable from {he material

compliances S35 and S% by the single and double suffexes.

Material compliances are initially referred to as Cy; at the end of Chapter 1
and in Chapter 2.1. The deeper analysis given in Chapters 2.2 and 2.3 uses

the S35 variable for material compliances.

The terms vy and uy referred to in equations (2.21) are distingnisable from
the displacements v and u by the suffex. Their expansion is given in

NOMENCLATURE
1 General
9
i)
1)
equation (2.8).
2 References

References with an asterisk refer to references referred to by the author referenced.
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CHAPTER 1
INTRODUCTION

11 ‘Work Justification

Generally, two methods of joining two componénts are used in the fabrication of
composite structures, viz. adhesive sonding, where the load transfer is predominantly
by shear in the adhesive Jayer, and mechanical joints, where the load tramsfer is
provided by fasteners such as zivets, bolts and pins,

Farlier investigations intc the efficiency of a pin loaded hole in carbor/epoxy tab
specimens [4] indicated that the efficiencies that can . expected from mechanical
Joining of suck materials is lower than is typically found in joints in isotropic metals.
This is especially true for the more ductile materials, such as many forms of
aluminium, where deformation of the material can reduce the stress concentrations
present in close proximity to “he bolt hole(s). The implication of this is that the
attractive high specific strength and stiffness, as well as generally good fatigue
resistance of fibrous cornposites, are offset by their intolerance of stress raisers such
a3 maay be created Ly holes or cutouts.

Although the drilling of holes i a laminate way often be avoided by the selection of
a fabrication process involving integrally cured components or by adhesive bonding
techniques, this is not always possible nor desirable. Sitnativns are ofien found where
mechanical joints are not only the best solution {0 a particnlar structural integration
process, but may often be the only method of component integration. This is the
case where, for example, structural disassembly is required, where access panels are
required, when the magnitude of the loads o be transferred are too large to allow
even the best adhesives to be used, when fail-safe failure modes are mandatory, in
combination with adhesive bonding to eliminate the need for costly bording jigs and
so forth.

The efficiency of 3 mechanical joint iz a fibrons composite is sirongly influenced by
the laminate lay up, and it may therefore be concluded that such joints can be
optimised [5), and should at the very leass be understood, analysed and tested before
: jon in any ) e




That the design of & mechanical joint in a composite laminate requires special
attention is best put by Poor {6}

"... ene of the more challenging aspects of mechanically fastened joints is
that the well-established design procedures for metal joints, that are based
on years of experience with isotropic and homogeneous materials, have yet
to be changed in order i ~~commodate the anisotropic and non-
homogeneous properties of composite materials”,

12 Literature Survey

Papers on the subject of holes and mechanical joints in composites date back as far as

the late sixties. The problems involved with this patticplar aspect sre however

numerous, and the many existing papers on the subject can therefore be considered to .
be limited.

An extensive literatnze survey is not offered in this disserfation. Instead some of the
aspects that have been i ig: by various ‘are briefly i and
the reader i3 instead referred to an catlier and more comprehensive survey done by
the suthor {1]. This survey was intended to contain a more in depth investigation,
with the intention that the reader may oblain an acceptable amount of background
information to the general problem. Bmpirical methods as used by Hart-Smith 7],
Collings [8], Matthews et af (8] and Jpplinger, et al {10] ate presented in a fair
amount of detail in an attempt to distill a more wniversal methedology and to
investigate general parametrics.

—
‘ The more detailed aspects such as friction between mating surfaces and loss of bolt
IR torque due to the visco elastic properties of resin-based composites ate only briefly

L ‘{ mentioned. Sandifer {11} found that there was no significant effect on the fatigue ife

of graphite/epoxy material when frefted ageimst aluminium, titanium ot
grapkite/epoxy of the same type. The effect of friction in a fraying plate sucface can '
be included n the stress analysis if the clamping force is kmown. A typical |
idealisation of a bolted joint used to determine the contact pressure between plates is |
illustrated by Mathews, of al [12].
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Poon {6] gives & ly detailed discussion on the basic ies used in
fatigne Life prediction. Alse discussed in this report are effects such as galling (also
digcussed by Cole [6+],, and installation damage where remedies such as labrication as
used in the F18 and AV-813 are suggested.

Rosenfield [13] qualitatively examines the now well koown graphite- aluminium
corzosion problem by testing mechanically fastened joints fabricated from these
materials with and without vadous forms of corrosion protection methods. An
investigation into the corrosion characteristics of various metal fasteners in
graphite/epoxy composites during exposure to a hostile environment such as salf
spray and the protection offered by various protective coating systems is also
presented in a paper from the Air Force Materials Laloratory, Obic [14}.

Static strength prediction using fracture mechanics principles is presented by
Bisenmann [5}, and this approach can bs seen to be similar to the “characteristic
dimension" approach used by Whitney and Nuismer [15].

. fining the faiture load of a composite material joint is 2 problem in itself. Poon [6]
notes that basing the definition on the maxizonm load that can be sustained by such
Jjoints is rather crude and inappropriate, since in this case fsilures occurred in some’
cases in bearing at a specimen width to hole diameter ratio of axound 3, after which
the sustained load continued to increase as the fibres piled up behind the pin. This
observation was confirmed by the author [4] and by subsequent related uwnder-
graduate work [17]. The problem of failure load definition leads io the need fo be
able to predict the load at which first significant damage occurs such that specimens
can be loaded to this predicted value whilst using acoustic emissions as a guide, and

XT3y ination for verification of the extent of the damage. Thie
method was successfully ireplemented by De Jong [2] where first siguificant damage
loads occurred within twenty percent of those predicted. In the light of limitations of
ihe theory used in the iest cases and the limitations of the damage detection
techniques, this is believed to be a sigei step in the wod ding of the
behaviour of composite materials. The problems involved with failure theories should
also not be forgoiten.

Anslytical techniques for predicting the stress field in the vicinity of a bolted joint
include finite element techniques and complex stress function methods.
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Varjous finite element codes have been used to calculate the stress field. Waszeak
and Crusz {17] presented 2 two-dimensional finite element model as early as 1971
using an assumed cosine pressure distribution on the hole edge. This assumption has
subsequently been shown to be incorrect, Chang et al [18+] investigated the same
problem in a similar way and obtained improved correlations in failure strength
predictions by applying the Yamada-Sun shear stresgth failure criterion in
conjunction with a proposed failure hypothesis that predicts failure based ou stresses
at a characteristic distance away from the hole in order to minimise three
dimensionat effects. Argawal [19] used 8 NASTRAN code to determine the stress
distribution around ihe fastener hole of a double shear bolt bearing specimen and
Whitney-Nuismer average stress critesion for failure load.

Soni [20] used the same NASTRAN code and boundary conditions but adopted the
Tsai-Wu tensor polynomial failure criterion. York, et al [21%] used the structaral
analysis package SAP V and the modified "point siress" failure criterion. Rowlands,
et ol [22] used » finite clement model which included the effects of variations in
friction,material properties, load distribufion between bolts in series, end distance,
bolt clearance and bolt spacing. An important advantage of this approack is the
ability to take three dimensional effects into account. Three dimensional offects are
of special importance when including bolt torque and edge effects. Rybicki and
Schmueser [24) made one of the earliest attempts at analysing a curved boundary.
Their model included effects of through ihe thickness stresses. Matthews, et al [23)
describes the development of an element derived from a standard 20 noded
isoparametric brick element. The effects of bolt tightning on through-the-thickness
effects are discussed. The brick was incorporated as standard within the FINGE
analysis package.

The method of complex functions has been applied by numerons reseaxchers of which
the most notable is De Jong [2). Others such as Tung [25] have made useful
contributions to this analytical techrique. Tung presents a Mmiting procedure and a
root modification scheme thai give accurate results with ordinary machine precision
for any plate material. This procedure has not been implemented in the analysis
presented in this thesis, and consequently it can be expected that a solution cannot
‘be obtained for the case when the characteristic roots are equal.




Besides the empirical, analytical and experimental aspects of the problem of bolted
jpints in composites, are the more practical aspects such as the effects of countersink
angle {which may vary between 90 and 100 degrees), the use of solid versus hollow
rivets, aad rivet types, such as is discussed by Matthews, et al [26]. Some
commercially available rivet systems are also discussed in the fuller review previously
mentioned by the suthor. Practical aspects such as galvanic corrosion, galling,
installation damage snd pull shrough strength with reference to semi-tubular civets,
big foots, Cherry Buck rivets, siress-wave sivet systems, groove proportioned lock
bolts, composite fasteners and sulf tapping screws are discussed by Cole, et al [27],
and the determination of suitable safety factors for use when designing bolted joints
in GRP are discussed by Matthews and Johnston [28).

In addition to the vast number of papers on the subject, numerous reviews are also
available. Some of these are by Tseng-Hua Tsiang [29] and Goodwin and Mathews
130}

1.3 OQbjectives of Current Research

The objective of this research was to investigate the Literature in order to extract
enough information to be able to make a significant contribution to the design and
analysis of advanced aircraft with i reference to h Jjoints
in composite materials. This has beer achieved in the following manner:

{a) The accumulation and collation of as much information as possible relating to
research done by other researchers on the subject.

(b} The extraction of information from relevant papers and the presentation of this
information in a literature survey such that a reasonable understanding of most
aspects and approaches currently used to design and analyse composite joints
can be rezdily obtained by the reader. Since this phase was done whﬂst the
author was working in an industry not yei ing a well devell
in thig area, a suggested approach to the development of such expertise is
presented.
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{c} The development of an analytical model capable of generating the theoretical
stress field in the vicinity of a pin loaded hole in order to make a tool available
for deeper understanding of the mechanisms involved in load {ramsfer. An
attempt was made o develop a graphical representation of the relevant stresses
in such a way as {0 epable the interpretation of resulis presented by other
authors. A modest attempt is also made to predict the load ab which first
significant damage in the Jamimate occurs and its location by means of the
concept of failure propensities based on the Tsai-Hill faiture criterion.

14 Approach

Empizical methods have been investigated to a reasonable extent and results from
such an appioach can be very wseful in the design environment, but the costs
involved with developing the necessary infrastructure, the data collection process and
the equipment itself are high. The various approaches which may be adopted for
developing the necessary expertise in this area are discussed in Part 1, Literatnre
survey. In summary it can be said that practical application is always the final test,
that empirjcal data iu necessary for rapid first order design procedures, but that the
availability of ar analytical model will offer the toul required for more in-depth
understanding of the actual stress field and mechanisms of load transfer. In addition
to this a detailed model may indicate directions required for optimised joint design
and reveal trends or effects which cannot be obtained by other approaches.

©Of the analytical methods nsec. only two have been noted and considered 1o be worth
pursuing. These are finite eletent models and complex stress function models. Of
these two methods the finite element method at present has possibly been the most
effective, since it is capable of including through-the-thickness effects such as may be
ordinasily present or induced by bult torque. The costs of building such a model can
however be considered 1o be extrémely high, due both to the high cost of the required
softwaze, and due to the time required to build and run a complex model which will
have 10 include layering, anisotropy and contact or pressure modelling. The method
of complex stress functions on the other hand can be implemented quite
independently of any other specialised software, and as this thesis demonstrates, can
be made effective on 2 personal computer Tesulting in greaily reduced costs.

—
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The method is derived from tlie solution, (by means of ana}; tic funcuons), of the

differential equation obtained by ituting Grstly the
€ Ci G2 Cig] [ox
ey [ = {Cn Con Cu )| oy

'7ny Cot Co2 CosJ | oxy

2ad secondly the Airy stress function U{x,y);

where Fxs%?*; a,:%;(g; Txyz'g-:—g;
into the compatiizility equation:
(™
2R aa,
The resnlting 4th order differential equation is:
[ y— - 2Czs +(2Cn» Cu&) - 2G50y a

which can be simplified and solved using appropriate boundary conditions.

+Cu

iy
3‘—

@y

2

(13)

(14)
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CHAPTER 2
THEORY

The solution of the differential equation is done by means of analytic functions. The
solution involves much algebrajc manipulation. A detailed analysis is avoided in this
zeport for the sake of brevity. Instead, only the major steps in the derivation as
developed by De Jong [3] are presented.

2.1 Complex Stress Functions

By taking the x-y coordinates as baving an orientation with respact to the laminate
such that these axes lie along the principal material axes; the terms Cyy and Cys
conveniently become zero. This results in 2 simplified form of equation (1.4):

[Q_L] 89 [zc ,C;cﬂ] L

= 20d) 20 50 1)
Now by defining two ies, directionality {r} and angularity (),
C; E
where r= 6?‘ = ﬁ-- {22)
Cie
Cu =g g
ha el rg:;’l‘u (2.3)
this equaetion becomes: N
"“"u "“ +%}_ =0 (2.4)

It is of interest to note that by inserting isotropic values for r and a, this equation
reduces to:

AW =0




In order to solve this differential equation, U(x,y) is assumed to have a solution
function in the complex plane, i.e.

U(xy) = Hxesy) = F(z) (2.3)

where z =xs5y
and s = complex number

¢ can be shown that:
U = Fifzeag) « Flxebyy) « Fylxen,y) « Folxod,y) + Cxs Cpy + Gy

and since the particular solution U= Cpx+ Cpy + C; gives oz = oy = rxy =0, it can
be ignored.

The resulting equation can be written as:

U = 2Re [Fofzy) + Fz (22)]

and simplified to:
U = 7Re § Fufm) k=12 ) (2.6)
Letting g_’-l;f Fi(zg) and j_ff = ¢s{za), the Stresses can be found by differentiation to
be:
ﬁ;
.
o, = Re ) 5% 6y (%)
o
| .
§o o, = 2Re ] ¢ ()
i
i Oy =~2Re )5 6, () k=12 @7
l [
8




=

, ;g
wkere ¢l=dd—ﬁ and ¢1=E';L:

aad the displacements become:

u=2Re) i+ Cy+C,

v = 2Re) vy ¢+ CxeCy (2.8)
where 1w, = G5+ Oy and v = %L Cpty
To solve the differential equation, & convention for the direction of integration along

the boundaries is chosen as shown below. In this case it is defined positive to the left
if facing the boundary from inside the region.

Figure 2.1 : Infegration conventions.

‘When the loads on the boundary are known the following equations are derived:

Re) 4, (z) = —vadhc

(29)
MeY s, b, () = fX.dst kel2




and when the displacements are used we bave:

2Rezuk ¢ {z) = (s}
2Re z v b () = v(s) k=12 {2.10)

Thus, by applying either external loading o‘: displacements or both aleng the
boundary region, the functions ¢, can be obtained.

‘The functions ¢,'( are represented by a Laurent series:

(z) = ): ni "

without the presence of the positive terms. ¢; can be written as:
O R L A |

and by integration:
-
bln) = g9 . nrArhz e ) &% 5" (» Const) an)
neg

It can then be reasoned that:

{a) Theterms gt¥1 z, represent the homogeneous stress field, and

{b) the 2 g;"' z: " terms represent the effects of 2 hole, while
nst

(¢) the Ay fnz, terms ate related to any Joading on the hole edge,




‘These terms can 1o some extent be separated during analysis. Also, it car be shown

4hat this Laurent series converges for all values of [z] 3 1, i.e. outside the unit circle

in the complex plane.
2.2 Stresses Around Unloaded Holes
By considering an infinitely lazge plate with a ﬂole of radius R = 1 and the centre of

the axis system such that it coincides with the matesial principle axes, {as shown in
Figure 2.2), the functions ¢ may be found.

(e ,

=== Ry

il

=L
:11 N =
__“—‘Mm}_ﬂ.

T

Figuze 2.2 : Idealisation for a hole in an orthotropic plate.
The stress distribution may be found by evaluating the complex functions ¢y(z), :

with the general form: [N

-
4l = 60 L ne J B gt (2.12)
Nt
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where the first term can easily be shown {o represent the homogenous field by:

Pr- Py oy - Pyly mn) k= 1,2

g(h =
2(.: - =2

(2.13)

The perfurbated stress field due to the presence of the hole may be evaluated vsing
the |

2 g;k) L

texm and 4his can ther be superimposed onto the homogenous stress field. Thus from
equation (2.9) and using the fact that at this particular boundary no external load
has been applied, we have:

- . .
Zﬁe[(g“’.z‘fg(”.xz] DAL g;fuz;ﬂ} .0
n=1 nsl

- =

s‘gl" T IN z,] Xsl RN ¢E s,.gf”h

na net
n
=1

gm,{ glll P Zg(ﬂx .23 ] = -2Re[g(’?.zlag(’),zz]

2Re| 2 84 gl" 2P E % g”l 73 } B ~2Re[s,g“l-z“sag(7l.z,] (2.15)

n=t ns1

Now by considering the stress field at infinity we can assume thal the stress
perturbations are zero and the external loading is as given in Figure 2.2, giving:




2RelgtB 2, 4giB gy = - | Y.ds = Py.x-Pyy.y
8 1+8 2 Y

and
2Re[s‘g“‘ 248,800 z,] R fX.ds s Pry - Pryex (2.16)

which may be substituted into equation (2.15): ’

- .
me[ 3 g;‘%z;‘UE g;”.z;n] =

nes s
aad :
- »
zke[ 1 s‘ggll.z{”og P .z;“:’ = Pry+Pryx (2.17)
n
net axt :

In order to more easily solve the equations, new variables' {, and (, are introduced

where:
3
o=k (2.48)
and on the unit circle ¢y =2.
‘The resuiting series after substitution becomes:
L - )
2Re[ E CLh e E cgn -G"] = “Py.y +Pry-y
st LSS
and
= w
2Re[ PR RS RN, } = -Pry+Pay.x (2.19)
nel a=1
5 = F4 < "




[oamreca)

It can, (by & fair amount of reasoning), be construed that

CLY < G = 0 forall n#l,
and ther solving for C, 2nd C, gives

Py - By sf - Byl ¢ 3) . “iPy + s Py (1-i)Pyy

bz = 2 [0
2(-: ) 2(-k -5,
¢(7) can be differentiated 1o give:
¢J’<(zk) . Pp - Pyaf - Pl + 'l)+ Py + it Py (s, +i}Pay [-’K‘ ] 2.29)
-5 - P

which enables direct caleulation of 0x, oy and 7xy as well as u and v. The sclutions
for the stresses become:

oy e P,*Zke):[s:BkEE—l”
0 = Py*2ReX[Bk {:—E»l]]

v v
Ty = Py -2Re) [skak[j_ln

Py +ie Py (s, +ilPay

where B =
z(.k RERCEE

= T Y




2.3 Stresses Aronnd Pin Loaded Holes

Forces applied to the edge of the hole are included in the smalysis by means of the
Ay &n { term. Iis presence in the formulation accounts for any loading that raay be
present on the hole edge. Ay may be solved from equations given in Ref. {3]. These
equations ave:

2 [“1@ Ap-uypy
X212

3 [Vk¢Ak 'mﬂ} =8
ketiz

o

= Re-

¥ {ae-m) -3
k=12
-

): [Sn, Ay~ mrk.]
k=12

(2.21)
yiedding

A= [Ry {oee [ on + s e 30 -

#Rx{sm [EN’EJ*;Q":‘:_::] -:—:—:}]

{rt o (5] 53}

k=12 £=21 (2.22)




The original formulation of ¢, may be written as:
Aln) = Ay G B () + By k=12 (23)

This may then be substituted into the boundary equations given in equation (2.9).

e i B st o) - fimx,
Yo

k=122
and
. s
2Re § g Buvsng Au s sy by ()] = - f X.dseK,  (220)
k=1:2 Q

{This is valid on the hole edge where ¢; = {, = ¢ =1} and following from the third
and fourth equations of (2.21):

=

2Re XAklnn'=5L9

iz
k=152
-
e § sy dho = 520 (2.25)
k=152

Thus equations (2.24) become:

L £
Re ] {qu&;(:u;)} = fY-dhK‘-l;.}'!
k=152 o
and
° 5
e § fogBursig o ()} = -f X.di oK, B )
k=03 ©
L b e i - 7 5




Since no form for the pressure disiribution is assumed a general
expression is needed which will accommodate any distribution that may result from
the analysis. The chosen form is:

P, =P, ) agsinzd forQ<fcm

D=1y 13

forxcfc2n (2.27)

or to have one expression which is valid on the whole circumference, (2.27) can be
written as:

®
N U P lorbcfcn
S C 0 formefc2n

Teulting in:

Zi’;}i‘f] V7 nsinng (2.28)

which can be converted to:

P,:Pn{% y a,,s‘mna*%[ § &=, fa,,[;{—m+$m~]wsmaH

n=ts 23 nelyd o
- ,, - -
.
in which: IR D)
a:n n=i3 m=2,4 nx2d w23

‘This expression i continuous on the whole contour of the hole and obeys (2.27). The
terms with odd values of n represent the symmetric part of the load on the edge, the
terms with even n the asymmetric pact.

Now by taldng X =Prcosf and Y =P;sinf we can derive from (2.28):




whete with a; chosen as unity:

1
Ry = f X.ds
o

2

Ry = f Y.ds

o

fx.ds = 4{,+-—¢K

R e

(®,/2) -

n=2:4

r

The funcijons f), f and X are given iv Appendix B.

Hence with (2.29) and (2.30) the boundary conditions become:

2Re § {Bpﬁ(z,‘)} s HeKAK,

keD2
and

2Re § {’k@ By + (8y9) #1 (Zk)} ==

keha2

Bg.
E

P, n-nfxz
fE K,

n-hs

(2.29)

(2:30)

(231)

(2.32)

(2.33)

Now with equations (3.32) continuous on the whole contour a solution for the
holomorphic functions ¢; can be obtained.

As previously mentioned, the terms ﬁ(zk) can be expressed as series of negative
powers of 2, wilh unknown coefficients. Also the replacement of 2, by ¢, = o may be

done cn the hole edge.




Therefore the boundary conditions given in equations (3.31) can be expressed as
follows:

2Re § {qus;(a)} = KK,
%252
and

e ] figBurtrg) du ()} = - Br-Fe Yoy, (2.34)

kel2 na13
The constants on the right hand sides of the above equation determine the constants

By and the translation of the plate as & rigid body. These equations may now be
simplified to:

Re § dild) =

k12 .

2Re 2 Sea B (0) = £, V (2.35) !
kena2

which may be combined ta give:
(5“'51:¢) 980) + (5 S k) FECoT w5, S FL (07 =8, 0y (2.36)

Now ¢:(a), continuous on the edge of the hole, is the boundary value of the function
¢:({k) on the edge of the hole. Also ¢:(~) = 0 since the plate is infinjte and at
Infinity the stresses must be zero. Now by considering Cauchy's integral we can
write: - . ¢

%f 7 -a("k -do = #(G)

b
1 4 duta)
TE§ P tg'd"

"
o

(2.37)
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and applying (2.37) to (2.36) results in:

N3 f: 1
g MG = 3k f it f e a0 @

The integral determination of the terms on the right hand sides of this equation are \
presented in Ref. (3], The resulting equation is: . |

?,
oG} = fm \

"
wa

[ 2Zn ay(mzn? + 1+ m“m)

@ )
N 8,(143, ) + &, ,o(1-2is ‘
p et c;""] 239) ,

© ® =

e J- 7 T3] 3

awn mehd axtd wsld Dend

e B

8 = 0

™ N = #1)2 - n2}{(m-1)? - n) k=12
) (s - )1 - 20 e

Pl Exeept for the coefficients 4n, the complex stress functions Mzk) are completely
: ) determized. T now only remains o determine these comstants by applying

1 displacements on the sdge of the hole, (resulting from some load), in equation (2.10).

H

I By making use of equation {2.39) snd equat? _n {2.19) the following equations may be
{ derived:
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5 B estaa)ral § K s mﬂ} (2.40)

ne0; b2 L]

) {vma(u)qm*f‘*m«)}
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o
u

. .
- %{ T OE cosuen)dsf T B stumd

n=0y 2 ayn

3 E snays-2 Y B cosmﬂ] (2.41)

ns0; 12 . w0

whese the terms Fo and F° are all given in full in Appendix B.

A final condition of displacement on the hole edge may be obtained by considering
displacements in the radial and tangential directions. It can easily be derived that
this further condition may be expressed as:

u cosf+ (v=v) sind = 0 "4y

Some of the series appearing in the displacement formulae (2.40) and (2.41) may be
replaced by analytic expressions that are only valid for 0 < # < 7. The resulting
expressions may be substituied into equation (2.42). This results in:

] s =0 (2.43)

Be2sdd

e



where a5 and a,4 are known coefficients.
With Cy = Cycos8~ Cysind
G, = Cycosf - Cysinf
Cyp = Cgeosf - C,hind
and Gy, =-Cq cosf - C, sind
These become:
ag = %’-sin 28+ % cos 26+ C,[ﬁ - ’21] cosf - ‘—;—1 sind

mel

. E 20gia(md) - Cyameos (mf) - 2C; (-1) 7 sinb
.2
:

m=13

m2 (-2 )(me2)
and for even n:

2y = ;%71 [C,,,.n.sin(nﬂ) +C,,; cos(nd) + 2C, sin(nd)

2

-Gez { ey cosf - (Zﬁ-f)sini} -, (-1)? mo]
) o

2Cymm winfmd) ~ Cgnimi-ntrljcostme) - Cafmi-n21).(~1) sind

1]

e

and for odd values of m:




e = gy [cw-n»sin(na) + G,y cos(26) + 2y sin{nd)

21 =S
—[20,(-1) 2 Cal-1) * }sinb’]

mel

. § {Zcqmn.xin{md) ~ Cqu(m?-a2+l)cor(m) - Jmn.Cof-1) 2
LB
H

sinf}
Na:n
me2d

The terms an ey 10w be solved from:
f2a9) {2a} = {-3,5}
In summary. thea
s the stresses around an infinite plate with a hole and loaéed pin are described by,
o = e ]} 4 ()
oy = 2Re e (;k)
Oy = -2B2 ] 5y by (1)

where

o™
| : '
% [ . Hln) = g medplana Y gl g
n
. { h ns1

i
{ Using the substitution
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(=4

{

this may be written as

$ln) = Ayl Geo by (m) < By
and ¢k(¢k) Tk 4y (‘x)

where, from above

—%

:!(k-
}Tk'- 2 2
. of -sfy -1

o The term Ay given in equation (2.22) may be reworked into the following term:
P 1
T { i [n,»xn.ny]

- [y ) (772357
where A= m

o Forcing 2 to the hole edge where { = 2 = ¢ = 1, enables a boundary valus to be
aserted into the Cauchy integral g:ven in equation (2.37) to yield the function
for m((k) given in equation {2.38). 4 {Cx) is then easily derived and the stress
may ba evaluated anywhere in the plate.

24 Superposition of Stress States
Daue to the form of equation (2.11), it can be shown that the terms representing the
homogeneous stress field and the effecis of a pin loaded hole may be calculated

separately and the final stress field obtained by superposition.

This technique is useful when including practical issues such as finite specimen width
and by-pass loads.
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25 Computerisation of the Mathematical Model

Although it is not the purpose of this thesis to examine computational software or
hardware, it was believed necessary to include 2 brief discussion due to the rapid

occurring in microp and software. If is felt that this aspect
should be taken into it for when ing the analysis ique presented
in this thesis. The development of parallel iterative solution algorithms and the
associated hardware for the finite element method are relevant to comparisons of
computationsl efficiency. The software langnage OCCUM, although considered to
have the attribute of simplicity (Davis [31]) for expressing many of the
Tequizements of concurtency software, is still a long way from being a competitive
taol for the solution of finite element equations. In fact, the advantages which can be
gained from are equally icable to the techni in this
thesis, and are more easily applied.

Another factor to be considered is the availability of ¥EM software having the
capability of handling layered and orthotropic elements and the additional
complications of model complexity due to the contact problem.

1t was with some of these factors in mind that a decision was made to implement the
method of complex siress functions as presented by De Jong on a medium
performance personal computer. Although the manipulation of a computational
process jnvolving complex variables would have been far simpler on a main frame
cumputer‘using FORTRAN with complex variable capability, this would to some
extent detract from one of the main attractions of the method, viz. portability.

Numerous languages are now available on personal computers, and the features of
high-level languages which support goud software design methods, as well as the need
t0 improve the likelihood of software correc uess and reliability are discussed in
length by Davies [31). With the possibility Jf using the method presented in this
paper in & modular approach to the design of a data-base-centered modular design of
2 more expansive composite design and analysis software system, the"C" language
was chosen. Although this is a high level language, it has the advantage of being able
to compile and run software models with multiple data segments, each 64k in size

@ IR T




and up to 1 Mb for code on a personal computer having §40k ram and a hard or
floppy disc.

The program BHOLES has subsequently been translated into pascal and
implemented on an APQLLO dorain 3000 system with improved graphics
interfacing. It should be noter that a BASIC preprocessor was used in the original
version for this thesis as well 45 a simple graphics program, also in BASIC. These are
not discussed. Appendix L contains the main section of the C program. In order to
illustrate the coding a simple fowchart is given here.

CALL SOLVE FOR oL
RESUHTANT
P e T
VECIORS
A

o
I smnct 10 H
FRE | SUPERPOSITION.
¢
° .
-
K Figure 2.5 : Simplified flowchart for basic model.




26 , Graphical Representation of the Stress State

The generally accepted method of representation of the stresses in the region of a Frle
or a pin-loaded hole in a composite laminate i5 a plot of radial and tangential stressss
around the edge of the hole. It is however believed by this author that this method
which may be applicable for isotropic studies is not applicable for directionai
multi-component materials. A typical representation of the stresses in a laminate 28
presented by De Jong [2] is given in Figure 2.6.1 for reference. By considering a more
detailed stress distribution as described in Chapter 2.7, it is believed three graphs
will not complicate msiters much more than two. To this end, instead of using
tangential and radial styesses, sizesses parallel to the fibre direction, perpendicular to
the fibre direction and shear in the matrix are used. Furthes, the distribution of these
stresses in the whole region surrcunding the hole may be beneficial in obtaining 2
better understanding of the mechanisms of load transfer and lead to theories of
optimal lay up rules suitable for designers. The jon of the stress dit

around a pin-loaded hole or bole is therefore represented by means of a three
dimensional plot as illustrated in Figure 3.1.2(a} for a unidirectional carbon Jaminate
with 3 pin load applied at 15* to the direction of the fibres. One further plot is
provided for completeness. This iz a plot of failuze propensity where, in this thesis,
the failure propensity is based on the Tsai~Hill failure criterion and is used to locate
the position of the onset of first damage, ag well as critical Joad distributions. A set of
four, (three-dimensional), plots per layer are thus nsed to describe the siress state. A
complete set of graphs as obtained on an APOLLO are shown in Figure 2.6.2. It
should be noted that for a jaminate, the production of four graphs per layer may
seem excessive,but it must be kept in mind that such a system will enable the study
of layer ori ion effects on individual layer stress ibutions,and not only may
this enable optimum laminate design but will enable further understanding of the
mechanisms of load transfer in multi~layered orthotropic systems.-
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2.7 Failure Criteria
2.7.1° The Tsai-Hill failure criterion

A multitude of failure criteria have been proposed by maany researchers. Some of
these ere simple while others are complicated. A discussion on the various failure
criterion is avoided. In order to verify results with those presented by De Jong the
Tsai-Hill failure criteria has been applied in thi: hesis. Failure propensities are
therefore also based on this criteria.

‘While atterpting to corzelate results with those published by De Jong, it was found
that this failure criteria resulted in close correlation for single layered materials but
not for multilayered materials. 1t was discovered that De Jong applied this criteria o
multilayered materfals using test values of strength obtained from tests on these
myuMilayered luminates. Using these values of strength in - the principle directions
quoted by De Jong, good corvelation was found. Using the single layer test values
applied to individual layers, and stresses obtained by applying classical laminate
theory to the laminate in order to get the individual layer siresses, zesulted in large
errors. It was therefore believed to be necessary o include a bijef investigation into
the possible reasons for 4his disczepancy so as to avoid possible erroneous application
of this failure criterion.

The basic form of the failure criterion is:

=1 (244)

The envelope formed by this criteria is ilustrated in Figure 2.7.1. Only the upper
half is shown to improve clarity. The differing lobe sizes due to the differing vltimate
strengths should be noted.
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In order to determine the probable mode of failure, it was necessary to extract mcre
information from the eriteria than just a "yes/no" iype of failure prediction. By
considering a cross section through the envelope, as illustrated in Figure 2.7.2, the
sensitivity of a lamina {o either the stress parallel to the fibre direction (oy),
perpendicular to the fibre direction {o) or due to shear (¢;) may be investigated.
Figure 2.7.2 shows this cross-section in detail. Again only the top half of the envelope
is shown,

Referring to Figare 2.7.2, the two points A and B represent two stress states with the
same parallel stress (i.e. stress states occurring in the same cutting plane). If one
wiere now 10 calculate a reserve factor based on extending the line 0A to a5 and using
the definition of reserve factor equal {0 230 divided by A0, it can be seen that a point
B could alse be located having the same reserve factor given by byl divided by BO.

Assume now that the oy stresses remain fixed as well, Any change in the stress state
can now only be achieved by varying the third. The variable stress can now be used
to calcnlate a teserve factor with respect to that stress only. In this case the use of
the o3 stress indicates a larger failure propensity at point A than at point B.

Using this approach it is possible o exiract five reserve factors which will more
clearly define the stress state of 2 layer. These are given below:

»  The Tsai-Hill absolute value plus & quadrant indicator.
*  The vectored reserve factor.

+  The parallel stress reserve factor.

o The perpendicular stress reserve factor.

¢ The shear stress reserve factor.

where the "vectored" reserve factor is defined as that obtained by maintaining a
constant ratio of parallel, shear and perpendicular stresses.

‘This approach has been applied to a [90/45] carbon laminate. Appendix B gives
details of results for $his laminate. These results are summoarised in Table 2.7.1.

&




[
"-W(Comn) { 2y, 0. ¥ O'_Lur {tens.)

&

Figure 2.7.2 Section hrough Tsai-Hili failure envelope.
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Table 2.7.1 : Strength predictions for a [90/+45]s laminate,

BASIC LAYER LAMINATE CALCULATED N
PROPERTY PROPERTIES PROPERTIES LAMINATE FPF
! (TEST) (TBEST) AND MODULI :
\
Ex 011GPa . 23.62 GPa 24.79 GPa
By 156.39 GPa 80.03 GPa 88.42 GPa
Gay 5.35 GPa 16,55 GPa 22.67 GPa
Vay 0.0198 0.1650 0.19787
ay(Tens) 64 MPa 212 MPa 202 MPa
/Comp, 212 MPa 286 MPa. -233 MPa
o2 (Tens, 1600 MPa 1072 MPa 665 MPa
2 (Comp) 11042 MPa ~805 MPa 665 MPa
a3 70 MPa 217 MPa -300+ MPa

| mdjor matl. oxes

445 Layers ]
~ )()/ 90° Layers
Vi %
AN, A4

Figure 2.7.3 : Axes convention used by De Jong [2].
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CHAPTER 3
MODEL VERIFICATION

Verification of the computer model was done in four ways. These were:

s Correlation with expectations on a physical level.

o Correlation of intermediate results with similar zesults by De Jung.

s Correlation of failure load and locations for a few Jaminates with De Jong.
o Test result correlation - De Jong [2].

Each of these will be discussed in turn.

31 Vetification by Physical Interpzetation

One major aim of this thesis was tc develop 8 model capable of describing the
mechanisms of load transfer that oucurs when a pin bears against the edge of a hole
in a composite laminate. In order to justify the stress fields produced by this model &
unidirectional laminate with 2 pin-load aligned in the direction of the fibres is
considered. Figure 3.1.1 shows a simplified representation of such a situation. The
diagram also shows expected parallel, transverse and shear stresses. These are easily
seen to correlate with the grap]ucd program outputs shown in Figure 3.1.2(a) and
3.1.2(b).

For the case where the load angle is no Jonger in the same. direction as the fibres, no
detailed discussion is given. It should however be noted that the load and
displacement angles are no longer coincident,that the i ive siresses
are smaller and occur at an angle 4o the load direction. Figure 3.1.2 shows the case
for a displacement angle of 30 degrees with the fibre direction.

Appendix (A) contains numerous plots for various cases of loading. In these plots the
angle of displacement is varied, the ratio of specimen width to hole d.xamecer is varied
and in some cases pure tensile or 1p; fields are d or

onto the stress field due to a pin loaded hole in a plate.
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Figure 3.1.2(a) : Three dimensional plots.
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Figure 3.1.2(b} : 30° laminate ~ quadrant {90° to 180* } fibre stress.

It should be noted that the Jast plot in this series is for a [+45°] laminate and the
stresses can no Jonger be ireated as stresses in the fibre direction, perpendicular o
the fibre direction and shear. The failure propensity diagram is also not valid.
Further work is required in this area to reduce the laminate stresses o individual
layer stresses. This entails the development of 2 more detailed post processor.

s
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32 Tntermediate Result Correlation

The most intermediate result is the production of the a, terms described by equation
(2.42). A qualitative estimate of the accuracy of solution can be made by examining
the terms for any .ymmetrical displacement case where all even terms produred
should ideally be zero in order that symmetry of the pressure distribution is
maintained. Results for a unidirectional carbon lamina‘s cbtained from program
BHGLES is compared in "able 8.1 with results published by De Jong [2]. ;

Table 3.1 : Comrelation of intermediate results.

BHOLES DE JONG
= (0 deg) UD = {0deg)
anfl} +1.000e-0u0 a(l) ©.100d+01
anf2] 42.625e-011 2(2) < 0111405
anf3} -3.823e-001 a(3) -0.382d+00
anld} +4.271e-012 a(4) 0.467d-07
ani5] +1.429¢-001 a(B) 0.142d+00
2ni6] +1.173e-011 a(8) ~0.159d-05
25{7] ~8.377e-002 a(7) -0.637d-01 )
3n{8] +8.817e-012 a(8) ~0.268d-05 .
42{0) +1.094e-002 a(9) 0.108d-01
2x(10] -1.200e-011 a{10} ~0.393d-0%
agfll] -1.5856-002 a{l1) ~0.158d-01
ag[l2] +1.252¢-011 (12) -0.460d-05
ap[l3] ~4.667e-003 a{13) -0.466d-02
an[14} +1.. 384“—011 a(14) -0.468d-05
(18] 16-00; a(15} -0.6574-02
an16] a{16) .407d-05
aqfi 601 a(17) 3504-02
2n[18] ~9 738e 012 2{18) .2954-05
an[19} 2.434e-003 a(19) .243d-02
— an[20] 6.267e-012 a(20) .1614-05
> apf21} -0.474e-004 a(21) .9744-03
an[22] 42.155¢-012 2(22) 478206
ap[23} ~2.590¢~004 a(28) -0.257d-03
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Correlation of Failure Load Predictions

Case1:  UD laminate with 0 deg displacement angle

Input Data:

Lamina Properties : Ell = 9.11 GPa.
E22 = 156.39GPa
vi2 = 0.0198
Gi2 = 535 GPa.

§11 = 1.097695E-10
522 = 6.394271E-12
812 = -2.173436E-12

Lamina Compliancies:

Displacement Angle: 0 degrees
Directionality: 0.2413541
Angularity: 0.08316018
‘Width to hole diameter ratio: infinite
No. of terms in approximations: 50

Output Data:

(a) Failure propensity diagram gives failure location at 90 degrees.

(b) Extracted stresses for Pb = 123,5 MPa are

gy =-254.40 MPa

0y =-70.15 MPa
o3 = (.00 MPa
{c) Vectored reserve factors: Tsai~Hill value = 0.993

Vectored reserve factor = 1.003
Reserve factor (o7) = 3.534
Reserve factor (o) = 1.003

Failure js therefore by splitting a4 90 degrees and a load of 123.5 MPa.
Failure value calculated by De Jong - 123 MPa.




¢
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H

(it} Case2:  UD carbon Jaminate with a 30 degree pin displacement angle.

Input Data:
Same as for case (i} but displacement angle = 30 degrees.

For this case detailed results analysis is not given. Refer instead to Thapter
2.7.1 on extension of the Tsai-Hill failure criterion. The results are
presented to demonstrate the fact that failure occurs at neither the location
of maximum shear, fibre or resin stresses, but at some combination of them.
This location is however dependent on the particular failure criterion used to
locate it.

Resulis:
{a} Failure at 105°

(b) Vectored reserve factors: Tsai-Hill value = 1.007

Reserve factor (51) = LBO§
Reserve factor (03) = 1.020
Reserve factor {3) = 1.004

Failure is 2t a load of 119 MPa.
Failure value calculated by De Jong = 118 MPa.

"The method of caleulating this Iocation and value is somewhat more Iaborions than
Iocating it by means of a propensity diagram.

Table 3.2 shows the relevant values and vectored-reserve-factor based deduction of
the failure modes. The resuiting load resultant angle is approximately half of the
displacement angle with a value of 14,9 degrees.

The data in Table 3.2 is presented in Figure 8.3.




Table 3.2 : Siresses and reserve factors for unit load = 1 N for UD carbon.
ANGLE RESIN FIBRES SHEAR RF RF RF RF MODE
(Stress Pa) (Ps) {Pa) RESIN FIBRES SHEAR, TOTAL
80 -1.63 et ~2.387 -t ~2.153 et 6410 885 324 307.7 Shear
85 ~1.37 et -3.168 et »2‘462.9'1 576 885 431 397.7 Shear ..
90 -9.73 e -4.148 ¢t ~2.753 e 10720 510 254 228.8 Shear
95 -3.86 e? -5.363 el ~2.966 et 27030 395 236 202.8 Shear
100 3.92 e -6.781L et ~3.007 et 40820 812 232 186.9 Shear
105 1207 et -8.289 et -2.769 ™1 12330 255 253 180.8 Shear/Buckling s
110 2.181 et -9.656 et -2.155 et 7353 219 225 183.8 Buckling
i 115 2.81 et -1.052 -1.173 ¢t 5682 201 404 182.8 Buckling
| 120 2.96 et ~1.085 2.766 -5 5406 200.8 25 e 204.5 Buckling
$ 125 2.58 et ~9.708 e~ 1.082et 6211 218 645 210.1 Buckling
| 130 183 et -8.208 et 1.828 et 872 258 383 216.5 Buckling
()
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Tigure 3.3 : Plot for ¢ = 30 degrees {UD carbon}. Stresses at hole edge for load angle
¢ = 30 degrses.

84 Test Resnlts (De Jong)

De Jong (2] ran tests in verification of the analytical results of a model which
included pin flexibility, friction and clearance, The tests involved accurate
measuring of the elastic vesponse of the test specimens as well as the acoustic
emissions.

These results will not be discussed in detail here except to comment that no
significant damage is reported o have occurred until loads in excess of 80 percent of
the theoretically predicted failure load. This is atiributed to, amongst other things,
experimental error and to some extent the failure criteria used.

Tt should be noted that ihe experimental results appear to corzelate very well with
theory for elastic response and that bolt clearance has a significant effect on the
results.




CHAPTER ¢
DISCUSSION OF RESULTS

Al survey on jcal joints in shows that much

work has been done in this area of advanced composite structures.

Although empirical methods have been developed and may be a useful method for
obtaining parametric information or even as the basis for a design methedology, they
are expensive, (due to the large number of variables), 2nd do not provide an insight
into the mechapisms of load transfer. They are therefore limited in the amount of
understanding that can be obtained from them (due to the large number of
unknowsns).

Methods of obtaining the stress distribution, elastic response, and failure load (and
mode) include finite element models. This method was however not deeply
investigated due to the fact that the amount of work required to build a model, and
the amount of effort required to alter a lay~up or width o diameter ratio, is large
when compzred to the less detailed model afforded by complex stress functions, (the
main loss in detail occurring in the Iack of three dimensional effects).

‘The method of complex stress functions has been used to develop 2 model for a hole
or a pin-loaded hole in a composite laminate with variable width to diameter ratios
and load angies. The program BHOLES has been shown by correlation with an
independently developed model to generate accurate data. Indications are that a
higher degree of compuiational accuracy has been achieved in a program capable of
running on & personal computer than were achieved on a main frame using Fortran
1V, thus also adding ar element of portability. -

‘Theoretical strength predictions have not been correlated directly with test results.
This is mainly due to the high cost of the required iest equipment and testing.
Although BHOLES doss not indude the effects of pin flexibility or frction,
indications of the effectiveness of the method can be indirectly obtained by referring
to results produced by De Jong [2). Test results shawed that extensive damage was
not detected uctil a Joad of around 80 percent of the theoretical failure load was
applied. The elastic response predictions appear 1o correlate well for pin clearances
of 0 to 2 percent.

)



Some experimental work has been done on the effects of bolt torque on the bearing
strength of giass fibre laminates (3G) and indications are that increases in joint
efficiency of as much as 20 percent can be achieved.




CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

Finite element modelling of bolted joints is probably the most effective method of
studying the behaviour of bolted joints in cumpo‘site laminates due to the fact that
three dimensional effects can be included in the model, This means that bolt torque
and edge effects can also be investigated. However, the work required by this method
and the icati involved in an orthotropic layered system with
bearing loads make it an expensive and highly specialised tool which should only be
applied at 2 later stage for deeper investigetions.

Complex stress fanctions offer an efficient and apparently effective analytical/
tocl for igating the of pin-loaded joints. Also the
spin-offs from this approach are more extensive.

For example:

e  Graphical design data may be produced efficiently. These may be corrected for
three dimensional effects nsing data obtained from limited testing.

o The method may also be used to amalyse square, elliptical and triangular
cut-outs in Laminates using conft i

o Exact solutions for specific situations may be derived which are simple enough to
bei d on a

The importance of being able to design and analyse mechanical joints in composite
laminates cannot be ignored. C i i for § igating the
behaviour of such joints for purposes of understanding, preliminary concept
evalnation and the production of design data, is made particularly attractive by the
1apid growth in computer technology. The high cost of obtaining relevant data due
to the vast .wmber of unknowns makes a compufational approach even more
atiractive,




In the course of this research elated areas of i were isolated.
Some of these are listed below for reference:

e  Pffective failure criteria and an efficient materials data base linked to a
statistical data analyser are required.

¢ Highly loaded advanced composite stroctures are often Jimited by the
effectiveness of joining methods in general.

e The nature of advanced composite structures requires effective amalysis. This
analysis can be achieved by the implementation of situation dependent
computational units which are capable of operating interactively with an
effective data-base.

o Mechanical joining techniques may be effective in the integration process and as
such may be assisted by bonding.

Much work remains to be done on joints in composite materials in genmeral, on
mechanical joints, and the complex stress function approach to the computation of
the behaviour of advanced composites. The model presented in this dissertation is by
no means complete and much scope for further develcpment exists. Some aspects
still requiring attention are listed below:

e The present model must be upgraded to include pin flexibility, pin friction, and
shear in the horogeneous stress field.

e The approach can be extended to rows of pin-loaded holes, thus allowing
investigation of effective bolt pitch.

s  The exact solutions for specific situations should be imvestigated for general
applicability.

s Application of the method to other cut-out shapes should be investigated.

« The model at present requires a fair amount of pre~ and post-processing. This
aspect has yet to be fully developed.
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*  Drivers for the data generation unit can be developed which are aimed at the
generation of design data.

«  Probably most importantly of all, accurate test procedures must be developed to
provide information on the accuracy of the model, and the role of three
dimensional effects,
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APPENDIX A
THREE-DIMENSIONAL STRESS PLOTS
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.o APPENDIX B
STRESS VECTORED RESERVE FACIORS USED IN
TSAI-HILL FAILURE CRITERIA [90/+45]s.

Failire Criteris Results

Reserve Factors for individual layers based on the Tsai-Hill failure criterior for a

-[90/245s. laminate:

1 Load =+202 MPa in o, direction:
90° Japers:  Tsai-Hill value = 0.994 {Quadrant 8) .
RF {vect) = 1.003
RF{ez}) = 1.003
RF (o) = 3.984
RF () ==
*45* layers: Tsai-Hill value = 0.852 (Quadrant §) 3
RF {vect) = 1.083 B
RF(s2) = 122
RF (o) = 2182
RF (o) = 1124
o
2 Toad - 233 MPa in oy direction:
90" layers: Tsai-Hill value = 0.108 (Quadrant 6)
RF (vect) = 3.04
RF(e) =283
RE(A)) =685
RF (A) ==
*45° layers: Tsai-Bill value = 0.999 (Quadrant 3)
RF (vect) = 1.00
RF (o2} =169 :
RF(e) = 1.002
RF {e1) = 100
s
e B +3 > m:ﬁ N
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Load = +665 MPa in o3 direciion:

90°* layers: Tsai-Hill value
RF (vect)
RF (o2}
RF (o1}
RF (a3)

+45° layers: Tsai-Hill value
RP (vect)
RF (e2)
RF (1)
RF (o3}

Load = 665 MPa in oz direction:

90° ayers: Tsai-Hill value
BF (vect)
RF {03)
RF (o)
RF (&2}

+45° layers: Tsai~Hill value
RF (veét)
RF (03)
RF (o)
RF (o5}

= 0.459 (Quadrant 6)
= 1475
= 9.52
= 1445

= ®
= 0.998 (Quadrant 1)
= 1.001
= 1.032
= 138
=1.001

= 0.968 (Quadrant 8)
= 1.016
= 2.016
= 1.015
= 0.986 (Quadrant 7)
= 1.001
= 3.198
= 1.258
= 1.0017




APPENDIX C
LISTING OF C PROGRAM FOR CALCULATING STRESS DATA
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HODULE FILE LIST-BHOLES.PRIS List of included 41les for manual application. {
date! 1%-03-"0B
futhors P.M.Bidgood.
|
v
.
B
lo ‘
! i
¢
L
wl
!
4
o s = 0 . 4
= a B o




i

3+—=—HAIN EXEC. FILE-- BHDLES. /

241] @s\bhol es\bhol
eticfilesysholesiceale
cti\ctiles\nholesting

€1 te4iles\bholea\oatman

0 .




dates 15-05-°8%

Author: P.M,Bidgood.

MODULE BHOL.T - DUTPUTS: Stress fieid data generatian,
Resultant pin loads.

FUNNED! Strain info,

A
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finclude <eidchilenibholesidec)
voig  malnO)
/3~STRUCTURE DEFINITION. o
typedes struct ¢ doubie re,int complexs
typedes steuct struss_node {double grid_value;
struct stress_hode  Inexth Istress value;
. 73-DECLARATIONS.
v i
double b} tvold):
R olex 2anno(voidhi
stress_value tnewpoint ivoid) j
; void $reenc(conplex ¥oomvarble);
conplex tsubt (conplen talphs,conplex 3betali
conp]ex tdivciconpler ¥alphs,complex 3betali
conplex - tpomeconplex $alpha,double power)}
conplex taddicomplex Talpha,canplex Shetal;
conplex soul (conpler $alpha,conplex Phets)i
cooplex 3sqt teomplan talphal
conplex ssertcosplen Talphaly
conplax tkubetconplex talphali
void initialise2(gouble matrix2d[5071501)%
void initialisel (double vectoridfSo. §
void so}ve(double ATILS0],double ALC],dowdle ARED,int NN3E
void tranfcasples $alpha,conplex Sbeta)f
double ginpleidouble Strastdlr)}
double dinplidouble dtrasfdli)i
int inplint trastily
const double pi=3, 1415926545




7% VARIABLE DEFINITION,

65

2
int ", , 1208, sign3,  signsi
tnt [ iy 5 fiagk, sion,  sfenny
int 1, n a
doubln phis
) double % 27
double sngty, dirctys
double  Anthotal36IC501, ké, 18, . sum, Rx,  Deltaj
double Althete(S03, k5, X9, nan, Ry, pos
double Anesod, Kby k10, thetai
double . k7, kit
dmuble fngle, radius, Sigaakx,  Sipmaxy;
double 2, b, SigneY,  modulusi
double Stgntens, Sigxcomp, Sigytens, Sigycomp, sigeyi
double Siax,  Sigy,  wifthi
complex 811, 1SPHILL, sa1, 5123, 3phisin, fone,  twos
complex 522, BSPRIZ2, sc2, tsphif2],  tphicos, negone,  Btrri
complex 1812, 3SPHIIZ, 33, $sciphil2l, tenpi
conplex 1si6, 1SPHIte, s, 18, ]
conplex 1526, 35PHIZS,  WAKLZ), Y, g
conplex 802, RV
stress_value  1SigmaXy, KSigmavy,’¥SigmaXxy, Tsai,  H4iPstEX, Birsty¥;
stress_value thew, HirstTsai, $4irstxxy
complen xcoord,  $Ik[2),  suacl, #sua, soc, the;
complex bycoord, tZetal2),  tsuac2, snanc,  tvalue, hoc;
cosplex PHIGKL2), Root{2)}
FIE ifp, t¢s, 5, 1y, teopan(;
ehar tgatas,  sdataS,  ddatas, tdata7;
-y
(4]
P - - T P




% ~COMPLEX VARIABLE- MEM. ALLDC. o
SU1 = newnot)3  SPHITE = newnoD} 5103 = newna0]  sphi0) = newno ()}
522 = newno)3  SPHIZZ = newnn(l} 501) = newnot)i  sphili} = nenna(l
S12 = nemno()]  SPHIIZ = newno(l} sciphi[0] = nemnat);  sc)phill) = newnol);
S15 = newno0)]  SPHI1E = rwwna(); 4 = hewno(}
826 = newno®);  SPHIZA = nawnol))  AKEO) = new.o); ALEIT = newnaU);
2003 = newno (1} BE11 = nawnotli
&1 = newnoti} RX = newna()
€2 = rawno()} RY = newno()} s
€3 = newnotl3 RYY = newnot};
5 = newnatls
. one x newso()}  negone » newno()i  phisin = newnti; .
twa = nemnol) 1 = newol)i  phicos = newno(}
xcoord = newno()j  ZKIO = newnoi);  ZE1] = newnolls  suscl = newnoi);
yeoord = newno(}; Tetal0) = newnot}j Zetal1) = newna(ls  sumc2 = newno()i
me = ot ne = newno)} Anc = newnat)§ faanc = peano )}
PHIGKIO) = newno(); Rootf0l = nemnsf);  sunc * newno()1

PHIOKL1] = newnn(}; Root[11 x newna{)}  value = nawnoilj

tSoe decln. proc. 4or nawnal).d 14 3
phi = 05 wisth = of flagh > 0f angty & 05 MM = 0 5
#lag8 = 0j dircty = 05 MM = 0
one-~dre = 1} tromdre = 2; ii-m = 1} negone-im = 0f
ong-Xis = O twomdim = 03 ii-yre = 0; neqone->re = ~1} °
N Sigxtens = 0F Sigycasp = 0 Sigry =05 . "
Sigytens = 0f Sigrcoap = Of
Biguaxx = Of SigmaYy = 0f 5igna¥XY = 0} Tsai = 0f -
initialisez(mntheta)s
inftialisel {Althetals
initialisel (An)} v
i Y : !
4 - i
] i
o e




72-FILE DESIGNATION AND PURGE.

Gated = “5i\\datas.hol*}
dataS = *at\\data5.hol "}
Gatab = *as\\datab.hol"§
data7 = *at\\dataZ.hol*1

£ = fopentdated, "w™);
#fclosetip)s
5 = fopRn (dataS, "Wl i
feluseitand

< fopenidatat, "W}
‘o
fu upen(uam, w1
closeldu

7E-READ IN INPUT VARIABLES,

prmwmm-sam. ARD BEARING STRESS DATR

“Toput anguiarity: 5" angty = dinplé Gangey);
printéir Snput girectionalityt™)y dircty = dinplé{dircty)i
srintft"n Input dispimnt, angiet™); shi = dinplffohily
priotéisn Input complisnce S{1 1*)3 S15-dre = ginple(Sil-dreli
printfir Input compliance S22 :%)7 §22->re = dinple(S22->radi
prints(* Input compliance S12 1*33 S12->re = dinple(S12->re)
printi (s Input cospliance 516 135 Sig-dre = dinple(S)e=dra)
prints(* Input compliance §26 %15 S26-3re = dinple(S26-dred}
Prints ("\nINPUT No. of points on hole edge required i")f M= finpiNN;

Prints (“\aINPUT Hax, No. of Yerms read. in sine saries 3"} W= iinp (el

printf (“\nINPUT Material strength in Jongitudinal tensisni®}iSigytens = dinpleSigytensis
printf (“INPUT Material strangth in longitudinal comprsni®); Sigycomp = dinple(Sigycnap);
printf ("INPUT Haterial strength in transverse tensioni®); Sigxtens = dinple(Signtens)i
print# (“INPUT Matarial strength in transverse comprsni®)i Sigecomp = dinple(Sigrcoap!}
Briotf ("INPUT Haterial strength in  In-plane  shear:®);  Sigxy = dinplatSigxy);
Brint4 1 \OEYPASS LOADS AND FINITE ELEMENT MODIFICATION lNP'.ITEX\n'l!

prints (.

prints (30 Tnput estisated effective width i "t = " t
Brinté(: Input (1) for b tensile 1oad\n'l;

print o bure conprevaive Joadi <"1 F1agR * $inplelagAls
pvrintn'\nlnvul (D & sherade one bearing stresst\n®)}

printé("Input (2) to calcalate without bearing 1-—*1 B = 11np(Flagh)s
printf (“\nPlease be patient - 1 as warking an the Tetikton. Hma i

phi=-13phd 89§ 7180}




JE-CALCULATE 013 & st2l,

Y
if (girceydangty)
¢ sL83-3re = sart((dircty-angty) /2)i
s£11-3n = sart(dirctysangty) 12}
8(03->re = ~1 ¥ slil-orei
5£03-3ia = sli1-ding)
alse
¢ sii3-dre = 0
s{13-fa = sart (fangty-dircty}/2) + sqred (angtysdircty) /25
s(0)->re = O
S103-%in = sart ((angty+dircty)/2) - sqrtiiangty-dircty/2)1)
/3-PETATION FUNCTIONS.
e — 1%

shisin-dre = sin(phi) § phisin-3ia = 0f
phicos-dre w cos(phi) ¢ phicos->im = O

/4-ROTATE s1) 10 GIVE sphilil,
trr = dive ({subt (nul (5TD],phicosl,phising ), tadd (aul (€03, phisin) ,phicost) )y tren(trr,sphiton;
trr = dive((subt (oul (s013,phicas) ,phisin) ), tadd (mu (6T13,phisin) ,phicos) 335 tranttrr,sphil1d}y

#3-ROTATE £33 TD GIVE sphilj,

£rr = pul td T (subt (toul (skrt (5003, skrt tphisin)), (skrt (phicos) 1)},
fsubt ({nul (skrt (£11), $krt (phisind )3, (skrtiphicos))) 11,5000 tranttrr, SPHIID
trr = ool el € lsbt Clowl (kb dntoI)) , (shrt iphicoss )7, tekrtiphisin DY,
(5ubt ( (aul { (8Kt (511333, (skrt (phicos) 1)), (skrtfphisind}1)}3,5110F tranitrr, SPHIZ2)
trr = addtaul (oul (sl (aul tadd fone, skr 4 TSED3)}, add fome, skre (s113))),
$117,skrt (ahisinl}, skrt (Ahicos)), 612)F tranitre, SPHI12)
temp = mul (oul (add (add (ol (aul (skrt (6LOT) , Skrt{sE111) ,tu)
Skrt (8£01)) yskrt {s013)), kuba ighistni | phicost i
trr = sul {subt (tenp, mul (Aul {add (add
tm, SKr& (51010} skrt (sT133) , kube (phicosd 1 ,phisin}), 51135 tranttrr, SPHIL6)S
teap = auj (aul {add<add (sul toul (skre(al0d)askrt (651301, o) skrt LD 1,
tts(l77),kub.(pm:ns)),phiilnl!
tre = aul (subt (teap, oul (el ;.ud(-nuun,swuswm skrt (s£11)
kuba (phisin)), phicos)), st tranitrr, SPHI2EH

73-CALTI ATION €1 TG £7.
— [

tlm it tma(unxzoa.whuu) SPHITING

trr = subi(teop, SPH) - tranitrr,cl)3
toop » mul (lnl(uhﬂo!.spmtl]) SPHIID)§
ter = ol (subt (teep, SPHINZ), 513 tranttrr,c2)}
teep x dive thul tadd (sphi L0, sphi [13),SPHI2Z) ,aul (sphi£01,5phiLa30)E
trr = Suot(SPHIZH, tewp)t trantter,c3)
K& = stez-drad;
kS = sesedm)t
kb = ~(c2-2imdi .
¥ = +ie3-Halt




Fortin2) {CzOMHI} +4id( thets = 0,1919B6218 + {2.757620218/RN=1)164i-2) ¢
‘ k8 = kS5tcos(theta)-kitsin(theta))

k9 « kikcos(theta)-k7isin(thatal; .

K10 = XBicos(theta)-k71sin(theta)s

ki3 = ~KG%sin(theta)-k9scos ithetal

sign2=1}
sign3sit
signa=ii

sun = O

sign = 13

A gn== 17 si e
sus (umvmn(xmetm (kEtxlzns(ytthzh))

Iwhile (33

. . Althetati=2) = =53 {(kBtain(zEthets) /21
78cas (Zetheta)
T (theta=pi /2) scas(thetal)
={kTesin (thets) /2)
+{Btsun/pi) 1}

for (k=21 KCoNROLS 44k) Creki
it (signz== 1) sign2=-1; else sign2el}
§% taignz == 1) tsum = 0 ¢
sz D
sign = o

a
&

ez

»=3i

i# signem 1) staned else signets

AN = XKL E X+ = 282)
$ex-11Eix-11 (x!xllr

sus += (((28k4x823sin (xBtheta))
~(k@sz8 (xbx-zdzell
scosixthetal)-xatz
Bixtx-zkz+i) Ssign
i theta) ) /onn) }

Iuhile (5cHmy

¢ Isign3== 1) signl=-1) else  stanse 10
. Anthetali-23Tk-23 = (2f{z82-
siikionzaintzthotan) ;
+{ki1scos (25theta) ) .
+(28k6351n (zathatal)
~(kk2/pi} s
T Areoa(thetar tatz-1))
-{2Ftheta—ps) Psinithetar)
~(kAtsign3esin(theta)]) o
«(Bsun/pi)}
ysend 148/

| g TR v T Y T T SR v || T



[}

70
else Gun = 03
=5
stgn = 1 .
do (jex2p
M

14 tetane 1) sign=-1) stse signets
nan = XE{(x610S (xhd)- (232)) '
-1 B x-1) = (282) ) ‘
. sum +u (((28k9828xBsin xdthetal)
~(KBIZS (rdx~zz41)
1cos (xithets))
-(2Ixs2aeT3eign
sin(thetal]) fanti
. Iehile (i<

44 tsigndes 1) signde-iy slse signéety ;
Anthetali-21Ck-23 = (2/{z8z-1))
$(k10kzBsin tz3thets) =
+tk113cos 2 thetal )
+(2Ek6I5EN (23theta)
~sin(thetal 3¢ (2nxbtsignd)
+(ET828510n8) )
+(88sun/pi H
>rtend elsets
/% of k loop 1/ 8}
373 of § loop ¥/

/3 SOLVE FOR An TERMS .

ommnrr e . "
solve (Anthats, Altheta, in, NN
vrlntﬂ'\nhtl)-al DDOOME-WO\I\')I “
#ar 13203 1<NN;
printf('\nﬂnl’u}‘l*!\n"iﬁz AnLidg
731//8 CALGWATION OF Rx & Ry RESULTANT FORCES. N
. s
; B! Print{ {*\nBASIC LOAD RESUL' . .
i pmm(-\n:untmm:mtnnt\n-;, . h

po = 2/pijsua=difor (120 §¢=(NN-3)§ i“’z”i‘fl sun v-(MU]*MH'ZJ)I(!'SJ 13 "
Rx = posian(03+sual IRy = potpl [Ziprintd (“\al + = fe .
Detta = atan{Rx/Ry)$180/pijprintf ("\nDelta + Ze ﬂ!qu&i.\n' Deltal

prints (\n VSTRIIRELIRSY




K3 e

/3-CALCIRATION OF STRESS VALUES.

2

print# ("BUSY CALCULATING STRESS FIELD s\n\n")j ' )

IE-TALCULATION OF AX. !
i %

covre = kb cadin

tomp = diveccs, aul (i fnud sk L (5C0,5E130) 30001 5600, e SE1D )4
A->re = tempeor

S>in = tamposiasat

RX->re = Rul RX->m = D} sciphil01edra = sphilOlwdref scjphil03-im = sphif03-dip 3 ~i;
. RY->re = Ryi RY=>im = 0f sciphil1)-bre » 6phil1J-drei sciphil}l-dim = sphili)-dim 8 ~i} .

for (3205 $<m1p 41C @ 1

tesp = Bul tpul (add taul (RY, sphi[513,RX) ,A) ,SPHI11)}
tomp = Ul aul (supt sespb L, sond [,
- subt (sc3phi£4,8phiC51))  tenp}s
tesp = add(tenp,divc (add (mel (sphi [ 31,RYD,RE), twa
tasp = d)v:(tenp,m}((nn.uux(ii,!ubt(sph!U!.whﬂﬂ”)'l
AxTil-yra = temp-dre / pij
. AKLEI->in = temp-3in / pij

/% CALCULATION OF STRESS FIELD - data.

Y

For 45205 j<=3b} L 2 = 5 7% gl nt - § % 5 deg steps...t/ o]
printé{"\n Calculating at angle = 48", 853 -
SPENL ("\n TERRIRILESIIIEEAIERALERINN 3
Printf {"\n & Radius + ")}

$or 1424) cad e+ x w4} L« /% Radius variant - i / & () steps...t/
SigaaX = 0 :
Signa¥ = 0f
Sigaaxy = 0f

radius =
ogle = by *4/180)

= ri

diug § g =05
yeoord-dre = radius % sintAngle)s ycoard-dia a OF

7% Caleulation of PHIGZK) and PHI® (Zk3.

|
for (km0§ k(mlj +ek){ 1mi-kE |

!
: o6p = add ixcoord, aul (y(wﬂ,wh!lkn)s tranitenp, IKIKI}F
I tesp = sqt{subt (subt (skrt (Zk[kD) e
skrttsphilkd)},oned}; tran{teap,Reottkd)
o <




/3Choice of correct root sign. :
prdbo st % -
§4 tacoard-drex=01 € i (Raok[KI->im0) € 3 (ycoord20) tranitems, Koot k11t :
15 yE0ord<o} (RootlkI->re = tesp-dres-1j N

TIotn = teapoiet-133)

(Roottk1~3im<0) ¢ §¢ {ycoord<0) tran(temp,Rootfx3li
i tycoord>0) {Rootlkl-dre = tesp-yret~i;
AoOLIKI-Xin = tesp=diet-1}33)

1f (xcoord-drecol¢ 34 (Rootlkl->re<o) ¢ tran(temp,Rootlkd)id
f (Reotfk]->re>0] (Rootlki->re = tesp->res-i
RootkI-Yim = tewp-dint-1i)3

14 (xcoord=drad0)¢ i (RotTkI->re0) { tran(temp,RootlkI);} .
45 (RootLkI->reco) {(Rootlk]->re = temp~dres-1j
Root[k1->in = tesp->int-ii)}

temp = Give (204 (ZkEKD,RantlkD)
subt lone,eul (i, 5philk1IN4 tranitesp,Zetalk1ls

Tetatkl-3r K i KI->imds

1 LIDIm0 11 L1 CF redulust) teap =dive (bt (ZKLL, RooLLEYy .
bt (one, sul (11, 5phi £k31) )5 tran (temp, Zetalk1)}
FootkI-oremci FRBECH}-bres
Root[KI->i mm-1tRoot Lk1->iam 33

/3Calcn. of PHIo'k_Zetatk] in eqn. B.2

L] 4 5

do ¢ m-zq et
do € new2;

. ne-dremn
reedre s a b

1F ((n=2)3=0} {Anc-dre = Anrn-zly
Ane~3in = Of
i Hn-D=m=11 {Anc-dresi)
Anc->ime0} 3 .

'
nent-dre = ((a+1)T{ar1ivbib} & ((a-1)K(a~11-pEh};
“ o1

temp = dive(dive (aul (eud (mu) ¢ add (subt fadd{ou) faus) (mud (two, i), sphifil}
Joch me),skru»m.skrt\.:n o) 4 PE} , ANC) , pomc (1etalkd, a)} nenc) §

teap » addtaunci, teep) | L
!rln(tew,iul:l)v

Jubile (aCNN-1)3
Iwhile (e~}

i g g -




T —

=0}
do ¢ m4m23 n=0}

fAnc=>in » 0

anm
b=oi

nanc-3re =  (fat{if(a+1}-bER} F (la-1i¥la~1)-bRB}§
temp = dive(dive(Eul (aul toul ¢ add (subt (2dd (mul tmusd (sl CEwo, §1),5PRITI D)
nch,one) , sket (ncd), skrt (nc? 3, tusd ne) AN , powc tZetalk]d,a1) henc)
tanp = 3ddisurc2,teap) | :
tranitemp,sunt2) §

while (RCOWN-111
Iwhile tekAt-1)3

S e
Sunc~>{ pa0}
na-1§
dot neti
if them) tvalue-dresis
valug~>in=03
slse tvalue->re=Ann-2:
valoe~imad;
§§ (n=50) value-dremdi
valye-Yi8=0; 3

nE-dres=n;
pE->in0}

Angore = Anlnl;
Anc-dim =0

(EIp - di‘l: (208 {aws} (Anc, subt tone, oyl tsphi[1),i13))
{add (one, sul (Sphiil 7.1“),”!&.7},?‘7“1&)!]{), t1+b22)}
temp = .emm, eep) T
tran(tesp, suacl}
3 snile (nCNN-13)

=~
3

emp = pul (sunc, i1} .
tran(temp, susc)}

Sre = supc=dre £ pE /£ 4 3
supc->1m = susc->in 8 pi / 4 }

tenp = ), Buach bt (sphi £kJ, sphif131),340)
PHIGK(k)-dre = tesp-dre & po / {2 X pii} N
PHYGK[XI->im » temp->In ¥ po / {2 & pils o
teop = gfve(add (PHIDkTkI,AkCKkI),Rootk]l;
tran{tenp, PHIok{k})
3 /tend of k loop for calculstion of phi-dashed, k=1 & 2, 3/ g
kS - P s . Y
T ; I R




/1Stress calc, ang superposition.

I3Pure Comp. or Tens. with width.

£ tuidth!=03C for (RROPKS=11+4) -k
© Froores 2midth);

mm;ns-m RYY~Sre = —138YY->
Lo i (st (5o U, aph3 131+

subt (sphiLk],ii}) st |
tamp = dive (aud (eul (spbi 112, RYY1, 141, teap)
tran(tenp,BLk1) 3
Jif [ty AP

for (keO1kCaljeek) (tomp = oul toud (swbt 0 ve (2RCKD, RootTk]) s
vely BIKIE, skrt 5phi Tk
SignsX = SigneX + Zstemp-drej
P tesp = mul (subk(dive (ZkTk1,Reotlkl},
ane),BLk3) 1
Signa = Signa¥ + 2rtesp-
= o o (ot (Eh e KT Foot 11,
o), BLk3), sphi Lkl
Signatyx SignaXye-2stenporei
H

Sigma¥ = (RYY->r) + Sigmays
ys3end 158/

7% Caleulatich of inddasite bearing. (optl.

[

5% t41agB==13 (temp = asd (mul (PHIOKE), skrt (sphi£03)) ,musl (PHIOKT1], skrt (sphiTE1)1;
81,g0a B12;

» SigaaX +tesp-3r
temp = ada(PHiuk(ol I-'Hlukulll
i gme +Eaopror
teng = ot (anmo:.spmm),-nx (PHIBKLID, sphi[13))}
(SHamaym Sigsaky stempoires 25

seLinked 1ist data storage,
T

44 Btganreu0) (S1gnalk ~ newoint) .
FPStXY & SigaakXy
S guart->qris value Sigeakscas (ohi) tcos s
+ EignaY#sin tphi ) 8siniphs )
~ 20cu8tphi) £54n (phi )} $51gmaXY}
3
#hse new = nevpointids
SigaaXX-dnext = news

BigaaXk = neo
StgmaXi-3rid_valus » Bigaakicos (phi)scos (phi}
+ SigeaYiRin(phi}ssiniphi)

= 2#costphi) telnfpht } 85 guaryl
Sigaasi-snexte0}
)




©

NS

firatyy = Signavt;
SigaaVY->grid_value = SigmaXssin(phi)isin(phil
Signa¥icos (phi) 3cos tphi)
+ 23cos (phi $esiadphi 18T gnaxy;

>
else {new = newpoint(s;
SSgna¥Y-dnext = news
Sjgua¥Y = new
Sipna¥y->grid_value = SigraXssiniphi)Tsin(phi)
+ Signatscos fpht} scas (pisi
+ 23ros{phi) 150 (phi 1151 graXy;
Sgaa¥Y-dnext=0]
3

3F {SigmeX(y==0) {SigeafXY < newpoint(}j
FirstXXY = SigmaXxvi
StgnaXX¥->grig_value = SigmaXscos(philssiniphi)

: = siniphi)teintphi));

etse trtw =
i gaxxy- >nn( = news
Stgnarxy =
SlgullXY‘)grid_vulnl = SigmaXscosiphi)isin(phi)
. SignaYacosipht }Bsiniphil
+ SIgnaXvs (cos (phi ) 3e0s (phi)
~ siniphiltsinphi};

SigaaXxy-dnext =
>

i¢ (Tsag=e0)  (Tssi = newpoint()i ‘_3
#5rstTsas = Tsaiy :
14 (SigeaVy- )qrxd valusco) Sigy = Sioreonps
elso Sigy = Sigy
i (sngnxx-mm vi)ut(D) $igs = Siaxcomps
Blee Sig = Sip
| Tesigrie vaton e (Siqm‘ﬂ~>gnd vnu-xsignw-)grsu value)
X qrid_valual
9 grid. arid_value}
grid.. Zvalue
748igysBigait
. 3
alse  thaw = newpoint (s
Teai-ynext » nawi
Tual = o
iF (Sigearyorrid.vilueco) Sigy = Slgyconss i
eize Sigy » Sigytens) i
1% zslmxx—nrxa value<o) Bigx = Bigkcomp} - ;
slte Sigx = Sigxtans) ¢
Tsai-eridvalve = Sgmrrsgrid, murss;-.w—nrm value) :
grid_y o id value)
; qrid  vatue) |,
9rid orid value) (
/1SigysBigad 3
Tsai-dnext = 0 ‘ .
3 .
printd (g, *,radius)i 1{
3 /% £nd ot i-loop (radius variant)/ printf("\n tegn)} {
5 /% End of j-lcop fangle variant)s/ “
5
“
ey
7 v g 5 i 0 A et = e
L B AR P ; B ‘DXI@



/3STORAGE OF DATA TO DISC.

Signaxy = firstxsl
4p = fopen(datad,"a")}
da € fprintd {p, 2151e\n", Sigeaks-Sgrid_valueli
SignaXx = SigraXX-dnexti} while (SigmaXX-dnextt=0)f
#printf (£p, “515Ie\N" Signakx->grid_value) |
#closatén)i

SigasYY & firstyys
45 < fopen(dataS, ®e”);
85 ¢ fprinké iés, "4151€\n", Signavy->grid, valuels
Sigmavy ext}) while (Signa¥Y-dnextt=0);
Fprints t4s, “5151An", BigaayY->grid_value) |
feloselssit

SignaXXY = Firstixvi
& = fopen(datas, *a®}s
B0 ¢ $printf (Ft, "¥I5IEADY,SignaXxy->grid, valuels
SignaXxy = 5§ gaaXX¥-dnexti) while (s:gnxxv next1s0}y
. farinté ik, "EISte\n" , Sgeakhy-ogr Ld_value)
; fclose ity

Teai = firstTsat)
4u = fopenidata7, "a*)y
9 ¢ fprintd ISl eve, Taad dgridvelue);
Taal = Tsai-dnext; @ (Tsal“onext!=0)3
FRPANLE (fu, "4I510\" . Teal~Sgrid_valua) |
rloselfu)}

o END OF NODULE. ¥
3/8 END OF WODILE BEARING_HOLES. &/

Jxstarss
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HODILE CCALC.C: Complex nusber routines for bhol.c. ig

dater 1% © €9,

Authort P.M.Bidgood,




Kt

!
£1nciude <math.h>
Lnclude <stdlib.hy
include <stdarq.h>
fnciude <stdic.hd
typeded struct
toubse e
double $mi
Ieoaplexs

typedes struct stress n
teoubla grsa valus;
Shruct Lireis.note Tnextsistrass.valuel

comples dummyl 3, dumty s, o duanyt, 7, dunoy8, duntys}

complex dumayll 12, unny33, duany1 4, dupay 15, dunny 16, dunay20, dunny21 ,d
complex #init

/% Conversionts) of pointer variable to complex space.

conplex rewnot)
¢ init * (Ccomplex 1) mallocisiient fcomplex))y
initedr
init=din = 0
reterntinitl} 2

woid treenoicenpiax Scoavarble)
< freetcomvarbledi 3

double knewdbl ()
¢ return {(Bouble 3) malloc(sizeos (daubledl) )

st7 ess_value tnewpoin nt ()
€ return [(stress_velus §) nelloc(sizeot (stress valua)))yd

FUNCTION,
woid trantcoaplex $alpha,rosplex fheta)

{heta->re » alphavdrey
beta->in = aipha-)im;)




Goaplex tsubt(complex Yalpha,complex Bheta)

< static m +1agls
14 (#1ag1==0)

) $lagi=i else +1agleoy

i tlagie=0}

¢ dummviore - alpha~dra = beta->rei
duneyl.in = 2lpha-dim - beta~>ing
return (kdunoy)§)

else

¢ dumay2.re = alpha-dre - beta-drej
dusnyZ.in « alpha-din - bets->isi
Feturn (Ldumay2)i>

complex tadd(cospler $alpha,complex Theta)

€ static int $1ag2|
$§ t4lage==0} #1202=17 else flag2s0;

i t1agze=0)
¢ dummy3.re = sipha-dre ¢ beta-drej
3.im = alpha->in + bets-2ini

return dunny3 1>

Else
4 dulmyl,r! = alpha->re + betavre;

Gunoyd.in = alpha->in + beta->in;
Feturn baunaydr1>

me oL GHPLEX NG ADDITION, mmmwmemmmtmmmmm s e

—~-COMPLEX No. MULTIPLICATION.-—-=m-

complex $eulicomplex talpha)complex $heta)

€ static int $lag3
TR -

. 3¢ (£1ag3es0)

unayS.re « slpha-dre 3 bata-dre - alpha-die
dusays.ie = alpha->ra 3 beta->ie + alpha-bia

return (haduseySH)

15 (Flag3es)

return (tdunays} i3
St gz

return (Mmyq

M ez
Y0,

return thdunay0) 1

nise
{grints (“Error!

€ dunnyb.re = slpha-dre ¥ beta-dre - alphi=>in
dusayb.in = alpha-dre t beta-dim + alpha-3ia

dunay3.re = alphardre £ bets-dre - dipha-dia
xiphacdre ) betar>io » alpa-3

= alpha-dre 3 beta=>re ~ aipha-3im
uu»zyo, & = alpha~>re § beta->in + alpha=>im

) jreturn (bdumay0) |3

£ beta->ing
8 bata->re;

€ beta=>f
 beta->rej

% beta->{nj
 beta-dref

s beta->ey
3 beta-drai

-G

o

PR 4




cosplex adive tcomplen Talpha,conplex

tstatic dot Jlagls
15 t§1aga==0) f12g4=1] elne 1agd=0i

§6 (F1agamn0]

¢ duamyZ.ee = (alpha=dra § beta=dre » alpha->in ¥ beta->is)/
1 bats->ra + beta-dia 3 beta->iali

dusay7.in = {alpha-dim § beta->ra = alphs->re t beta->imi/
(beto=dre t beta~dre + bute->im 3 beta-riall

tbeta-dre

returnibdumar? 55

Else
€ dumnyB.re = (aiphz-dre 3 beta=>re + alpha-dim ¥ beta~>is)/
tbeta->re 1 beta~dre + beta-din
dusar@.in = (alpha=>im & beta~dre - alphs=>re 3 beta=diml/
(beta-dre § bata-dre S bets-dia ¥ beta-dim):

return (hdumny8); )

sheta)

* beta-dimdy

’

camplex $skrtfcomplex falphal /% complex No squared. s/

€ static int F1agss
14 ($1596==3) $1ag6=07 elee Flaghe=l}

T )

¢ dusmyilire = (alph
dunmy31,in x 28 talpha-dre) (alphs:
eeturn{bduanyl13(}

if (F1ag6

s
< dunaylZ.re = (alpha=>ra>sialph -~

toany12.in = 21 (alpha-dre)sial,
return (SduneyI2) 13

& llllub"Z)

%) = (alpha~>im) ¢ (sipha=dia)
n;

>r#)%(alpha->re) ~ (alpha-Yie)2(alpha=>in)}
img

15,
uu-yxs.u = 28 Calpha->re) sl phas>ia) )
5

Feturn (tdunay 15)5

u (#1aghae3)

duneylé.re =

1 pha
mu.u = 2!(Alphn-)relt(llpha-)in).

turn (hduney 16913

et
Rige (printf (“ERROR(EKRT)L1*}freturn tbdusaylt] 1} *

)




81 :
conplex tkube(complex taipha)
€ static int flag7
1 ($lag7am0) flagrels else $1ag7=0; :
3t (5lag7=s0) .
i dunmyl!.l'l « alp p ol - 3talp §
382l phs pha=>re = alpt 1 l
r.turn(lﬂumylsl fis o
else
¢ duamyld.re = alpha=dred (alpha- )rempm—m, - SIilphi-Hm’nphl-)(.), B
duanyld, in =
Feturn (kduany14)33

: complex tsqt{complex Yalpha)

€ static int Flagt
1€ t§lagB==0] flagB=1} else f1agBe0)

i Ha
<15 Gisharess) dunay20.resoy
else dunmy20.re = sqrittal pha«)rnsqrt(mpha'%e!l pha-ore
+alpha->inkal pha->im) /2) ¢
1F talpha=>{0==0) dumny20.in=0j
else dusey20,ia = sart((sqrt(alpha->retalpha-dre
+alpha=>intaipha=Dimi=3lpha=dre /2)1

1% alpha—yi a
return (4duany2031)

else
£ §f (alpha-dre==0) dumey2i.re=0;
else dunay2i.re = sart{(alpha-dressart (alpha-dretslphe-ore
+alpha-}intalpha->ia) 1/2)7

§% (alpha-dim=s0) dumm;21.in<0}
sise dummy2l.in = sarttisart (slpha-sratalpha-sre -

pha->intalpha=>{n) a1 pha->re) /2)§
21.i 1

if
returntdunny21) ;)




SRR N AREAS uDihe b $BRTE DI ek BIRET.

¢ static int §lag9s
jouble phi,mod;

1F 161aghe=0) Tlagel) else flagheos
4 (§1ag9ea0)

1phi = power? (atanZCelpha-Dim, alpha->re))s
ok = ot (A% FaLphan o ate) P 7 e B\ R BLa Bha-Dim Y pomer§

GumnyZ2.re = nod ¥ cos(ahid;
dunny32.ia = nod & siniphi)}

TRtarn sy 22) 1>
el
oni = pumltltinz(nlpha-)m,uohr)ui)1
mod = pawi (sar 1p pha-dimit,powerls

dumnyZSire = sof 1 conpni)i
duamy23.in = mod % siniphil}

return (hdunnyzsi

o

gy




HODULE INP.Ct Input formst for manual use of aodufe bhol.c,

dater 15-03-+88

Authort P.¥,giegood.
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73 THE FOLLDKING IS FOR INPUT WHEN DIRECT MDDULE AFPLICATION IS REQUIRED.®/

finclude {stdio.h>
finclude <stdarg,hy

doukle dinple(double dtrasfule)
4

seanf(* Yle*, bdtrnsfdle ;
returndtrnsidle);

double  dinplffdouble dirnstdls)
<

seanti® %1i%, dtrasiol )}
returntdtensidlf)s )

iRt tinpine trossi)

seand ("2, btrnsiid;
returnttrostid;

e
Wi




MODULE MATWAN.Ct Matrix manipulation file for bhol,c.

datet 15-03-"g8,

futhar: P.M.Bidgeod,

-

g

T T T Ty T T el




== ™
i
88
Jemm e HATRIX BANIPULATION FILE= oo
finclude <math.h>
“3--INITIALISATION ROUTINES-1/ .
vaid snmu:s.zmwn- matrix2d[50IL503) .
¢
for Uil seesty
for (5207 j<x50; «,) umxnmm =02
3
void tnitislisel(@suble vector1dtsod)
i int 3f
for (1%0; (=805 #+i) vectoris(i} = 0
2
J3--SOLUTION OF EGUATIONS. -1/
ueid ol ve(double ALILSON, souble AlE3jdauble Anfd,int M
iy 4
- Soabte " L) sum Rinviso3Lsers
sun = 05
for (=03 JONNp esp ¢ -
For 5e05 TSN 44D ¢ AIVLIIEGD = 0 )
. Alnv3333 = 85 3
4703 3G ) = Aty ‘
for (515 jONT 44 ) umm(m)umc.nsu.m.-nuu,n 3
For (GE01 SONN3 4413 €OLLIE5) = ALIIL 1/ 4abs .
AInVLI3Es * A!nv[[l!jl/'ﬂhs(L >
for  (RSLTRCOREUIIOR) (e ki
L » ALKICRYS
For U=(keIMIACANG LD CEF (4abs(ALS ITD) >Fabs (L))
€L = ars ks i
i ¥
for (j=01 JANNG +43) i % ALk .
Ark:r,; = Aumm,x,
ARt
L= Axnv:k:rm
Mkt Almvtaat 35
AlInvEime30s)
for =AY} LGB T Do AETIT/ACEIEY :
Sor (jOF KNS 443 (ALEIESD = ALEILSI-LEATKICSIY
AInVEISLSY = AIRVEIICGE = LSAIAvERILITE) ) )
for fke (=) [kOugj=ek)  ( !
for (eOIICR-TIEA) L = AT IEKIATKITKY; ;
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INTRODUCTION

This report deals with the computer package designed for generating data
for pin-losded holes, and for obtaining a graphical display of the re-
sults. The package is designed to run on the APOLLO system, and is cur-
reatly in the possession of P. Bidgood. The packege was designed by
Mihaly Zsadanyi, during a period of vacation work in Jamuary and February
1988.

PROGRAM SECTIONS

The package consists of 4 sections :~
1. the main program - PROGRAM Comphole
2. HODULE Bhol

3. HODULE Ceale

4. MODULE Solve

We shall discuss each of the above individually.

MODULE BHOL

This module is used to calculate the stress fields. The data produced
by this module can then be plotted by using the main program Comphole.
Bhol is a direct translation of the € program Bhol.C, writtem by P.
Bidgood. Module Bhol makes use of modules Ccalc and Solve (to be dis-
cussad later).

Module Bhol comsists of the following parts :-
1. Initialisation

Here, certain variables, as well as the matrices and vectors a:e
initialise. Certain complex numbers, such as {0,1) and (1,0) are alse
defined.

2. Read-in

2 Comphele
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Here, the input parameters are read, either from the keyboard or
from o user defined file. Note that if & file is used, the full
pathnae of the £ile must be given.

NB - ALL ANGLES ARE INPUT IN DEGREES

These are converted by the program into radians in the traditional
way. The name of the cutput file is also to ba read im. For a fall
discussion of input and output files, see later. ALl the output files
are then opened.

Caiculation of Antheta and Altheta,

First, the complex functions and complisnces sre rotated, according
to the values of the varisbles 'dircty’ and ' . Then, constants
cl-c3 and k4-k7 ave calcnlated. PROCEDURE Calculate_Coefficients is
then called, and here the vector Altheta and the matrix Antheta are
calculated.

Note ~ the entries of Altheta are numbered from 0 to NN-1, while the
NN x NN matrix Antheta has rows and columms numbered from 0 To NN-1
as well.

Solve the system of linear equations.

This is dome by module Solve (see below).

Calculation of stress fields,

The 3 procedures Calenlate Rx_and Ry, Calculate Ak and
Calculate Stress Fields do this job. They consist mainly of some long
and intricate suamations. When the load angle {delta) has been cal~
culated, it is output, and so are the values for the stress fields.




MODULE CCALC

This medule consists of several functions which perform arithmetic

calculatjons on complex numbers., These functions are :-

1.
2.

FUNCTION Add - adds two complex numbers.
FUNCTION Bubt - subtracts one complex number from ancther.
FUNCTEON Mul - multiplies two complex numbexs.

FUNCTION Conjugate - conjugates a complex number.

FUNCTION Dive - divides one complex numbsr by another. To find (a,b)
/ (c,d} the following formula is used :
(a,b) / (cd) = {(a;b) * (c,~d)) / (C*c+d+d)

FUNCTION Sket - squares a complex number.
FUNCTION kube - cubes & complex number.

FUNCTION Sqt - finds @ square root of 4 complex numbex, Since we
can find two complex numbers which, when squared, yield the ssme re-
sult, the FUNCTION returns the square root with 1on-neg-!l:1ve real part
(sxcept when finding The square root of (0.b) where b <

FUNCTION powc - raises a complex number to a power wsing de Mowvre's
formula -

(z(cosxtisinx))*n = r¥*n*(cos (n¥x)+sin(ntx))
Use is made of the FUNCTION Atan?, which returns the arctan of an
angle in the correct quadrant.

MODULE SOLVE

Module Solve is used to solve a system of linear equations by Gaussian
elimination using partiel pivoting. PROCEDURE LU Decompose comverts the
matrix to upper triangular form, and then PROCEDURE Back Substitute does
back substitution to f£ind the solution. -
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PROGRAM COMPHOLE

The mein program Comphole is used to the two main
which are i-

1. Pletting of data
2. Creation of data

The program is menu driven; the £irst menu being used to find out whether
the user wants to plot data or to croate dsta. If the data creation option
is chosen, module Bhol takes over control, and returns when its operation
is complete. See the section on module Bhol above for more details.

If the user decides to plot data instead, he can do one of two things

i.  Plot ome set of data.

2. Plet a succession of sets of data.

One plot

Here, the program reads in {nput from a set of & files, does the necessary
calculations for 3D graphics, and then generates the plot on the screen.
(See the section on input/output for more info sbout these files).

The first time a plot is drawn, the usex is asked for the names of the
input files. The plot is then drawn. On completion of the first plot,
however, a new menu appears, which gives him the following optioms :=

1.  Redraw the previous plot.

2. Draw a plot using different data (ie the user is asked for a new file
name) .

3. Changs the tilt or rotate angles.
4. Decide whether the plot 1s to be output to a file for subsequent
printing.

If the user decides to change the tilt or rotate angles, & new menu
appears, which displays the current values of o .ve angles. These can
be changed, if desired. Once ome of these angies is changed, the user
can redraw the plot.

If the user decides to change the setting of the send-ta-fils aption,
& new menu will appesr, displaying the curzent setting as bsing ON or OFF.
If the user wants to set it to ON, he vill be asked to give the name of
the file to which the plot is to be sent.




A succession of plots

If the user wants to get & succession of plots, he must specify the names
of the files from which the dats for the plot is to be read. To avoid
tedious typing, the program will read the data for plot number k from the
class of files whose pathnsme is PNk. For example, if 3 plots are re-
quired, the data can be stored in 3 classes of files :-~

1. //dfs/user/mike/testl
2. //dfs/user/mike/test2 and
3. //dfs/user/mike/testd

{For more information about 'classes of files’ see the section on
input/output below.)

The user will be’asked to input the number of plots required. After
one plot is complete, the user must press the space bar to get the next
plot.

INPUT AND OUTPUT

¥hen module Bhol generares output, it is stc
These & files have the same pathname, except
.datal , .data? , .data3 or .datab. For exan
ousput to heve the name //dfs/user/mike/result.
in the files
1. //dfs/user/mike/results.datal
2. //dfsjuser/mike/results.data2
3. //dfs/user/wike/results.data3 and
4. //dfs/user/mike/Tesults.datal
Here, the 'class name’ of the input files is
When the user wants a single plot, he will be

of the class of 4 files, 50 if he inpurs '//df
il be resd from the 4 files //dfs/user/mike/

If the user wants a succession of plots, one
of the user, and then the 4 files for plo
//dfs/user/mike/plotk.datal J = 1,2,3,4.

The input/cutput £iles will have the followi
3. Angle increment around the pin-hole (in d
2. Number of points per angle
3.  displacement angle (in degrees)

4. load angle (in degrees)

5. the values of tha stress fields.




INPUT ANB QUTPUT

When module Bhol generates output, it is stored in a class of 4 files.
These 4 files have the same paihname, except that they have an ending
.datal , .dava2 , .data3 or .davab. For example, if the user wants the
output to have ‘the name //dfs/user/mike/zesults, the output will be stored
in the files
1. //4fsfuser/mike/results.datal
2. /fdfs/user/mike/results.data2
3. //afs/user/mike/results.data3 and
4. //dfs[vser/mike/results.datab
Here, the 'class name' of the input files is '//dfs/user/mike/results'.
When the user wants a single plot, he will be asked to give the pathname

of the class of 4 files, so if he inputs '//dfs/user/mike/plot’ the data
#ill be read from the 4 files //dfs/user/mike/plot.datal I = 1,2,3,4.

If the user wants & succession of plots, one class name will be askad
of the user, and then the 4 files for plot mumber K will come from
//dfsjusar/nike/plotK.datal I = 1,2,3,4,
The input/output files will have the following data :~
1.  Angle increment arcund the pin-hole (in degrees)
2. MNumber of points per angle
3.  displacement engle (in degrees)
4 load amgle (in degrecs)

5. the values of the stress fields.




GENERATING A PLOT.

1.

To generate & plot, the program does the following :-

The x and y coordinates are calculared. If a plot hes been previ-
cusly gemerated, and none of The following has changed -

a. the angle increment

b. the number of points per angle
c. the rotate angle

d.  the tilt angle

then the new x end ¥y coordinates will be the same as the old x and y
coordinates, so they need not be recomputed, However, if the user
changes at least one of the & values above, then the x and y cecordi-
nates must be recomputed.

The z valvues (the values of the stress fields} are read in. The
maxigum and minimum z values are also found.

The %,y and 2 coordinates sre tramsformed into & pair of screen co-

ordinstes sx and sy (since compiter monitors are unfortunately only
2 dimensional). This is dome by JROCEDURE Project. Note that there
are 4 sets of z coordinates (read in from the & files), and thus 4
graphs will be plotted on one display simltaneously, ome in each
quarter of the screen.

The display is initialised, by using the gpr procedvre gpr_§init.
The display takes up the whole screen, since the mode that gpr is set
to in the program is gpr_borrow. The graphics routines borrow the
whole screen from the display menager, and give it back when the
graphics display is terminated.

The plot is drawn, according to the screem coordinates sx and Y.
The box &t the top of the screem (vhich will contain the, values of
the load end displacement angles), &5 well es the border lines and
the two centre lines are drawn, in PROCEDURE Praw_Box.

The axes for each of the & grephics are drzawn. This is done by
PROCEDURE Draw_ixes. Note that the Y axis is replaced by the -Y sxis.

A semicircle of radius 1, starting et (-1,0,0), passing thru ¢0,-1,0)
and ending &t (1,0,0) is drawn by PROCEDURE Draw_Arc

The text is drswn by PROCEDURE Display Text. The text consists of

2. the name of each graph.
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b.  the maximm and minimum z values of each graph, except for the
4th graph (failure propensity), where the R and THETA values at
which the maximum oceurs is displayed instead.

c. the load and displacement angles.

. The message 'Press space bar' is put on the top right hand corner of

the display, once piotting is complete. The program then waits uatil
the space bar is pressed, before continuing.

Once the space bar has been press. ', if the program is plotting a
succession of plots, it will draw the next plot, otherwise the display
will be terminsted (gpr_§terminate) and the screen will be the same
as before the plot started. Note that if the program is doing &
succession of plots, them it will calculste the next plot's sx and
sy coordinates vhils the user is viewing the previous plot. In this
way, some time is saved. If the user presses the space bar before
the message 'Press space bar comes up, nothing happens - he will just
have to press the space bar again at the right time.
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SENDING GRAPHICS QUTPUT TO A FILE

If the user has set the send-to-file variable ON, then once the plot is
drawn (and before the 'Press space bar' message appears), the output will
be sent to the file that the user specified. This file can the be printed
on a printer. (See later for details.) Note that the whole screen will
not f£it on the printer paper - it is just too wide. To overcome this
protlem, the display is outpur in two sections, first the left half and
vien the right half.

HOW TO COMPILE, BIND AND RUN THE PROGRAM

Compiling

Since the whole package consists of s main program and 3 modules, each
of these have to be compiled. Suppose our 4 program sections are in the
files Comphole.pas, Bhol.pas, Solve.pas and Ccalc.pas. Then we compile
these 4 * ogram sections by issuing the commands :-

1. pas comphole.pas -nwarn
2. pas bhol.pas -nwarn

3. pes solve.pas

4. pas ccalc.pas

The '-nwsrn' is used just to suppress some pesky warnings that the com-
piles deens necessary to dump on us.

If all 4 program sections ste compiled, and then a change is made to
any one of them, only this section need be recompiled.

Binding

Once all parts of the program have been compiled, they must be bound
by issuing the following command :

bind comphole.bin bhol.bin solve,bin ccalc.bin ~b run
The ‘-b rur' bit means that the binary code of the whole, bound program
will be sent to a file called ‘run'

2]
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Running

Once the program sections have been bound, and the binary code sent to
file 'run’, issue the following command to run che peckage i~

run

PRINTING

If the plot has been sent to ousput file 'plot.data', then the file cen
Dbe printed by issuing the command :-

prf plot.data -plot

SOME CLOSING COMMENTS

The data creation process takes about 2/3 of the time that it takes the
¢ program on the PC. For sngle increments of 5 degrees, with 13 points
per angle, with 22 points along the hole edge, and 30-terms in the sine
series, the PASCAL program took about 20 minutes to calculate the stress
fields, compared with 30 minutes for the C program on the PC. An advan-
tage of using the APOLLD is that once the data creation provess has begun,
a new shell can be created, and the program vun with differsnt inpuc, so
many sets of data can be crested simultac- usly, and lots of time saved.

The calcalations for the 3 graphics do mot take very long - anything
from 3 to 10 seconds, depending on how many users are using the systea.
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APPENDIX E

El  Function Terms used in Displacement Formulae
(See Bquations (2.39) and 2.40))
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E2  Expansion of Tetms Appearing in Equation (2.32)
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