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ABSTRACT

The ahsence of reliable design data for @lass Reinforced Plastic
{(GRP) road tankers has baen consldered an obstacle for the local
design and manufacture of such vehicles. This has prompted the
analysis, using Finite Element Methods (FEM), of a filament wound
eylindrical shell for a monocogue road tanker,

Results from the FEM analysis were compared to those from a
theoratical analysis based on a combination of elasticity and
beam theory. Two load cases were analysed: a pure internal .
prassure of 8.4 Bar; and tha combined effect of 2g acoalerations
in the axial, sideways and vertical directions. The YEM nethod
wags validated by a model consisting of a small filament wound
tube in steel supports which was tested with combined axial and
bending lead. The strain gauge results were conpared to both FEM
and beam theory solutions. '

Corralations between tha FEM and theoretical rasults were veny
good for the internal pressure load case. Tha combined
acgelerations loadlng wesulted in larger differences between the
results of the two methods. This was dus to the styess
concentrations at the supports, which were not allowed for by
‘beam theory. The FEM ilmplare force resultan & correlatad with the
beam thaory predictions “or axial and vertical acceleration,
Thare were sigunificant differences for the sidewvays accelaration.
Theoretical prediction of the moment and Lransverse shaan
resultantg did not show good corxxelation with the FEM »egults,
The straln gauge results from the validation modael showed good
correlation with the FEM ahd theoretleal predictions.
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1 INTRODUTCTION

Glass reinforced plastic (GRP) road tankers have been in
operaticn since 1963 when the first unibts ware built in Eureope.
Since then thousands have been manufactured in Continental Bu-
ropa, United Kingdom, Australia, Argentina, Canada and the USA
and are used by some of the worlds largaest petrochemical compa-
nies such ag Chevron, Gulf 0il, BP, ESS0 and Shell.

1.1 Features of GRP Road Tankers

The popularity of GRP tankers can largely ke attributed to the
speclal advantages they have over sgulvalent wmetal tankers. These
have been mentioned in detail by various operators and manufac-
turers of these tankers (see Appendix V) and are sumnarised
below.

.1.2 Capital oost

Manv of the GRP designs had a price advanktage over metal tankers,
especially when materials such as stainless steel and alumindlum

‘alluys were required. The manufacturing energy regulred for a GRP

tankar was aled less than for a metal tanker.

1.%,2 Cozrosion resigstance

Tha axcellent corrosilon resistant properties of GRP allowed for
the transportation of a large variety of chemicals. fhis was
determined by the selection of the resin system and could be Fure
ther enhanced with the addition of a thermoplastic liner as part



of the covrosion barrler. This versatility enabled a single
tanker to carry a variety of cargos.

A.1.3 Range of chemicals

Below is a list of some the chemicals which have been successful~
1y transpoxrted in GRP tankers:

Focd products such as milk, beer, wine, spirits, mineral

water, vinedar, sugar and pharmaceuticals. Hydrocarbons such as
petrol, dlegal, jet fuels, hot fuel oils, hot lukricating oilsm,
plasticisers, polymeric emulsiona, alcchols, wethancl, ethanol
and styrene moneomer. Chemicals such as sulphurio, hydrochloric,
nitric, formis, murlatic and phosphoxic acids, sorrosive alka-
lies, caustic soda, bleaches, fartilisers, sodium hyperchlorate,
spent pickla llguoy and various chemical waste products, GRP has
alse heen used to garry celd ligulds and gases since the material
did not exhibit the low temperatures ductile te brittle transi-~
tion typleal of most metals.

L1.1:4 Maintenance

- Tha smooth inner surface and seamless construction facilitated
sasy ¢leaning of the tanker and reduced the risk of contaminatilon
o the new cargo. Steam cleaning could be used as long as it

¢id not ewcead thae allowable temparature of the corrosion haxxi-
ar. The GRP did not suffer £rom chemical saturation problems
apgaciated with rubber liners, which ware sostly to maintain and
replace. Rupture of these liners ocould result in savere agorroesion
damage ln metal tankers. Tho GRP gave graater carge voraatillity
and extended service life and this has been further proven hy the
wse of GRP lined metal tankers. A GRP tanker reguired littla




maintenance and thig resulted in less downtims and lowel running
costs., Repalrs to the tanker did not raguire a totally gas free

snvironment as no welding was regquired. Visual inspection of the
laminate for corrosion or eracking would alse be facilitated by

the use of a clear unpalnted laninate,

1.1.5 Strustural

The high strength to walght ratio of GRP and the optimisation of
nataerlal thickness and iaysr oxlentation offers congsiderahle
woalght savings over matal designa. This resulted in an lnerease
in payload for the same gross vohicle mase, GRP doas not suffer
frem work or age hardening and has geood fatigue properties. The
inpact properties of the GRP tankere are superior due to the
seamless construction, larger shell thickness and the material's
resilience and flexibility. In the event of a roll over accident
GRP would not cause sparks and thus reduces the chance of ignition
of any spilt flammable cargo, The usa of a rectangular sandwich
oonstruction gave unsurpassed insulation, iwmpact and fire survive
ability properties. This construction has improved strugtural
efficiency which resulted in an inereased paylead. The lower
sentre of gravity improved the roll rasistance and »oad helding,

1.L.86 Thormal

The lower coafflelont of thermal conduction and thicker shell of
84 GRP tanker resulted in excellent thermal insulation properties.
Thig was an advantage when transporbing liguids at higher ox
lowor tonmperatures ag supplementary insulatlion could be avoided.
Thermel propartics also affockad tharmal stresses and reducad
thormal fatigue during loading with hotter or coldor caxyoas,




Lel.7 Fire reslastancs

Porhaps the most surprising advantage of GRP tankers ia the fire
éurvivability in a fire engulfmeat accident, This eould be at=-
tributed to the improved insulation and increased wall thiockness
of the GRP tanker chall which limited the heat from the fire from
heating the gontents. Tosts carried out by the UK Minlstry of
Nafence (1978) showed that the contents of both steel and alumine
lum tanke began to boll after a short time and actually fuelled
"t - e opes. ltdng in further damage or an increased explosion

© . ~a hesting of the GRP tank resultaed in the contant's

. wipe. - fo being raised by only a few degrees during the entire
duration of the fire tust. Although the outer Jayer of the lami-
nate had heen cparred, the glags fibres held it intact und insu-
“atod the irser layers from further burning and heat transfer.

i1.1.8 Hanufaoture

Varicus processes hava been used and these include hand layup,
filamont winding, sandwich construction and resils transfer. The
reinforcement materlals used were commonly E-glass and included
woven roving (WR), unldirestional rovings (UD), chopped strand
mat: (CSM) and f£ilament wound (FW) rovings which were laminated
with eithexr pelyester, vinylaster or apoxy resins. The variety of
procegses and materials enabled eithar series or one~off producw
tion o ke cconomleal.

1.1,9 Regulations

GRP tankers have bogn accapted by various ragulatery bodies and
thase include: :




- European Agresment concerning tthe transport of Dangerous
preducts by road (ADR). '

-~ U.K. Health and safety Executive (H3E).

- U.8. Department of Transport (DOT).

1.1.10 3pecial considerations

There are howaver speclal considerations in the design and usge of
G8RP tankers which warrant discussion. Due to the good electrical
insulation properties of the material, special precautions must
be taken to snsure that there is no mnildup of alectrostatic
dhargai The decreased stiffnese of the tank warrants a mora
eareful evaluation of the natural freguensies and puckling mogdes.
strict gquality control of the design and manufacture of the
tankers is essentlal as a GRP tanker would not have the laxge
safety margins that are typical of the various GRP pressure
vessel deslgn codes. Special attention must also bhe given to the
torsional stresses resulting from twisting of the shell. These
could cause problems as a result of the relatively low inhplane
and interlaminax shear stresses of tle fliament wound materials.

1.2 GRY? Road Tankers for Southern Afrisa

Consldering the world-wide use of GRP tankers, it was surprising
tn diseover that the South African experience was limited to a
few GRP tanks which had been mounted on flat-hed trucks. A local
GRP manufacturer had made enguiries oversea- with respect to
licensing agreements but was unsuszcessful. Subsequent attempts to
design these vehicles from existing GRP praessure vessel standards
such as BS 4994 {1987) met with lim}. ed success due to the com=—
plexity of the load cases. Standards for metal road tankers were




of limited use as they gave wall thickness guidelines for matal
tankers only. Although a number of lowal tanker manufacturers had
considered GRP tankars, thay falt that the design and manufacture
of those vehicles was beyond thelx capabilities,

1.3 overall Aims of the Btudy

A road tanker shell experiences varying loads in the course of

iteg lifetime. These include static and dynamic loads during normal
road use, pressure loads during test and product discharge condi=-
tions and impact loads during an accident, Clearly these are more
complex than the pressure and bending loads experienced by a
static hoxizontal tank. approximately 14 different load condi=~
tions can apply but only two are coverad by this wvesearch.

The effect that liquid surging has on the tanker's shell and
supports has not been well documented. Belanger {1972) and Kenney
{1966) have both mentioned the lack of understanding of zoad
tanker stresses. The GRP tank design gtandard BS4994 (1987)
states that tankers required special consideratiorn and B85500
(1988) states that rcoad tankers are beyond the scope of that
gtandard. The Joading condltions are however more clearly defined
by SABS 1398 (1983) and Kenaey (1966). As there were no GRP
tankers available locally for swperimental testing, use was made
of the ABAQUS Finite Element Method (FEM) program to model the
effect of the liguid accelerating against the shell. A scale
model of a filament wound tube mounted in metal supports, loaded
in combinad tension and hending was also evaluated. This allowed
comparison of the FEM, theoretical and strain gauge results and

sarved to validate the PEM methed, The FEM road tanker mode) wag

alse cheoked by comparing the analysis of a pure lnternal
pressure case to a thaory of elastiolty analysis. The most savera
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pervice condition (excluding accidents) were then modalled on FEM
and compared to an analysis based on beam theory and elasticity.




. who described in detall the design, analysis and testing of a

-

2 LITERATURE SURVEY

Despite the largs amount of service and marketing data avallable
on GRP road tankers, technical information on the effects that
the acceleration of liguids has on the tanker shell is limited. o
There 1s a draft standard for GRP tankers and various metal road
tanker standards, but these are of limited use in this respect.
Pressure vessel standards for metal and GRP tanks consider road
tankers to be beyond their scope (BS 5500 ~1988) or that they
reguire special consideration (BS 4994-1987). The loading of a
stationary horizontal tank coverad by these standards does not
include the twisting, acceleration of the liquid and vibration
that the road tanker experlences,

one of the works most relevant to this study was by Xenney (1966)

hand layup GRP tank which was mounted with five supports onto the
sub-chassis of a truck. The load cases analysed were as follows!
= Interna) pressure of 1,4 Bar.

~ vertical loading equivalent to five times normal gravity (5¢).
- angular twist of €°,

~ a combinstion of all of the above applied simultanecusly.

The tank materlal consisted of a hand-laid chopped strand mat
(csM) and woven roving (WR} lamlnated with polyester resin which
was tasted for strength and stiffness properties. Beam theory was
used to analyse bending with the tank and the contents were
modelled as a uniformly distributed load on a beam of eguivalent
length. All the calculations for bhending, pressure and torsion
assumed an isotropic strength of materials approadh to calculate
the principal stresses and directions. The effect of the waterial
anlsotyopy, supports, ring stiffeners and end closures were
lgnored. Afier the manufacture of the tank, strain gauges wars
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1ooa:§h oh the outside and tests ware carried out in an attempt

to simulate each of the leading conditions. Beth the pressure and

torsion tests were rapresentative of the predicted loading., The

bending simulation was however unrepresentative of the loading

which results from the acceleration of the ligquid and shall. Tha

results of the combined tests did however produte some interest-

ing results as follows:

- the torszional stresses were much higher than bending and
pressure stressas. .

~ the principal directions were similar to theory,

~ the principal stresses were approximately 20% higher than
predicted.

In conclusion the author mentioned that the use of noxmal iso-
tropic elastic theory was a large source of error and further
work was neéesaary te predict more accurately the fallure of GRP
structures under complicated load conditions. He felt that f£ila-
ment winding was not ideal as interlaminar failure would occur
under severe twisting, and mentioned that 2 tanker on fewer
supports would tend to have its mountings pushed through the
shell if it was not properly reinforced.

In contrast to the opinjons of Kenney, Belanger (1572) discussed
the development nf a cuccessful fllament wound, self supporting
road tanker. Although no design formulaa were prasented, he
mentioned that the maximum and minimum stresses could be estimat-
ed by caloulation but that thelr combination was almost unpre-
dictable. This effect varies the direction of the prineipal
stresses and he considered winding at a fixed hellcal angle (i)
to be too dangerous.

Experimental yesearch was done by Zick (1951) on the stressas in
horizontal steel vessels with saddls ~upports. The importance of
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supporting the tank on only two saddles was enphasised as it is
sasier to determine the load share between them, He stated that
horizontal vessals resting on saddle supports behave as beams,
Mush of his work dealt with the stresses at the saddles and
several £ovmulae wers presented, most containing empirical
constants . ‘termined f£rom experimental tests on steel tanks. The
road tanker load cases analysed cannot use Zick's analysis due to
the complexity of the loadings, which act in the axial, vertical
and lateral directions.

Some useful data was obtalned from various South African road
tanker manufacturers. A company called TFM (Pty) Ltd (1986) had
commisgsioned an experimental strain gauge gtudy on one of their
36000 litre welded aluminium road tankers after the discovery of
cracks. The tanker was tested by loading with water (both half
and full), tiiting the full tank and then twisting the ona end of
the tanker relative to the other. A theoretical analysis based on
beam theory considered the tanker and cargo welght as a wniformly
distributed load acting on an equivalent heam, supported by the
bogie and Xing pin respectively. Even with stress concentration
factors of 2 to 3, the maasured stress levels were not high
enough to cause failure. Good correlation was achieved betwzen
theoretical and experimental results. Although no cenclusions
could be drawn from this study, the author mentioned that either
metallurgical defects or harmonic resonance could have caused th
oracking. ' '

Design informatien was alsoc gbtained from another South African
tanker manufacturer, Henred Freuhauf (1986). These were tender
caloulations for circular road tankers and were based on beam
theory. The loadings consisted only of a vertical acceleration of
2¢g. A further calculation was made for a vertical acceleration of
1,5¢ as recommended by Freuhauf Omaha, the USA parent company. In
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both cases the maxinmum stresses were limited to 20% of the ulti-
mate tensile strength of the material as also specified by SABS
1398 (1983) and DOT MC-306. No mention was made of any othexr
loadings.

Various standards covering road tankers and horizontal tanks are
mentioned below. Although they do not present formulae to cover
the load conditiong experienced by a tanker, they give some
indication of the superimposed loads and maximum stress valuaes
considered in the design of metal road tankers.

A United Kingdom draft specification (1985) covers a wide range
of topics concerning the design, materials, construction, testing
and repair of GRP tankers. According to this document, the
Jvehicle must be designed to comply with relevant national
requirements. Minimuwm test values for strength and stiffness are
recomnmended for a variety of reinforcements when laminated with
polyester resin. The acceptable range of glass content is
specified, The laminated tank should consist of an outside
surface layer, a chamical resistant inner layer and the
structural laminate which must withstand all the design loads. a
table is presented for winimum shell wall thicknesses which are
given as a function of the volume, length, radiuns and stiffener
spacing of the tanker. Requirements for stiffener spacing are
also given. The tank mountings and means of attachment must be
designed to withstand a static loading in any direction equal to
twice the welght of the f£illed tank and attachments using a
safety factor of four. When the tank constitutes the stress
bearing membper, it must be designed to withstand the stresses
impoged. The use of directionally biased reinforcement must be
garefully designed and controlled to align the high strength
fibres in the correct Qirection. This standard doss not however
give any formulas on which a design can be basad, nor are furthaer

11



loading conditions mentioned for the tarnker shell.

The combined acceleration loadcase covered by this thesis is a
reqguirement from SABS 1398 (1983), It contains a section on
design and relevant points are summarised: The capaclty shall be
guch that when fully loaded the tank mass does not exceed the
appropriate provinclal road traffic ordinances. The maximum
dalculatsd stress values, which include stresses from design
pressure, dynamic loading, fatigue loads and additional losds
from auxiliary equipment, shall not exceed 20% of the tensile
strength of the material used for its construction. Each tank and
its structural attachments shall be desighed to withstand a
dynamic load equal to 19,6 m/s? (2g) in all directions under all
load configuvations. The loads from supports shall be borhe by
bulkheads, baffles or ring stiffeners and shall be distributed
when practicable ky uslng doubler pads or other means of avoiding
stress concentrations. This standard also gives information
regarding minimuim wall thicknesses, clrcumferential reinforcement
thickness and spacing, overturn protection, fittings, attachments
and comn:r.ruction and inspection details fox metal road tankers.
No fucther information is given on the method of analysis to be
user. for the design of tankers.

An American standard which was used by Henred Freuhauf (1586) fox
the design of metal tankers was the DOT MC-306 (1981). The
content is very similar SABS 1398 (1983) but does mention that
the standard is not valid in conditions where the ASME pressure
vessel design requirements apply. The values for the dynamice

“loadings are not mentioned except that the tanker must be able to

sustain a rear impact equal to twlce the load of the fully laden
tankexr. Another standard which also deals with metal road tankers
is the Australian Standard AS 2809.1 (1985). This i very similar
in content to SABS 1398 (1983) and DOT MC-306 (1981). Part 2 of

12



this standard, AS 38&3.2 (1985) recommends that the design load
for the tank and its attachments shall not be less than twice the
mass of the tank, carge and attachments. Hydrostatic prossure
test, and stressas caused by the weight of aguipment, reactions

at the supports and thermal gradlents must alse be taken into
account. '

Another standard which appears to be darlved from DOT MC~306

{1981) is the amerlcan ANSI/NFPA 385 (1985) which also recommends

that the tank is reguired to be anchored with restraining devices
which prevent relative movement betwean the tank and its
supports. Mention is made of the 2g axial accelération which the
tanker must survive in tha avent of a rear ¢ollislon. The
ovarturn protectlon must be able to survive a 2¢ vertical load
and a horizontal load in any direction equivalant to half the
walght of the loaded tank. '

A standaxd which provides information on tho design of horizontal
tanks iz BS 5500 (1988}, The formulas and correction factors sze
based on experimental work by 2ick (1981) and beam theory is used

with the assumption that the .hell reomained cirveular. The waight

of the contonts, tank and atbtachnants are represented by a
uniformly distributed load acting over an aquivalent length.
Foraae ecguilibrium, shear force and bondihg moment diagrams are
avaluated. Equations for maximum bonding moments, longitudinal
stresses at mid-span and the supports; tangential,
ciraumferential and shoaring strasses at the saddles as woll as
approximations of stresses for internal ring stiffoner supports
are presentoed, 'The BS 5500 analysds doos not sover the other
loading eonditions such as the axial and sidoways accelaration
and twisting of the tanker, The relationships and correction

factors presentod apply only at spaciflicd posltions and for
certain configurations. '

13
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The BS 49924 (1987) standard for the deslgn and constructlion of
vessals and tanks in reinforced plastics cah be successfully '
applied for the design of filament wound GRP tanks. The require~
ments for the design, materials, construction, inspection, test-
ing and erection of GRP vasgels with or without a thermoplastic
liner are specified, The standard recommends that vessels and
tanks for transporting liguids require speclal consideration, The
minimun factor of safety of elght ensurss that environmental
cracking is avoided MTiis dasign factor is wodified for dete-
rioration of the matesials, the effect of temperature and repeat-~
ed loadings. Por £ilament wound tanks there is also a further
requiramant that tha behaviour of a vassal under combined loads
be avaluated by & rigorous anisotropic stress/strain analysls.
The pesponse of the material must then be examined to ensure that
the shear and normal strainc present in each layer are less than
the allowables. Alternately, the £ilament wound tank pust be
checked using & hi-axial design enveleps, Dasign formulas fox
horizontal tanks are presentad and based on beanm theory. No
mention was howaver made of any shear stresses although limits
are spocified on the compressive load to aveid buckiing, Locaw
lised forcaes and moments at tha supports are however not coverad,

14
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3 ANALYRICAL WORK

The two different loading conditions analysed in this reseaxch
are combinations of the following:

= wniform internal pressure

- acceleration in the axial direction (a.).

~ geoceleration in the sideways direction (By) .

- accelvration in the vertical direction (a,).

Use is made of the finite elemeént method to analyse the effect of
various combinations of these loads on the tanker. Thesa resulis
are compared to strength of materials and elastioity theory. The

analyais of vompusite materials also requires special

consideration. These toplcs are discussed in more detail in
gaotions 3.1 to 3.5

3,1 Theory for Internal Pressure

The most common methods of discharging road tankex aargoes is

either by pumping, gravity or pressure discharge. Corresive
chemicals are often unloaded'by pressure discharge using com-
pressed air at the off-loading site. This is popular with haulers
of gorrosive chemicals as the danger of accidental spills and the
need for special corrosive resistant valves and pumps is avoided.
Balangexw (1972) stated that pressures of up to 3,4 Bar are used
during emptying and that the GRP tankers were prassure tested
yeaxly to 3,5 Bar. Minskexr (1973) stated that GRP tankers wore
initially tested at 3,9 Bax and then vearly at 1,9 Bay. During
testing the tanker was filled with water which is then
prossurised. The incompressipllity of the watexr makas this
procedure less dangerous bhut tends %o induce bending loads onto
the shall as a result of the water's welght. In order to chack
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the accuracy of the FEM road tanker model, a pure pressure load
of 8,4 Bar is modelled and then compared to an analysis based on
*he theory of elasticity. To facilitate accurate comparison, the
tanker is assumed to.contain gas pressure only, le, the wargo has
low density which does not contribute to hending in the shell.
The self-weight of the tanker shell is also neglected for this
analysis and this allows for accurate comparison without
considering the associated bending effects, Global bending could
complicate the analysis around the supports {Brownell, 1%89). The
value of 8,4 Bar is the pressure which gives the same maximum
tensile stress as the 3,5 Bar pressure combined with the bending

 stresses Induced by the wabter (see Appendix E). This pressure

also corresponds Lo mix t aes the operating pressure of 1,4 Bar
recomsended by Belangsy ,1872), and six times the operating

pressure as recommended by the ASME 10 (2989) design standaxd for

GRP vessels. The dynamic acceleration of the liguid cargo also
results in prassure loads sSfron within the tanker shell which are
caused by the hydrostatic action of the liquid accelerating
towards the ends of the tank. A full cargo of sulphuric acid
accelerating at 19,61 m/s {2g) over a tanker length of 12,65 m
could result in a maximum pressure of 4,8 Bar from the
hydrostatic sffects alone (neglecting surges and splashing).

Por aresas remote from any siress concentrations, the memorane
stress analysis of Timoschenke (1259), Reark (1976) and Bruhn
{1973) are valid. These membrane stresses can be written as
stress resultants in the axial and tangential directlon as fol-
lows

N, = p.x/2 (Bgn 3.1)

N¢ = P, {Byn 3.3)

Due to the bending stiffness of the tanker shell, it may also
carry transverse loadings by f£lexural stresses. Discentinuities
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such as edges, holes, domes and stiffeners result in variations
from membrane stress theory. The analysis of domes and the

. stresses at the dome-cylinder junction were discussed by Uddin

(1988) and Szyszkowski (1987). For areas near the domes and ming
stiffeners, the theory must be modified to accommodate the dis-
continuities that exist. The theory used here is based on an
elasticity shell analysis by Timoschenko and Wolnowsky-Krieger
(1959) . Although these equations are derived for isotropic
shells, the orthotropic behaviour of the this tanker shell allows
the use of the relationships for the theoretlcal prediction of
the axial and circumferential force resultants. This reguires the
determination of the equivalent extensional and bending stiff~
nessed, these being obtained from elassical lamination theory.
The theoretical prediction of the transverse shear resultants Qu
and Qg and moment resultants My, M,, and My, usiny the relation-
ship from Timoschenko would be less accurate as these are highly
dependent on the laminate construction and orilentation., Timos-
chenko (1959%) covaered the general theory of oylindrigal shells as

. well as the deformation of shells without bending. The theoxy
-acoountad for the influence of tha ring stiffeners and the dise

continuity betwaaen the oylinder and dome of the road tanker and
is summarised in Appendix E.

3,2 mheéry for Axial, Bending and Circumferential Stresses
Arising from Acceleration A, in the Axial Dirvection.

When the tanker slows down at an axlal accslevation Ay, the cargo
and shell of the tanker ara affected bhiscussed helow is a
reproseatation of what influence the axial acceleration would
have on the stresses in the tanker shall. The magnitude of thig
acceleration (A,) is specified by SABS 1398 (1983) to bo 2¢ or
19,6m/s?, This will occur during heavy braking and for this

17
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analysis it is assumed that the resr bogie provides all of the
braking force. Because the tanker is full and unbaffled, the
cargo will exert a hydrostatic pressure under the influence of
the acoceleration. Thie will vary linearly with the length as
shown in Figure 3.1. However, the following assuwmptions are wade
to allow the use of beam thaory for the theoretical prediotions.
- The centreline of the tank-r im taken as the centreline
of the beam. This assumptio. is justified by the geometry of
the saddle support which has an included angle of 120° and is
connected to a stiff circumferential ring. The effect of this
agsumption is checked by varying the theoretical offset %atween
the beam centre-~line and the bottom of the tanker.

| | b
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Pigure 3.1 vVariation of hydyostatic pressure due to axial
aasgeleration Ay

~ Tha back support position ie further simplified for this
anzlysisg. The axlal reaction R, will normally act at the road
surface botween the wheels and the road, Due to the difficulty
of ascurately representing the exact influence of the bogie on
the sghell with the spring and bogle flexibility, the above
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idealisation is used to allow for compi:ison between FEM and
beam theory.

~ The back support is approximated by a pinned connection at the
second rib from the rear. This is a worst case as the leoad will
be shared betwaen all the supports on a real tanker. A correct
model of the exact load sharing between the supports will
however require a model of the bogie and suspension geometxy
and is beyond the scope of this research. The assumption of all
of the lead passing intc one support at the back is widely used
in industry, Its validity is also checked by the evaluation of
a validation model discussed in section 3,2.

- The entire axial braking reaction is absorbed by the rear
support. This oceurs when the hogle exerts the entire braking
force and in reality, the hogie will provide the bulk of tha
braking in orxder to avold jackknifing. This is an effect where
the rear of the tanker slews sideways during heavy
deccaleration,. _

- The front ls constrained in the vertical (z) direction but is
frae to move in the axial direction. This will impose the most
savere axial loading as the entire shell between the supports
will experiesnce the axial force due to the pressure on the
head.

‘The acceleration Ay results in three effects which are discussed

separately. These are: i '

- the liquid's hydrostatic pressure results in an axial force
whioh acts on the front dome and produces elongation and bend-
ing of the shell.

- the liquid's hydrostatic prassure rosults in circumferential
stresses in the shell.

- the density of the cylinder, ribs and domo material result

 in stresses ariszing from the acceleration of the matarial.
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Pigure 3.2 Beam theory idealisation of the A, acceleration.

3.2.1 Arxial elongation and bending forces from hydrostatic
prasaure '

The analysis of the axial alongation and bending forcas from
hydrostatic pressure are sumnarised in Appendix F~1.1., All the
synbols used here are defined in the derivation of the free body,
axlal force, shear force and bending moment diagrams and the
results are as follows: ' '

Por axial force:

Foxr Xg £ X & X ' Fy = ~Ry

For X < X4 PPy =0 {Eon 3.3)
Por shaar force:

For X < % ¢ Vy = 0

FOr Xy $ % S (Xg#ty) ¢ V, = R

For x 2 (Xghxy) 1V, =0 (Byn 3.4)
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Por bending moment:

For ¥ < X, :Mymo,
FOr %o £ X £ (xg+%)) @ My = R,P. (x = xa)~myb
For x > {Xgtxy) ! MY = 0 (Bgn 3.8)
Ay
R » ° F
W g ! For
L .F‘"zb Ry
v 4
rigure 2.3 Prea hody Qiagram.
Fx
Ry ;
2

Figure 3.4 Axial force diagram.

21




Ty

3

. %R

P
' £
R,” R,
Figure 3.5 Shear force diagram.
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Flgure 3.6 Bending nmoment diagram,

3.2.2 Cirocumferential stresses from hydrostatic pressure

The hydrostatic pressuce resulting from the acceleration in the
axial direction also causes circumferential or hoop streases
which are superimposed on the axial and bending stresses. For a
cylindrical vessel with a dome in the shape of & 2:1 ellipsoid,
this pressure p(x) varies as a function of x:

RP{X) = Pody. (x4xy/2) for 0 £ % & {Xptxe) (Eqn 3.6)

Hence the clrocumferentisl force resulbtant can be written as:

N¢ = p(x).x4
= PoeBye (XX /2) 024 (Bgn 3.7)
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3.2.3 Elongation and bending from the acoeleration of the shell

The mass of the shell, ribs and domes also affect the stresses
when the tanker decelerates due to the density and inertia of the
tank. This acceleration acts as a body force on each of the
conmponents wiiich constitute the tankex. These strezses oan be
calculated from Newtod II i.s. ZF, = Zm.A,. This analysis is
detailed in Appendix F-2.1 and results in the derivation of the

frée body, axial force, shear force and bending moment diagrams
as follows:

For axial force:
For 05X < %g P = [md + po.aux1.A,
For Ko s.x S Mp ¥ Fx = -[pa.A.(xt - x) + xzxtmr +_mgd].Ax

(Een 3.8)
A, |
, v, ' | v,
(L - L I
¥y Hy oS

Figure 3.7 Free body diagram.

23




\

e

Tx % IPgrar{ay - x) & p¥orly 4 mgd) 8,

—

Fe o= My ¢ pgedenjia,

Figure 3.8 Axial force diagram.
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rigure 3.9 Shear force diagram.

Figure 3.10 Bending moment diagran.
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For shearing forca:
For x <« %, 00 X > Xp ¢V, =0
For Xg S X £ % t %, = R,P (Egn 3.9)

For bandiag moment:
For X < X, or % > X
Foxr X5 £ Xe £ Xy

O
My = MP 4 RPL (k= x0)
{Egn 3,10)

3.204 Sunmation of foree resulbtants due to axial accoleration

The force resultants due to the A, loadings ara ag followst
For awial foroe raesultant N,?
N, = ZBending + Zaxial Force

=~ (EMy.2/T.8) + BRG/At (Egqn 23.13%)

For clroumferantial force rasultant N¢:
N¢ = pCUAxO (X’H’.‘iIZ) tri (Eqn 3(12}

Fox inplanc shoar force resultant Ny,:
Ngg = EV50Q/ (T.b) & (Bun 3.13)

3.3 Lheory for Axial, Bending and Clreumferentinl Stressas
Arising Prom Acoeloration in the Vertisal {z) and
Horlzontal (¥} Directions

SABS 1398 (1983) roguires the tank teo withstand a vertical and
gideways acceleration of 19.6 m/c®. This will produse two offeots
namely:

- A uniformly distrilotad load acr~ss the tankr duo to the nass



of the shall and its contents,
-~ A hydrostatic preassure which will vary 1inaarly with the
distance acrosd the diameter of tha tanker.

Roark and Young (1976) menitloned that a sylindrical tank suppoxrt-~
ed at intervals on saddles and filled with liguid are difficult
to analyse for stress. The results are often rendered uncertain
by doubtiful boundary conditions. Howaver, from experimental
studies it was concluded that for a clweular tank supported at
intervals and hald cireular at the supports by rings ox
bhulkheads, the orxdinary theory of flexure ls applicable if the
tank iz completely £illad.

Congider the handing loads induced by the wéight of tha tankey
and its s auntents, The tanker is conpiGered in the completely full
condition. The lack of haffles does not allow for partial £illing
of the tenker ag the surge sffects will have a vory soevera oeffect
on the tanker stress lavels.

X

e . %g, 2

r \

b, , ¥

L

T e
e 32

Figure 3.1 Schematic foxr the tanker wnder a vertical aceelons
tion.
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There iz a difference in the suppoxt reaction for the vertical
and hoxlzontal Alrectlon, Because the accalexation AY acts
through the centre of tlis tanker and the supports are at tha
bottom, there is an additional toppling momant being axerted on
the shell which occurs about the longitudinal axis. Brownell
(1959), Roark (1976) ard Timoschanka (1984) did not cover this

loading geometry for beams as they are assumed to be

symmatrically supported at thelr centre~line. The sideways reac~
tions are not constant and wlll vary with sideways position alony
tha support. The £lexibility of the ring, support, shell chassis
and springs will all have an aeffect in this variation, To allow
the uge of heam theory for the Ay acoeloration, the assumption
was made that the vertical and sideways support reactions are tha
pama and that the reactions act at the neutral axis of the shell,

The alternative analysis of the effect of this overturning noment
is diffieult using beam theory as the effect is locallsed at the
supports. Only an elasticity or experimental analysis could
provide some compardison to “he FEM wmodel, This 1s howover beyond
the seope of this rasearsh and hence the sideways bending is
modelled analytically uvaing simple supports and the formulas 3,14
to 4.39 derlved for the vertical (z) direction.

To allow tha use of beam theory certaln assumptions have been
made in this research, The entire load of the tanker is assumed
to act through two supports, one at elther end. This problem is
tharefore reduced to statically determinate and cun be solved.
This assumption allows thao evaluation of a weorst cage scenarilo
whare only one of the four back supports and one of the two fyont
supports are baaring all the load. The assumption of a single
suppert at oach ohd i widaly usmaed by the tanker designers Hoenred
Fravhauf (1985) and TFM {(1278). This aasumption also allows tho
use of design codos for horizontal tanks (BS4924 (1988), BSSE500
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Frevhauf (1985) and TFM (1878). Thils aséumption also allows the
usa of design cedes for horizental teanks (BS495954 (1988}, BS5500
(1988) and ASME 10 (1989)) for comparison.

From BS5500 (1988), the beam load par unit length, w is:

Wom 2ampa Ay /(R + 40Xy,/3) ' {Bgn 3.14)

vhere

m = total mass of tanker shell anhd contents

A, = tha vertical acceleration of the tanker and
{replaced by Ay for esidevays acceleration)

¥p = oylindrical length of tank

Xp 2 ¥p = mean depth of dished end

The hydromtaltic forca on tha ends:
P = war (Egqn 3.18)

where ¥ = mean shell radius.

The forde dus o mass of tha ands and contents:

P = 2.%,.04/3 (Bgqn 3.16)
The reoaction at supports (for g, = Xg)t
o= f o= omea2 ~ (Ean 3,17)

The moman: MY consists of the moment dwe to mass of the dome MO
and the mament ¥P due to offset of pressurce forge FP:

M5 =y 4 MP

=20 Xp W/3.(3.0%,/8) + Wox. (2/4)

17400 (22 = x),2) (Egn 3.18)

i}
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Pigure 3.12 Free body diagrum.

Fy
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Figure 3,13 Axial forve dir ..
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Pigure 3.14 Sheax force diagram.
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Figure 3.15 Bending moment diagram.

To caleulate the equations for the shearing force and bending

- moment, we consider the tanker as three sections,

Bection 1 ! Between the back tan line and back support (0 < % <

Ra)
W
PR N s

1
Figure 3.16 Seption 1 between back tan line and back support.

(8Fy, = 0) ¢ By, = FF = 0
Fxr:Fp

[ESF = 0] ¢+ V + P4 & wox = 0
vﬁ“Fd*‘th

[EM = 0] 1+ M + woxo(%/3) = N8 + . x = 0

M= o~ woxd/z 4+ ME - p8x
(Egn 3.19)
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Section 2 : Between back and front support (xg < X < Xy=Xg)

v
S .
&
FH'? 513 Py
. . .
% Fd!“ Rh X !

Figuxe 3.17 Section 2 between back support and front support,

[(8Fy = 0 ¢ Fp =~ WP = 0
quFP

[ZSF = 0) 5 Vo W (X = Xg) + WaXg = R2 + ¥4 = 0
v RP - ¥ - owax

[ZM = 0] 1 MW, (XwXg) s X=Xg) /249, X (¥=Xg/2) =RE, (%=34) +FL, x-4% =0

M e -w}z.xz + Rb.(x - Xg) - e + nt
(Bgn 3.20)
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fection 3 : Betwean front support and front

YT Iu{: |
‘ Fx"fﬁl} LB*‘“ﬁp
é}”ﬁ* L %fx  4ﬂ

Figure 3.18 Section 3 between front support and £:ant.tan_1iﬂe.

[EFy, = 0] 1 ¥, = FP

[S6F = 0] : ¥ = w.(%y = %) - ¥ = 0
Vo= W%y = %) + Fd

(EM = 0] ¢ M+ Wa(Xy ~ X). (R = %)/2 + P, (2 = %) =M =0
M= - w/Z;(xtg = 2eRpeX xa) - Fd.(xt - X)) + Mt
' {Egqn 3.21)

3,3.13 Clroumferential stresses dus to the liguid hydrostatice
pressure in the vertical and sideways directlions

As well as contributing to the uniformly distributed lead and
axial leads on the shell, the liquid also exerts a prossure on
the shall surface which will result in stresses in the
circunferential directions. This pressure ls hydrostatic and is a
functlon of the haend h which varied lineally from zero at the top
of the tank (agsumed full) to a maxlmum at the bottom. The pres-
sure at any point in the tanker resulting from the vartical or
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sideways acceleratlon: _

P = pg. |Ayl-h {EZqn 3.22)
where '

Be = density of cargo

replace A, with ny for sideways acceleration

h = head in z or y direction

The head is the distance from the furthest side of the tank and
is written in tanker co~ordination as

h, = |(z = ¥y)| for A, acceleration

hy = fy = x3)| fox Ay agcaleration {Bgn 3.23)

Note that [A,| = |Ay| = 19.6m/s%, The effect of this pressure on
the circumferential stress is prasented in Roark (1979): '

Hance the circumferential force resulitants for acuelsration in
the vertical direction:

and the circumferential forcé resultants foi acceleration in the
horizontal direction i
= pc.ay.I(Y - ri)|.ri : (Bgn 3.26)

3,3.,2 Bummation of foxce resultants due to vertical or sideways
acagleration
Foxr axlal force resultant N, for vertlcal acceleration:

N, = SBanding 4+ DAxial Force
B e (EMY'sz-t) *+ EFx/Aut (Egm 3.27)
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Note that z is replaced by y and My by M, for sideways accelera-
tion.

For clreoumferential force resultant N¢
N¢ = Paedyr (X+ry/2) .1y (Ben 3.28)

For inplane shear force resultant Ny,
Nyy = BV,/(I.0).t (Eqn 3.29)
Note that V, by VY for sideways acceleration,

3,4 Bhear Stresses in Beams due to Accelerations in che Axial,
Vertical and Sideways Directions

¥When a beam is subjected to non-uniform bending, hoth bending
moments M and shear forces V act on the cross sections. The
normal stvess ¢, are obtained from the flexure formila and the
shear stresses 7 are associated with the shear force V. When a
beam has a solid circular aroes-secticn, it canmot be assumed
that the shear st: gses act parallel to the vertical axis.

- Timoschenko (1984) shows that the shear stresses at the boundary
must act at a tangent to that boundary. Dua to the symmetry
condition, the shear stress at the centre of the beam will Lie -

parallel to the vertical axis. Certain assumptions are made in
the derivation of the formula below: The vertical components of
the shear stresses are equal for all positions along line pg. The
shear formula derived for rectangulary beawms are used to darive
the ecquation for clroular beams (vertical components). Since the
direction of the shear stress is Xnown, its magnitude can be
caleulataed at any point of the cross-seotion.

Conslder the shear stresses 7 acting on line pg shown above in
Flgure 3.21. Tha first moment of area @ kelow the line py with
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respect to the y axis must be salculated. An element at a
distance z from the y axis, has a thickness dz and length 2.+ (r2
- 22} where r is the radius of the cross section.

Figure 3.19 Shear stresses in a beam of circular oross section.

The first moment of area of this element is found by nultiplying
the area by z, Hence the entire Q is calculated as :

r
Q= I-z.z.f(rz - zz).dz
= 2/3.(:2 - ala) (2/3) {(Egn 3.30)

The width b is ¢
b= 2v(x? - 2;?%) (Egn 3.31)

The second momenht of area I ia :
T = uw/4.xd (Eqn 3.,32)
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Hence the vertical component of the shear stresses is:
r = V.Q/{L.b)
= 4.9/ (3.7, x4y, (r2-242) (Egqn 3.33)

At a point p on tbe boundary of the cross section, the total
shear stress r is related by its vertical component, r, by the
eguation: :
T =171,/ cos 8

= 1,.0/v(x%-2,2) (Eqn 3.34)

gubstitution of r,: _ _
T = 4./ (3.mrd) v (x? - 2y ?) (Bgn 3.35)

This is the egquation for the shear stress at any polnt a distance
z, from the y axis. When moving along the line pn this stress
diminishes (assuming that the vertizal cumponents are constant)
and reaches a minimum at point n where r = 7,. The maximuwn shear
stress for a solid circle will occur at the neutral axia, thus
substituting z, = 0 to get:
Toax = 4+V/(3.70.x2) ' -

= 4.V/(3,4) _ . (Egn 2.36)

where A ls the cross sectional area of the beam. At the neutral
axis the stresses lie parallel to the # axis and have constant
magnitude (equal to ry..} acress the section. This approximate
theory described gives reasonably accurate results for the shear
stresses in a solid circular beams. Exact solutions oktained by
the theory of elasticity show that the stresases are not constant
along the neutral axls but that stresses are in erxor by only a
few pe:gcent. '

If the bean. has a hollow circular cross éeation, then it can be
aggumed with good acouracy that the shear stresses aleong the
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neutral axis are vertical and uniformly distributed. The
properties of the cross sedtion are:
Q= 2/3.(r°3 - ri3) = first moment of area
I = uw/4.{r,® = ri*) = noment of inertia
b= 2.(xg - xy) = ghear width
A= nf&.(rcz - riz) = area of hollow section
(Fgn 3.37)

and rFance the maximum stress is at the centra:
Tnax = V-Q/(I.b)
= 4.V/(3.8) . [(1g? + ro.xy + 112) /(2 = £3%)]
(Egn 3.38)

for intermediate stresses away.from the neutral axis:
b = boutside = Pinside = 2 V(27 - 23) - av(ry? - 2%
0 = 2/3.(r2 - 22)3/2 - 273, (r;2 - 22)3/2

(Egn 3.39)

Note that all the above relationshipz have been derived for the
vartical shear stresses, The evaluation of shear gtresses due to
the axisl acceleration is identical these also act vertically
as a result of the geometry of the .ading, The avaluation of the
shaar stresses resulting from the sideways direction would
raquire the substitution of Ay, Eox A,, Ty for 7,, and yy for z,
in equations 3.30 to 3.39.

3.5 Classioal bamnination Theory
The analysis of a GRP road tanker is complicated by the pruper-
ties of the composite material. These materials behave different—

ly to conventiona. isotropic materials as a result of theixr
anlsotropy. ILaminate design reguires that one obtains maximum
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advantage from tha exceptional fibre directional properties while
ninimising the effects of the low transverse properties with
oareful orientation of the layers or lamina to match the loading
environment. When desiwning in cemposites, it is desirable to '
worl in ternms of stress résultants or force per unit widbth. These
can be described as the force or moment carried by a unit width
of laminate in the axial, circumfaerential or radial directions,
and has units of N/m width. The use of longitudinal and
trangverse fibre stresses to desoribe the smhell loading will
restul¥ in an excess of data as they vary with the orientation,
material and positioning of the lamina in a laminate.,

This research usea Classigal Laminatlon Theory (CLT) which deater-
mines the effect that the stress resultants have on the lamina
stressas. this analysis hes been well documented by & number of
refarences such as Jones (1875) aund Rosen (1987). The use of CLT
for the analysis of filament wound composites was dooumented by
Swanson (1987). The analysis used by ABAQUS is also hased on CLT -
{ABAQUS 1986). '

CLT is divided ipto the following stages: Firstly the stress-
strain relation for the thin plies or lamina are dexived. The
analysls is then developed for the assembly of plies called a
laminate. This 1s developed into raelations for thin, laminated
shells which take into arzount the membrane force resultants and
moment resultanus. The resulting centreline straing and curva-
tures can then be translated back into lamina stresses and com-

" pared to the lamlna strength allowables using an appropriate

failure exriteria. The use of existing plate and shall theory is
facilitated by a set of representabive extensional and bending
stiffnesses for the laminate. The derivation of the relations is
based on thosa from Jones (1975) and Rosen (1237) and is dis~
cusged in more detail in Appendix D. The analysis of isotroplae
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plates is wall established and invelves the separate analysis of
the inplane loading and bending moments, the results then belng
superimposed. This occurs because the two loadings are uncoupled.
For anisotropic plates such as compesite laminates, coupling does
occur and the inplane loading and bending are treated together.
It is only for symmetrical laminate sequences that uncoupling
occurs. This coupling is not desirable for the road tankexr and
all the laminates discussed in the rest of thia analysis are both
balanced and symmetxical,

When the loads on the laminate are known, they ara evaluated to
determine the lamina stresses in the longitudinal, traznsverse,
normal and shear directions. These results are then checksd by
the Tsal-~Wu fallure oriteria (Tssl 1986) to obtain the laminate
strengths. Although thils is usad extensively during the design of
the proposad tanker, it ls not prasented due to tha exwessively
laxge volume of data generated, The uge of CLT is therefore
limited te the evaluation of the foxce and moment resultants,
Thege c¢an be derived from PEM, beam theery or elasticity and are
used as inputs for further gvaluation of the laminate strengths.,
Appendix ¢ summarlses the m~nterilal propertlas used for tha tanker
analysis. Appendix D provides a summaxy of the laminated plate '
theory used for the MACLT.BAS program of Appendix H and the PEM
analysis.

there are however details which apply specifically to the
exporimental validatlon model. For the theoretical prediction of
~he surface strains using strength of materials, reference is
made to the laminate elastie conntants, Thelr derivation is
dlacussed in more detall in Appendix € and they are the
eguivalent moduli and Poisson's ratie for the complete laminate.
For the tube shell thesa arae detormined from the MA-CLT.BAS
program and are listed in Appendix C-5. Due to the #45° laminate,
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By = Ep and the caleulation of the inplane normal strains e, and
e, is straightforward. The output from the analysis are the
inplane force resultants Ny, Ny and N, and the inplane moment
regultants M,, Mg and M,.. This data is converted into surface
strains e, ey and 7,4 to allow comparison to the . zoretical and
experimental results,

Jones (1975) showed that the centreline straine {ey} and curva-
tures {k} could be related to the force {N} and moment {M} re-
sultantes by :

{eg} = [ A B ];{N}
x% B D' | o) (Eqn 3.40)

where A*, B' and D' are the inverse of the A, B and D matrices as
defined in Appandix D. The surface strains can then bs determinad
from:

t k
Yot Yot 2 Ryt

where t 1s the thicknase of the laminates, These caloulations are
done by the MA-CLT.BAS program listed in Appendix H and are -
listed in the section ¢.2.

3.8 Tha Yalidation Medel
Although the accuracy of the Finite Element Method (FEM) has bean
proven with numerous examples, its application when analysing

complicated structures such as a road tanker had to be valldated.
This is done by experimental studies using a scaled down model of
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a road tanker consisting of a filament wound tube in steel

supports, These supports attempt to model the effect of a stiff

chascis and ring stiffeners on the relatively flexible GRP ghell.

The experimental results obtained from this model are compared to

the output from FEM and a theoretical analysis based on strength

of materials. The cbiectives of this experimental work are as

followas: .

~ to compare the experimental, theoretigal and FEM resultsa.

~ to determine the stress patterns around the supports.

~ to validate the use of FEM for the accuraie strasg analysis of -
a GRP road tankeyr shall,

The model is loaded in combined tension and bending as a result
of the offset hetweasn the line of action of the force snd the
neutral axis of the elrceular tube. From Timoschenko and Gera
(1984), the norxmal stress at any vertical distance y away from
the nautral axis can be written in terms of the tensile forece F,
tube cross-sectional avea A and moment of Llnertia I as follows:
Og = F/A ~ F.ya.y/T (Ean 3.42)
where A = it/4.(dy% ~ 442)

I m/6s.(d,t - ayt)

To caloulate the axial strains 8y USE iz made of the laminate

“elastic constants %, By and vy which are obtainad frem Classi-

cal Lamination Theory (Appendix C-5). As a resalt of the symmet-
rical #45° layup of the tubes, E, = E.. We can approximate the
axial strain e, as follows:

' &y = Oyl By ' (Bgn 3.,43)

With the exception of the areas very close to the ring stiffener,
the transverse strain s, can be calculated from the longitudinal
gtrain e, as follows:
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Tha bending moment M iz uniform beyond the ring stiffansrs let
V= dM/dx (Bun 3.48)

and hence the shear foroe V = 0 . A zero inplans shear strain rye

is predicted from strength of materlals. The inplane moment
resultants M,, Mg and M., and transverse shear raesultants Q, and
Qi are not calculated theoretloally as this will involve many
assumptions with respect to the material properties and boundary .
sonditions. These resultants are howaver obtalned from the ¥FEM
apnalysis and are evaluakted to calculate the FEM surface strains
8y @p @Nd Tyy. The data processing relatlonships te obtain the

- gtrains from the measured voltagas are discussed in more detail

by Appendix G.
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4 FINITE ELEMENTE
4.1 The Road Tanker
4.1.3 General raguiremants

Experimental studies on tne tanker used the rinite Element Method
{FEM) as the research tool. This analysis of the expected dynamic
loads on the tanker was then compared to strength of materials
and theory of elasticity approximations. A finite element model
allow: for more precise definition of the expected dynamic loads
than simulated static tests on an existing tanker. The difficul-
ties associated with simulated testing were cleax from the papers
by Kaerney (1966) and TFM (1986). An sxperimental study would
raguire the construction of a prototype GRP tanker and involve '
extensive machirery and instrumentation. Both of thesa were
beyond the scope ot this reseerch. For the FEM analysis, the
aceceleration loadings were modelled by static pressures and body
forces which acted cn aach elesment of the shell. The accelara=-
tiong could ke applied singly or in combination to simulate a
worst case seenario for the tanker. The shell was considered to
be of uniform thickness as this allowed more acourate analysis
and highlighted the effect of stress concentrations on the shell.
Although an operational tanker would have optimally varying
thicknesses, this would complicate both the experimental and
mathamatical analyses, The fi.ament winding of a shell would also
result in a uniform thickness as & result of the process requirve-
ments, A candidate rond tanker was designed to enabla a
comparison between the various analyses. The design chosan for
this ressawch was the filament wound circular shell with
gcircumferential stiffeners. Drawings and a description of this
design are presented in Appendix A.
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- Aeda2 The finite element model. of the road tanker

The FEM models of the road tanker and validation model were
analysed using the ABAQUS version 4.6 FEM program and run on the
IBM 370 mainframes at the University ¢f the Witwatersrand Computer
Centre., All input data for the tanker FEM models was generated
using the authox's pre-processing software which ran on IBM
compatible personal computers. These programs are disoussed in
more detaill in section 4.1.3 and were required dus to the poor
pre-procesging fawllities availeble at the tima.

The tanker and validation FEM models consist of discrete elements
whose gaeometric outline was defined by nodes. Thesc nodes wers
points in three dimensional space and were dafined in terms of a
rectangular coordinate system. The elements were then defined by
specifying their constituent nodes. Forces, displacements and
pressures were applied at the nodes and elements, Together with
the material and thickness properties, tha FEM package could
then set up a stiffness matrix which was used to solve the mys-
tems of eguations relating extarnal forcea and displacements to
internal stresses and stralns. The acouracy ¢f the FEM analysis
was highly dapendent on the shape and denaity of the slement '
mesh, The element types aleo differ for various applications.
Blements used for the this ahalysls were three dimensional
composite shell elements for the tanker shell and orthotropia
beam aelements for the tanker xiba,

gign conventions
The model was generated using a rectangular coordinate system

with tha origin located on the axls of the cylinder in line with
the interxmection of the rear dome and the cylindayr (rear tan
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line). The axial direction was represented by the ¥ or 1 axis and
increased towards the front of the tanker. The sideways direction
was represented by the y or 2 axis and the vertical direction by
the 2 or 3 axis with all dimensions given in wmetres. The con-
straints, boundary conditions, hodal coordinates and displace-
ments were specified relative to this global coordinate system,
The material propertles were input relative to a local cylindri-
cal coordinate systems, This was established through the use of
the M*ORIENTATION" command which dev¥ined a coylindrical coordinate
system relative to the central axis of the cylinder. The shell
stregs output was obtained in terms of this local coordinate
system, namely axial (1), circumferential.(Z) and radial (3).

The material orientation for the shell was then defined as an
angulay rotation arsund the radial (3) axie of the pravious
cylindrical coordinate system. This angle corresponds tr the
winding angles and provides for acourate and oonvenient defini-
tion of the fibre path during filament winding.

Nodes and eleménts

The FEM model of the tanker was planned to he an accurateé reépra«

gentation of a tanker with the cylindrical shell, alrcumferential

ribs and ellipsoidal domes. The entire tanker had to be modelled

a4 the loading conditions made the uze of symmetry impossible.
The node and element mesh f£ile was generated by the RTBEGIN.BAS
program. Further details on this program were provided in section
4.1.3 and Appendix I, and a summarised listing of the ABAQUS mesh
file is presented in Appendix J. ™he elements were grouped in
element sets for the cylindrical shell (EQYL), the ribs (RIBS)
and the domes (LDOME and RDOME). The domes were further divided
into two regions, one constructed of quadratic elements and the
other of triangular elements,
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Figure 4.1 BSchematic illustrating the loading and supports .
applied to the road tanker madal.

Figure 4.2 The FEM mesh of one half of the road tanker showing
the original (dotted) and deflected (s¢lid} shape.
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These various elements sets were connected with multi point
constraints (MPC) to complete the modsl as shown in Figure 4.6,

The cylindrical shell consisted of 3D shell elements of the type
S8R, This is an eight noded quadrilateral stress/displacement
element with four corner nodes and one centre node on each side
ag shown in Flgure 4.3 below. The element usges reduced integra-
tion and can be used to define doubly curved shells consisting of

- anisotropic layers, each with a different orlentation, and al-

lowed For transverse shear stiffriess. The S8R element uses a
gquadratic interpolation shape function and is more accurate than

& similar density of four noded elements. It has g#ix active

degrees of freedom per node and can be used to predict hending
effects, Care was taken to ensure that the generated elements had:
aspect raties (length/width) as close as possible to unity. High
aspect ratios could result in large errors in the analysis and
were avoided by ~areful mesh generation. |

The material orientation for the cylinder elements were input

relative to the local diractilons specifled using the "*ORIENTA-
TION" command, The lamina properties were then input using the
W¥ELASTIC, PYPE~LAMINA" option and were typical for the filament
wourid material used (see Appendix C). The shell definition used
the "*SHELL SECTION,ELSET=SHELL,COMPOSITEY option. This oommand
allows the cross section of the shell to be defined by numerical
integration of any number of material points through its thick~
ness. Hence different mate.ilals at varying orientations can be
defined. The shell was modelled by a& laminate consisting of a
[%10°/485°/+10° /485° /+10°/285°] . layup. This resulted in a bal-
anced and symmetrical laminate with a thickness of 0,625 mm rer
layer and a total laminate thickness of 15 mm,
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Figure 4.3 Node ordering for an 88R shell element.

tne integration point per layer was speaified. The transverse
shear stiffness of the shell was defined as Ky4 = G4 = 4.14 GPa
and Kps = Gy = 3.5 GPa by using the "#TRANSVERSE SHEAR
STIFFNESSY command. This wae especially important for the
composite shell element as transverse shear effects can he
significant.

Tha riba consisted of B32 thrae-dimensional stress/displacement
quadratic beam elements. The Lformulation of these elements in-
cludes the effects of transversa deformation and uses Timoéhaﬁkd
beam theory. The rib crosg section was a rectangular shape and of
two sizes. The thick ribs were assigned to the elemant set
RIBTHICK and were 50 mm wide and 100 mm thick. These

. provided the attachment points for the fifth wheel (connection to

tha truck), the landing legs and the rear hogie cradle. The
remainder of the ribs (element set RIBTHIN) were thinner with
dimensions of 50 mm square. Both sets of ribs were defined by
yodes along the neutral axis of the rib. Because of the offset
between these noders and the correspending oylinder nodes, they
were connected by muilti-point censtraint (MPC) type 7 which
connectaed them in all six degrees of freedom, a3 shown in Figurs
4.4 helow,
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The "*ORTENTATION" and "*ELASTIC,TYPE=LAMINA" opticons could not
be used for beam elements. The rib material properties were
therefore defined as orthotropic by using the

H4*ELASTIC, TYPE=ORTHOTROPIC! option relative to the neutral auis

of the rib for the axial and transverse directions (see Appendix

€). The xib was assumed to vonsist of unidirecticnal E-
glass/polyester (vf = 0.45) and the orthotroplc constants re-
quired to define this material were obtained from classical
lamination theory via the MA-CLY.BAS program {see Appendix H).
The transverse shear of the beam was also defined by using the
T TRANSVERSE SHEAR STIFFNESSY cowmmand.

The majority of the dome elaments wera of the guadratie %8R sheall
type and were assigned to the LDQUA and RDQUA element sets for
the back and front dome reapectively. At the apex of each dome
wag a small circle consisting of 24 triangular STRI3 shell
elements which wero assigned to the LDTRI and RDTRI element sets
as shown by Flgure 4.6. These elements ¢losed tha top of the dome
and were connected to the rest of the dome by MPC type 7. The
dome material was defined as being isotropic. The ellipsoidal
shape did not allow alignment with the coylindrical or spherical
co~ordinate systems and in reality, the domes wouldd elther be
hand laminated or wound as a geodeslc isotensoid. The dome
material was defined by assuming a quasi~isotropic layup of
[0°/460°], of E-glass/polyester or vinylestar (vi = 0.45) which
was 15mm thick. Further details can be obtained from Appendix €.
Two load cames were analysed during this research. Tho first was
the pressure case with a uniform internal pressure of 8.4x105 pa
to simulate a pressure test with contents of zero density. This
case does not relate o the hydrostatic pressure test where the
tanker would be tested with water at a pressure of 3.5x10% Pa
resulting in additional bending stressaes due to the density of
the wuter and shell.
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Figure 4.4 <Connection of the shell and ribs using multi-point
sonstraint type 7. -

Load conditions

The pressure of 8.4x10° Pa was chosen to give the same tenslle

- gtress levals as a hydrostatic test (see Appendix E). Dus to the

lack of banding stresses from the cargo, dlrect comparlsons could
be made between FEM and a thecwy of elasticity analysis by
Timoshenko (1959). This would serve as a validation of the tanter
model and chack the accuracy of the method.

The seocond load case was obtained from regquirements to satisfy
SABS 1398 (1983), The tanker must sustain the combined effect of
26 accelerations in the axial, vertical and sideways direction.
The effect of the accelerations on the cargo and shell of the
tanker was modelled by the use of eguivalent pressures and body
foroes. As a result of the acceleration of the cargo the liguid
exerts a hydrostatic pressure perpendicu.sr o the Ilnner walls

50



T .

of the tanker shell. This pressure is a linear function of the

head of liguid in the respective direction. By superimposing
these pressures for the various directions and applying them on
each individual element, it was possibla to accurately wmodel the
affect of the cargo on the shell, This progedure was used by the
RTEND.BAS program (see Appendix J). The affagt of the accelera-
tion on the tanker shell was represented by body forces acting on
the shell and bhean elements. Thls was input under the "*pPLOADY
option where the force per unit veolume and farce per unit length
were specified in the various directions for the shell amd beanm
alements respectively.

fongtraints and boundary conditions

The x»ib nodes which form part of the cradie support were defined
by using the "#NSET" command. The included angle for these sup=-

- ports was 120° as recommended by BS4994 (1987). Although the

tanker's suppors would normally be sprea& over the entira bogle
and f£ifth wheel, only one supp.rt was uvsed on each agide to facil-
itate analysis of the load reaptlons as most of the tanker da-
signers locate these reactions at the centrs of the bogie or
£ifth wheel, In this case the load bearing supports were located

‘at SUPR2 and SUPRL2 which were positioned one metre from the back

and front of the tanker respectively. This allows the high local
loads to ba transferred to the shell through the ribs and can be
sean as a worst case scenarie for the tanker where the entire
tankex load is heing supported by one ik on cach side. This
oonflguratlon ie similar to the support geometry of horizontal
tanks and lends iltself to mora accurate comparison between the
FEM and theoretical yesults,

Tha koundary cenditlons vary for each load casa, For the internal
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load pressure cage, both SUPR2 {x = 7} and SUPRL2 (x = 11} were

constrained in the vertical direction. SUPR2 was constrained in
the axial direction but SUPRLZ was free to move to allow for
alongation of the tanker. Lhe bottom node on each suppsrt was
also constrained in the sideways direction (nodes 4669 and 5029).
There were no angular constraints. For the combihed acceleration
load case, both SUPR2 and SUPR12 were constrained in the vertical
direction. The botbom node on each support was also constrained
in the sideways direction (nodes 4669 and 5029), SUPR2 wap son-
strained in the axial direction but SUPRL2 was free to move to
allow for elongation. There were no angular constraints. '

Numarical and graphical output

The FEM output for the shell is presented in terms of the inplane
force resultants Nyr Ng and Ny, the transverse shear foroce
rasultents Q. and Qu and the inplane moment resulbants M, M, and
Mx¢' The axlal (%) and circumferential (¢} directions are repra-
sented by the 1 and 2 directlons in the ABAQUES forge yesultant
output, Thess force and moment resultants are specified for the
integration points on the element, A force resultant is the

force in a shell per unit width (N/m width) and is a practical
way of representing stresses within composites. “his notation is
used by Jones (1975) for composites and Timoshenke (1948) for
plate theory and allows for easy comparison with the FEM

results. Using stresses fur'ccmparison would involve caloulating
tha varlous stress componants per layer resulting in considerable
amount of data to be processad.
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Nx ~ AXIAL FORCE RESULTANT (M/m wldth)

Ng — CIRCUMFERENTIAL FORCE RESULTANT (N/m wldth)
Nx¢ ~ INPLANE SHEAR FORCE RESULTANT (N/m widih)

Mx = fwanl MOMENT RESULTANT (Nm/m width)

M# ~ CIRCUMFERENTIAL MOMENT RESULTANT (Nm/m width)
Mx® — TWISTING MOMENT RESULTANT (Nm/m width)

Ux — AXIAL TRANSVERSE SHEAR (N/m width) :
09 ~ CIRCUMFERENTIAL TRANSVERSE SHEAR {N/m wldih)

Figure 4.5 ‘The applied Jcads result in forde and mement
resuliants actifng on the luminate.

FEM model size

The entire model consisted of 2522 nodes and 900 elements. The
original wavefront was estimated on the maxlmum number of dedrass
of freedom (DOF) per niode and ware as follows:

~ original maximum DCF wavefyont : 2196

- original RMS DOF wavefront t 1254

After computer optimisation of the model, the total number of
variables including Lagrange multipliers was 15132, The wavefront
was optimised and reduced as Follows @

- optimised maximum DOF wavefront : 348

- aptind sed RMS DOF wavefront 229

Linzar swall displacement theory was used, Attempts were made to
run these models for non-linean gaometry but these were unsuc-
cessfu), due to the larga size of the model,

Finite eolement analysis

The pre-progessing software enabled the generatlion of course
wodels with each of the load conditions applied separately. Tha
RTBEGIN.BAS and RTEND.BAS programs (Appendix I) produced exrrox
free input files according to the loading and mesh density re=-
guested. These element meshes were also checked graphically by
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the MACONV.BAS and MA3ZDCAD.BAS programs to ensure that they had
been correctly generated, This procedure avoided the use of the

 mainframe until it was necessary for running the analysis and

avoided the delays assoclated with batch procaessing.

once all the load conditions had been run separately and all
exroxs had been corrected in the mesh generation programs, the
final f£ine meshes were generated and checked graphically. These
were then down loaded onto the mainframe and run using the batch
processing facility. The size of these models often resulted in
delays of up to a week before the results became available. The
results were then condensed using ths post procegsing ABASAS.WBA
program which extracted the required data, This data was then
proceszed using the SAS graphical program to produce the plots of
Appendix S and T, and then down loaded onto & personnel computer
for further post processing and generation of graphs.

4.1.,2 Computer pragrams

The majority of these programs were written in BASIC and run on
personal computers. The ABASAS,WSBA program was however written in
Waterloo Basic and ran on the IBM 370 mainfxame.

HACLYT.,BAS ~ Classjcal lamination theoiy programn

The analysis of composites by classical laminatlon theory (CLT)
was carried out by this program. This theory is discussed in
more detall in paragraph 2.1.5. The program allowed for the
input of complete laminate dake with the lamina properties and
angles (lines 100-250}. This data was saved to disk for further
retrieval (250-300). The program provided the following funo~
tionsas

54



Ll Y

- Caliculation of the extensional [A)] and bending [B) stiffnessesn
from which the orthotropis properties for the ribs were derilved
(300-40140) , . . '

« Calouwlation of the eguivalent laminate propertilies which were
used for the theoretloal analysis and dome properties (40040-
60045} .

-~ Calculation of the laminate surface strains and curvatures

from the force resultant data obtained from FEM (40140-61530).
~ Caloulation of tha lamina stresses and failure criterla from

force resultants included in the laminate data (6§1530-62720).
Tha listing of this program is presented in Appendix H,

RIBRGIN.BAS and RTEND.BAS - Preproceésping programs for the tankex
FEH nodel

These programs wers used to generate the FEM model of the road
tanker. Version 4.6 of ABAQUS did not have prevprocessing facili-
ties and the complexity and size of this model requires an accu-
rate method of mesh generatiun; A listing of the RTBEGIN and
RIEND programs ware available in Appendix I. The NISA FEM PC
Based program avallable at the time was not able to process thia
large model due to memory limitations,

Deta which completely specifled the tanker's dimensions, thick-
nesses, accelerations, densities, pressures, dome and xib propen-
ties was typed into the program {lines 150 - 550). This informa-
tion was then used to generata the modal, The user was then
prompted for the element included angle and axial increment (1020
- 1110). Small valuas resulted in a f£iner mesh. The program then
continued through a seguence of subroutines which generate the
nodes and elements for the cylindexr, ribs and domes (610 =~ 790).
Subruutines then connect the ribs and domes to the eylinder by
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use of a milti-point constraint (830 - 8rL). The positions for
she cradle supports were also specified, and the nodal displace-
wents which could medel the effect of an angular twist were
eqlculated (869 - 870). This data was then written to seqguential
filus. One became the ABAQUS mesh file and ths others were
temporary £iles regquired by the second part of tha modsl genera-
tion contained in the RTEND.BAS program which provided the load
histnry, property and output information required for the FEM
analysis. The input section (lines 150-550) of the program were
identical to that of RTBEGIN.BAS. The temporary files were re-
loaded (570~610) and these provided the gaometric data for the
nodes and elaments. The equivalent pressures and rody forces
which simulate the accelerations imposed on the tanker and its
cargo (B8910-9540) were then caleulated, The material properties

. for the ring stiffeners, shell and dome were defined (6940~

8660), followed by the supports and boundary conditions (8680~
8780} . The last parts of the program specify the output reguired
from tha analysis (9570~10220),

After the files from RTBEGIN and RTEND had been merged into one
£ile, manual changes to the support boundary conditions were
necessary, depending on which analysis was being xun. The main
advantayge of having two programe was that many loading conditione
could be generated from one mesh file. Any errors picked up '
during the ¥EM check runs wers corrected in these preprocessing
programs to ensure that thay were not repeated. The programs
allowed for the fault-free generation of the course check models
as well as the fine mesh, high accuracy models.

MACONV,.BAB ~ Graphic ganeration program

This program was written to convert the data from the ABAQUS

56



AL Meg T

= X

input £ile into graphic data which could be read by the MA3DCAD
program. The node and element data from the ABAQUS file was
converted into node and line data. Shell, rib and solid elements
could be converted in this way. A listing of the MACONV program
was given in Appendix M.

MA3DCAD.CAD -~ Three dimensional mesh preview program

This program was written te facllitate graphic preview of the
mesh generatad by the MABEGIN and MAVAGEN programs. Due to the
complexity of thae FEM models used, a yraphic chetk was necessary
to ensure that the mesh was correct, Existing PC packages such as
NISA were not able to process the large medels used for this
research. Tha node and elemant data fxrom the ABAQUS input f£ile
was converted into graphic data by the MACONV program. The
MA3DCAD program read this data and then functioned as an
interactive three dimensional computer aided design program with
sany graphic manipulation functions such ae scaling, rotating,
panning, zooming and change of perspective and viewpoint. An
exanple of the scoreen display is shown in Figure 4.6. A listing
of the program was gilven in Appendix N.

ABASAS.WBA = WBASIC program to extract geometric, stress and.
force resultant data from the ABAQUS output file

This program summarised the bulky ABAQUS output file by extract-
ing only that information which was necessary. The element number
and co-ordinates of the integration peints were first extracted
(lines 770-1220). From this data the ciroumferential arc-length
was calculated (650~750). The force and moment resultants at each
integration point were then extracted (1240-1780), This data was
then written to a separate data file (360-470). These summarised
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files were sufficiently reduced to enable them to be down loaded
onto a PC for further processing. The program was listed in
Appendix 0. : : :

{-§CALT 2-ROTAT 3-DRAH 4-TRANS S-FERSF 6-Z00N T-AG-X 8-ANG-Z 9-EXIT ‘BUIEN

rigure 4.6 Example of the MAIDCAD snreen display showing the
- tanker dome and the first ring.

SAS - Btatistical analyeis and presentation graphics package.

This package was available on the IBM mainframe and was used to
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generate some of the stress maps in Appendices S, T and U. The
data is presented in three-dimensional format by using the axia:
length of the model as the x axis, the arc length or circumferen-

tial distance as the sideways axis and the force resultant as the

vertical axis. Both contour maps and 3-D grid representations
were generated. :

PLOT.SAS ~ Input program for the SAS graphics package

A listing of the input program used to generate the SAS graphics

for the road tanker and validation wodel is presented in Appen-
dix ©. The data was read from the summarised ABAQUS output Ffile
and then plotted on a Hewlett Packard HPF7570 plotter in the
preseribed format. A print of this SAS input program is iisted_
in appendix 0. '

LOTUS 123 and QUATTRO -~ Spreadsheet and graphics packages

These PC based programs were used to generate the two-dimensiocnal
plots of the FEM and theoretical results which were imported into
LOTUE from the output of the MATHEORY program.

The Matheory program

This program was written to allow comparison'of tha FEM and
theoretical predictions of section 3 and Appendix E and ¥ for
the road tanker. The load cases which could be analysed were
acuelerationg In the %, v and 2z directions, internal static
pressure and an angular twist of the shell relative to its sup=
port. A listing of the program was given in Appendix P. Tha
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program was written in modular form and extensive uze was made of
gubroutines %o asccess each module:

Lines 3 to 970: define the flowpath of the program.

1010 to 1250: Define the loading conditions of the tanker.

These are modified by the user to model the various

load cagzes. ‘

1265 to 1910: Define the material properties of the tanker's
shell, domes and ribs. These were obtained from classical
lamination theory using the MA~CLT.BAS program (Appendix H).
1950 to 2750: Define the geometrical dimensions of the tanker.
2780 to 3270: Define the input and output of the data files

used. The original FEM files wera loaded to give the reference

%, vy and z positions for the theoretical analysis,

3310 to 3770: Allow the seslection of the position under
evaluation. The options were Top/Bottom/Left/Right/Dome,

3950 to 4200: Define the shell properties. '

4290 to 4450: Define the densities of the shall and oontents.
4490 to 5170: Sectional geometrical properties and volumes.
5210 to 5670: Tha mpasses of the various components.

5710 to 6195: The effects which re 1t from the axial A,
acceleration. _

6210 to 6229: The variation of the circumferential load £rom the
axial acceleration. '

6392 to 6377: The effect the axial acceleration has on the
ribs, shell and domes of the tanker.

6381 to 6510: ‘The total effect of the axial acceleration.
7110 to 7710: The effect of the vertical (A,) acceleration.
7110 to 8710: The effact of the sideways (Ay) acceleration.
9470 to 9570: The effect of the twisting,

9630 to 9880: Membrane stresses in the dome from internal

pressurea.

9910 to 10050: Membrane stresses in the shell from internal
pressure.,
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= 10020 to 10950: Totals of all the force and moment resultants
for the various load cases,

- 10990 to 13790: Stresses which result from a shell under
internal pressure with circumferential ribs.

- 13240 tp 13885: Definition of logal variable for the dome

analysis.
~ 13858 to 14650: Stresses which arise from the discontinuity at
the dome to shell junction :or a vessel under Internal pressure.

The theoretical predlctions of the MATHEORY.BAS program were run
over a range of values with a small inorement to give a more
continuous curve for comparison to the FEM gauss point values.
These curves were discussed in more detall by section 6.1

4.2 The Validation Model
4.2.1 The validation finite element model

A FEM model of the validatlon test model was generated to allow
comparison of the FEM strain results with the experimental and
thecretical analysis.

8ign conventions

The modal was generated using a rectangular coordinate system
with the x or 1 axls along the axis of the tube, the y or 2 axis
vertical and the 2 or 3 axis in the sideways dircction. The
material properties were lnput relativa to a local oylindrical
coordinate systam, Thiz was esbtablished through the use of the
Y¥QRIENTATION" command which was first used to define a
cylindrical coordinate system relative to tha centrs of the tuba,
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The shell output is oktalned in terms of this system, naubly
axial %, circumferential t and radial r. The material axis for
the shell was then defined as an angular rotation around the
radial r axis of the eylindrical coordinate system. This anyle
gorresponds to the winding angles for the filament wound tuba

and provides for accurate and convenient definition of the lanina
properties. All constralnts, boundary conditions, nodes and
forves where gpaclfied relative to the global rectangulan
coordinate syatem.

Nodes and elements

The geomstry of the test model was represented as accurately as
possible with the tube shell, ribs and connecting shaft being
modelled, The FEM moedel consisted of a half symmetrical represen-
tation of the test model, although quarter symmetry could have
beets used, The tube shell consisted of 240 shell elements of the
typa 88R and were numbered 1 to 120 and 500 %o 619. The material
properties weie input relative to the local #45° directions
spacified. These were the lamina properties and ara typical fox
filament wound material used (see Appendix ¢) and input using the
M*SHELL SECTION,ELEET=SHELL,COMPOSITE" option. This command
allows the oross section of the shell to be defined by numerical
integration of any numbaer of material points through its thick-
ness. The manufactured shell consists of three double layers of
£45° orientation with the -45° and +45° fibres interlocked by the
mathod of filament winding which resulis in a balanced and
symmetrical laminate, Attempts to represent the PEM model asg a
six layer laminate would rosult in an unsymmetrical and hence
unkalanced laminate., The FEM shell was approximated by aight
layers with a thickness of {,23625 par layer and constructed as
[£45/445]5 to avold this inaccuracy.
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Flgure 4.7 One half of the validafion_ﬁinite elament model.

Hence the coupling (B] matrix was zero and the laminata is
acourately defined. The transverse shear stiffness of the shell
wag defined as X;4 = Gy = 4,14 GPa and Ky = Gu5 = 3.5 GPa by
nsing the THIRANSVERSE SHEAR STIFPNESS!" command. This is
espacially inmportant for the composlta shall element as
trangverse shear effecks were significant. High element aspect
ratios which could have resulted in large errors in the analysis
ware avolded. This reguirement did however limit the use of a
graded mesh near the support rils as the MABEGIN,BAS program
could only grade the mesh with respact to the axial x length once
the oircunfarential angle had been defined.

The ribs and shaft were generated using the pre-processor of tha
NISA FEM program and conslst of three dimensional solld elements
of tha type C3D20 shown in Figure 4.8. Thase alemsnts are 20
noded, quzdratic stress/dilsplacements bxlcks and have thrae
active dograes of freadom (ROF) per node. Tha alaments were
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chosen and posltioned so that they would coincide with the shell
elements at tholr nodes. Two methods of FEM modal generation were
used and both gave identical results. One model was ganerated
using tho NISA FEM pre-processing seftware, The NISA input data
wag thon converted int. Ae.2US8 data through the use of the NISA-
ABA.BAS program (Appendix K). Ths material, boundary conditlons
and loading data were then added wmanually. The use of half
sysmotry also allowed the use of a mesh generation programs
. W,BAS (Appendix K} to generate the shell rlemetnits of an
N nodel. Thie programn was derived from the RIBEGIN.BAS
rograw wged to generata the road tanker model. The rilb data was
ohtained from the NISA data file and connected to the shell with
matti~po’at censtraints by using the MAMPC.BAS program. Both of
thess methouds gave tho same results. Theso programs wera
alseusoed in more detail in section 4.2.2.

Although the shaft is circular on the test model, it was modelled
as a rectangular rod on FEM. This enabled the connection of the
shaft to the rectangular rib elements, The stiffness of the wod
was adjusted to ensure that the flexural properties of the red
were the same as the shaft with the elastlc properties of the rod

defined as E = 428 CGPa and « = 0,3. Dafinition of the ribs and rc’

properties where defined using the "*SOLID SECLION" command. The
proparties for steel ribs wexe E = 200 GPa and« = 0,3,

constraints and boundary conditions

Half of the test model was modelled on FEM as a rasult of both
geomatric and loading symmetry. All the nodes at the plana of
symmebtry at % = 0,278 m were constrained by the “XSYMM" optlon
undex the "#BOUNDARY" command. This only allows for linear disw-
placement in the z and y dlrections and rotation about the x
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axis. Node number 216 at (0,278 ; 0,0919 ; 0,431) was pinned to
pravenut any rigid body modes of the entire model.

Flgure 4.8 A C3D20 three dimenaional brick element.

Forde and force tolerance

The tensile force of 5 KN was modelled by applying nodsl) forces
to the end of the xod of ~3000 N at nede 1020 and ~1000 N at
nodes 1021 and 1066 using the "CLOAD" command. This approximation
was acceptable dua to the Saint Venant hypothesas, as the aresa of
interest, namsly the shell, is remote from the points of the
applied load. The foxce tolerance for convergence of the analysis
was sabt at 1 N,

Rumerisal and graphical output

The FEM analysis output for the shell was presented in terms of
the inplane forwe resultants N, N¢ and Ny the transverse shear
force resultants Q, and Qe and the inplane moment resultants M,
M¢ and Mx¢' The geomebric position of the central polnts on the
element werea alsoe obtalned, The values of the inplane foroe and
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moment. resultants were then evaluated using Classical Lamination
Theory to obtain the centreline strains and curvatures. The outer
gurface atraing were then established.

FEM model size

The entire wmodel consisted of 1077 nodes and 284 elements. The
original wavefronts as estimated on the maximum number of degrees
of freedom (DOF) per hode were as follows:

- original maximum DOF wavefront : 1272

- original |MS DOF wavefront t - 834

After computer optimigation of the medel, the total number of
variables including Lagrange multiplisrs was 5487. The wavefronts
had been optimised and reduced as follows

- optimised maximum DOF wavefront : B48

- éptimisad RMS DG wavefront t 376

Linear small displacement theory was used.

The finite alement analysis

Two different methods were used to ganerate the validation FEM
models as discussed in paragraph 4.2.1. Once the models had been
checked graphically using the MA3DCAD,BAS programs, they ware
then down-loaded onto the mainframe and run using the ABAQUS FEM
pacgkage. The results were then condensed using the post process-~
ing ABASAS.WBA program which extracted the requlred data. This
data was then processed using the SAS graphical program to pro-
duce the plots of Appendix U, and then down~loadad onto a person~
nel computer for further post procesalng and geriecation of
graphs.
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4.2.2 Computer Programs

The following programs were used in the analysis of the valida-
tion model, Several of the programs from the road tanker analysis
such as MACONV,BAS, MA3DCAD.BAS, ABASAS.WBA, PLOT.SAS and LOTUS
123 were also used. '

NISA ~ Finite element program

Thie finite element packaye was used on a IBM compatible AT~286
PC, Although the memory limitations restrioted its use to small
sized wodels, 1t was sufficient to allow the generation and
analysis of the validation medel. This was assisted by the power-
ful pre-protesgsing functions of this package. The entire valida-
kion model consisting of the shell, ribhs and rod were modelled
and then run on NISA to check the acouracy. The mesh (nodes and
alement) data could then be rewritten in ABAQUS forumat by the
NISA-~ABA.BAS program.

MAVAGEN.BAS - Program to generate a FHM mesh of the validation
modal shall '

This program was derived from the RTBEGIN.BAS program for genera~
tion of the tanker FEM mesh (see Appendix K). The dimensions of
the modal were input (lines 250 - 500) after which the nodeg and
alaments were caleulated according to the angular {1030 - 1080)
and axlal increment (1112 - 1113). This node and element data was
then written asm & mesh data file for further processing.
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NISA-ABA,BAS - Program te convert the NISA mesh data into ABAQUS
format. :

This program converted only the node and element data from the
NISA input file inko ABAQUS format. The element properties, lcad
and boundary conditions were not inoluded and had to be added
nanually to the ABAQUS input f£ile.

MPC.BAS ~ Program to connect the xibes and shell with multi-point
gonstraints. '

This program was used to connect the nodes of the ribs and shells
by using multi-point constraints. This was only nacessary when
the shell had been generated by the MAVAGEN.BAS program and
needed to be connected to the ribs derived from the NISA data.
The nodes were cohnected in three translational degirees of free~
dom by using MPC Type §. The program then wrote a new file to
disk which contained the node, element and MPC data in the cor-
rect ABAQUS format. The remainder of the loading and property
data still had be added manually by using a suitable editor
befora the model could be run. The ligsting of the MAMPC program
aould be found in Appendix K.

MAMBRGE,BAB =~ Program te merge common nodes

This program established which nodes were common between thea
shall elements generated by the MAVAGEN.BAS prbgram and the solid
clements which were obtained from the NISA-ABA.BAS program. The
program then mexged the common nodes by renumbering the rib
nodas, A listing of the MAMERGE program cah be foéund in Appendix
X.
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SOLIDVAL.WBA -~ WBASIC program for the estimation of the valida-
tion stresses using beam theory.

This program was used to caleulate the theoretical stresses from
beam theory. The summarised ABAQUS output data file was loaded
for the geometric data (lines 376-512) and then the sectional
propertiss were caleculated (530-1160). The axial stress result-
ants were then calculated by superimposing axial force and bend-
ing moment components of the stress (1500-1580). The caloulated
data was then written to a data file for comparison with the
ABAQUS results (2240-2260). A listing of this program was given
in aAppendix K.

LOTUE 123 and QUATTRO - Spreadshaet and graphics package.

This package was also used to generate the two-dimensional plots
for comparing the FEM, theoretical and experimental data for the
validatlon model. The summarised ABAQUS output was first convert-
ed into strain data by the M3-CLT.BAS program and then imported
into the spreadsheet, The experimental voltage data from the
strain gauges was entered directly into a spreadsheet and then
converted inte strain readings to allow for comparison. Theoreti-
oal caleoulations based on beam theory were also done by the
spreadshest. :

69

=




5 EXPERIMENTAL
5,1 G@eneral Requirements

Although the accuracy of the Finite Element Method (FEM) has been
proven tith numerous examples, its application when analysing
comnlicac.d gtructures such as a road tanker has to be validated.
This was done by experimental studies using a scale model
consisting of a filament wound tube in steel supports. These
supports wodel the effect of a stiff chassis and ring stiffeners
on the relatively f£lexible GRP shell. The experimental results
cbtained from this model were compared to the output from a FEM
analysis and a theoretical analysis based on strength of
materials,

The objectives of this experimental work wera as follows:

~ to compare experimental, theoretical and FEM results.

= to determine the stress patterns around the supports.

~ to validate the use of FEM for the accurate st ess ahalysis
of

a GRP road tanker shell,

5.2 Description of Experimental aApparatus

The model consists of a filament wound tube and two metal sap-
ports which were konded to each end of the tube. A scheuatic ok
the model is shown below in Figure 5.1

A tensile force of 5 kN was applied to the ends of the metal
gupport shaft by mounting the model in a tensile testing machine.
Experimental readings were ohtained from strain ganges which had
been bonded to the tube,
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 Figure 5.1 Schematic of the validation test model.

A wmore detailed description of the apparatus is presented in
Appendix B, Plates 5.1 and 5,2 show the experimental rig and
details of the validation model.

5.2,1 Btrain gauges

Resistance foll strain gauges wers bondad to the tube to estab-

lish the experimental strains. The specification of the chosen

gauges were as follows: ' : .

- Three gauge rosettes with gauges at angles at d°, -45° and
+450. .

- IMI, Type FRA-5-17

-~ Gauge Length 5 mm

~ Gauge Resistance : 120 % .5 0

= Gauge Factox Fg ! 2,12

- Lot Number 253631

1]
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Plate 5.1 7The test rig for the validation mode] showing the
tensile test machine, validation model, power supply,
temperature cowpensation, multi-meter and plotten,

Plate 5.2 Detail of the validation model showing the positions
of the ribs and strain gauges.

72



These gauges were considered ideal for this application because
thair flexibility allowed them to be accurately and securely
bonded to the tube's curved surface without affecting the proper-
tigs of the laminate. The orthobroplc naturae of the conposite
involved speclal precautions and these are discussed In detall by
Bert (1965) and Tuttle and Brinson (1084) and summarised in
Appendix G. The corrections for transverse sensitivity were also
included. The tuba could be considered te be homogenaous as a
result of the precise controel over the flilament winding process.
B gomparing the characteristic fibre dimension (3 to 20 um } to
Lhe gauge length of & mm, it is obvious that the heterogeneslty of
the matarial is of no great concern. Becauwse the tube had a low
coatficient of thermal conductivity and acted as an aeffective
heat: and claoctrical insulator, the gauge excitation voltage was
kept low to aveid heating. Tuttle and Brinson (1584) suggested
excitation levels ranging from two ta four volts. The affect of
conucted heat on the laminate would be negligible as the testing
was done at room temperature and was of short duration. The
waximum anticipated s rain levels of 0.002 m/m were far below the
maximum allowed for the ganges. Aocuracy problems gould be
expected with the high strain gradients near the ring stiffeners.
The gaunge length of 5 mm could bo toe leng te accurately predict
these exact strains and would give an average over the length of
tha gauge, '

Although the strailn fields were largely uni-axial, thero were
looal moments and shaeayr straesses close to the ring stiffener
resulting in a moxe comblicated gtate of strain. This reguired &
threa gauge element for completa definltion of the inplana state
of strain. The chosen gawges had the three eclements superimposed

on top of each other at positions of ~45%, 09 and 45° relative o

tha lengitudinal (x) axias of the tube,
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Tha f£ilament winding left an uneven surface which was abraded to
provide a surface uppropriate for bonding the gauges by using 400
‘grit sand paper. With thiz technlgue a thin layer was removed
from the resin rich surface and care was taken to avoid damaging
the fibres of the outer ply ¢f the laminake. The surface was
dusted and then clsansd with a solvent before the gauges where
bonded. The wlignmant of the gauges was done by marking thelr
position with a ball point pen, The zsro degrse direction (x) was
astablished by drawing a line perpendicular to the support for
each gauge using a 90° set =yguare placed against the
cirounferential rib. The dauga was then attached to a plece of
sallotape and its position checked under a magnifylng glass.
Acvcurate positloning is lwportent for a composite material in
prder to minimisze mimaligmment errors.The adhesive used to bond
the gaugas was a commaerclal cyancacrylate contact adhasive. A
thin layer of adhesive was smeared onto the tube surface and the
gauge prassed down with slight pressure until the glue had set.
The yosettes were oriented with the centre gauges at 0° and the
others at ~45° and +45°. This arrangement was necéssary in order
to obtain the transverse component for all the gauge directions.
The rosettes ware positioned in four bands of eight gauyes each,
The first band was posltioned close to the ring support and the
second and third band next to it. The fourth band was positioned
at the centre of the model. Table 5.1 summarises the position of
the bands and the respective rosetite numbers, listed from the top
to bottom of the tube,

A schematlc of the rosette positions on the modal ls shown in
Figure 5.2. To aveid overhsating of the gauga and the laminate,
gauges with attached gauge lead wiras were used. Tha circuit lead
wires wers soldered aftar positioning ef the gsuges and cara was
taken to avold damage by soldering the wires away from the tube
surface.
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Figure 5.2 kayout of the tube showing the positions of the

rosettesn,

Band

% co—-oxd (mm)

Rosatta Numbaré

LoRPR Vo

96
108
120
217

8

1L to 8

9 to 16
17 to 24
25 to 32

Table 5.1 BPand positions and rosetta numboers.
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contact with the liguid solder or a hot soldering iron could
result in broken fibres or a damaged matrix. Care was taken that
each gauge and its conneocting wires were alectrically insulated.

Different colours were used for each dilrection namely blue, red
 and orange for the 09, 45° and -45° directions respectively. The
wires were then all numbered and labelled to avoid confusion.
Crocodile clips were connected to the end of the compensation
wires to facilitate convenlient changing between gauges. The end
of the gauge leads were also soldered to improve the electrical
contact with the crocodile clips.

5.2.2 Wheatstone bri ige and temperature compansation

The most commonly used wethod of determining strain gauge read-
ings is by means of a wheatstone bridge cireuit. The bridge
becomes a direct output device and is shown schematically in
Figure 5.%, The excitation voltage V;,, is applied across AC and
the output voltage V,,+ recorded between BD, The actlve gauge is
the onie mounted in position on the test pieve in the 0°,-45° or
45° @irection. The other three arms of this bridge wers mounted
on an offcout of the tube wnich are positioned close to the model
during testing. These gauges experisnce the same tewperaturs
changes as the active gauges, but none of the mechanigal loads.
They were orlanted in the same direction as the active gauges
with separate connectlons for the 0° and :45% direotions. This
ensured that the compensation gauges experience the same axlal
and transverse thermal stralns as the active gauge.
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Figure 5.3 Schematic of a wheatstdme bridge circuit.

Due to the characteristics of the wheatstone briddge cirecuit, the
apparent strain effects due to the temperabure cancel, and the
output ils due only to the mechanical loading. The excitation
voltage for the bridge Vin was get to § V and ourrent to 0,1 A.
This resulted in a gauge excitation voltage of 2.5 V which was
within the 2 to 4 V range recommenided by Tuttle and Brinson
{1984} . The wheatstone bridge was oftan not totally balanced and
gave a small non-zero null or unloaded voltage Vaoup aoross AC.
This was recorded and later subtracted from the loaded voltage
when the gaugs was strained in order to obtaln the voltage dif-
ference 4§V,,. From this quantity the strain in the gauge could
ba caleculated. The theoretical relationships or the strain
gaude, wheatstone bridge and tvansverss sensiiivity are discussed
in sectiong 3.,2.3 and Appendix G.

5.2.3 Tensile testing machine

The test model was loaded in tensioh hy mounting 3t in a J7 Lloyd
Ingtruments T22K tenslle testing mashine. The machine was fitted
with a 20 kN load oell and the applied load of 5 kN was well
within its capability. The test medel was mountaed batween the
hage and ‘the cross~beam by means ¢f twe pins., The force and
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displacement output was recorded on a JJ Lloyd XY plotter at-
tached to the tensile tester. This was used to clheck the applied
load and any creep or honlinear effects.

£.2+4 Instrumentation

An Oltronix C40-1 DC power supply was used to anergise to wheat-
stone bridge. The input veltage was set fo 5 V and the current o
- 0,1 A for the tast., The gauge connecting leads had been colouy
coded and labelled and a separate compensation cirouit was used
for the 0° and +45° directions. The wiring used was single strand
telephone wire. Croceodile clips facilitated convenlent reconnac-
tion between the gauges and compensation circuits. All other
donnections were soldered. The bridge output voltage Vi, was
read from a Takeda Raiken TR6355 minl multineter set to the
approprlate sensitivity. '

5,3 Experimental Prosedurae
5.,3.,1 calibratlon of the tensile testing machine and plottexr

Tha completed test modrl was positioned in the tensile tester and
the shafts connected by pins to the bottom and crossbar of the
machine, The forcae valibration dial was set to zero with the
force gettiryg at x 0,1 and the extension sevting at 2,5/1., Thesa
settings are necessary in order to calibrate the XY plotter. The
oxtensicn calibration dial was also set to zero. The sensitivity
on tha plotter was theh set to zero for the foree and extension
axis and the pen locvated at the origin of the calibrated graph
papar.
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The XY plotter was then calibratad by pressing the "1/2 Load"
button for the force axis and then setting the sensitivity so
that the pen position was halfway aleng the axis. The "100 nm
Papar Travel" was then pressed for the extension axis and the
gengitivity set to position the pen at 100 mm <Lrom the oxrigin.
This concluded the calibratlon of the testing machine and X¥
plotter. '

§.3.2 Connection and cycling of the model -

The force setting on the tensile tester was changed to % 0,4
which gives a full scale forxce of 8 kN, The test model was then
cycled betwaen ¢ and 5 kN teo check the gauges and model.

The 0° gauge of rosette 25 was connected with the wheatstone
bridge circuit. The bridge voltage Vi, was set to 5 V and the
current to 0,1 A, The multimeter was oconnected to monitor the
voltage reading Vg, across the bridge. At zero load, the voltage
Vout Was 2,91 mV, The model was then (lowly loaded to 5 kN at 4.5
mm/min. The voltage V,,. was measured at -0,03 mV and remained
constant fox the duration of the ten minute settling time. The
plotter showed a decrease in the measured force from 5000 N to
4914 N during this tima. The model was then unloaded bavk to zaro
load where the voltage Vg, was measured at 2,73 mV. This
indicated a alight amount of irracoverable strain. The extension
scale was then set to 5:1 and the procedurs repeated, The veltage
reading at § kN was measurad at -0,19 wV and remained constant
for ten minutes. The tube was then unloaded baok to zero load
whare the voltage was measured as 2.67 mV. This is very olsae to
the initial reading and indicates linearity in the load/unload
cycle, This load/unload oycle was then repeated a further five
timeas to remove any residual non-linearitles in the nodal.
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5.3.3 Experimental testing

After all the gauges and settings were checked for drift and loss
of calibration, the testing commenced by recording the zero load
readings for all the gauge.. These were necessary as the “widge
was not f£ully balancea ..nd would he' . some residual resi.tance at
zero load due to the gauges, connections and lead wires. Differ-
ent compensation clrouits were uszed for the 0°, +48° and -45°
directions, '

The model was then loaded to 5 kN, After a five minute settling
period, the loaded readings for all the gauges were recorded.
Both the loaded and unloaded voltage readings V,,: were required
in ordex to establish the strain induced voltages §V,,. which
welre then manipulated by the data reduction aquations of Appendix
G to caleulate the surface strains.

The testing was completed by unloading the model back to zero
load. All the final zero load voltage readings wers then recorded
to allow cbmparison with the initial zere load voltage readings
as a check for non-linearity.
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& RESULTS AND DISCUSSION

6.1 Tﬁe Road Tankexr

6.1.,1 Internal pressure

The finlte element analysis of the internal pressure load

produced the plot shown in Figure &.1. The original FEM mesh in
the undisplaced position is shown as dashed lines. The displaced

shape (magnified by 64 times) is plotted in =solid lines and shows -

the deformation of the tanker under the influence of the Internal
pressure. The rear of the tanker was constrained in the axial
direction at the second ring at x = 1 m and this is olear from
the limited elongation towards the back of the tanker, The front
of the tanker showed signifioant axial elongation.

i}

NAD. FAGTOR o +6.48+01 3
SDLID LINES - DISPLACED MESH

OASHED LINES = ORIGINAL MESH

it etibib g gekel s baonsamimmbi it r s et bpastoi ek abu kot e,

Figure 6.1 Original and displaced mesh of the road tanker FEM
model with 8,4 Bar internal pressure.

The effect of the dome to cylinder dimcontinuity is also shown.
The gylinder is more Flexible in the circunferantial direction
and expands more than the ellipsoidal dome. The interaction of
these two components results in a transition region between them
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with reverse curvature at the knuckle radius. The effect that
this has on tha force and moment resultants were discussed later.
The top or apex of the dome has a low curvature and the predsure
regults in the considerable axial deformation of this seglon. The
cyiindrical section of the tanker expands circumferentially under
the influence of the internal pressure. The relatively stiff
oircumferential rings affect this expansion as is clear from the
displaced plot. '

Figures 6.2 tc 6.0 show the variation of the dimensionless forde
and moment resultant along the tanker for a pure internal pres— |
sure of 8.4 Bax, This represente a gas pressure without the
bending effects which result from the acceleraticn of the sliall
or its contents. This ldealisatlion allows for the comparison of
the FEM, theory of plates and shells (Timoshenko 1955) and a
large deformation analysis of sllipsoidal pressure vessel heads
by vddin (1985). Both Uddin and Timoshenke derive thelr analyses
for isotrople materials such as steel. The theoretical predic-
tions from the MATHFORY program used isotropi¢ theory with the
engineering constants of the laminate substituted for the moduli,
Poisson's ratio and shell flexural rigidity as discussed in
Appendi¥ Q. The shell and dome laminate were assumed to be ortho-
tropic and quasi~isotropie respectively and this allowed the use
of the laminate engineering constants E,, Egr Gyg and vy, to be
usged.

The use of the dimensionless force and moment resultants

Ny' = N/ (pexg)y Nyt = No/(pexy)s Nyg' = Nyg/(P-xg), My' =
My/{p.xyet)y Mp' = My/(parjot), Myy' = Myy/ (R b)), Q) =

Qu/ (Py2y) and Q' = Qu/(pa¥y) ie convenient as it allows com-
parigon of the FEM results to curves produced by Uddin (1987).
His research solved the force and moment distributions by non-
linear shell equations using the multi-segment method of integra-
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tian.‘Howevev, this tank did not have cirvcumferential ringe and
could be considered as thin walled with ry/t = 100. The road
tanker had ry/t of 43 and a pressure/modulus ratio of 37 x 1076
which compared with Uddin's research with a pressure/modulus
ratio of 37.6 x 1076,

The FEM and theoretical data used below are presented in Appendix
Q. Appendix 8 shows the output of the all the FEM values of
axial, circumferential and inplane shear force resultants for the
entire cylindrical section of the tanker. This is represented by
‘unrolling' the tanker cylinder into a flat plate with the tanker
length (x) as the longitudinal axis, the tanker circumference
(arc) as the sideways axis and the various force resultants as
the vertical axis. The value of arc = 0 coxrresponds to the top of
‘the tanker. This representation shows all the Gauss point values
from FEM between the tan lines of the tanker. The values are
plotted in their 'as is' conditlon without the approximations of
Bny ourve fitting or contour mapping routines provided by the
ABAQUS post processor.

Non-dimensional axial force resultants (N.')

This is presented in Figure 6.2 where only one-half of the tanker
is shown as the loads were symmetrical with respect te the middle
of the tanker. The forces In the domes ara also shown to allow
comparison of the dome results with literature. The axial force
resultants were a function of the axial forces in the shell whioh
result f. m the pressure acting on the projected area of the
dome, This varies with the radinms 1y in the dome as shown by the
curve -0,33 £ X £ 0. The N,'l# alse relatively unaffected by the
dome/cylinder discontinuity and the circumferantial stiffeners as
shown by both the ¥EM and theoretical predictions. The two curves
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were almost identical over the entire length of the tanker, with
the exception of the two FEM values at tae apex of the dome.

1

)
;

0,8+

Non-dimenslonal force resultant
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Tanker length from rear tan line {m)

75 NKFEM  —— Nx' Theory [

Pigure 6.2 Non-dimensional axial force resultamts (N,'}

These differences may result from the use of the linear triangu-
lar elements in this region which were connected with multi-point
constraints, Tha averige error along the ovlindrical portion of
the tanker varied between one and two percent. This correlation
proved the accuracy of the FEM method in predicting the asial
foroce resultants.

The axlal force resultants N, between the tan lines of the

tanker were shown in Figures SI and 52 of Appendix S. These show
the influence that the supports and rings have on Ny,. The _
magnitude changes wera neg!‘gible with th: values varying between
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270 XN/m and 281 KN/a. The regions betwean the supports show

little variation over .ue membrane styrass prediction (see XEgn
3.1). '

Non=dimensional circumferential force resulbants (H,:,')

Figure 6.2 shows the variation of the non-dimensional
clroumferential force resultant (Ng') for the back half of the
tanker. Tho FEM prodiction for N‘q,' is identical in shape to the
non-linear analysis of Uddin (1985). The value at the apex of the
dome (x = 0,328) is praodicted by FEM, theory and the Uddin
analysis to be 0,99; 1,01 and 0,97 respectively.
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As predicted by Timoshenke {(1959) and confirmed here, a compras-
give zZone develops near the ellipsovidal dome to cylinder junc-
tion. The FEM ocurve indicates that this compressive foree result~
ant is not ag suvexe am pradicted by elther Timoshenko or the
vddin snalysis with the minimum valuas of «0.46, «0.59 and -0.6
for the FEM, linear theory and Uddin results at x = - 0,089 m.
The FEM, theory and Uddin values ware also similar at the maximum
value at ¥ = 0,02 with values of 1.13, 1.14 and 1.07
ragpestively. The maximum for the theory owvcurred ab x = 0,001
with a value of 1,35, Tha clrcumferantial stiffener at ¥ + 0 had
a significant effact on the FEM foree yesultant at the tan line,
Tha FEM minimum value of 0,52 at x = 0,05 ig considerably lass
than he theoretical prediction of 1,35. Tha FEM raesult is
however similar to those at the other ring stiffencrs at x
positions of 1, 2 and 3 m., The supersition of the dome and ring
discontinuity strasses by the theory did not prediot this value
for the tan line, although the valuas at the remaining stiffenars
warg acgurate.

The influence of the remalning circumferontial »ings cavsed
significant deviations f£rom the mombrane theory (Egn 3.2) at the
raglons clese to the rings. This effect is proportisnal to tha
ptiffness of the rings as can be seen by the dlifferences betwaen
the stiffoer rings at x = 1, 2, 3 m and the more flexible rings at
4, 5, 6 m. The stiffer rings at x = 1, 2, 2 had a sestion 100 mm
high hy 50 mm wide and those at x = 4, 5, 6§ wore of a squara 50
by 50 mm sestion. Beocausae the N¢ is related to tho deflection
w by Ny = E.t.w/x, the force resultant curve had a sinilar shape
to the deflection surve with the ninimum deflection and Ny
diractly under the ring. The romainder of the shell iz able to

- gxpand bayond tho rings, and f£oxr valuoes of X » 2.7/B i.e. (% >
0,476}, thoe radlal defleption and olrcumferential Forwve rasultant
actld be proadicted accurataly by Timoshenke's (1959) membranc
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theory. The N, curve followed the deflestion curve of Timoshenko
{1952) closely with & decrease which had its minimum under tha
ring. The theoretlecal Ny' values corraesponded to the FEM
predictions fox the large and small rings. This represented an
unleading of the shell while the gircumferentlial load is absorbed
by the stiffer rings. This affect is very localised and predlcted
by Timoshenko to bea significant for x < /B (i.e. x < 0,238). The
theory and FEM results were very simllar with values of 0,52 and
0,53 for ths large ring at dlstances of 0,058 m f£rxom the ring
centre~line, The shapes of the curve were also identical. The
mininum values occurred under the ring and theory predicted 0,35.
The maximum values of N,' at distances of 0,3 m from the _
stiffener centre~lineg wers similar with 1,07 for the FEM and 1,02
for the theoxy.

The elroumferential force resultants N¢ between the tan lines of
the tanker are shown in Pigures £3 and 94 of Appendix &. These
ghow the influence that the rings have on Ngy+ The supports at x =
1 and x = 11 have n¢ influence on N¢. This may result from the
stiff rings at this reglon which redistribute the forces at the
top of the cradle support (oxr horns) before they can influence
the ghell. The high local stresses predicted by Ziok (1951) .
re3ult from the tank expanding over the stlff horn of the
gupport, In this case without the clrcumferential xing. The FEM
definition of only a single sidewaye constraint at nodes 4669 at
® = 1 and nede 5029 at ¥ = 11 also allowed for mora support.
£lewibility, thus decreasing the discontinuity stresses.

Non~dimensional inplane shoar forea rasulbants (Nh¢'}

The application of a pure internal pressure in the tanker shell
doos not result in any slgnificant inplane shoar forces. This is
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indicated by the theoretical and FEM curvaes of Flgure 6.4 which
shows both curves with average values of zerc across the entire
tanker. The magnitude of the FEM waluei are small compared to the
predictions of axial and circumferential force resultants.
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Pigure 6.4 Non~dimenszional inplane shear foxce resultants (Ny,')

Figures S5 and S6 of Appandix S showed the FEM values to be low

(between -3153 and 3324 N/m) compared to the valuas for N, which

averagad at 273000 N/m. These resultg prove the accuracy of this
FEM modal for pradloting the axlal, clroumferential and inp ane
shear force resultants, (N, Nqb and qub)‘
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Non-dimensional azxial moment resultants (M,')

Figure 6.5 shows the variation of the non-dimensional axial
moment resultant M,' for the back half of the tanker. Reprasent-
ing the moments as nen-dimensional data is uged to allow cum-—
parison with the results presented by Uddin (1985). The M,’' are
predicted by FEM to be zero at the apex of the dome at x =
~0,325m. The FEM curve increased to M,' = 0,0208 at x = -0,26.
The ourve continued to a minimum of -0,12 at ¥ = -0,09% and then
inereased to 0 at x = 0. The FEM curve further Jinoreases to
0,0307 at ® = 0,2 and then dropped bsalow zero to a values of
~0,017 at x = 0,3, The values at x » 0,55 and 0,575 were very
closa Lo zero.
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This result ie predicted by the discussion of Appendix BE ag these
noments were of a local hature and the rasult of the stiffness
discontinuity between the cylinder, rings and domes. They will
raduce to zero when the gection of the uniform cylinder is large
encugh, The FEM results also show the differences between the
moment resultants at the thick and thin rings. The thick rings
result in a larger discontinuity and hende cause greater moments.

The theoretical curve of Figure 6.5 also begin at zero, and the
values remain very small until x = -0,2. The curve theh follows

- the PEM prediction to value of ~0,054 at x = =0,129. The curve

than undergoes a disvontinmacus change Zfrom the head %o the
cylinder. This deviation of the theowetical curve could be
axplained by the assumptions made to allow the isotropigc theony
to ba applied to the laminated composite. Assumptions were made
with raspect to tha eguivalent flexural rigidity and Polsson's
ratle of the cylinder and hsad. Equivalent properties where used
in woth cases with the oylinder flexural stiffness approximated
by Dy4 of the laminate bending stiffness matrix of Appeadix D.
The sudden change in these properties would result in the
discontinuous variation of the theoretical M,' = -0,0317 at x =
-0,009 (dome) to Mx‘ﬁ_-o,zo at ¥ = 0,001 (cylindar); The curve
between x = 0,025 to 0,45 dc however not follow the FEM
predictions anu this may again result from the previous
assumptlons. Both the FEM and theoretical values converge to zexo
at x = 0,55, The magnitudes of the curves at the ring stiffeners
also diffex. This may again result from the assumptions
goncexrning stiffnesses for the thaoretical model. The shape of
the curves were similar and particularly the FEM curve closaly
resenble those presented by Timoshenko (1959) for tha bending of
a long cylindrical shell by a load uniformly distributed around
the oylinder. The predictions by Uddin were however very similar
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te the FEM results arxound égb regions of the head and cylindar
junction with & minimum value of M,'= -0,12., The value at x = 0
of M,' = 0 is identical to the FEM prediction. The maximum value
on the cylinder is M,'s 0,09 and then decreased rapidly to zero.
Comparison of these curves highlighted the sensitivity of the
theoretical solution to the assumptions made in order to
accommpdate the izotropic theory. It would be possible to derive
these relationshipe spedifically for laminated composites, but
thig ls bevond the scope of this research.

Non~dimensional circumferential momant resultants (u¢')

Figure 6.6 shows the moment resultants which arises from the
Polsson's effect where M¢ =w,M, (Egn E3 of Appendix E). These

. FEM curves have values at the apex of the dome very similar to

M,'. This was expected due to the geometry of the dome. The curve
then dropped to a minimum of -0,0386 at x = ~0,9. Back calculation
of tha ratioc of M¢'1Mx' would indicate the equivalent Toisgon's
ratio of 0,28 compared to the prediction from CLT (Appendix C=2)
of 0,27. The shape ¢! the M¢' followad the shape of the M,' curve

. for the PEM prediction. Close corralation iz achisvad for the

curvas from Uddin {1985) for dome regions bhefore the dome-cylin-

Cder junction,

The theoretical curves were generated from the theory 9£ Appendix
E. The magnitude of the theoretical curves ald not correlate with
the FEM curves for the regions between the apex and the knuckle (
0,33 < %X < ~0,14). The deflection of this region of low cuxrva-
ture im very dependent on the flexural stiffness and the assump-~
tion of an eguivalent stiffness may be the cause for this dispar-
ity. The shape of the FEM and theoretleal curves corrslate for
regions hefore the Jjunction., The regions after the tan line were
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largely influenced by the ring stiffener and were not predicted
accurately by the theory. The M,' curves around the remaining
ring stiffeners followed 3 similar trend although the magnitude
difference of the FEM and theoretical results is apparent.
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Filgura 6.6 Non-dimensicnal circumferential moment resultants
(ﬁ¢'}

Nonwdimensional twisting moment resultants {M.M,')
The FEM and theoretloal predictions are shown in Figure 6.7. 7The
FEM prediction mostly averaged around zero with the axception of

the regions at the tan line (x = 0}, wherxe a maximum of qub' =
0,00317 L predicted. The theoretical prediction for the entilre
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length of the tanker 1ls zero and resulted from the absence of any
twisting moments or bending induced shear forces on the shell.
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Figure 6.7 Non-dimensional twisting moment resultants (Mx&')

Non-dimengional axial transverse shear force resultants (Q.')

These transverae shear force resultants ewist at the
cylinder/dome junction and rings and were derived theoretically
in Appendix E. Flgure 6,8 shows the FEM and theorstical
predictions along the cylindrical section of the tanker. The two
gurves correlate at the dome and this can be attributed in the
definition of the same isotropic material properties for both the
FEM and theoretical analyses. The curves for the oylinder were
however very differaent. The assumptions made to accommodate
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isotropic plate theory assumed this stiffness to be equal to the
aguivalent inplane shear moduli of the dome and shell, which ware
7,47 and 4,63 GPa respectively. The lamina or single layer
trangverse shear modull where defined in Appendix C as being Gy,
= 4,14 GPa and Gy = 3,5 APa.
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Figure 6.8 Nen-dimensional axial transverse shear force
rssultants (Q,')

However, the laminate equivalent transverse shear stiffnesses
wore dependent on the layup orientation. The magnitude of tha
transverse shear forces were alsoc dependent on the ring cirocum-
ferential stiffness as these cause the discontinulty whieh pre~ .
vants the cylinder from expanding freely from the lnterxrnal pres-
sure. The combination of these results may explain the lack of

- gorrelation between the FEM and theory.
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Non~dimensional axial transverse shear foroe resultants (?¢')

From the conditlons of symmetry (see Appendix E), the Q'
are predicted as zero. This is shown by the results of Figure 6.9
where the FEM and theory values average around zero. The theoret-
ical prediction for the entire tanker cylinder is Qp' = 0.
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Figure 6.9 Nom-dimensional cirecumferential transverse shear
force resultants (Q;')
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6.1.2 Combined accelerations

The FEM analysis of the combined accelerations load case was run
once ocultable convergence had been achleved with the préssure
load case. This served to validate the FEM model. Shown in Figure
6.10 and 6.11 were the output of the combined accelerétiona de-
flection plots.
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Figure 6.10 FEM plot of the tanker shape resulting from the 2g
combined accelerations {side view).
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Figure 6.11 FEM plot of the tanker shspe resulting from the 2g
combined accelerations {(top viewd.

Pg




U

MAG. FAGTOR = +8,7E+00

50L1D LINES - DISPLAGED MESH
DASHED LIMES - DRIOINAL MESH

om -
- .
=1 -1
i1 — e e e o 7 >
1 LI B ' r 1 M 1 t t H m . o &
g SRR N e
ral i H 1 Ly ; 3 Y
. N - - I 1 ] T [N iy i, ST R, . ~—
S ik che bk ML P 1 ) I e I R & HH 3
O N AR IR e YN M 4 52
HH s kS RN ST S SE g g ) F bk o
T 1 1 1 I | 11 i 1 K LN | b e i e — . r -t
A+ -1 taf Ir ' S T S T a
IR i oo koot " %
1 [
RSt i e s T IR _ _ ¥ d a
T T g it S E : : ® o
g e ke e e A 00 I R i S v T Q0
p 4 t Y ol i et = el e ks o bt s H H g o
T B ot 5 11 T ] i &t i e+ L # o
: T L N I I S 4 T ; : : T
3 13 k 1 6 —_— s it St o - M 1 .
-ull.. 2 2F Sl 20 b T §1 1 i 1 t 1 T i » ot = 5 > g o
T AR SN S IR B 5
] 1] ¢ 4-1 — - - I
R e A S e e s ey S 2
= 1 i1 r +
R Y I ¢ gas LT S EEs Sl LR TES SR I ol
T - o B
i 1 1 ¥ H L] 1 1 B i 119 [ i H H m (=]
HE- - —— H - B -t -4 4 7 I I e =i 1L B =2 4
Ik s S B A A LRI T o
1 1 1 1 1t -
B~ ==~ = 4—-1H g g vl = b e ey it e £ mu“ eyl e e Sl a o
7 1 £ H ¥ T T BT 1 1 T ~ 3
i 1 I t T 1 11 i+ l_“l 1 L -
< R N N o [ ot T e e = R e A g 2
o HI IR R % &
5 1 44+ -} .
= et s B - PR (U L Y N e e e o a w
b 1 [ T T TT 1 H 4 H L]
lllllllll 2 r 1 H ' 1 T S o ) S A £ | N
-f H T e B o e [ i Fa I AT -
1 h bt TE [ E] 3 T HE I [ P hg
s S, SNDE Sy i T IR i et rad gty o
=& 1= B MINTEERI e
s o [ 11 [ ] i H = e T el e ! H
FECE T ST i SN SIS i ik T T b .m..».-
LICRE I | DRI DS L...l.“ln -
e

97




The undeformed geometry is shown in dashed lines with the de-
formed geometry superimposed. Both deflected shapes have been
exaggerated to show the deflections. The vertical and sildeways
bending of the shell is apparent in both plots. The effect that
the supports at x = 1 and x = 11 have on the chell deformation is
shown in more detail in Figure 6,12.

The FEM and thecretlcal data used below are presented in Appendix
R. Appendix T shows the output of the all the FEM values of
axial, circumferential and inplane shear force resultants For the
entire 'unrolled' tanker. This representation shows all the Gauss
point values frow FEM between the tan lines of the tanker. From
these ploteg it 1s oglear that the foroa resultants varybelwzen
different sections and that separate curves are reguirad for the
top (+z), bottem (-z), left {+¥) and right (-y) af the tanker to
allow comparison between the FEM and theory results.

Axial Force Resultants (N,)

The axial force resultant N, are dependent on the distribution of
axial forces and bending moments along the tanker. Figure T1 and
T2 vf Appendix T show tha variation of N, over the tanker. The
horns of the supports at » = 1 cause congiderable peaks as a
result of the shell and support interaction. The rest of the
shall was uniformly loaded and dependent on the banding and axlal
loads.

Flgure 6,13 shows the variation of N, along the top of the tank-
er. The theoratical curve ketween 0 < x < 1 is largely dependent
on the vertical bending of the rear overhang, with minox effects
from hydrostatic pressure and axial forcs. The axial Load which
reaults from the hydrostatic pressure on the front dome is
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introduced into the shell at the rear b
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Figure 6.13 Axial force resultant Ny in the top of %ha tankex
{+2) .

gupport and xesults in the sudden increase in N, at x = 1 to
185,85 kN/m. The N, curve then follows the classical simply sup-
- ported beam with uniformly distributed load typical of a hori-
zontal tank under vertical acceleration., The minimum compressiva
value 18 -323,7 kKN/m at ¥ = 6. The curve then increases back to
186,3 kN/m at the front support at ¥ = 11l. The beanding of the
front overhang results in a decrease of N, to the front tan line
value of 159 kN/m. The FEM curve drops from 7,3 XN/m at 2 = 0 to
-62,9 kN/m at ® = 1. The N, then decreases parabolically to a
miniwum of ~303 KN/m at ¥ = 6. The valug then increaszes to 31,3
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XN/m at ¥ = 11, with a change in slope at x = 10, The tan line
value of 134 kN/m at x = 12 is lower than that predicted by
theory. The back support has considerable influence on the axial
force resultant Ny. The flexibility of the shell above the sup-
port alzo affects the distribution of the load. The FEM results
differ considerably frow the theoretical curves until x = 3 along
the length. This may result from the reduced load trals.er alony
the top of the tank as a result of the flexibility of the shell.
This phenomenon was documented by Zick (1951) who found that a
considerable section of the area above a saddle support is
ineffective in transferring load inte the saddle as a result of
the material's behaviour under compressive loading., Thig phenome-
non iz less problematic in stiffened tanks although its effect on
the more flexible composite material is difficult to prediet
theoretically. From thisz curve lt is clear that the stress
concentratlong at the top were not as significant as those at rhe
sides and bottom of the tanker. The minimum compresszive load of
between ~303 XN/m is not the minimum lor the tanker as a result
of the axial tensile domponent of the hydrostatic pressure on the
front dome. The minimum compressive load ls obtainad for the
vertical acoeleratiun of 2¢ only, and the value of =457 kN/m was
used to Getermine the minimum composite thickness to give a
safety factor of four agalnst buckling,

Figure 6.14 shows the variation of N, along the bottom of tha
tanker. The tenslls component of the kending moment and hydro-
static head combine and result in the maximum tensile Ny, in the
tanker shell. The effect of the supporis is considerably more
significant, especlally at the bhack support % = 1 where the axial
hydrostatic head ocomponent is tranaferred from the shell. Tha
theoretical curve experlenves & sudden jump from the pressure
componant to 156 XN/m at % = 1, followed hy a bending moment
distribution typloal of a horizontal tank. These values were not
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affrared significantly by the bending moment of the end overhang
as those ware relatively short. A larde tensile peak of 377 kN/m
ils predicted by FEM on the dome side of the support, but this
drops to a value of =113 kN/m on the oylinder side.
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FPigure 6.14 Axial forss resultant N, in the bobttom of the tankex
(-3) . .

The FEM curve QLiffers considarably at the position of the back
support ¥ = 1. The large FEM tenslle forcas for 0 < x < 1 most
likely result from a stress concentration. The N, variation then
bacomes complicated by the load distributed through the rings to
the shell, as the riny is constrained to provide an axial (%) and
vertical (z) support. The sideways acoeleration may alsgo have an
effact cn these resulbs. From x = 2.3 m, the ¥EM curve Ffollows

10l



the theoretical cutve more closely, showing a typical bending
distribution. The FEM and theory cunrves convergence towards the
front of the tanker. The stress consentrations around the front
support were negligible as thers no axial constraint at this
position; The FEM and theory curves were very close for the
region of 9 < x < 12,

Figure 6.15 shows the variation of N, for the left (+y) and right
{-y) of the tanker. The N, on the sides of the tanker were
dependent on the axial forge from the hydrostatic pressure and
the sideways bending from the acceleration Ay The theoretical
curves for the left (+y) and right (~y) sides were very similar
to those for the top and bottom as thelr only inputs were the
axial forces and banding moments resulting from the axial,
sideways or vertical acceleration, The theoretical N, between 0 <
x < 1 were low as the overhanging portion of the shell ie
relatively small. The back support ls constrained in the axial
(%) direction and this allews transfer of all the axial forece
into the shell via the ring stiffener. There is however a
significant difference between the theory and FEM ourves for both
tha left and right of the tanker at the bhack support (% = 1); The
left (+y) theoretical curve jumps from a low value just before x
= 1 to the value for the axial pressure load of 185,5 kN/m. The
distribution then continues Followlny that expected from
bending analysis for a uniformly distributed load. The FIM
prediction for the left (+y) shows a large peak of 594 kN/m at
this support. This is approximately three times that predicted by
theory. Thir may result from the application of a completely
pinned sonstraint at the 120° saddle support. The discontinuity
of this support (which ovcours for the lower 120° of the cylinder)
may result in the concentratiion of stress at the horn or top '
point of tha support. The large sideuays movement. of the tank
centre ag a result of the fluid and shell sideways acoeleration
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would result in a conmpressive stress resultant in the middle ofW,
the tank az shown. However, this displacement of the tank shell
away from its unloaded position is constrained by a very rigid
support at the horn. This effect further contributes to the high
stregs concentration at this point. In reality, the support doas
have some flexibility and a FEM‘improvement on this result would
bée achiaved by medelling the entire support down to the chassis
to ensure vorrect load distributlion.
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Flgure 6.15 Axinl force resultant N, in the left {+y)_anﬁ right
i~y) side of the tanker.

Another wrsason for the difference ketwsen the FEM and thewry
results ls the positioning of the support. Beanm theory assumes
the support in the middle ox across the entire height or width of
the beam. For the tanker, tha supports span only the hottom 120°
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of the shell. This may alse contribute to the large differences
between the FEM and theory for especially the sides of the tank-
ars, where the supports were not symmetrical and eoffset with the
line of action of the acceleration.

The theoretical curves for the right side (~y) of the tanker were
similar to those for the bottom of the tanker. The sideways

accoeleration results in a largely tensile N, for this portion of
. b 4

the shell, The FEM results for 0 < ¥ < 1 increase linearly from =
= 0 to & peak at x = 1. The effect of the support is not as sig-

‘nificant as is seen on the left (+y) side of the shell, although

the reglon 1 < % < 10 also shows considerable differences bhetween
tlhe FEM and theory results. The region between 1 <« and < 2 shows
an almost constant M, wnlch then increases to a maximum of 387
kKN/m at % = 6,8 m. It is clear from these analyses that tha side-
ways accelerations have not been accurately predicted by theory.
The FEM maximum values were lower than the predicted results in
regions remgte from any stress concentration.

Ciroumferential force reaultants'tﬂ¢)

Plgures 6.16, 6.17 and 6.18 show the varliation of the circumfer-
ential force resultant N, for the top, bottom and sides of the
tanker. These forove Yesultants were a result of the internal
pressure generated by the acceleration of the liquid towards the
front of the tanker., The areas between the rings exhibit a linear
increase in Ny whioch varies in direct proportion to the hydro~
static pressure at that point. The values at the ring stiffeners
wera lower d* to the unloading effect that the ring stiffeners
have on the shell: The relatively stiff rings ocarry a significant
apount of the cirgumferential load at these positions with the
load being transferred from the shell to the stiffener by a

104



combination of transverse shears and local momente. Due to the
similarity of the By and A, accelerations, the only difference
between the 4z, -z, +y and ~y circumferentlial force resultants
(N¢), in areas remote from ends of supports, is the hydrostatic
head in the z and y directions respectively. The FEM values for
the top (+2) were on average 32 N/m lower than those at the
bottom of the shell {-z). This difference iz close to the
predicted N¢ difference of 30,68 N/m ds a result of the _
hydrostatic head difference in the vertical direction. The FEM
values differ from the theory at the suppoxts at »x = 1 and x =
11. These ¢an be attributed to the stress concentrations which
can have a significant effect on Ny as mentioned by Zick (1959).
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Pigure 6.16 Circumferential force resultant Ng in the top (+2)
of the tanker.
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Figure 6.17 Ciroumferential force resultant N in the bottom (-%)
of the tanker.
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Inplana shear force resultants tﬂx¢)

Inplane shear resultants occur from the effects of shear force
and torsion of the shell. The shear forces result from the load
transfer of the supports and the loads induced by the accelera-
tiong, Due to the cylindrical geometry of the tanker with the
thin outer skin, these shear resultants vary sinusoidally, with a
naximum at the neutral axis of the shell. If a shearing stress
occurs at a given point on a plane in a strossed body, there must
exiat a shearing stress of egual magnitude at that point on a
second plahe perpendicular to the first. The theoretical curves
of Figure 6.19, 6.20 and 6.21 were based on these assumptions ani
were oalcoulated from the shear forece dlagrams.
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Figure 6.19 Inplane shear forée resultant Byg in the top {(+=)
of the tanker.
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No acoount was taken for stress wvoncentrations at {he supports
because these were not available for such complex loadings on
composite tanks.

Figure 6,19 shows the Nys £or the top of the tanker shell. The
theoretical curves follow the shear force distributions which
vary lineally as a result of the uniformly distributed load of
the cargo and shell. The FEM curves follow the theoretical curves
with reasonably accuracy between 5 < x < 8.5 m. The zero inter-
cept is not however in the same position, and this may be the
result of shear forces induced by the axial acceleration, which
have not been taken into account in the theoretical aualyeis. The
FEM values between 0 < X < 3 do however not follow the theoreti-
cal curves. This wmay result from the effect the support geometry
~ has on these shear rasultants. The Ness at the top is largely
“influenced by the sideways bending produced by AY which acts in
line with the neutral axis. The vertical acceleration has littie
influence at this position. The load path for these shear result-
ants would concentrate towards these supports, hence unloading
the upper section as is clear from this plot.

Figure 6.20 indicated the that the Nys at the hottom of the
tanker were largely influenced by the sideways acceleration AY
and the geometry of the supports, As is found with the Nyq curves
for the top, the zero intercept ocours at a position of x = 7 m.
This correspondeds to the position of the maximum N, predicted
for the +y and -y sides of the tanker in Figures 6.15. The
theoretical Nyg values were higher than the FEM predictions at
the supports. This results from the load path where the shear
loads were transferred from the shell into the supports.
Although the ring stiffensrs do amsist in.distributing'these
loads around the shell, the large relative stiffness of the
support tended to concentrate the loads in these areas. This is
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shown clearly by the peaks at 1 < % <3 and 10 < x < 11,
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Figure 6,20 Inplane shear force raesultant Nx¢ in tha bottom (-3}
' of the tanker.

Flgure 6.21 shows the variation of the Nys for the gldes of the
tanker. Both the theoretical curves were dependent on the verti-
cal acceleration and resultant bending. The left (+y) and right
{~y} theoretical curves were mirror images of esach other and
plotted as shown to be consistent with the sign convention used
by FEM, The Intercept with the x aiis corresponds with the posi-
tion of waximum N, at x = 6 fxom Figure 6.13. The FEM curve for
the left (+y) of the tanker corresponded to the theoretical curve
betwaen 3 < % < 9. The FEM values at the rear support x = 1 were
vary different and this can be attributed to the complex load
tranafer from the shell to the supports, The FEM values alsc
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undergo a discontinulty at ® = 10 where deviations from the
theory were apparent. '

The FEM curve for the right (-y) of the tanker alse coxrelate
clesely with the theory prediction bebtween 3 < x < 9, The inter-
cept with the x axls also ooccurs at x = 6. The values at the raear
gupport were higher than those predicted. The affect of the
support load transfer could result in this increase. The FEM
model is represantative of the real tanker as tha gtiffnees
distribution will determine the load path of the forces. This
results in the dizparity of the ldealised rigid beam theoxy
predliotions and the ¥EM rasults.

Force resuftant (N/m width)

+200- '
|

250y S S e T Y S T

Tanker length irom rear tan ine {m)

| ¥ Nxe FEM (+Y) D Nxé FEM (Y) —— Nxe Thoory (4 = Nxg Thoury (¥

Figure 6.21 Inplane shear forae xesultant N,, in the left (+y)
and right side (-y) of the tanker.
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The vertical support at x = 11 is constrained in the vertical and
sidaways dilvection and will alse transfer the shear forces into
the shell. The shape of this FEM curve follows that of the
theoretical ocuxve, except that the magnitudes of the values
differ beyond 3 < x < 9. Another factor which will also affect
thiz load distribution is the effeot where the load path of the
shear forces is determined by the deflected tanker., It ls possi-
ble that in this casa, the right (-y) side of the daformed tanker
has higher shear stiffness than the left (+y)} side and hence
transfers more of the shear lwead onto the supports. '

Axial (Hx’ and circumferential (H¢} moment resultants

Figures &.22 to 6.25 show the momant resultante for the top,

- bottom, left and right side of the tanker. From the discussion of

paragreph 6.1.1, i* is clear that the theoretical prediction of
thess moments is dependent on the accurata determination of the
agquivalent f£laxural stlffnesses of the aylinder. As indicated by
Eqn B3, in most cases M& @ .M, and this is shown by the FEM
plots, The moment resultants of all the pogitlons have concentra-
tlons about the back supports. The bottom and right of the tanker
also have high values for the M¢ and M, at the front support,
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6.2 The Validation Model
6.2.1 Experimental obsexvations

The data obtained from the experimental procedure discussed in
paragraph 5.3 are listed in Table 6.1, The rosette humbers as
defined hy Figure 5,2 and Table 5.1 are listed with the corre-
sponding FEM element number. The initial zero load voltage read-
ings were taken as the bridge circuit was not totally balanged,

' These values were subtracted from the loaded voltage readings to |

determine the strain induced voltages. The final readings of
Table 6,1 were the zeérc load readings taken after the test. Thésa
sarved as a cheok of any non-linearity within the system. In most
vases the final zero load readings where zimilar to the initial

~zero load readings. Gauges that showsd error had duplicate gauges

placed at corrasponding positions on the other =zide of the tube.
The experimental procedure was then repeated with all the gauges
for the f£inal test, Table 6,2 listed the differences between the
initial zero load voltages and the loaded voltages to determine
the strain inducad voltages. These values where tlhen processed by
the strain gauge theory of Appendlx ¢ to determine the apparent
gauge strains (Egn G7). Due to the large Rolsson's ratio of the
tube material (Vge = ¢,52), transverse gensitivity uffects where
accounted for (BEgqn G8) 1n the caloulation of the corrected gauge
strains of Tabkle 6.3. The experimental outer layer strains in the
tube axial, circumferantial and inplane shear directions where
then ecaloulated using Egns GLO to G166 of Appendix G, Table 6.4
listed the x,y and z co~ordinates at the centre of the gauge.
This is the position where the three gauges of the rosette
overlap and alsc the centre of the FEM shell element. The beam
theory relationships (Egn 5.42 to 3.45) were then used to
determine the theoretical outexr layer strains.
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[Fosotia |BlMent | LIIOreress (M {Loadeckintisl mv) ApRaront GaLgo Swang
Ne, No, 45 45 ) w5 45 0 20
1 T BB O B.000E0% - BBG0ET00 | B.106E04 0792508 | G.BAZE0A  0.06BE-04 |
) 18| <1A40E$00 2000501 -1LE9OE+0D | 2589E-04  6702E0B  «0.620E04  5.680E-05
al . 18} 6600E01  TA00B01 2000801 | 1472504  1808E04  -4520E05  5.887E05
4 20 -0.600E01 1400E400  1.500E0( | .2ATAE04  B470B04 0308505  G56EE05
B 80 2420E+00  6500E-01 2280E400 | 4800804 1472804  BJGRED4  4,109E.04
8 79| 24205400  1.960B400  ASBOE400| 4800504  B0TPENd  LOMEQR 281304
7 76| 1.680E400  1GE0EH00  BACOE400 |  4.532E04  4421E04 4420808 6.611E.04
8 71| 2000B400  -B000E-01  7.4205400 | 4528804  -GVEZES 1812808 -1227E.08
g 21| B.400E-01  -4.400E:01 .2270E400] -.002B-04 0002505  -BAMEDA  AR42E.04
10 22| .2700B0t  -ZO0OE-O1  1900E00 | 813805  -6.506G08  -4002E04  B.034E-04
1" 29| 3800801 2000801  <NQ00B01 | BABIE0F  BO40B05  1.859E04 1472804
17 24| 200080t 1900801  BSOORO1 [ 4520805  2ABIE0S 1248504  -1.ddgE0d
13 84| GOOUE0R2 4400607  2280E400 | <1.132E08  Q470B08  S102504 4958804
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18 81| 1.800E400  6.500501  GJSOEF00 [ 0447E04 1995804  2R14E08  M,707E-9
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# 120 1.080E400 6000001  B200E400 | 2460804  4.06AE.04  7.045E04 -3.419E04
% 18| 148505400 Q000801  SA10E-+00 | S474E04  1947E04 1503808  -8.515604 |
a1 118 1.5C0EH00  1.780E400  7.920E400 | 9497E04 2052804  1793E03  +1.048E03
02 197 | 1.080ER66  £.430E400 0200800 F  4121E-04  B.502E04 2083808 .121E-03
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[Rogatio [ Bloment | IWital readings (mv) Loaded readings (mv) " Final readings (v} _
No. No. +45 45 0 45 48 ) 45 45 0
1 7 .78 078 1.8 0.62 0,82 -0.73 1.73 ~0.81 .59
2 18 521 1.5 a42f 407 1.01 2,73 519 1,84 4.43
3| 18 2,49 1.84 2,88 2,18 2,65 2,68 2.84 188 283
4 20 1,03 1,88 8.22 0.47 3,38 8.7 a.73 2.07 847
s 80 1,76 2.24 375 487 2,80 .08 277 1.97 a.7%
8 79 0.68 1,95 2.44 278 2.4 718 078 2.02 2.54
7 78 1,75 2,78 454 .41 454 10,04 1,82 283 4,85
8 77 368 2580 448 586 2850 1128 av2 2420 422 |
] 2% 2,01 2,08 ase} 147 1.62 4,29 199 209 a%s |
10 22 2,69 3.85 816 2,86 3.26 1,268 2,88 352 2,89
" 23 2,04 a.24 045 2.58 3,49 272 2.64 328 48
12 24 2.87 1,71 242  2e7 1.82 2.57 2,63 1.75 2,57
18 84 157 3,67 205 1.52 2.6 528 1.60 3.83 2497
14 83 1.81 1.76 2,44 2,48 2,30 7.88 136 1,82 2,814
15 82 1.41 347 357 2.48 457 12,58 189 - 429 3.5
16 8 2,20 291 .08 8.68 376 1318 2,44 1,95 a8
17 25 1.18 1,84 2,41 074 0.68 0.75 118 1,28 2,05
. 18 26 4,24 5,34 1.97 2,68 224 613 820 2 103
19 27 457 a7z 1.88 327 2,81 6.60 .60 .79 1,81
20} 8 3,46 0,98 185 840 148 219 3.48 1.06 1,89
21 88 2.48 3.08 314 a7t ag 8.27 2.58 2,07 825
22 a7 428 2,73 8,50 6.09 409 9,87 4,49 217 4.00.
28 28 2,68 343 427 a8t 457 1548 2.84 358 4,85
24 |- 85 0,64 2.87 2,47 270 472 2 0.79 2.02 288 |
25 57 3,08 345 2,69 240 847 0,34 3,04 347 2.7
26 58 1.02 3,24 3,74 0,38 2,34 127 1,01 885 A4
2 59 8,48 1,98 2.68 2.88 1,70 186| a0 208 2,45
28 60 2.57 a7 a.21 27 3.80 470 2.55 3.88 328
29 120 255 3,34 5,02 8.64 854 8.22 2.35 a4 4,96
a0 119 2,57 1.24 8,44 4.08 2,10 9,58 289 1,01 .59
9 118 277 2.85 2.08 481 400 10,88 245 a7 28z
92 117 481 047 4,19 8,44 280 1883|440 0.80 453
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Comastod Gauga Straing

Rosetie |Elemort Experimantal Cuter Layer Stralng
Ne, He. +45 +45 a 50 ot it out
T 7 | 2A09E04  BATOE08 — BBABEQS  GETTE-DA | -BOAGE-0%  OATIEQE  -ZOWME-04 |
2 19| -e5t0B04 5744505  -0.826B04  G.7EGE05 | -8.825E-04  S.860845  -1.902E-04
8 181 -1,474B.04  1600E-04 488705 5892605 | -4.B3TE-0S  5.BEYE-05  -3.078E-04
4 201 2i78E04 4172804  2,803805 8,557E-05 9453808 - 6560805  -6.040E-04
E 8o 4, 705E-04 1,462E-04 5.138E-04 1.100E:04 E158E04  1,10988-04 3.228E.04
g 70 4.762E.04 0.0GDEN4  1.099E03 250104 1030800 251804  L729E04 §
7 74 2,523E-04 4.112E.04 {427E:08  -8.804E04 1427803  -6.611E04  +BBO7E0S.
| 77| d5erE04  -6.ATOEOS 1618608  -1.220800 1693808  «1.227€.03 5208804
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11 23| -8.454E-05 8951506  +1.B58E.04 1474E04 | <1.885E04  1.472E:04  +1.449E-04
1z 24] -4530E08 LA4Y7E05 1247804 A4S1E04 1247804  -1,440E:04 1010808
13 24| 1187E.05 4.170E.05 5AGOE-D4  -4,065E04 BJBOEO4  JA958E:04  -4,802E-05
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18 # 3.142E-04 £0185:04 2218808  +1.710E:02 2216E:05  +1.707EDS 1,223E-04
17 287 .0476E-05  -1.605Ea4  TASHE-04 4807E-04 | «71S0EQ4  A500E-04 8.5668.05
18 26| +1.267E-04  JB4BENS  AASDE-D4  2887E047 4169504  2581E-04  -0.800E.Y
12 7| -B7O4E-0B 2049505  -2440ED4  1573E04 | 2448E04  1.970E04  SABI0E0E |
20 263 «.865E05 4,076E:05 170004  ~1,425E:04 1.7006-00  -14RGE04 5404508
24 86 { 8321505 8,052B056  V.090B.04  .5.BI5E04 7000604  -5,815804  2.038E.05 |
22 - 87 4.0058-04 8.073E:08 1807608 B i70E-04 1807E08  -8.151E-04 8.204E04
2% 86 4.816E-04 2EMEO4 2012803 +1,878E08 B012E08  #1Z70E.03 AR42B.04 |
an | 85 478204  AATOEO4 - 2207E03 LTS 2807500 +1.313643 5434808,
25 57| 1.404E04  S8412B.05  .8,566E.04 4900E04 | 8.0 6EE-04 4801604  7.01DE05
268 58| 1447804  DO026E-05  B.50SE04  3.24EE04; -BHaSED4 3230504 5404808
oy 59 ~L500B.04  -BEPSEOZ 2795804  J7TIEDS ] 249504 ABIIENE  -1.245B04
2 80| 0.160E-08 A204E.08  947TTE04  2601E04 |  QA7VEQY  -2.826E04 | -1.1328.06
29 120 2464504 1553604  7.248E:04  -3.430EN04 7.248E-04 0410804 1,100E-04
a0l 119 4.3605-04 1040804 1.584E:00  -b.554EW04 1804808 .8,519E:04 1.426E-04
& 118 3.478E:04 4,0548.04 1 704E0.  ~1.051E:08 1704608 (048808  -4.755E45
a2 | 117 4,4005:04  BABSEQ4 - 2,084E.00  -1,324E.03 2084808 4921608  ~1.281E.04
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[Rosette |Element Co-ordinates {m) Atclangth | Theorstical Quter Layer Strains {m/m)
[ No. No. X y F3 “{rv) axx ot ext

i 17 | 0.0860  0.0807  0.0102 0.0103 | -6.620E-04  8.865E-04 O0.0C0E+CO.
z 18| 00880 0.0428. 00288 00306 | -4.508E-04  2.304E-04  0,000E4+00
3 19| oo0s80 oOulse 00428 00500 | -9.278E.05  4.708E-058  0,000E+00
4 20| oo0se0 00102  0.0807 0.0714 | @.843E-04 -1.051E:04  0.000E+00
6 80| 00880 .0,0102  0.0507 00019 | 9.091ED4 -4B815E-04 0.0002+00
6 78| 00880 -0,0288  0,0428 01120 | 1.366E-03  -7.038E-04  0.000E+00
7 78| 00880 -00428  0.0286 0,432 | 1.753E-02  -B.900E-04  0,000E+00
8 77 00880 -0.0807 L0102 01681 | 1.056E-03 -9.930E-04  0,000E+00
g 211 01080 00807 00102 0.0103 { -8.6205-04  3365E-04 O0.000E+00
10 22| 014080 00428 00208 0.0306 | -4.509E-04  2384E-04  0.000E+00
11 23| 04080 00288 00428 00508 | -8.278805  4.708F-05 - 0,000E+00
12 24| od080 00102  0,0807 0 4] 3843804 -1,06{E-04 O.000E+00
18 B4 | 04080 -00102 00507 G073 | 8.081E04  -4815E-04  O.D0DE+00
14 B3| o080 00288  0(Mdes 0.4+20{ 1.386E-08° .7,088E-04 0.Q00E+00
16 82| 01080 -0.0428 0,0288 01323 | 1,758E-05 -8.900E-04  O.000E+0Q
18 gi| 01080 -0,0507 00102 0.1531 ] 1,856E-08 -8.930E-04 0.000E+DO |
7 25 01200 00507 00102 0.0103 | -8,620E-04  8385E-04 O.000E+00
18 26 [ 01200 00426  0,0288 0.0306 | -4590E-04  2.334E-04  0.000E+J0
18 27| 01200 00288 Q0428 0.0808 | -0.276E-05  4708BE-05  O,000E+00
20 28| 04200 GQOi02 00507 00714 | 5.843E-04  -1,951E-04 . 0.000E+00
21 88| 01200 D002  0,0807 00919 | 9,001E-04 -4818E:D4 0.QUOE+00
22 87| 04200 00286 00428 04120 | 1.386E-08 . -7.088E-D4  0.000E+0Q0
23 86| 01200 00428 O,0288 01023 [ 1753503  -BOCOE-04  0.000E+00
24 85| 01200 -0.0607 00102 01884 | 1.956E:08  -B.930E-04 0,000E40Q -
26 57| 02178 00807 00102 00103 | -8,620E-04  3.385E-04 O.000E+00
26 58| 02178 00428  0,0266 00306 | -4.509E-04  2334E-04 0.000E400
27 Bg | 02178 00286 00428 00509 [ -Q.278E08 4708058  0.000E40QQ
28 g0 | 02178 00102 G607 0.0714| G.843E-04 +1.8B1E04 Q.000E-+00
29 120 | 02178 00102  0.0807 0.0818 | 9.081E-04 -4,6815E-04 0.C00E+00
30 118 | 02178 -0.0288 00428 01120 | 1.386E:03  -7.080E-34 0.0KNE+00
h 118 | o02i7@ -0,0428 00288 01323 | 1.788E.08  -8.900E-04  O,C00E+0D
32 117 | 02178 -0,0507 00102 01631 |  1.086E.08  -0.930E-04  G,000E+00




the tube relative to the middle of the model. The pinned cone-
straint at the end of the rod corresponds to the point of force
application with the result of limited bending of the stiff rod.

— |

. — - —

g nE e R T

| s piusien splos | diwlieli it (st S B Yovape e Forw T T o

et et v e ]

T

2 B b ovt = — i e = el on e ——4--“—--

R b o e

e _'— s o e L sl s il minkts sl plked

P M T sl Rl thlah oiadls

..........'.......,._I..._._ -

TS T R S T

. ' - " - 1 b N
l l DY B IO I sy 2 -~ 1 AN B IOt o 2= “:::::H::ﬁf:: ik el
TR s e i e 1 N 1 MAG. FACTOR = +1.4g4g) .

; I \ i 1 [
| . : 4 T SOLID LINES ~ DISPLACED MESH
DASHED.LINES = ORIGINAL MESH

-
!

i

‘ - -
1
' o
Joom
1

1t

t i
[ VIR [l g S . R

- Figure 6.26 Original and displaced mesh of the validation FEM
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Table 6.5 svmmarises the force and moment resultant data extract-
ed from the FEM output for the elements at the positions of the.
gauges. The distribution of the axial, vircumferential and in-
plane shear moment resultants were shown superimposed on the
"inirolled! tube in Appendix U with the arc value at arc = 0
sorresponding to the top of the tube. The effect that the steel
ribs have on these forces is clear from these three dimensional
represe .ations.
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| No No. Nxx Nt Nt ax ot Mot Mt Mt
1 17|  -19790.00 - -8297.75 818,25 8561.50 576.25 075 0.50 0,00
2 18| 517978 -5276.25 415.2% -2663.50 194,00 0,50 0.25 080 ]
! 18 565025 ~1484,50 470,76 198475 -825,50 00 0,25 -1.00
4 20 7084,25 #548,00 86475 +1408,50 -1865,50 -0.50 0,25 0,75
5 a0 21524.25 8241,50 53,50 | 571,75 1458,25 0,78 6,50 0,78
6 7B 35310.75 12346.75 -81,50 -1181.25 2087.00 1,25 .75 0,80
? 78 4g674,50 15055.00 -B08.25 1819.78 $824.75 -1,00 -0.75 -0.50
8 77 52654,50 16804.50 418,50 “1028,00 2620,50 «1,25 0,50 0,00
] 21| -20048.75 «1470.00 23025 106,25 241,80 0,50 .25 0,00
10 22| ~14990.00 743,75 271.00 964.75 987.00(  .0.25 -0.25 0.00
23| 28 -5886,75 252,00 186,50 1423,00 §55.00| o000 o000 - 000
12 24 717250 893,00 284,75 1241.00 537,00 0.56 0,28 0.00
13 84 2151475 782,75 52,75 243,50 +8E6,50 1,00 .50 0.00 ¢
14 L] 8558075 183,78 {2825 776,25 . +682,25 1,25 0.75 .00
15 a2 48554,25 1078,75 -230,50 274,06 746,50 1.78 1,00 0.25
16 M 52538,25 1485.25 1.50 624.50 448,75 1,78 0,76 0,00
17 25| 2011900 841,75 24,50 148,75 -349.00 +0.25 000 000
18 25| -15025.00 g22.25 71.50 165.50 -230,50 .25 -0.25 0,00 |
19 27 -5692.50 210,50 075 22,28 -382.00 0,00 0,00 0,00
20| 28 714250 72,50 17.50 -807.,00 «371.80 0,00 0,00 0,00
21 L 24664,75 -297.25 430.75 4200 509,50 .00 000 000
22 87 #5653,50 . «5E7.50 26175 £ 0§ 232,00 0.25 0.25 0,00
i 86 46503,25 -845.75 ~204.50 443,50 7,75 0,25 0.25 0.00
24 8 52488,50 077,50 104,00 54,25 «141,00 025 000 000
25 57| ..20258,00 58,25 8750 8800 80.50 0,00 0,75 0,00
26 58| -15183.50 ~13,78 149,28 -88,75 83,76 0.00 0,00 .00
27 50 571825 12.25 8775 41,00 105.25 0.00 0,00 .00
28 80 7173.00 128,00 4,75 83,26 118.26 0,25 .50 3,00
20 120 22847.00 276.50 ~796.75 1278 52.50 0.00 1,00 0.00
30 118 85852,50 &8T5 409225 0,00 12408 0,00 0,26 0.00
59 118 4820050 -208,25 ~878.50 <2825 102,60 025 0.00 0.00
82 147 5218250 .208.75 -257.25 .97,25 82,50 1,00 .00 000
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The axial moment resultants shown in Figure Ui and U2 of Appendix
U where £fully déveloped within a very short distance of the rib,
OF particular significance is that the bhending leoad is neaxly all
distributed by the wear rib onto the tube. This occouryed as a
result of the high stlffness of the rid and connecting rod rela-
tive to the tube. The ohservation validates the assumption made
for the road tanker wheraby all of the load 1z tranaferred at a
gingle support at each end. If the stiffness of the bogie is high
anough, then a large proportion of the axial and bending load
would be distributed along the stiffest load path from the bogile
into the shell. Figures U3 and U4 of Appendis U show the
ciroumferential loads induced by the rib and tube interaction.
These result in stress concentratlons at the tube side of the
rib, but were localised and diesipatu fairly quickly. Figures US
and U6 show the inplane shecr forces induced by the load. These
were highest between the two ribs and may have resulted from the
skewing or diagonalisation of the rib and rod assembly, thus '
inducing shear forces in the relatively flaxible tube. These
inplane shear forces ware a maximum at the sides of the tuba in
line with the tube neutral axis.

The force and moment resultant valuas from Table 6.5 were then
used as inputs for the MACLT.BAS program (Appendix D and H) to
datermine the cuter layar strains as discussed by section 3.6.
The centre~line strains and curvatures where then combined by Egn
3,41 to determine the FEM outer layer strains in the

~axial, clroumferential and inplane shear directlons.

6.,2.3 cComparison of experimental, theoretical and FEM rasults,

The results of the variocus analyses are compared graphically in
Flgures .27 to 6.3) for cawn or the bands as definad by Table
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8.2 Plgure 6.27 shows the predictions for the first band at & =
96 mm fxom the end of the tube, The axial strain (e,) values all
showed the same tendency. The differances in magnitude of the
experimental values may have raesulted from tha strain measurement
which ware taken over the gauge length of § mm, whereas the theo-
ratical and FEM results where point values at the centre ui the
rosette and elament respectively. The experimental clroumferen~
tial and FEM strains (e.) were different after arxc = 0,06. This
mey be due to the stress concentration shown in Figures U3 and
U4, The FiM and experimental strains correlate over the circum-
ference of the tube.

0.0085-
0,003

" 0.0015
Q.001-

0.0005+

Strain (min)

0.0006+
«0,001+

4.0016- .

‘0-00’2 T N T T ¥ T T
000 002 oM 008 000 00 Q12 044 0lg
: Arg longth rom bollam of tubd (m)

% Mopaurod ot & FEM of == Thoory ot

® Monsurod ox W FEM o, —= Thaory ex ]

Figure 6.27 comparison of ths experimental, theoretical and ¥EM
axizl and eircumferential strains for hand L at x =
6 mm. '
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Figura 6.28 shows the strain results for the fseccnd band at x =
lLo8 mwm. %a diminishing effect of the support on the e, is
apparen*' by the closer correlation of these resulis., The e, re~
sults were almost identical in all three cases exeept for the two

exparimental valuas near the top of the tuka.

o028 - -
0,002 R A
00015 o /

»
W

& oy X

:’é o E!*“"'u-“'mm M\?’ / x

§ ; s e
0.0003 5.‘;,,.- "_::/ \m\hm\ﬂn
iy 0{" -1 -\u.‘_‘_

+
00018 #
. R
-0.0“2 T T 1) T T T
000 002 004  OOF  0O0f O%  or2 044
Arc longth from botiom of tube (m)
¥ Monsured oXx W FEM ox = Thototy ax
W Moasuradet © FEM ot == THooty et

Figuza 6,28 Compaxison of the experimental, theoretical and FEM
axial and circumferential strains for band 2 at x =

108 nm,

Flgure 6,29 shows the strain results at the third band at x = 120
mm. ALl the curves were very similar with minor magnitude '
differences hetween the e, results, The e, results were all simi-
lar untll the last two experimental resulta at the top of the

tuba.
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oo 002 064 000 no8 040 . od2 o044 0.1
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¥igure §.29 Comparison of the experimental, theoretical and ¥EM
axial and oircumfevential skrains for band 5 ak x =

120 mm,
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Figure 6,30 Comparison of the experaudental, theoretical and FEN
axial and ciroumferential strains for band 4 at x =
217,8 mm in the middla of the tube.
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Flgure 6.30 shows the straln results for the fourth band at the
niddle of the tube (x = 217,8 mm). Close corralation of the
experimental, theoretical and FEM strains is achieved in the
axial and elrcumfererntial directions. This position is remote
from the discontinuity effact of the xibs and this is further
indicated by the accuracy of the theoretical curve in predicting
the FEM and experimental results,

0.0000
@
0.0004-
] &
00002 4 ®
£ . * i
g CH R s
= ofped & i f# B I
& B *
R *
0.0002" @ @
@©
0,004
2
OO Tuhz . Tbd . 0b8 008 040 M2 o4 016

Arc length from bottom of tube {m)

+ axt Measuréd B axt FEM —— gt Thoory

Figure 6.31 Comparison of tha axpe:cimenta.l, thaoratiaal and J?EM
inplane sheaxr styains for all the bands. o

Figure 6,31 shows the inplane shear strains e,y for all the bands
relative to the circumference. The theoretical prediction of zero
is similar in most cases to the FEM predictions which were eithexr
zero or very small. The exparimental e,y values at the first _
band, shown by the oircled crossaes did indlicate some logalised
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shear strains near the vibz. This could be the result of the
skewing of the rlbs, but the effeat d;m;nlshed rapidly as the
distance from the rib increased.

This experimental study was suvcessful in providing a comparison
of the theoretical, experimental and FEM predictions fox the
validation model. The resulte showad that FEM is an accurata
method for the prediction of complex stress and strain distribu-
tions in a three dimensilonal, laminatad composite structure undex
the influence of combined axial force and bending. The FEM model
is able to take the varying stiffnesses of the tube, ribs and rod
~into account to accurately predict the strains and deflectlons.
The validlty of usihg one support to moedel the bogie or Fifth
whael of the tanker is also tested. The validation model shows
that the load followed the stiffest path. It is assumed that a
similar situation would arise in +the road tanker am a result of
the varying stlffnesses of the shell, ribs, begie and £ifth wheel
construction. The redundant supporks will contribute to load
sharing, although this will depend on the direction and magnitude
of the accelerations. A conservative analysis assumes all the
load through one suppert and this ls readlly caloulated by
theoretical methods.
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CONCLUBIONS

The use of the eguivalent engineering constants to represent
the composite laminate's extensional moduli is acourate for
the beam theory predictions of the inplane force regultants.

The bending and transverse shear behaviour of the laminate were
difficult to predict using isotropic analyses and resulted in
elgnificant differences.

. The FEM axial and airoumferential force resultants are pred‘ic"l:ad
very accurately by the theory of isotropic shells for the
" internal pressure loadoase,

Modelling the effect of the accelerating liguid as equivalent
pressures on the elements of the FEM model is an acourate
method of analysis.

- Beam and isotropic shell theory give accurate predictions

of the inplane force resultants for vertical bending and axial
agcelaration in the tanker shell, in areas ramote from stress
concentratlons,

Beam theory doas not accurately predict the effact of the
sideways accelaration on the tanker. This may result from the .
offset between the line of actlion of the acceleration and the -
position of the supports.

The FEM analysis of the validation model correlated accufately
with the strain gauge results.
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PEM is a more elegant and pessibly more accurate method of
simulating the effect that accelerations have on the tanker and
ite contents.

FEM gave an indication of the stress concentrations around the
supports of the tanker. More accurate data could by obtained by
further element mesh refinement in regions of high strees

" gradients,

FEM is a suitable alternative to the complex theoretical
analysis required by the design standards as it takes the exact
geometric, laminate and loading configurations inte account.
The outputs from the FEM program include the evaluation of
failure criteria for each layer in the proposed laminate.

The Finite Element Method is suitable for the analysis of
threa-dimensional composita structures under complex loading
conditions. The ABAQUS FEM program allows the use of various
element types and material moduli on the same model.

- The lawinate proposed in this research is not the optimun for
an production design. The final) laminate will depend on buck~
ling, natural frequency and manufacturing considerations and
will also contain local reinforcemant in the high streas re~
glons. '

The design and construction of a GRP road tanker is feasible,

The use of FEM to optimise the laminate orientation and thick-
nesses can result in a tanker design which uses the compoaite
material as efficlently as possible to fulfil the customer's

- requirements.
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RECOMMENDATIONE

The use of circumferential rings at the supports is highly
raconmended as they transfer the loads from the supports to the
shell over a large area and also amsist in stabilising the
sliell against localised buckling.

This FEM study can be extended to consider the buckling and
natural fregquency considerations of the tanker.

The bogie and suspension could be modelled to determine the exact
effect that these features have on the stress distributions
arcund the supports.

Other load cames such as twisting of the shell and the various
arash conditions can also be evaluated using FEM. The FEM model
could also be upgraded tc include the manhole openings and
overturn protection

More detailed analysis using advanced laminated plate theory
could be used to achieve closer correlation to the moment and
transverse shear_prﬁdictiqns of FEM.

Further research could focus on the generation of a FEM model
of an exlsting wetal or GRP road tanker. This vehicle could
then be instrumented with strain gauges and accelerometers to
determine the exact relationships that occur. '
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APPENDIX A
SPECIFICATIONS AND DRAWINGS OF THRE PROPOSED ROAD TANKER
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b e —

Shell : "=

A minimum allowable wall thicknesses of 15 mm to allow the transport
of 98% sulphuric acid was chosen. This chemical has one of the highest
densities of commonly transported lLigquid cargoes. Special precautlons
such as thermoplastic liners and extensive resin testing would alsc be
required for a tanker designed to caxxy this carge. In practice, the
shell may be thicker to comply with local standards reguirements or
have local thickening around high stress arsas. The proposed tanker
gonsisted of a 12 m long, cylindrical, single compartment shell with
an ingide dliameter of 1,3 m and no interioxr baffles. This tanker was

limited to carrying a single carJge per journey and must be either full

or enmpty to avoid surging and =pl hing. The reason for avciding
baffles was the difficulty assoclated with using a thermdplastic
linar. A baffle would need to be attached to tha structural component
‘of the shell and this could cempromise the liner's integrity., The
propased cylindrical shell consisted of a halically wound E-glass
polyester or vinylester laminate with a volume fraction vf = 0.45 and
conzlsts of a [+10/%85/....../810/485], layup. This resulied in a
balancad and symmetrical laminate with sufficient layers to achieve
total laminate thickness of 15 mm.

Domes

The end closures were provided by a 2:L ellipsoidal dome at eithexr
end, The dome lamlnate thickness was 15 mm.

Ribs

clrcumferantial stiffencrs (ribs) wore positioned at L w intervals
along the length of the tahker to ensure that the ciroularity of tho
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ghell was maintained during bending. They also provided overturn

protection for the shell. Thick ribs were 50 mm wide and 100 mm thick o
and were positioned at 0,1,3,3,9,10,11 and 12 metrss from the rear tan ¥

line. These provide the attachment points for the fifth wheel (1i m &
12 m), the landing legs (% m & 10 m)} and the bogie cradle (0,1,2,3 n).
The remainder of tha ribs were 50 mm wide by 50 mm thick and were
positioned at 4,5,6,7 and 8 m from the rear tan line. The ribs were
constructed by hoop winding impregnated fibres (vf = 0.45) between two
tamporary formers to build up the rectangular shape, The domes could
be manufacturad by asither a hand layup moulding which was later honded
to the cylinder or by winding the ellipsoidal domes as yeodesic iso-
tensoids. For the FEM analysis the domes were assumed to be isotropic,

Manufasture

The actual manufacture of this tanker would depend on the guantities
raguired and thsa technology avallable. For lazge producticn runs the

manufacture of metal mandrels may be cost justified. 8ingle cankers
 could be manufactured using a hand layup mandrel over a thermoplastic -

liner, A compromise solution may be to f£irst manufacture an inner
shall conaiatiﬁg of the thermoplastic linexr and a hand Ll “inated
corresion barrier. The inside of the shell would be suppor ed by a
mandrel and radial spokes. Similar mouldings for the Gomes would Lhen
be attached to the cylinder. Holes at the apex of the domes allow the
mandrel to pass through and facilitate removal of tha radial spokes
ahd the mandrel after winding. Thic shell will the.. be Jued ag a
nandral for filament winding of the structural iom 4a’e. The domes
could also be wound at this stage and this wull result in a semmless
nonocogue structura., The mailn advantage of this method was that the
nould hecomcs part of the tanker and potantial weaknesses frem any
saeams was avoided. Thils method would also lend itself to the manufac-
ture of tankers for the transport of liquefied gas. If helical winding




was unavailable then the longitudinal layers could be added manually

and then overwound by hoop winding. This construction was mentioned by |

Balanger (1972) who found only minor property differences hetween the
filament wound hoop and hand layup axial layers.

A4

o i




¥ xrpusddy

s ¥

= i 54 o] . Sipt—" i} | m— e et W] v it St --——-Hj

ﬂ-m 3[30—11
|
l

k-

#1300 —t
#1330 ~
1530 =

I’

Figure _A:l. Asgembly of the composite road tanker,



APPENDIX B
SPECIFICATIONS AND DRAWIKGS OF THE VALIDATION MODE::
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The Filament Wound Tube

The tube was manufactured by Asrodyne Technology (Pty) Ltd and a 560
mm length was out for the validation model. The tube manufacturing
specifications were supplled by Aerocdyne as follows: '

- Ingide diameter d; : 100 mm

= @Glass reinforcement E-glass, 4 rovings, 1200 Tex

=~ Resin Matrix 1 Ciha Geigy RBpoxy, LYE64 & HY2954
= Winding Angle s & 459

-  Bandwidth i 7,9 mm

~ Bands H 28 per layer

- Deoubkle Layers : 3

- Cure : Ramp-up, dwell at 125 °¢

The tube was helically wound with 6 layers of 28 bands eaogh,

The average thickness of the tube was measured as 1.89 mh. Hence
the outer diametsr d, is 103.78 mm. These values were used for
further theoretical calaulations. The lamina properties ware
obtained from Tsal (1986) and were listed in Appendix €. This
data was suppllied by the manufacturer as being typlecal for the
supplied tubes. Testing for material properties of the tube was
not dona. Burn off tests were not possible duea to the properties
of the epoxy resin matrix. The split pa:allel'fibre~rein£orced
ring (NOL ring) specimen does not give modulus or Poisson's ratio
data and was only suitable for comparative purposes as detailed
by Peters and Humphrey (1987).

Matal support cradle
Two identical metal support cradles ware designed and built to cohnect

the tube to the tensila testing machine. Each consisted of a steel
mounting shaft and four steel split rings. Two of the rings ware

B 2




welded to the shaft., The oradle was then bonded to the tube and the
top rings bonded and bolted down for a more exact fit. Araldite AWL0G

apoxy adhesive was used after sultable surface treaatment of the tube
and the cradle.

The end of the shaft had been machined to allow attachment to the
tensile *esting machine. The tolerances were large enough to

allow rotational movement and could be considered as a pinned
constraint. The manufacturing dfawinga for the cradle were presented
in below. The support was an attempt to model the efifect of a stiff
chassis on a flexible GRP shell. They also allowed for an effective
transfer of the tensile foxrce to the tuba, as well as inducing a
uniform bending moment bhetween the supports, This resulted from the

b

i

v

vffset between the line of action of the foroe and the neutral axis of f

_ the tube,
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Figure B2 Welded assembly of the ribs and rod,
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APPENDIX :
MATERIAL PROPERTIES FOR THE ROAD TANKER AND VALIDATION MODEX
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e-1 Lamina Properties of E-¢glass/polyester of H-glass/Vinylester

The final resin system selected for the tanker would typleally be
dotermined by its strength, processing and corrosive properties and
cost. A PVC lined tanker carrying sulphuric acid would typically use a
vinylester resin. The winding and corxrosion reguivements would Limit
the winding tensjion and typical values for a filament wound laminate
vere obtained for E-glass/epoxy from Tsal (1986) as follows:

B, = 38,6 GPa
By = 8,27 GPa
3y = 0,26 GPa
Gyy = 4,14 GPa
vE = 0,45

nf = 0,62

p = 1800 kg/m°

These properties would not vary significantly between the various
resin systewms and were used for the FEM and theoretical predictions.
The shear stiffnesses for the laminate were calculated at

B39 = G5 = 4,14 GPa. The remaining transverse shear stiffnesses was
caloulated at Ggs = 3,5 GPa,

¢-2 Laminate propertles for the Tanker Dome

Tha composite road tanker is an assembly of threa types of structural
members namely a cylindrical shell, two elliptical domes (or ta..t
andg) and 13 cirounferential ribs or rings. Due to the nature of the
Finite Blements and thelr material definitions, three types of materi-
als were used te model the tanker namely:

« gylinder : laminated composite

-~ dames : isotropia



- ribs : orthotropic

The definition of a material as lsotropic is the simplest of the three
cases and was used to model the 2:1 ellipsoidal domes, The shape of
the dome did not allow aligmment with either tha cylindrical or the
gpharical coordinate system, as the shape daviatad from both. This
would result in the incorrect definition of the material. For the com~
plicated geomatry of winding of an geodesic isotensgeld, the prediction
of the path of the fibres wonld vary over the ellipsoid and was diffi-
eult to predict aceurately using ABAQUS, AS the domes were included in
the FEM model to ensure the correct distributilen of load onto the .
eylinder, little improvement in ascuracy would be achieved over using
the guasi-lsotrople assumption, The domes wera therafore modelled as
isotrople. This was a variatlon from inplane guasi~isotropic because
the through thickness modulugs E,. was the sams as the circumferential
and meridianal inplane modulid. Although thie would have little influ-
ahce on tha axial, maridianal and circunferential membrane forces, the
domes would also be leided by local moments and transverse shear
forces at the Interseccion teo the eylinder (tan line). These wera
more dependent on the througk hickness stiffness which in the iso-
tropic casa were equal to Gy, 13 = Gag = E/(2. (1)),

The values of E and v were obtained as the eguivalent englneering con-
stants f£rom the lamination theory analysis of Appendix D and the MA-
CLT.BAS program of Appendix H, The layup was assumed to consist of a
guasi-isotropic layup of [0°/£60°], with a volume fraction vf = 0,45
for B~glass/polyusier. The thickness of the dome was egual to that of
~the shell at 15 »m. Hence firom MA-CLT.BAS:

3
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RT27D060.CLT:~ RT27 DOME [0/-60/460)4s
Total lanminate thickness = 15 mh
[ A B ] MATRIX

{BD]
3.068E+08 8.267E+07 0 - 0 0 0
8,267E+07  3.067E+08 0 0 0 o
0 0 1.120E+08 0 0 0.
0 0 o 6.42BE+03 1.430E+03 8.121E+01
0 0 0 L.430BE+03 5.316E+03 2.051E+02
0 0 0 8.1215+01 2,051E+02 1.980E+03

g (GPa) B, (GPa) Ggy (GPA) gy
18.96 18,96 7,47 0.2695

c-3 Laminate properties for the cylindrieal tanker shell

The road tanker under evaluation would typically be manufactured by
filament winding. This process was well established in the composite
industry and documented (see Appendix V). The shell was modelled for
FEM by using the laminated 3D compesite option for the shell element
88R. The theoretical background used for this element was hased on
laninated plate theory covered in Appendix D. Furthar details can be
ohtained from tha ABAQUS v4.6 reference manuals.

The laminate chosen for this analysls consisted of the following:
[£10°/485°/410°/485°/£10°/485°] . This was reprasented for the CLT and
FEM analysis by a total of 24 layers, each with 0,625 mm thickness to
give a total laminate thickness of 15 mm. This laminate was analysad
by the MA-CLT.BAS program (Appendix H) and tha rasults were as Lol
lows: '
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RT27,CLPi~ RT27 CYLINDER [£10°/k85°/%10°/£85°/£10°/£85%),
Total Iaminate thickness = 15 mm
[ A B} MATRIX

[ BD)
3.4418+408 4.008E+07 0 0 D 0
4.008E+07 3.545E+08 0 0 o 0
0 0 6.945F+08 0 g ' 0
0 0 0 7.473E+03 7,717E+02 8.121E+01
[V 0 ' 0 7.717B+02 5.5B86E+03 -0.263E+02
0 0 0 9.426E+01 -0.262E+02 L1.322E+03
B, (GPa) E¢ (Gra) Gx¢ (GPa) Vg
22,64 22.64 4.63 0.1130

The laminate i& balanced and symmetrical, with low inplane shear _
stiffness. This was important to decraase the torsional stresses which
result from the tanker interaction with the road.

c-4 lLaminate properties for the tanker ribs

The circunferential rings would be wound onto the tanker shell once
the laminate had ocured. The ring laminate would congist purely of hoop
windings which ware positioned between two Pformers until cure. The FEM
representation. of these ribs was achleved through the use of ortho-
trople beam alaments (B32)} which were connected to the shel.. with a
multl-peint constraint type 7., The material properties were evaluated
by the MA~CLT.BAS program of Appendix D and H and were used for tha
theoretical analysis,
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RT27RIB.CLT:~ RT27 RIB LAMINATE (90°) .
Total lamlnate thickness = 50 mm '
[ 2 B ] MATRIX

(BD)

1,9585+09 1.091E+08 0 0 0 o Li

1.09LE+08  4.196E+08 0 0 0 0 _f'
o 0 2.070E+08 0 0 0 %
o 0 0 4,080B+08 2,373%+04 0
o 0 0 2.273E+04 8.741E+04 0
0 0 0 0 0 4. ,13E+04

E, (GPa) By (GPa)  Gyy (GPR) vy,

38,60 8,27 4.14 0.26

The definition of the orthotropic constante Ffor the B32 element wasn _
covered by the ABAQUS v4.6 Reference Manual. These coefficients where
derived using the lamina properties of Appendix Cl1 from the reduced
lamina stiffnesses [Q15] of Appendix D as follows :

=

Rip = Dyjnz 2. 1825409
Qog = D2322 = 8,392BE409
Quq = Dyp33 = 2.10ZE+09
Quq = Dygaz = 2.182E+09

Q44 = Dynaag =  8.392E+09
Q33 “'Dlzlz = 4,1A0E+C
Qg = Dyazs = 4.14084-09
QGG = D2323 = 3,B00E+0B
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C-5 Laminate Properties for validation Model

The validation model was maﬁufactured by filament winding a tube from!
E~glass/epoxy. The layup directions consisted of double layers, esach

either at 445° or «45° to the tubes longitudinal =vis. The prnpertiesf

uf Appendix C1 were provided by the supplier of ae tube as being

typical for the laminate. Although the actual tube consisted of threef

-45° and three +45° layers which where interwoven, the FEM and CLT

analysis assumed the layup to consist of eight layers to allow for thc

modelling of the laminate balance and symmetry. The material defini-
tion of the FEM model was based on the laminated 3D shell composite
element and was described in more detail in paragraph 2.2.3.

The stiffness matrix forx this tube was datermined from the MA-CLT.bas |

program (see Appendiz D and H) and were as follows:

VALIDAT.CLT: = VALIDATION LAMINATE [#45],g

oA

Total lamlnate thickness = 1.89 mm
[ A B ] MATRIX

[ BD]
3,236E+07 1.671E+07 0 -0 4] #]
1.67LE+07 3.236E+07 ] o " o
o 0 2.041B+07 0 0 4]
o 0 0 9.632E+00 4.974E+00 1.,623B+00
4] 0 0 4.9748400 9.632E+00 L.623E+00
o] ] v L.623B+00 1.623E+00 6,075E4+00
E, (GPa) ° By (GPR)  Gyy (GPR) vy

12.56 12.56 10.80 0.5164
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CLABSICAL LAMINATION THEORY

b1




gtress~gtrain Relations for a Lamina (Jones 1575)

The elastic stress-strain relations for cthe lamina will be expressed
in matrix form using the following notation:

1 - longitudinal in the fibre direction,

2 - transverse to the flbres in the plane of the lamina, _ -
3 ~ transverse to the fibres normal to the plane of the lamina b
,¢,r - laminate or arbitary co-ordinates.

For ap orthotropic lamina we can represent the material properties asi"
Tollows: : .
Ey = By (longitudinal Young's modulus) Y
E2 = Ey = Em (transverse Youndg's modulus) ;
Gyny = % (Longitudinal shesr modulus)

Gyq = Gp (transverse shear modulus) (Eg D1)
vy =y, (longitudinal Poisson's ratio)

“Vp3 =Vq (transverse Poisson's ratio)

For a lamina treated as an effectivly homogenous and transversly iso-|
tropic materials, the stress o and strain ¢ relationships ¢an be
written as

- g =y qapE .
oy = Ak 34 6 o ||og
B R B
i 2 1
-~ 1 - k
52 ....i%. fR— .——-.?_a 4] 1] ] . 0‘2
By By Eqy \
=y 2y 1
P (R ot et S P i
= - (Bg 02) |
_ . . 1 .
23
. 1
G5y
- |
Y 0 0 0 0 0 — ||
12 ) F12
- G127 -

Account has been taken of the symmetry relations:

VialBy = Vyp/By = Vyy /By = vy 3/E;) and Vpa /By = Vpp/By

and as ig common in laminate analyzis, use 1z made of the anginagrinq
ghear strain Y.




L

For the tanker analysis, the load.ngs ¢generally result in a plane
state of stress hence .
Tqq = Opg = 0y = 0 : (Eg D3)

and this applies fur both plane stress and bending at sufficient
distance from the laminate edges, Hence the above relation can be
written as _ -

TR S R, 7P T
El — s ¢ Ul “'
-y 1 v :
e, | = [—22 = “Ello, (Eg D4)
B B pos :
1 2 Ep
1 3
b 4 0 ¥ — T,
12 RREL
L - = G12 - |.. B

ar {eg} = [81{oy)

T

where [S] is the compliance matrix which relates the stress and strain§
companents in the principal material directions for the lamina (k). _
For the plane stress state, the additional strains can be found to be |
G5 = 675 = 0 €y = =0y Vyy/By = ~05Vy,/E, and this completely de~
fines the state of stress and strain, Relations from Egqn D4 can ba F
inverted to yield _ .

{og} = [S]-J‘{Ek} _

a [Q){ek} (Eq D3)

where [Q] i inverse of the compliance matrix and is known as the
reduced lamina ctiffness matrix given by

where Qyy = Ey/(l=vip.vpq)

Qa1 Q2 O
. Qzp = Bp/ (1=vq5vpq)
[Q] = |Qqp Rpz © _
o o o Quz = Vig+Ba/ (1-vyp.Vay)
_ 68
. Reg = 1z
and Wy /By =Wy /Ty {Eg D6)
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These reduced stiffness and compliance nmatrix relate stresses and )
strains in the principal directions of the material. To define materi]
al responce in other directions, transformation relations must be
developed by refering to Fig D1 and the analysis below.

Tiy D1 Coordinate systems: 1,2 are principal material coordinates;
®,¢ are laminate or arbitary coordinztes.

The angle © is defined as the rotation from the arbitary x,¢ axis to
the material 1,2 system (positive counter-clockwlse)..

The transformation from the 1,2 system to the X%,¢ system is accom-
plished hy the following

Ty ¢ s2 -2cs ) _ B
e { = a2 o2 208 Oy (Bg D7)
g cs -cs c?-8?||r,,

or {gy} = [T]17%{gy} where c = cos® and & = sine.

The same technique can also be used to ralate the shear strains
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Ex El .
6 | = [T17L fey | (Eg D8)
he) faz

2 L 2

where the division of the engineering strain he two is necessary as :
only the tensor definition applies in this case. (tensor shear strain |
i eguivalent to the eng. shear strain divided by twe). The super-
seript -1 denotes the matrix inverse and the {T] matrix is defined as

32 Sa 2cs
(7] = | 82 &2 -20as ' (Eq DY)

g8  gs 02“82

If we introduce the so called Reuter matrix [R]

(R] = (Eq D10)

[=R=3 o
QRO
NOOQ

than the more natural strain vectors can bes written as

€1 € | &% €x
€s | = [R]|[eq and €& | = {R] € (Bg D)
12 Y12 Yx¢ Yugl

L [ L 2 wl

Accordingly we can use the above strain transformations and manipulate
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T12 Y32
to obtain

%% 191 | Sx

0y | = 1217} oy | = (P17LRIRITIR) " gy (Eq D12)
Tx¢ ’ le ’ Yx¢

however [RI[T][R}™L can be shown to be (71T whers the superscript T
denotes the matrix transpose. Then 1f we use the abbreviation

@ o= eyt

the stress-strain relations in x,¢ covrdinatas are

4" %= G11 B2 G1g)|ex
s | * [Q1 € | = ﬁg_g 622 626 o (BEq pla)
Txp Y Q16 e Ye| | Yo |

where the transformed reduced stiffnesses Tj4 are given in terms of
the reduced stiffnesses Qij_from Eq D6 as follows:

Bpy = Qpq-0% + 2.0%.82.(Q,, + 2.Qgq) + Qgy.8t

Qiz = (Qua * Q2 = 4-Rgg)-8%.0% + Qp. (8% + o)

Rpa = Q1+8% + 2.(Qyy + 2.046) 82,02 & Qy,.0%  (Eg D14)
Tyg = (@1 = Quz = 2.Q66):8.¢% + (Qyy = Qp + 2.0g4) -5%0

Q26

U5

(@11 *+ Q3 - %.0Qyp ~ 2.g4) 5202 + Qgq. (8% 40?)

]
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Stress and Strain variation in a Laminate

Thiz analysis of stresses and deformatiohs of laminates is very de-.
pendant on the fact that the thickness of the laminate is so much
smaller than the inplane dimensions and can be analysed on the basis
of the usual simplifications of plate theory. These are as follows: .
~ The plate thickness is much smaller than the inplane
dimensions.
- The strains in the deformed plate are small compared to unity.
~ Normals to the undeformed plate remain normal to the deformed
plate surface ie Yy, = Y,. = 0, where r iz the direction of the
norwal. to the middle surface shown in Fig D2.

- Vertical defiection does not vary through the thickness ie (€ = 0)
-~ Stress normal teo the plate is negligable. ‘
- The laminaste consists of perfectly bonded laminae connected by

bonds which are infinitesimally thin and non-shear-deformable.

ey

Accordingly, a normal originally straight and perpendicular to the
middle surface of the laminate iz assumed to remain straight and

perpendicular tou the middle surface when the laminate is extended and
bant . ' '

The foregoing collection of assumptions constitues the Kirchoff-Love
hypothesis for shells and applies to flat or cutved laminates. We can
therefore derive the displacements u,v and w in the %,¢ and r direc~-

tions by considering a laminote cross sectlon in the x¢ plane shown in|
Fig Dp2. '

N - PP . - . . . o . “w . . - X - e i
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UNDEFORMED DEFORMED
CRQSS SECTION CROSE SECTION

Figure D2. Geometry of defmrmation in the x¢ plane.

The displacement of a point ¢ on the laminate can be written as
Uy = Uy = TyB (Bg D185)
vhere u, is the » displacement of the laminate middle surface
B ig the slope of the laminate middle surface = 6w,/8x%
Hence the displacement u at any point r through the laminzte thickneag
is . '
u = ny o+ x.fug /X (Eq D16)

By similax reasoning, we find the displacement v in the ¢ direction is
Vo= Vg b r.8W,/d¢ _ (Bgq D17}

The laminate strains have been reduced to only €xr g and ¢, by the )
Kirchoff-Love hypothesis ie ¥y, = ¥4. = €y = 0. For emall strains and |’
linear elasticity, the remaining strains in a plate can be caloulated |
in terms of the displacements as F

€, = Su/8x _
4= Su/8¢ (Eq D18)
Yx¢ = fufég + Ev/éx X : 1o

Henge wa o#n write the strvains in terms BEg D16 and DL7 as Follaows:
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€x €x ky
. G .
€ |~ % + w, k¢ _ {Eg D19}
Yy Yo" Ky
where
€y° §uy/ 8y and |k 8wy r6,2
6° | = {sug/oy Ky | == | 6Pug/8,2
Yool [ uglSyteve/ by Ko 2. 62wy / (8y. 6p)

(Eg D20)

The Kirchoff-Love hypothesis hence implles a linear varlatioa of

strain through the laminate thickness. The stress~displacement rela- .
tions in By D18 are only valid for plates. For circular oylindrical |
shells, the e, term in Eg D18 must be supplemented by Wo/r. where r, |
is the radius of the shell. Cther shells have nmore complicated strain-d
displacement relations. o o

By substitution of the strain variation through the thicknese (Eq D20)
into the stress-strain relations (Eq'nlﬁa, the stresses in the ki -
layer be expressed in terms of the laminate middle surface strains and
curvatures as :

Oy 1R G Q| |]ex® Ry ] |
0'¢ = 612 6?.5 625 * €¢° s i kq, (Eg D2L)
Ty R1s %26 Qss x Yo Kxo o

Since the ﬁij can be dAifferent for each layer k of the laminate,
the stress variation is not nesessarily linear even though tha strain

bs



ig linear.

Regultant Laminate Forces And Moments.

The forces and moment resultants acting on a laminate are obtained hy |
intergration of the stressges in each layer through the laminate thicke-

hess, for example

£/2 £ /2
N, = | Op.cr and M, = | o,.r.dr _ {Eq D21)
~-tf2 ~t/2

N, is a foxce per unit width of the oross section ¢f the laminate nd |
M, ie the woment per unit width as shown in Figure D3 below.

Na — AXIAL FORCE RESULTANT (N/m width)
Ne ~ CIRCUMFERENTIAL FORCE RESULTANT (M/m wldth)
Nx#¢ ~ INPLANE SHEAR FORCE RESULTANT {(N/m widih)

My ~ AXIAL MOMENT RESULTANT (Nm/m widih)

M® ~ CIRCUMFERENTIAL MOMENT RESULTANT (Nm/m width)
Mx# ~ TWISTING MOMENT RESULTANT {Nm/m width)
Ox = AXIAL TRANSVERSE SHEAR (N/m wldliy)

Qe -~ CIRCUMFERENTIAL TRANSVERSE SHEAR (N/m width)

Figure D3 In-plane force and moment resultants on a f£lat plate.

All the force and moment resultants for an N-layered laminate can ke
defined as

Do

LA



Ny, ] Oy . Oy

Nm Tx¢ qub
eIz -1

and 3
x/2 Tk

My Ox . T '

My | = [|og |.x.dr =.k§1 Oy |ox.dr _ (Eq D23)

My x¢ )

where ry and 1., are defined below in Figure D4 and %o = ~t/2. These
force and moment resultant« do not depend on r after Intergration, but!
are funotions of x and ¢, the coordinstes of the laminate mniddle
surface. i
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Flgure D4, Geometry of an N laysred plate.
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| _ - Ty tx -
Ny Q11 Q12 Q16 [ €x” ke |
N kzl Q2 032 Dps- g% |+ar + | lky 1.r.dry
Nyg Q5 Qs g6 . Vs Kye : |
" ke k=1 (Eq D24)
- TR e -
Mo} o [Pan 12 Bue| | | |&° ky
My =k£1 Quy o Gogl- e° {oroar + |k, 1r?ar
Mo %16 %26 Qee) | | 1%xe” | = |
' - Yie | Ly, '
| | (BEq D25)

W . )
Taking advantage of the fact that the stiffnesa matrix is congtant

within the lamina, we can rearrange Egn D22 and D23 by taking the
gtiffness matrix outside the intergration for each layer but within
the summation of forge and moment resultants, ' '

The strains ¢,°, e¢ ,ex¢ ¢ Ky k¢ and Kyg axe not functionzg of r but
middle surface values and can also be removed from under the summation
signs. After simplifying we get

. o]
Nx-] Arn Byz gl |Gk | Bi1 Byp Byg| ¥y
; [a]
o
L Aie Bas Bes| |Yxe B16 B26 Bes| |¥xe
(Eq D26)
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' (Eq D27) :
where _ -
N | . _
Aij -gk?_l(Qij)k' {(ry = Tyo1ld (Eg D28} _ [,
L 2 2
Bij = 1/2 kzl(Qij)k. (rk = Pre.q ) (Bg D29)
N 3 3 '
Dij = l/a'kgl(Qij)k. (rk = rk_l ) (Eq D30)

Aij'are called extensional stiffnesses, the Bij are called coupling
gliffnesses and the Dij are called bending stiffriesses. The presence'?
of Byy implies coupling between bhending and extension. A

The analysis of isotropic plates is well cstablished and involves All !
the seperate analysis of the inplane loading and bending moments, the
results then being superimposed. This ogcurs because the two loadings
are uncoupled. For anisotopic laminates, coupLing does ocour and the
inplane loading and bending are treated together. It is only for a
symgetrical laminate saquences that uncoupling occurs.

D13
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 APPENDIX B

THRORY FOR INTERNAL PRESSURE
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E~1 Theory of plates and shells appiied to intermal pressure loadease!

Consider a cylindrical shell loaded symmetrically with respect to its o'
axis. A segment of this shell is shown below in Figure EIl.

Figure Bl Segment of the tanker shall. o : !

It can be concluded from symmetry that the membrane shearing forces
Nyg = Nyy ar> zero and that the forces Ny are constant along the '
circumference. From symmeiry cohsiderations, the transverse shearing
forces Q¢_are alseo zero, The monents acting on the element are also
affected by sysmetry which results in the twisting moments Mx¢ = H¢x =
0, and the circunfential bending moments M, are constant along the
circumference. Thase conditions simplify the equations of equilibrium
considerably. Assuming that the externsl forces consist only of
pressire normal te the surface, it was indicated that the forces N,
remain constant across the segment, and are taken as zero. Non~zero
forces and thelr asscciatsd deformations can éasily be calculatead and
guperimposed onto the stresses and deformations produced by lateral
loads.




",

The expression for the strain components can be written as follows: |

g, = du/dx ey = w/r (Egn EL)

By applying Hooke's law, we can conclude that
du/dx = v.w/a and N¢ = whH.E.W/r {Egn E2)

Considering the bending moments, we can conclude from symmatry that
there is no changa in curvature in the ciroumfential direction. Ths

curvature in the x direction is equal to —dzw/dx . Using tha equationsf 

" derived by Timoshenko (1959) for plates, we obtain
M‘p = My, _

= - dlw/ax? ' (Bgn E3)
-Qx = —D*d3w/dx3 . } .
where D = B-t3/(12.(1~v%)) is the flexural rigidity of the shall for
an lsotroplc material. '

By eliminating Q, from the equation, the equations of equilibrium can
be simplified (for symmetrical deformation of circular cylindrical
shells of constant thicknsses) in the simplified form as follows:
atwidxt+4.8%.w = p/D (Egqn E4)

whera f4 = Bt/ (4. x2,p) = 3, (1~v3;/(r2 £2)

The geheral solution of this eguation is
W o= eﬂ'x.(ci.dos B.% +Cy.8in B.x)+e'5'x'(c3.cos Bex €4 8in B.R)+E(R)
{EBgn BS).

where £(x) is the particular solution and ¢;, C,, ¢5, €4 are the
constants of integration whioh are determined from tha conditions at
tha ends of tha cylinder.

Consider the sections of the road tanker as a long clrcular pive
submitted to the action of the bending moments M, and the sheaving .

E3




forces Q,, both uniformly distributed along the edge x' = 0 shown :
below. Note that the deflsotion w ils taken positive towards the axia

of the eylinder, Both M,, Q, are shown below as positive. L

T~
My . >4
L

=
A

Figure E2 Section of a lonyg eiroular pipe under the action of
bending moments ¥, and shearing forcas Q..

In this case the effsct of the forces M,, Q, are only considered,
Agsume fLox the moment that the pressure p distributed over the surface
ig not included at this stage but that it will be taken inte account
later by superaition. By consgidering the boundary coenditions and '
eliminating all thoze that are zero, Timoshenke (1959) obtains the
following expression:
we= a™BX/(2.83.0), [B.M,. (sin B.x ~ co8 BuX) ~ Qy.008 B.X]

) : (Bgn E6)

The slope oan ba obtalned by differentiating the above eguation. By
intruducing the notation: ' '

phi(B.x) = a"B'¥%, (cos B.x + sin B.x)

pel(B.x) = ™%X, (cos B.x ~ min B.%)  (Bgn E7)

theta(B.x) = O(R.x) = e"™P+X cos B.x

zeta(f.x) = e P X, gin B.x

E 4
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The expressions for deflection and its consecutive derivatives can bef_f;

i

b

{

b,
rapresented ag follows: i -

i

|

W= =1/(2.8%.D) [B.M,.pEL(B.X) + Qy-0(B,%)]
dw/dx = 1/(2.82.D) ' [2.8.M.08(B.%) + Qg .phi(B.x)]
a%w/ax® = -1/(2.8.D).[2.8.My.phi(B.X) + 2.Q,.zeta(B.x)]
aPw/ax® = 1/D.[2.8.M,.2eta(B.x) ~ Q,.pal(B.x))]

(Egn E8)

These effects are of a logal character, becausa the functlone defining:;

the bending of the shell approach zexo as the quantity Bx becomes
larga., Hence the moments M, and M¢ and the deflection w can be

detexrmined from eguation E3 and Ny from eguation E2. What are however |

unknown are the Moment M, and transverse force Q, which the rings
exert on the shell when thay tend to expand under pressure.

Timoshenko (1959) mentions that the bhending of a shell by a load
uniformly distributed along a ciroular section ls of a local nature,
and that tha bending 38 small for x>w/B. Thls corresponds to a value
of x > 0,238m for the road tanker in question. This indicates that
this bending is lucalized and that a shell of length 1 = 2.#/B (i.e. L
= 0,476m) loaded at the middle w 11 have practically the same
deflaction and same maximum stress ag a very long shell. For the ring
stiffener spacing of im, the above relationships will therafore he
able to praedict the effect with sufficient accuracy, as tha shell on
elther side of the stiffener can be vonsidered as being a lohy shall.

The caleculation of the moment M, and forces Q4 is caloulated by Times«|

chenko (1959) for a cylindrical shell kent by forces and moments

distributed along the edges. This golutlon is extended %o evaluate the '

stresses in a long pire reinforced by squidistant rings and sulmitted
to the action of a uniform intexnal pressura of p as shown helow,

EB
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rigure B3 Portion of the tanker hetween two adjacent rings,

By.defining ¢hi,, chi, and chi, as follows:

u

chi, (2.a) {cosh 2.a + cos 2.&}}{sinh 2.a + sin 2.e)

chis (2.a) (sinh 2.2 - =2in 2.4)/(sinkh 2,& + 2in 2.q)

chigz (2.0} = (cosh 2.e¢ ~ cos 2.¢)/(sinh 2.2 + sin 2.q)
(Egn E9)

where « = A.1/2 and 1 is the distance between the rings

The moment M, can be approximated for infinitely stiff rings by
5 = P/ (2.8%) .chi,(2'a) : (Egn ELO)

and taking into account the flexibility of the rings, we vbserve that
the reactive forces P (whare Q, = -1/(2'P) produce a tensile force P.x|
in the ring and the corresponding increase in tha inner radius of the
ring is

§y = Pex?/ (A E) (Eqn E11)

where A, is the cross sectional area of the ring. Paking this into

Comew i T v o . : . o o T ‘.
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account, the force P oan be obtained from -

P.B. [chiy (2.@)~chiy?(2.a)/(2'chis(2.a)] = p'~P.%/A,
(Egn E12)

and the moment Ffron

My = (p' = (P.t/A.)/(2.82) chi,(20) (Egn E13)

However, the prassure p acts not only on the gylindrical shell but
alsc on the ends, produclng ;ongitudinal forces in the shell:
Ny = P.x/2 _ {Egqn E14)

This produaes'an extension in the radlus of the cylinder of
§' = por?/(B.t) . (1=v/2) {(Egn E15)

and hence p'= p.(1-v/2) (Fon E18)

This analysis can alse be used to evaluate the stresses arising from ﬁf
the discontinuity between the 2:1 ellipsoidal domes and the cylindex.
Expressions have been derived by Timoshenko (1989) for the membrane

stresses in a sheall in the form of an ellipsoid of revolution as shown|
below in Figure E4. The 2:1 ellipsoidal dome or head is an efficlent
pressure vessel closure with regards to space allocation and stresses.|.
This dome shape provides tangential meridional forces at the seam,

The membrane and bending stresses in an ellipsoidal dome under inter-
nal pressure loading are derived from analyses by Timoshenko (1959)
and Bruhn (1873}). The meridianal (@) and tangential (9) stresses can

be written as £ollows:

Ng = p.ry/2 and

Ny = Pelq. (1=¥p%/(2.270)) . (Egn BL7)
where

aw=yrand bo r/2

By = (atey'24ph,x2) (1/2) )2

ry = r23.b2}a4

E 7
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y! and x' are local dome variables in the circumferential and
neridional directions.

e

in

Figure B4 Schematic of a 2:1 allipscidal deme showing the radii
{a,b}, local (x',yv') and global (x,¥,%) co-cdinates.

At the join mn at the equator of the ellipsoid shown in Pigure E4,
the force resultants in the meridional (Ng) and circumfential
directions (N¢) are as follows:

Ne L] P.I.'fz . .

Ny = p.r, {1-r%; (2.52)) (Bqn B18)

The extension of the radlus of the cylindrical shall under the actlon
of the internal pressure is

§1 = prr?/(B.t) . 10v/2) (Bgn E19)
The extension of the radius at the equator of a 2:1 ellipsoid ie

= pr2/(B.t). (1-x%/(2.b%) -v/2) {Bgqn E20)

B8

et
.

(o g ——
c .

—




By substituting this inte a derived equation for the shearing force QO.
we find

§4=65' = poxt/(2.B.£.0%) : (Egn E231.) ;

. b
‘and hence obtain r 
Qy = p.r2/(8.8.0%) (Egn E22) . R

This can then be substituted into equation B8 to determine w, dw/dx,

aw?/dx? and adw/dax® and hence M, My, Ny and Q, for the dome/shell
Junction.




 theory from Timoshenko (1959). The eguivalent pressure of 8,4 Bar

. pressura. The analysis shown below is based on an analysis from BS5500;

E-2 caleoulation of equivalent'deaign preasura

A presgsure of 8,4 Bar with no gravity load is used for the first
tanker loadcase. This pressure will result in the same maximum tensilei‘
strese in the tanker as can be expected from a hydrostatic pressure |
test with water at 3,5 Bar and allows comparison between FEM and the |-

alse corresponds to six times 1.4 Bar, which was the maximum operating, .
pressure recommended by Kenney (1966), and conforms to a requirement

from ASME X (1990) that the burst pressura he six times the design

(1988) ,

t,,',r'

¥
L% :"
xb«. _xcl xl i
Yt .
: _ »
Figure BS% Schématic of the road tanker. ‘
The princlpal dimensions are gilven as follows _
Xe = ¥p = 0,325 m | '
Rg = %g = 1lm >
Xy = 10 m s
¥y = 0,650 m; ry = 0,665 m ;
t 7 15 mm :

E 10
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To estimate the bending stresses dus to a 1g vertical loading frown the

tanker and content weight, we can use the approach from Brownell
(1959) ¢ '

The tanker is treated as an equivalent cylinder having an eguivalent
length Ly as follows:
]:.le = (xc + Xy ‘+‘ xd) + 2!3.(xb) Ly 2/3.(}{f)

= 12.43m

The welght of the #luid and tanker nay then be considered to be &
uniforn load egual to the total walght divided by the agulvalent
length Lg.

The masses of the various components can be caloulated as follows:
Volume of cylindrical contents (Vo) = w.xry2,l= 15,928 m’

Volume of cylindrical shell (Vg), = w.(roz-riz).l = 0,743 M
Volume of dome contents (Vg)g = 1/3.m.xy3 = 0,288 m3
Volume of dome shell (Vg)gq = 1/3.7.(ry3-r3?) = 0,02 n’

b

Volume of ribe V, = {no.ﬂ.[(ro+h)2—rcz)].a}thick +'{no.n.[(ro+b}2~
re?)1.8kenin = 0,2289 n3

For (density)s = 1200 kg/m3 and (demsity), = 1000 kg/m3_

Total mass of shall = (V. + 2.(Vg)lg + (Vg)). (density}, = 1922 ky
Total mass of contents = 2.(Vglg * (Vg) g} + (density) , = 16504 kg
Total mass of tanker my= 1922 + 16504 = 18428 kg

The equivalent loading is obtained from Brownell (1959) as
W = gum /Ly = 14542 N/m where g = 9,81 m/s2"

 For For 1 = 10 m, ¢ = 1,215 and a4 = 1,215 m; the reactions (R,)” and
(Ry) ¢ are found as follows: '

el S -
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(Ry)p = w.{(c + 1)2 “-012]/(2.1) = 90739 N
(Ryde = w.i(oy + 1)2 7 c?1/(2.1) = 90739 N
This checks with the total weight of the tanker of 180757 N

The maximum bending moment about the y axis is
(M) may = (Rgp: [{Ry)p/(2.W) = ©) = 171,043 kiNm

The maximum tenslle bending stress
g = M,z/T

. where z is vertiqal distance from the neutral axis. Hence the maximum .

forece resultant from bending

(Ny)p = M.z.B/I

where I = m/4. (x,tery?) = 1,0717%1072 n2

and occurs at the outer surface of the shell at z = 0,665 m hence:
(N,)y = 159201 N/m width

The analysis for internal pressure is based on Timeshenko (1984) who
gives the longitudinal stress (membrane stress ignoring edge effects)
resulting from internal pressure as :

Oy = Poxy/(2.%)

Hence for mt mbrane stressas, we can calculate tha force resultant
(force per wialt width) from

(Nx)p = p'ri/t

For a pressure of 3,5 Bar this results in
(Nx)p = 113750 N/m

Hence the maximum tensile stress due to bending and pressure
(Ny)pagx = 159201 + 113750 = 272851 N/m width

The equivalent pressure which will give rise to the same tensile force

resultant is given by
Poquiv = (Ny)pax-2/ry = 8.4%10% N/m? = 8,4 Bar

E 12




APPENDIX ¥
THEORY FOR COMBINED ACCELERATIONS




F~1 Theory for stresses arisinglfrdm acceleration in the
axial dirvection (A,).

F~1.1 axial elongation and bending forees from hydrostatic
prassure.

The hydrosgtatic pressure p(x) results from the axial acceleration
{a,) of the liquid and varies linearly in x. Since the tank is
fuli, we can assume that surging is eliminated as the flow of the
liguid is limited. To determine the force F, which the front dome .
exerts on the cylindrical shell, we refer to Pilgure Fl.1l.

_ x
—— e
el e ' 2%y gl [~

Y - - - - -
(rotbsz) | | j
P T | E—
: sz. By ﬁzf

Figure Fl.1 variation of hydrostatic pressure from usxial ~zceleration

The average pressure in ite front dome p,,. can be approximated
by
Pave = BoAy-Daye (Bgn FL.1)
where p, = density of contents
A, = axial acceleration
hyye = average head in the front dome

P . i



Pigure P1.2 Beam theory idealisation of A, acceleration

The centroid of the ellipsoid was given as 3/8 x¢ by Meriam (1880)
vhere % is the inside depth of the front dome. For 2:1 ellipsoidal
domes

Xy = Xp = 1‘1/2-

hence we have the average head in the fronkt dome
hoye = ¥y/2 + Xp + 3/8.(xy/2) (Egn Fl1.2)

Thia pressure exerts a force eguivalent to F, on the dome:
Pave'hp (Edn F1.3) '
.where Bp = projected area of done
=1rrri

Beam theory can be used for the tanker geometry by representing the = |
axial reactian at the bottom of the tank into an axial reaction Ry and )

a monent MY at the tanker centraline. For static equilibrium
(2Fy, = 0) hence:
Fy + Ry = 0 hence R, = ~F, {Egqn FL.4)

Taking moments about the back support b} czmb = 0]
hence sz = =M bfxl
But Myb = Fy. (X, +b/2)

hence RE = B (r +b/2) /%y (Eqn FL.5)

¥ 3
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Summatlon of forces in the vertleal direction [IF, = 0]
R,P + BT =0
hence sz = - sz

= - By (2o¥0/2) /%y (Ban Fi.6)

The quantity r§+b/2 is the offset between the tanker neutral axis and
the position of the support reaction. This theory assumad that the
location of the axial support had a significant influence on the

reaction R,f and the moment Myh. If the reaction of the constraint was |
in line with the neutral axis of the tanker ghell, then the moment Myb f

and the reaction sz rre both equal to zexro. For thls analysis howeve
ar, they were stll) congidered as non-zere and their effeot avaluated
later. From the evaluation of fres body, axial and shear force and
bending moment diagrams, refar to paragraph 3.1.2

F-1.2 Elongation and bending from the accelexation of the shell.

The mass of the shell, ribs and domes also affect the stresses
when the tanker decelerates due to the density and inertia of the
shell. This acceleration acts as a body force on esch of the
components which censtitute the tanker shell. These stresses can
be calculated from Newton II i.e. IF, = Em.A,. Conzlder the free
body diagram for a seotion at an arbitrary position x shown in
Figure F1.7. For the saction x4 < % £ x., this force would be equal to
the mass of the tank to the right of the saction multiplied by the
acceleration Ayl
IFy = Sm.A,
Fe = EM,Ay, : (Ben  FL.7)
henge F, = Sm.A, where A, = -2 x 9,81 m/e?

= ~19,6 m/s?
and Zm is the summation of macs forward of section at x.

¥4
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N sz ‘sz

~ Figure ¥Fi.,3 Schematic showing the acceleration of the shell and ribs.

For x 2 ¥, this can be approximated by:
Im = PgsBa (Ry=R) + 2xtmr + g a (Egqn Fi.8)
where py = density of the shell
A = cross sectional area of the shell
xzxtmr = gum of »ik masses forward of sectlon ¥
"~ mg® = mass of front deme

For % < %, thils can be approximated by:
TFy = Zm.A, | (Egn T1.9)
Fy @ [Mg® + Pg Aux +mptl.3,

Hence for A, = =29, F,, ig negative and hence compressive. Due to the
support baing cffset from the beam, the force conflguration from
Figure F3.3 can be simpli¥ied as shown in Figura Fl1.4 below, The
effact the offset between the tanker centre~line and the axlal reag~
- tion R, line of action was not easy to pradict from theoratical meth-
ods. Hence the configuration shown in Flgure F1.4 assumed that the
reaction was offset from tha tanker centre-line. The validity of this

P5




assumption will be cheoked against the FEM results,

Ay
L | R
W | ]
sz o sz
- v . ‘

Yigure ¥i.4 ¥Free hoedy diagram showing the effect of an offset -
batweon the reaetion line of action and the tanker cen~- A
traw-line. ' 1
The axial reaction is
R, = 32w, 4, (Egn - F1.10)
& [med + PgrRexg + Imy, 4+ msd].ax
oo (2 % ek poAlxg o+ Mot NS m ) Ay

For vertical reactions _=MP = 0]
P - Ry = 0 -
= Ry L o Myb/xl (Bqn  ™L.11)

and [ZF; = 0] hence
RP + R,E =0
ay RP = = R,* (Bqn  F1.12)

For the free body, axlal force, shear force and bending moment dia-
grams, refer to paragraph 3.1.2,
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THEORY FOR STHAIN GAVGES
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6-1 SBtrain dauge Theory

A strain gauge will be affectnd by strain in the axial and transverse -

directions, Modarn foil gauges have enlarged end loops and are con~ |
siderably less sensitive to transverse straln effects than early
gaugas, Some amount of transverse strain will still be monitored by

the axial segments of the gauge grid pattern due to the large width t;
thickness ratio. This will produce a strain in addition to the axial 5
straln. This transverse sensitivity of the gauge can be a problem wit_

laminated composite materials due to thelr orthotropic nature.

A +45° B-glase/epoxy laminate has a Poisson's ratio of 0,5164 which iff
higher than thac of steel. In the case of uniaxial loading, the trans

verse stralns largely result from the Poisson's affect., The strain
gauge relations are discussaed In detail By Tuttle and Brinson (1984)
and are summarized below.

When a straln gauge is exposed te a straln fleld, a emall change is
grid registance ocours glven by:
SR/R = F'a.ea + Ft'et - {Bgn 6G1)

where R = change in gauge resistance
R = original gauge resistance
eé_= gtrain parallel to the major gauge axis
e, = strain perpendicular to major gauge axis
s = 8xial gauge factor
Fi = transvarse gauge factor

e
i

Tha transverse sensitivity coefficient K ls defined by:
K = F/F, (Eqn G2)

and is normally supplied by the mannfacturer, This value varias

between -0,05 to 0,05 for most gauges, Eguation (Egn G1) then hacomas;

G2
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SR/R = Fp. (e, + Kioey) (Ban G3)

buring the manufacturer's calibration of the gauge, it is mounted on
standard callbration material (v, = 0,285) and subjected to a uniaxia
stress fleld with the major axis of the gauge parallel to the streass |
field., Hence the transverse strainh iz due to the poissions effect and'u
egual ko :

@y = “Vye@y (Eqn G4)

Egn G3 then becomes ;
GRIR = Fpu(l = vy.K) ey {Egn G5}

The gauge factor Fg supplied by the manufacturer is defined as ¢
_Fg = Fuo (1 =Vy.K) . (BEgn G&)

e

For conditions where the transver se sensitivity is negliglble, gtrain -
measured e, by the gauge is given by :

8y = GR{(R.Fg) (Egn G7)

for significant transverse effects, the use of Egn G7 can result in |-
incorrect results as a result of ignoring transverse sensitivity.

The two measured apparent,strains'emx and ep. are obtained from egua=j
tion Egn G7. Hence the true strains e, and ey are obtained by rela-
tions taking the transverse sensitivity into account :
ey = (L1 = VguK) o (@py = Keege) /(1 = K2)

o - (Bgn G8)
eg = (1 = Vg K} (epy = Kegyy) /(1 = K2)

These aguations arae used with rosettes where the axial and transversa}
readings are known. The exror resulting from ignoring transverse
sensitivity effects is given by :




error = K.(ep/e, + 4 )/(1 - ~v,.K)} * 100 percent (Egn G9)

As a general rule, the transverse sensitivity exrors are most severe |
for unidirectional composites when gauges are mounted close to paral-l
lel to the fibres. For the validation model the errors would be less
savere due to the orthotropic naturs of the #45° laminate. However,

the high Polsson's ratic of 0,5164 produces significant tranaverse _
strain and therefore these effects willi be considered when calculating
the gauge straine of ey, e_ ;g and ey, '

To calculate the inplane strains ey, ey and Y, for the test model, wi
derive equations relating these in terms of the measured gaunge strain:
€y, B.45 8nd e,x. Consider a three gauge rosetite with the gauges _
aligned in the 09, -45° and 45° Rirections as shown schematically in |
Figure G1 below. ' ' )

Figure G1 oOrientation of the gauges on the validation model,
Dally and Riley (1978) present relations between these straina as

follows 1 _
e.45 = €4.008(~45)2 + eyp.sin(~45)2 + Yup.sin(~45).cos(-45)

G &




= 1/2.(ey + e = Ty (Eqn G10) : ?ﬁ

eg =*ex.cos(0)2 + et.sin(ojz + ¥y,4.8in(0).cos(0)

= By (Bgn G11)

€45 ex.cos(45)2 +* et.Sin(45)2 + Yyp.8in(45) ccoa(48)

1/2. (e, + ey *+ Tyt _ (Egn G12)

Siwplifying (Bgn G11) _
8y, * ag ' (Eqn G13)

Adding Ean G11 and Eqn G132

Subtracting Egn 12 and Bgn 10 :

Yxt - 345 - e~4s . (Eqn Gls)

To evaluate the transverse sénsitivity effects, we need to ¥now the

axial ey, and transverse e, wWeasured apparent strains for each gauge!,
as shown balow.

-45° Direction : ey, = eyus
mt = “m445

+45°'Dirécti°h H Bmx = Em+45 (Eqn G16)
' mt = ®m-48

0 pDirection e = Bno
et = Smoo




= em+a5 T ®m-45 T %0 _

where e,_sm: On445 aNAd ep, are the measursed apparent gauge gtrains ar-

ocbtained from the wheatstone bridge relations. The appropriate valueﬁ '

of ey, and ey, from Eqn G16 are then substituted into Egn 68 to
determlne the corrected gauge strains e g5, e,5 and e,  These are
then subgtit 2ed into eguations Bgn ¢13, Egn ¢14 and Egn @15 to
calculate the global model strains e,, e; and Y. These values are
then compared to similar strains from the FEM and beam theory.

s ata? |




G-2 - Wheatstone Bridge Theory

This cironit is used to determine the static strain gauge reading, Thi
bridge is used as a direct readout device where the output voltage |
Vout % measured and related to strain. Consider a schematic of the
cireuit shown in Fidure G2 below 3 '

out

Pigure G2 Schematic of the wheatstone btidge circuit

The voltage drop Vpg acfoas-Rl is :

Yap = RyeVin/ (Ry+Ry) | (Eqn 617)

The voltage drop Vap across R, is

Vap = Rq-Vin/ (Ry + Ry (Eqn G18)

The output voltage from the bridge V,,. is eguivalent to Vpp
Vout = VBp = VaB ~ Vap (Bgn G19)

Substituting and simplifying Eqn G617, G18 and G19 @




Vout = (Ri-Rg = RyeRy)-Vyn/[(Ry + Ry).(Rg + Ry)] (Eqgn 620) ;

The output voltage Vg, will be zerc and the bridge balanced when

Consider an initially balanced bridge when Ry.Ry .. Ry.Ry such that y
Vout = 0 when the active gauge ls unleoaded. The strain induced outpu*
voltage 6V, fox the loaded circuit can be written in terms of the
resistances Ry, R,, R; and Ry, and the changes in resistance §Rq, SRy
SRy and SR, as follows: :

|Ry + 8Ry Ry + &Ry
|Ry + 6Ry Ry + SRy

Vaut = _ — + Vin
[Ry + 8Bg + Ry + 8R, o ]
] 0 Ry + 6Rg 4+ Ry+6R,|
= (A/B).Viq (Egqn G21)

24 is the determinant of the numerator and B the determinant of the
denominatn™~. By expanding these daterminants, neglecting second orderf
torms =.d noting that Ry.Ry - Ry.Ry we get :

A = Ry.Ry. (SRy/Ry = §Ry/Ry + 8Ry/Ry ~ §R,[Ry) (Egn €22)
B = (Ry.Ry.(Ry + Ry)2)/(Ry.Rp) (Eqn G23)

Combining eguations Egn €21, G22 and G23 :

Vout, = Vin+Ry-Rp/ (Ry+ Ry)2. (8Ry/Ry = 8Ry/Ry + ERy/Ry = 6Rg/Ry)
(BEgn G24)

For similar gauges used for the compensation arms of the bridge and

G b



the active gauge, Ry = Ry = Ry = Ry = R, Due to the temperaturse com-
pensation, only the R, gauge is sensitive to the strain and a net
change in resistance le : §R; = R and éR; = S8Ry , §Ry = 0. Eqn G24
gan then be simplified as : '

Wout = (Vin/4) - (6R/R) (Ean G25)

For the chusen ganges, R = 120 {i. The change in resistance is proponr-
tional the measured strain from Egn G25, substituting Egn G23 into Eqi.
G25 we czn relate the measured straln to the voltage change asz '
follows:

Vout/Vin = Fgeon/d (Egn 626)

For the constructed alreuit, Vg, is not equal to zero when the actiwv
gauges are unloaded. This is the result of the different resistances |
of the gauges, connections and lead wires. These values were noted fof
all the gaugss in thelr unloaded state and later subtracted F.om the
loaded value of V,,;+ to obtal. the voltage difference 8Voutr the
straln induced oubput veoltage.

The gauge excitement voltage Vpp can be derived from Vi, from Egn 617}
FUrR1“R3=R2=R4“R=

Vag = R/(2.R).Vip (Egn G27)

Henca Vap = Vyp/2 and for Vi, = 5 'V, the gauge axcitament voltage VAB;
= 2;5 V. f
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APPENDIX K
LIETING OF MACLT CLABSICAL LAMINATION THEORY PROGRAM

H1
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' MA-CLIS , BAS 2/6/1981
PI=3.1415597654
CLEBR
DEFDBL A~E,G-H,O0=R,T=%
| #d% MAIN MENU FOR PROGRAMS itk ki
10  CL8:CLOSE
11  CLS:PI=3.1415592654
LOCATE 1,20;PRINI "CLASSICAL LAMINATION THEORY™
LOCATE 2,20 PRINT Meecmw
LOCATE 6,30:PRINT "OPTIONS MENUM
LOF "B 7,30:PRIND Mo memmmmcmmt
LOCA. . 10,20:PRINT "l ~ LOAD DATAY
LOCATE 11,20:PRINT "2 - EDIT DATAM
LOCATE 12,20:PRINT Y3 - RUN PROGRAM"
LOCATE 13,20:PRINT "4 - PRINT RESULTS"
LOCATE 2.4,20:PRINT "5 - EXIT TO OPERATING SYSTEM!
LOCATE 18,10;INPUT "Selection (i-~> 5} 2", SEL
ON SEL GOTO 100,103,300,500,500
GOTO 13

500 close:SYSTEM

'*******ﬁ***************************

th% input the gbtrsss resultant as strasses for later inclusion
¥t e o o ek o A o v S s e e e e e R ek
GET #2,1:ANS%=8%
IF ANSS=VFY OR ANS$=UEDN GOTO 2615
GET #1,200L1:SXX1=CVD{AS)
GET #1,2002:8YY1=CVD(AS)
GET #1,2003:8XY1=CVD(A%)
NXX=8XX1*TLW*TLT
NYY=8YYL4LW*TLT
NX¥=8XYL*LW*TLT
MEXe=(
M¥¥=0
MEY=0

Dok kR de R R R Ak Rk kR Rk Rk R R id AR Rk
tekke proutine to enter exilsting laminate data
TRERERAREEAALRREER LRI RN REAENR RN DRk VMR KRRk
100 CLOSE:CLEAR

FLAG=0

CLS:PRINT “LOAD DATAY
. gocN‘E 4,1:INPUT "Input name of materiala file (axcl axtension)
'.NA

IF¥ NA$=“" THEN RETURN

LAMDATAS=NASH, QLTY

SIGMAS=NAS+!, BTR!
ON ERROR GOTO 101

SO e




LI 3 L determiﬁe wether file exists
OPEN LAMDATAS FOR INPUT AS#L

Ir FLAG—D THER

' ok Joad existing data if file exists
ON. ERROR GOTO 102

LOCATE 6,20:PRINT "Loading exlsting file:~ V;LAMDATAS
LOCATE 24 10:INPUT " Press antar to Continue";as

INPUT#1, LAMDESCS: ' #%* laminate description
INPUDEL, NOM: ' %%* number of materials

IF DIi=Q THEN

1 #k% routine to avold double definition
DIM

MDESC$(NOM) E1(NOM) , B2 (NOM) , V12 (NOM) , V12T (NOM) , V12C (NOMJ , G122 (NOM) , 613| "

Fxmcxom) FYT (NOM) , FXC(NOM' , FYC (NOM) , FEXY (NOM) , FSXZ (NOM) , FSY% (NOM)
DT 1=l

END XF

FOR I = 1 TO NOM _
INPUT#1,DUM,MDESCS (I} ' *%% materlal description
INPUTEL, BL(X) B2 ({I),VL2D(I),V12C(I),GL2(L),CL13(T),E23 (1)

NEingT#l FXT(T), FYT(I)  FXC(L), FYC(I) FEXY (L)  FSX% (1), FSVZ (1)

INPUT#L,NOD: ' #%* number of layers

IF DI2=0 THEN

v wwx routine to avoid double definition
DIM LNO(NOL) ,MNO(NOL) ,ANG (NOL) , ANGR (NOL) , PLTM(NOL)
. DIN SXY(3,NOL),S1%(3,NOL), EXYK(3,NOL)
DIM ch,s,NOL),Qats,s,NoL),zc(Non),An(s,s),n(s,s),s(s,s)
DIM EK(6),CN(6),E0(3),CK(s),TS(3,3,NOL)

DI2e=],

END IF

FOR I=l TO NOL
INPUT#L, LNO (I) , MNO (1) , ANG (X) , PLIM (L)
LNO(1) =1

NEXT I

INPUT#l,Nxx,NYY,NXY,MXR,M!Y,MKY,QXK,QYYz'*** strass and momant
resultants

CLOSE#1L
GOTO 23
END IF¥




10% IF ERR=53 OR ERR=62 THEN
LOCATE 6,20¢PRINT "Loading new flle:- !;LAMDATAS

LOCATE 24,1:INPUT "

GOTC 11

Press enter to Continue®;a$

ELSE:ON ERROR GOTO 10¢2
102 CLS:LOCATE 19,28:PRINTYERROR ";ERR;:INPUT DUMS$:CLOSE:GOTO 11

END XF

txk% If file not exist then selection = new file
' k%% determine wether file exists :

PRARRFRARRERRIRERNRARIRRRE IRk h kbR b dhi kbR dd Kk

Thdddkd DATA EDIT MENU
L T T T T T P T P T P T L T T e E e

103 IP LAMDATAS=MD THEN GOTO 11
CLS:LOCATE 1,20:PRINT
LOCATE 2,20:PRINT ¥
LOCATE 4,30:PRINT
LOCATE 5,30:PRINT
LOCATE 7,10:PRINT

PRINT
PRINT TAB(2)
PRINT TAB(2)
PRINT TAB(2)
PRINT TAB(2)

 PRINT TAB(2)
PRINT TAB(2)
PRINT TAB(2)

ni
!l.2
"3
n 4
ng
ng
e

| S S T S §

"CLASSICAL LAMINATION THEORY“

LT

VINPUT MENUY

|| P —— |

"SELECT ITEM 7O BE CHANGEDY

Change laminate description "
Lamnina material properiies "
Number of lamina or layers"
Material type per lamina®
Lamina angles®

Lamina thilcknesses!

- Force and moment: resultants“

PRINT: PRINT TAB({1} "8 - EXIT"
PRINT: INPUT VSelection (i--> 8) ?",SEL

IF SEL=0 THEN 103

IF SEL<1 OR SEL>7 THEN GOSUB 250:G0T0 11
1wk gave new £lle
ON SEL GOSUB 105,110,120,130,140,150,160

GOTO 103

l*************************************%***************************

t#% Change laminate deseription?

108 CLS:LOCATE 1,1:PRINT "Lammnata daser {prion. -

LOCATE 2,1:PRINT LAMDESCS

LOCATE 3, L1:INPUT DUMS '
o DUM$<>"“ THEN LAMDESC$=DUM$ _
IF LAMDESCS=N" PHEN LAMDESCS=LAMDATAS
! %%k assign fllename if empty string

RETURN

'#%% routine to input material properties

110 CLS:LOCATE 1,1:PRINT YEnter Number of Different Materlals in the

g



lamina

LOCATE "L, 60: PRINT USTNGU###1;NOM; : INPUT DUMS
IF DUMS<>"" THEN NOM=VAL (DUM$)
IF NOM<l THEN RETURN

IF DIl=0 THEN _
DIM

MDESCS (NOM) , E1 (NOM) , B2 (NOM) , V12 (NOM) , VA2 (NOM) , V12C (NOM) , G12 (NOM) ,GL3}
DIM .

FXT (NOM) , FYT (NOM) , FXC (NOM) , FYC (NOM) , FSXY (NOM) , FSXZ (NOM) , FSY% (NOM)

DLl=1
END IF
' okkx dim for new data only

FOR I=1 TO NOM

CLS

LOCATE 1,1:PRINT "For matarial number®

LOCATE 1,20:PRINT USING “F##9;T;

LOCATE 2,L1:PRINT "Description.- #2MDESCS (I) ; : INPUY DUM$

IF DUM$<>“" THEN MRDESCS (I)=DUMS$

DU}J[$==“I| ’ M r

LOCATE 4,L:PRINT “Longitudinal Modulus EL [";:PRINT USING P
nEEdE, ###"-E1(I)[1E9, _ :

PRINT % GPa] *;:INPUT DUM$ .

IF DUMS<>YO THEN El(I)=VAL(DUMS)*1E9

DUMg=U# ’

LOCATE 5,1:PRINT "I'ransverse Modulus E2 [";:PRINT USING [
R ###"-Ezcz)/lEs, :

PRINT ¥ @Pa] ";:INPUT DUM$

IF DUM§<>"" THEN E2(I)=VAL(DUMS$)%1E9

DU &=

LOCATE 5,1:PRINT "ensile Polssionsg Ratlo V12 [V;iFRINT USING
Wi #FEVL20(T) 5
' PRINT ") ""INPUT DUMS

IF DUMS<>0# THEN vmzc(IJnVAL(DUM$)

DUMS=atint "

LOCATE 7,1:PRINT “"Compressive Poissions Ratio Vi2 [*;:PRINT USING
ME, ###"-v13T(i),

PRINT "] 9;:INPUT DUMS$ .

ir DUM$<>““ THEN V12T ({I)=VAL{DUMS) L

DUMEG=MD

LOCATE 9,1:FRINT "Inplana shear modulus G12 [V;:PRINT USING
“EddE. ###"*012(:)/139,

PRINT U GPa) Mj:INPUT DUM$

IF DUMS«<>tt THEN 612 (I)=VAL(DUMS)*1ES

DUM$==""

LOCATE 10,L:PRINT "Transverss shear modulus GL3 [f;:PRINT USING
EFER, ###"-Glacl)flEg-

PRINT " GPa] ";:INPUT DUMS

.T,vr.,j-___.,m_*._\.ﬁ...,.. —

HS
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g i e
.

Igmguq§<>"" THEN G13(I)=VAL(DUMS)#1m9
D =il
LOCATE 11, 1:PRINT "Transverse shear modulus G23 {";:PRINT USING
NEERE L FRFY 1 GR23(T) /LES;
PRINT " GPa] ";:INPUT DUMS
IF DUM$<>®" THEN 623(I)=VAL(DUM$)*1E9
DUM $=. (4]
LOCATE 13, 1:PRINT "Longitudinal Tensile Strength Xt [¥;:PRINT |
USING "###d. ###"'FKT(I)/iEG'
PRINT " MPa] “;)INPUT DUNM$
IF DUM$<>"" THEN FXT{I)=VAL({DUMS$)+*1E6
DUM$=" n )
LOCATE 14,1:PRIND “Iransverse Tensile Strength Yt [";:PRINT USING!
wEESE . ###"-nzm(x);mns, _
PRINT " MPa] ";:INPUT DUMS$
IF DUM$<>"M MHEN FYT(I)=VAL(DUMS$)*1Ee
DUMSe=t17t

LOCATE 16,1:PRINT "Longitudinal Compressive Strangth Xo {ﬂ;:'RINT;'

USING “###f. #8447 ; FXC(Z) /LEB;

PRINT % MPa] ";:INPUT DUMS g

IF DUM$<»"¥ THEN PXC(I)=VAL(DUMS)*1E6

DUMSs= ¥ e

LOCATE 17,1:PRINT "Transverse Compressive Strength Ye [" !PRINT |
USING “#H##, ###"*FEG(I)/lEs; r
PRINT " MPa] ¥;:INPUT DUMS
IF DUMgg»itH THEN FYc(z)—VAL(DUM$)*1ES

DUM$"‘" It b :

LOCATE 19,1:PRINT "Inplane Shear Strength S12 [Y;:PRINT
USING"####, ###" ;FSXY (I) /1EG;

PRINT " MPa] ";:INPUT DUMS

IF DUMS<>VM THEN FSXY(X)=VAL(DUMS)*1E6

DUM$—- (1R}

LOCATE 20, 1L:PRINT "Iransversa Shear Strength 513 [Y7:PRINT LSING

niFdE. ###“-stzti)/lﬂs;

PRINT ¥ MPa] "“;iINPUT DUMS

IF DUM$<»"" THEN FSXZ(I)=VAL(DUM$)*1E6

DW$;~=IIII

LOCATE 21,1:PRINT "Iransverse Shear strength 823 [";:PRINT USING
CEEE ###"-FSYZ(:)/1EG,

PRINT " MPa] ";:INPUT DUMS

TF DUM$<> THEN FSY%(1)=VAL(DUMS) *1E6

NEXT I

RETURN
l*****w********w******************w**w****************************
tx¥% routine te input number of lamina
120 CLS;LOCATE 1,1:RPRINT "Enter Number Of Layars in the laminate "

LOCATE 1,60 PRINT USINGU###EY 1 BOL; : INPUT DUM
IR DUM$<>““ THEN-NOL=VAL(DUM$)

H 4




TF DI2=0 THEN

t %%% routine to avoid double definition ;
DIM LNO({NOL) ,MNOC(NOL} , ANG(NOL) , ANGR {NOL) , PLTM (NOL) .
DIM SX¥(3,NOL),S12(3,NOL}, EXYK(3,NOL) :
DIM Q(3,3,NOL),QB(3,3,NOL) ,2C(NOL) ,AD(6,8) ,A(6,5) ,B(6,6)
DIM EK(6),CN(6),E0(3),CK(3),TS({3,3,N0L)

DI2=1

END IF

RETURN

t#x% youtine to input material type per .amina
130 CLS:DEFAULT=MNO (1) ; DUM§="N"
IF NOL=0 THEN RETURN _
FOR I=1 TO NOL
LOCATE 1,1:PRINT USING"Enter Material Numbexr for layer #### gt
LOCATE 1 S0¢+PRINT " :
LOCATE 1, 50 : PRINT USIRG"###" JMNO(I)
LOCATE 10,1Q:PRINT WCHANGE DEFAULT ¥/N 20
LOCATE 11,10:PRINT “"KEEP SAME FOR ALL LAYERS: TYPE K ?%
DUMLS==DUMS : LOCATE 13,25:PRINT DUMS
LOCATE 13,25:INPUT DUMS
IF DUMS="'% THEN DUMS=DUM1%

IF DUM$="¥" OR DUM$=Yy" THEN
LOCATE 1,503 INPUT D
IF D$<>"" THEN MNO(I)=VAL(D$)
DEFAULT=MNO (1)
END "IF

IF DUM$="K" OR DUM$="k" THEN
FOR u=I TO NOL
MNO (T} =DEFAULT
NEXT J
GOTO 131
END IF

NEXT I
131 RETURN

Tk proutine to input material angle per lamina
140 CLS!:DEFAULT=ANG (1) ¢ DUMS=INY
FOR I=1 TO NOL .
EQGATE 1,1:PRINT USINGVEnter lamina angle in deyrees for layer ####.
1=ty
LOCATE 1,60iPRINT ¥ v
LOCATE 1,60:PRINT USINGY###!;ANG(I)
LOCATRE 10,10:PRINT "CHANGE DEFAULT ¥/N ?¢

H 7




LOCATE 11, 10:PRINT "KEEP SAME FOR ALL LAYERS: TYFE K ?V
DUM1$=DUMS : LOCATE 13,25:PRINT DUM$

LOCATE 13,25:INPUT DUMS

I¥ DUM$=Y" THEN DUM$=DUMLS

IF DUM$=MY" OR DUM$="y" THEN
LOCATE 1,60:INPUT DS _
IF D&<>M" THEN ANG(I)=VAL(DS) -
DEFAULT=ANG (1) '

END IF

VPR PO O A
. .

IF DUM$="K" OR DUMS="k" 'THEN
FOR J=I TO NOL
ANG (J) =DEFAULT
NEYT J
GOTO 141
END IF

NEXT I
141 RETURN

e ok o o ke o o o o ek o o s e e oo ek i

te¥% poutine to input thickness per lanmina :

P o v e o e oo R o ok e o e o e e e o S o }

150 CLS:DEFAULT=PLTM(L) : DUMS=INN !
FOR I=1 TO NOL =
LOCATE 1,1:PRINT USING"Enter lamina thickness in mm for layer ####;

CReLU .

LOCATE 1,50:PRINT ® n o

LOCATE 1,50:PRINT USINGY ###.###";PLIM(I)*1000

LOCATE 10,10:PRINT “CHANGE DEFAULT Y/N 72V

LOCATE 11,10:PRINT “"KEEP SAME FOR ALL LAVERZ: TYPE K 7Y

DUM1$=DUMS : LOCATE 13,25:PRINT DUMS$

LOCATE 13,25:INPUT DUMS$

IF DUM§="" THEN DUMS=DUM1S$

IF DUM$="Y" OR DUMS=My" THEN

LOCATE 1,B0:INPUT D$

IF D§<>"N THEN PLIM(I)=VAL(DS)/1000
DEFAULwapLTM(I)

END IF

IF DUM§=VK" OR DUM$="k" THEN
FOR J=I TO NOL
PLTM (J) =DEFAULT
NEXT J
¢OTO 151
END IF
NEXT I

Ha
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151 RETURN ‘

Tkkhkhhdr kbbb dehhbhdwdhdkhdsn

tk% input the stress resultant data
® e et e e e vl o o e o e e e ko R R

1560 CLS:LOCATE i,l:PRINT"Enter stress and moment resultants!

LOCATE 3,1:PRINT "Nxx [V;:PRINT USING "+E####. F###N ;0 XK/ 183 ;

PRINT " N/mm width] ";:INPUT D%
IF DS§<>"0 THEN NXX=VAL(D$)*1E3
Dmsﬂllll
LOCATE 4,1:PRINT "Nyy (";:PRINT USING "+##r##. #FFF" NYY/LES;
PRINT " N/mm width] ¥;:INPUT D$ :
IF D$<>"" THEN NYVY=VAL(DS)*1E3
DUMS=MY
LOCATE 5,1:PRINT "Nxy [%;:PRINT USING W@####. ##4#Y ;NXY/1E3;
PRINT " N/mm width] ";;INPUT D$ _
IF DE<>MN THEN NXY=VAL(D$) %183
DUME=nu )
LOCATE 7,L:PRINT "Mxx [";:PRINT USING Y##FfF#f. F#F#n  MNN/1E" §
PRINT " Nm/mm width] ";:INPUT D$
IF DS<>"" DHEN MXX=VAL(DS)+1E3
DUMG=11 :
LOCATE 8,1:PRINT “Myy [Y;:PRINT USING “h@####. #FH ) MYY/LES;
PRINT ¥ Nm/mm width] ";:INPUT D$
IF D§<>W" THEN MYY=VAL(D$)*1E3
DUM$="" ’
LOCATE 9,1:PRINT "Mxy [";:PRINT USING "+#####. ##4#F" ;MXY/1E3;
PRINT " Nm/mm width] ";:INPUT D$
IF DS$<>"H THEN MXV=VAL(D$)*1E3
DUM$'="“ - )
LOCATE 11,1:PRINT "Qxx [";:PRINT USING "“#FF##. #F#40;Q80/1E3;
PRINT " N/mm widthl ";:INPUT DS
IF D$<>"" PHEN OXX=VAL(DS)*1E3 _
DUMS=N i :
LOCATE 12, 1:PRINT "Qyy [¥;:PRINT USING “+###F#. FAF#";QUY/LES;
PRINT " N/mm width] ":sINPUT DS

- IF D<M PHEN QYY=VAL(D$) *183

RETURN

PRKRENAANRNARRRRRNRA IR R R IR RR IR FRIAERAR R LRI R Ak
Pawkd routine to SAVE existing laminate data
Tk ko R R AR R R R R R R o R Rk ek
250 CLS:LOCATE 1,1:PRINT "Type name of materials file to bhe saved
(excl extension) [™;LAMDATAS;"]:~ %

INPUT NAS

IF NAS<S>TU TREN LAMDATAS=NAS+HY, QLT

QLOSE:OPEN LAMDATAS FOR OUTPRUT AS #1

PRINT#1, LAMDESCS

HS

g



PRINT#L, NOM

FOR I = 1 TO NOM
PRINT#L,I;MDESCS (%, ' **% material description
PRINT#1, USING ", dide W:EL(L) 1 B2(1);
PRINT#i,USING nE. #id ";vazw(I};v12c(r);
PRINT#L,USING W#E ##F~"~" v;612(1);GL3(T) ;623 (%)
PRINTH¥1,USING "##.Fff """

¥ FXT{T) ; FYT(I) FXC (L) ;FYC(I) jFEXY(I); stz(m) TFEYZ (1)

NEXT I

PRINT#1,NOL: '%%% nunber of layers
FOR I=1 *Q NOL

PRINT#l I;MNO(T) ;ANG(T) ; PLmM(I)
NEXT I

PRINT#L, USING W+ £FE™ """ VNN NYY pNXY MY MYY  MXY ; Q)X QYUY 1ok
stress and moment resultants

CLOSE
RETURN

Uikt deok dok ek de o ol ok ded e i B e R R W e ok ek e ek ok

300 ' cls:PRINT "#* calculate average thicknesses %0

' *’k************************************************

cls
INPUT "Do you want a display of the intermediate results (H/Y)
[N]";DUMDISS

IF DUMDISG="yY THEN DUMDLSS=tyYY

" FLAGPILES=MY

IF LAMDATAS=U" OR NOL=0 THEN 11
TLI=0
FOR [=1 TO NOL
. TLT=PLTM{I}+TLT
NEXT I
PLT=TLT /NOT,

A E L L T R L R e e e T T R L T R T R P AT P T R T T

ICLS:PRINT "% CALCULATE Q MATRIX *%V
'*******************************************************#**********

PI=3.1415592654

FOR I=1 TO NOL
ANGR(I)=ANG(I)/180*PI

NERT :

Viekk convert ang..2 to radlans

FOR I=1 TO NOL

V12 (MFO(I) )= (V12D (MNO(I) }+V22C(MNO(L)) } /2
V221=V12 (MNO(I) ) *B2 (MNQ (I} ) /E1(MNO(I))

H 10




g T TR T

Q(1,%,T)=EL(MNO(I)}/(1=V1z (MNO(I))*Val)
Q(1,2,T)=(Vi2 (MNO(I))*E2 (MNO(I}) )/ (1-V12 (MNO (X)) *v21)
Q(2,2,I)=E2(MNO(I)}/(1-V12 (MNO(X))~V21)
Q(3,3,I)=CGL2 (MNO(TL))
Q(1,3,I)=0
Q{2,1,%)=0{1,2,I)
Q{2,3,I)=0
Q(3,1,I)=o
NEXT I

IF DUMDISS="Y"THEN
CLS:PRINT "#% CALCULATE Q MATRIX #*"
FOR I=1 TO 3 :
FOR J=1 TO 3 3
PRINT USING "#. ###" """ w:0(I,J,1);
IF ABS(Q(I,J,1)} > 1E20 TH'N PRINT I;J:INPUT AS
NEXT J
PRINT
NEXT I
. INPUT AS$
- END IP

T T EETL R EE T I R T R T SR E L T T R TR T T T TR IR TR TIUSE P T T T
" 1glg:PRINT "#% CALCULASTE QBAR MATRIX ##h
'*****************************************************************
FOR J=1 TO NOL

QS=SIN (ANGR(J)})

QC=C08 (ANGR({J} )

QB(1,1;7)=0(1,1,T)*QC"4+2%(Q(1,2,T) +2%Q(3,3,T) ) ¥Q8~2%QC 240 (2, 2, T) *Q¢

QB(1,2 J)=(Q(1 1 (I} HI(2,2,0)~ ' ' |
4%Q(3,3,7))*Q8" 2xoc" 2+Q(1,2,J)*(Qs 4+QC"4)

QB(2,2,J)=Q(L,1,J) QS 4+2% (Q(1,2,JT)}+24Q(3,3,T) ) 408" 2%QC"2+0(2, 2, J)*Qw

OB(1,3,)=(0(1,1,7)}~0(1,2,3) ~2+Q(3,3,3) ) #QS+QC~3+(Q(1,2,J) -

Q{2,2,d)+2%Q(3,3,T) ) ¥Q8"3+qC
OB(2,3,J)=(Q{L,1,T)~Q(L,2,T)-2*Q(3,3 J))*Q3" 3*QC+(Q(1 2,d) =
QL2,2,0)42%Q(3,3,T)) *Q8+0C"3 :
QB(3,3,3)=(Q(1,1,3)+Q(2,2,J) -2%Q(1,2,3) -
2%Q(3,3,0))*Q8"2*QC" 2+Q(3 3 0) % Q87 4+QC 4)
QB(2,1,0)=0B(1,2,J) '
QB(3,1,J)=QB{1,3,J)
QB{3,2,1)=0B(2,3,J}
NEXT J

IF DUMDISS="Y"THEN
PRINT *#% CALCULATE QBAR MARRIX #%M
FOR K=l TO NOL

PRINT "For Layer No.";K;" at ";ANG(K);" Degrees"
FOR I=1 TO 3



FOR J=1 TO 3
PRINT USING N, #sf""""" ";0B(L,J,K);
NEXT J
PRINT

NEXT I

INPUT A%

NEXT X
END IF

Phedehefrkdedehhededhhdkhdhbhd b dhiRhddedkdhkdihbdhdhd bk bhrddthd

'REM THIS SUBROUTINE CALOULATES 2C({K)
PRk Ehk kAR bR hd bRtk d kh R kbR e Rk Rk Mk dkkhhdhdddk

TOTALZ=0
IF CINT(NOL/2)~NOL/2=0.5 THEN
"END

ELSE
2¢{0)=~TLT/2
COUNT'=0

FOR I=i TO NOL/2
COUNT=COUNT+EIIM (1)
%G (T) == (TLT/ 2~COUNT}

NEXT I

COUNTe0

FOR I=NOL/2+1 TO NOL
COUNT=COUNT+PLTM { T}
%Q () =COUNT

NEXT I

FOR I=l TO NOL
TOTALZ=TOTALA+PLIM (T)
NEXT T
CLE:PRINT LAMDATAS:"™:- ":LANDESCS
PRINT "Dotal laminate thickness= " POTALZ#1000;" mm®
END IF '
TheRARRARRAERRANAER B RREXATRERTREREIERERARRARIR AR LT AN R R Rk Rk

REM THIS SUBROQUTINE CALCULATES AD(IL,J)
PRERR RN RRRRERA BRI R IR RARRERR LR RBRERREERRRRERRRRRE bRk doh kR hRdoddok
FOR Imd TO 3
FOR U= 0 TQ 3
AD(I,J)=0
NEXT J
NEXT I
Lke% yaset values to zero

FOR I=1 TO 3

FOR J=l TO 3
AD(I,J)=0
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FOR L=1 TO NOL
AD(I, J)—AD(I J)+QB(L,T, L) * O (L) -2C(L~1))
NEXT L . _
NEXT J : y
NEXT I

FOR I=4 TC &
FOR J=4 TO 6
AD(L,J)=0 |
FOR L=1 TO NOL :

AD(X,T)=AD(T,J)+1/34{QB (I-3,J=3,L) ) * (2C (L) “3-2C(L~1) "3)

NEXT L

NEXT J

NEXT I

FOR I=1 TO 3
FOR J=4 TQ &
FOR L=] TO NOL
- AD(X. J)—AD(I JY41/2%(QB(X,0-3,L) ) *(2C(L) "2~2C(1~1}"2)
NEXT w
NEXT
NEXT I

FOR T=4 TO &
FOR J=1 TO 3
FOR L=l TO NOL
AD(T,J)=AD(I,J}+L/2% (QB{I-3,J L)J*(ZG(L) 2-%C(L~1) z)
NEXT L
NEXT J
NEXT I

teeh gliminate small numbers
FOR T=1 T0 &
FOR J=1 TO &
Ir ABS(AD(I J))<le~5 THEN LET AB(I, J)mD
NEXT J
NEXT I

PRINT "{ A B ] MATRIX
PRINT "[ B D "
PRINT
"FOR Iml O 6
FOR I=1 PO &
PRINT USING “F.##g~"~"" v;aD(I, J),
NEXT T
PRINT
NEXT I

L T T R e T P L T U R T TN T T LT
' REM THIS SUBROUTINE CALCULATES ABD'S INVERSE-ABDI
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!*w***********************w******************w**********************J
FOR I=) TO 6
¥TOR J=1l TO 6 .
B(I,J)=0 ' '
-NEXT O :
NEXT I ¥
Taky reset values to zero

FOR D=l TO 6
FOR J=1 TO & o
A(L,T)=AD(IL,J)
NEXT T

NEXT T

FOR I=) TO &
B(I,I)=1
NEXT I

FOR J=1 T0 6
FOR I=J TO 6
IF A(L,J)<> 0 THEN 40130
NEXT T
PRINT "ERROR IN MATRIXY:INPUT A$:GOTO 11

40130 FOR H=1 10 &

=7 (3, H)

A(T,H)=A (L, H)

N=B (', H)

B(J, H) =B (I,H)

B(L,H)=M

NEXT H
D=A(J,J)

FOR H=1 TO €
A(T,H)=A(T,H) /D
B(J,H)=B(J,H) /D
EXT H

N

FORH= 1 TO 6
IF J=H THEN 40140
D=A (H, )
FOR K=1 T0 &
"A(H, K)=A (H, K) =& (T, K) *D
NEXT R
40140  NEXT H
NEXT J

D s ook e g e et ek e A R e o SR ek A R R R ek kR e
Iprint out equivalent laminate properties Ex,Ey,Gxy,Vxy
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PRINT V“Exz(GPa) Eyy(GPa) Gxy {GPa) ooyt

EXX=CENG ( {AD{1,1)~AD (1,2} ~“2/AD(2,2)
EYY=CSNG ( (AD (2,2) -AD(1,2) “2/AD(1,1)
GXY=CSNG (AD(3,3) / (TLT) /10°9)

(TLT) /1079)

}

F

i'

1

|

E

l

i
'*******************************************************************{
r_

1

¥ i
)/ (TLT} f1079) 1

YXY=CSNG (AD(1, 2}/AD(2 2)) 1
PRINT USING " ####.#4 WoEXK P EYY ;GXY;
PRINT USING Y ##.#### Wayny

Phkhkk Rk hhhhhhkhrhrdkhhddhdhdhhhhEdhhhhbhdhokhdbrdhdrdbhhhkddhddddiks
thxk THYS SUBROUTINE PRINTS [ABD] inverse
ETTTPIT T T T FERTTETETFTEETTEETTTEE R T T R T AR T E IR LT R R E o L )
cns
PRINT " AL
PRINT "[ A B ] MATRIX
PRINT "{ B D ]
PRINT
FOR I=1 T0 6
FOR T=1 M0 6
PRINT U3LING Vg, ###“““““ WiB{(I,J);
NEXT &
PRINT
NEXT I
60100 IF INKEYS=M" THEN 60L00

TERERPERRRRREEFRER IR RRREE TR A RTNARREERER AR IR RRR AR R B RRRREANR R R AR Rk R
k% STRESS RESULTANTS Nxx,Nyy,Nxy,Mxx,Myy,Mxy
|*******************************************************************
N (1) =NXX
N{2)=NYY
N(3)=NXY
N {4)=MXX
N{5)=MYY
N{&) =MXY
TRRRA R AR AR R IR AR SRR AR R RN RREARRARRARRAARARERERRR RN R R e Rk Rk
' THIS SUBROUTINE CALCULATES [Ro]=(ADI][N1"
T ETS FET A RPN R L Y PR PN T L T ST PR PR T E T ETRE T EIY

FOR I=1 TO &

FOR Jm=l TO 6

BR(T)=0
NEXT J
NEXT X

FOR I=1 90 &
FOR J=1 TQ 6
ER{I)=ER(I)+B(L,J}*N(J)
NEXT J
NEXT I
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IF DUMDISS="Y" THEN '

CLS: print ¥ #*%% galculate centreline strains [Eo]=[ADI][N]"
FOR Il TO 6 {
PRINT EX(IL) ;
NEXT I
input ag

END LF

"

Vhdkdhdddrkh kg Rikkhdwhbrh bbb rdodhhhd bt RdrdRbdtdh bbb dbdbddtnk

cgg:%OCAmg 1,1:INPUT"Enter {R] to load resultants off ABAQUS output
f£ile!;™ES .
IF RES$="RY OR RESS="r" THEN _ 2
RESFLAGS="R"
PRINT:PRINT "Type the sgtress resultant input filename,axt®
INPUT INS
OPEN INS FOR INPUT AS #3
PRINT!PRINT"Salect type of autput for resultant input "

PRINT:PRINTM[E] for centreline strains and eurvatures , [T] £ol
Tsal-wub '

901 INPUT OUTFLAGSH _ :
IF OUTFLAGS="" THEN GOTO 11
I********************************************************************-
IF OUTFLAGS="E" DR OUTFLAGS="e" THEN
t k%% wr.ty a file of centreline straing and curvature For |
resultanta file s
PRINT :PFRINT "Ty' +{he calculated strain outkput filename.ext’
INPUT FUTS |
‘OPEN FUTS FOR OUTL. . AE #2
WHILE NOT EOF(3)
FOR I=1 TO 6
ER(Xy=0
NEXT I
! s%% reget vallaes to 0

INPUDHS , REL, RX, RY, R%, RARC, N (1)}, N(2)
TRRUT#S N (3] ,QX, Q¥, N (4} ,N(5) N (6)
bobkw input valuas from abaqus file

FOR I=l TO 6
FOk J=1 TO 6
EK (1) =EK(I}+B(X,T) W {T)
NEXT J
NEXT X

PRINT#4 ,USING "#¥## "IREL;

PRINT#4,USING "#d#. ### ";RX;RY;RZ;RARC;
print#a, N(1) ;N{2) ;N(3);QX;Q¥;N(4) ;N(5) ;N (6);
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PRINT#4 ,USING “#, #gg~~""
"PEK{1) ;EK(2) ;EK(3) ; EX(4) ;EK(5) ; EK(8) %
WEND '

GOTO 1L
END IF

1 ********************************************************************'_

Ir 0UTFLAG$““T“ OR OUTFLAGS="{#* THEN
Eile

PRINT :PRINT "Pype the Tsai Hill output filename,ext"

INPUT FUTS
OPEN FUT$ FOR QUTRUT AS #4

F8=1; PRINT;PRINT "Pactor of safety for Tsal HiLl [";Fs;"i"

INPFUT dum
IF DUM<>0 THEN Fs8=DUM

TSHFLAGS="AM : PRINT: INPUT "Choosge Al) data or Failed only data

(A/F) " ; DUMS
© IF DUM$<>“" THEN TSHFLAG$=DUMS

GOSUB 62740:' haadings

COUNT:=0: ' *¥% counter of number of lines
tokkw input values from abagqus file
WHILE NOT ROF¥(3)}
INPUT#3,REL,RX,RY,RZ, RARC,N(1) ,N(2)
~ INPUTH#3,N(3),0%X,Q¥,N{4) ,N(5) ,N(6)
' *n% reget valdes to ¢
FOR I=1 TO &
BR(I)=0
NEXD X
1 %%% local strain and stress values
FOR Iwl TO 6
FOR J=l TO &
EK(I)EEK(I)+B(I J)*N(J)
NEXT J
NEXT I
GOSUB 61530
R A A S A A PR JOR A T OAORORNE ORI R S
IF TSHFLAGS="FY OR TSHFLAGS=WEY THEN
t x%% voutine to print failad valuas only
FEMINLAM=10Q00:' f5 nmin for entire laminate

' run thirough all layers and check for fallure
FOR I=1 TO NOL
GOSUB 1010 : ' FAILURE CRITERIA
IF FSMIN<FSMINLAM THEN FSMINLAM=FEMIN
' PRINT “E V:REL;YLAYER " J;"FSMIN Y :F8MIN
NEXT T _

H17

' %%k write a file of tmal hill factor for chosen rasultant
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IF FSMINLAM>=FS THEN 61040

tif fallure then repeat process and print falled values
PRINT#4 , USING "#### ";REL;
PRINTH#4 ,USING " ##F.##4#" JRX;RY RE;
PRINT#4," W;
FOR J=) TO NOL
GOSURB 1010 : ' FAILURE CRITERIA
TP FSMIN>=FS THEN PRINT#4,USING ® #.§#°*~“W;ABS (FSMIN);
~ IF PSMIN<FS THEN PRINT#4,USING " ###.## ";ABS(FSMIN);
NEXT J
PRINT#4 ,USING "###.#¢ ";PSMINLAM
COUNT=COUNT+1
' IF COUNT=25 THEN GOSUB B52740:COUNT=0
' %%¥% print header every 25 lines
END IF

61040 WEND .
PRINT VCOMPLETED WRITING FILESY
CLOSE#3
CLOSE#4
GOTO 11,
END TF
END IF

RGN e et o e ke o o ko oo o o ool e o el koo oo ok e o ke o oo e e ke
.V elstprint "SUBROUTINE CALCULATES [Bk]xy"
TREEDME e o ok o oo ok o ook o o oo o o o b ool oo b ok o oo oo oo o koo o o o e
51530 FOR J=1, TO NOL
FOR K=l TO 3
EXYR (K, J)=0
"NEXYT K
NEXT J

! assign 0 to avold summation errors

FOR J=1. T0 3
BO (J)=EK ()
NEXT J

FOR J=1 TO 3
CR (T =ER {T+3)
NEXT T

FOR Jwl TO NOL
FOR K=1 TO 3
EXYK (K, 7) =EO (K) +2C {T) *CK (K)
NEXT X
NEXT &
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IPF DUMDISS="Y" THEN
cls:print "PER LAYER STRAINS [Ek]xy"
FOR J=1 TO NOL
FOR K=1 TO 3
PRINT EXYK(K,J);

NERDT R
print

NEXT J

input a$

END IF

REM *************************************************

REM THIS SUBROUTINE CALCULATES SIGMAkxy AND SIGMAkL2
REM %%kekkkdivbhhdhbrkvhibdbidbbdhidhihhddddd ki kid
FOR J=i TO NOL :
FOR K=1 TO 3
BXY (K, T}=0:812 (K, T} =0
NEXT K
NEXT IJ

FOR J=1 TO NOL
TS=8TN (ANGR (J) )
TC=COS (ANGR (J) )

T8 (4,1, T) =0C"2

D8(1,2,J)=15"2
TS(1,3,T)=2*TSHTC
E(2,1,T)=18(1,2,T)
T8(2,2,T)=T8(1,1,d)
T8(2,3,J)=~T8(1,3,J)
wS(3,1,T)==TSHTC
TS (3,2,7) =ISkDC
TS(3,3,T)=TC"2=Tg"2

NEXT J

IF RESFLAG$=V"R" AND OUTFLAGS="T" THEN
Yk* DO NOT PROVIDE SCREEN INFO FOR RESULTANT FILE
FOR J=1 T0 NOL '
FCR K=1 TO 3
FOR L=1 TO 3 o
SXY (K, T)=8XY (K, T} "QB(K, L, J) XEXYK (L, T)
NEXT L
NEXT K
NEXT I

FOR J=1 TC NOL
FOR K=1 TQ 3
FOR L=1 TOQ 3
812 (K, 7) =512 (K, J) +78 (K, L, J) #8KY (L, )
NEXT L
NEXT X
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‘NEXT J

RETURN
END IF

CLE:PRINT "GLOBAL XY STRESSES (Mpa)" .
PRINT " NO LAYER ANGLE SX 8Y ' gxyY
FOR J=1 TO NCL
IF INT(J/21)=J/21 THEN
INPUT * Presgs Return to Continue";AS$
END IF

PRINT USING "### ";J;

PRINT USING U-+###.##  ";ANGR(J)/3.1415%180;
FOR K=1 TO 3 -

FOR L=l TO 3

SXY (R, T)=8XY {K,T)+QB (K, L., J) *BXYR{L, I}

NEXT I, _ - '
PRINT USING " «+####.#F# ";8XY(K,J)/1E6;

NEXT K
PRINT U #
NEXT J

PRINT:INPUT YPRESS RETURN TO CONTINUEY;A$

PRINT:PRINT "LAYER 1t STRESSES (MPa) "
PRINT % NO LAYER ANGLE Sl 5t s1t

FOR J=1 TO NOL
IF INT(J/21)=J/21 THEN - _
INPUT o Pregs Return to Continue';A$
END IF _ -

PRINT USING "“#fff# ";J;
PRINT USING "-+###.##  ";ANGR(J)/3.1415%180;
FOR K=1 TO 3 _
FOR L=1 TO 3
S12 (K, T) =812 (K, T)+T8 (K, L,J) *SRY (L, J)
NEXT L :
PRINT USING " +####.4## "1812(R,J) /1E6;
NEXT ¥
PRINT " W
NEXT J

PRINT: INPUT "PRESE RETURN TO CONTINUE";A$

Pokkdkdokhkd ke khRhbkd b bd bbb bbb bbb kbR kdoh MR ik R hdhhhdhk b khkhi ki

' MHIS SUBROUTINE INVOKES TSAI-HILL FALLURE CRITERLON

_H 20

S —

R




' *i******_******************************'k****************u******

FS=l:PRINT "Input reguired minimum factor of wmafety [FS= M;F5;h]® T
INPUT dum {
IF DUM<>0 THEN FS=DUM ;
CLS .
PRINT:PRINT “STRENGTH/STRFSS RATIO (CHOSEN FACTOR OF SAFTIEY MIN= - “
IliFsa!l)ll ’

' PRINT "From Teail, Compozites design, Pg 11-5) :PRINT
IF N(4)=0 AND N(5)=0 THEN

A$=VLAYFR ANGLE THICK  STATUS TSAI~WU HILL-HOFFMAN™
Bg=tl {mm) Fs FsH
PRINT A$:PRINT B$ '

END IF. ' :

IF N(4)<>0 OR N(5)<>0 THEN

AS=N"IAYER ANGLE THICK STATUS TSAT~WU  HILL~HOFF TWAL-WU
HILL-HOFF" _
<B$?" (1) FS (+2) FS (-+2) ¥8 (~2Z) = F
—Z .
PRINT AS$:PRINT BS
END IF
FOR J=1 TO NOL

IF INT(J/21)=7/21 THEN :

INPUT ® : Press Return to Continue”;As :
PRINT A$:PRINT BS s
END IF

tk% Modified T=ai-Hill using strength for correct stresses (T or C)
IF 812{1,J)<=(. ‘HEN XTSI (J)=F¥C(MNO(T))
ELSE: XTSI(5,. FXT(MNO(T))
END IF '
IF S13(2,7)<~0 THEN YDSI(J)=FYC(MNO(J})
ELSE: YTST () =FYT (MNO () )
END IF
PART1=312{1,J)"2}XTSI(J)"2—812(1,J)*512(2,J)/XTSI(J)*2
PART2=812 (2,J) "2/ VTSI (I) “2+832(3,J) “2/PSXY (MNO (J) ) “2
\ PARD1=812 (1,J) ~2/FXT (MNO (3)) “2-512 (1, T) #812 (2, alfrxm(mnoca)) 2
' PART2=812 (2,J) "2/FYT (MNO(JT)) ~2+812(3,J) "2/FSKY (MNO(J) ) ~2
TSAIHILL—PART1+PART2
F8TR=1/ (TSH)".5

[ T . T T

1 kkkkkkkkkd Quadrvatic failurxe eriteria *w#ws TSAL: CDmposltes Design
pg 11-5

%% strengih parameters

1010 ‘come here for per layer ABAQUS analysis

FEMIN=10000

Fl=1/FXT (MNO (T} ) -1/FXC (MNO(J) )
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F2s=1/FYT (MNO (7} ) =1/FYC (MNO(J) )

F11=1/ (FXT (MNO (J) ) *FXCIMNO (T} ))

F22=1/ (FYT (MNO(J) ) ¥FYC(MNO(J)) )
F66=1/FSXE (MNO (J)) ~2

't %% 3D TERMS TO AE INCORPARATED LATER
F3=1/F2T (MNO (J) ) =1/ FZC (MNO (7))
F33=1/ (FZT (MNO(J) ) *FZC(MNO(T) )

Fa=Qp 'wé#
F33=pt VW
FaA4=D3 1 &k
FEE=0 P&k
F23m=Q1 1 4%
Fl3=0 Vhw

3D TERM:
3D TERM
3D TERM
3D TERM
3D TERM
3D TERM:

am N k4 we s

F44=1/FSY% {MNO{T) ) 2
F55=1/FSXZ (MNO () } *2
F23= FYZ* (F22+F33) .5
F23= PEZ*(FL1%F33)~.5

':I.- * fTagail-Wu Quadratic fallure criteria PRY#=~.5
also known as the Generalised Von Miges Criteria

! INCORPORATE Fwy* INTO THE INPUT DATA AT A LATER STAGEV
FXY—-.S
FYZ=0: %% 3D TERM. FY¥Z=~.5
FRZ=0: %% 3D TERM: FXZ=-.5
¥F12= FXY# (FL1%F22)".5
¥33=0: %% 3D TERM: F2i= FYZ*(F22*F33)‘.5
F13=0:'%% 3D TERM: FI3= FXE#{FL1*F33)".5
 DYM1=F11*S12 (1,J) "2 + FR2%512(2,J) 2 + F66*812(3,0) "2

Y% 3D TERM:

DUMI=DUM1+ F33*SEEZ"2

DUM2=F124S12 (1,J) %812 (2,F)
'A% 3D TERM: DUM2=DUM2+ FL3#SXXSZZ + F23% SYV*SZ%

DUM3=F14S12 (1,7)+F2%812(2,J)
‘% 3D TERM: DUM3=DUM3I+ FA*SZZ

TSATWU=DUML-+DUM2-+DUK3

+ P44¥ 8Y¥Z"2+ FEE* SXZ"2

! %% CALCULATE STRENGTH TO STRESS RATIO ###
ADUM=DUM1-+DUN2 ¢ BDUM=DUM3 o
FSTWPL=~ (BDUM/ 2 /ADUM) + { (BDUM/2 /ADUM) ~2++1/ADUM) ~ . 5
IF FSTWPL<FSMIN THEN FSMIN=FSTWPL |
IF N{4)<>0 OR N{5)<>0 THEN
FSTWMI=ABS (- (BDUM/ 2 /ADUM) ~{ (BDUM/2 /ADUM) ~2+1/ADUM) * , 5)
IF FSTHMI<FSHIN THEN PSHIN=FSTWM

END IF
13~ *okkkdkkdd  Hill-Hoffman Ffallure criteria FXY#=0
F12=0:F23=0: F13=0

ADUM=FL11%S12({1,J) "2 + F22#%8512(2,0)"2 + F66%s512(3,0)"2
tk% 3D TERM: DUM1=DUM1+ F33%522"2 + F44% S¥Z 2+ FB5% SXZ"2
BDUM=F1%S12 (1,d) +F24512(2,0)
t#% 3D TERM:
HILLHOF = ADUM+BDUM
' %% CALCULATE STRENGTH TO STRESS RATIO %%
FSHHPL=~ (BDUM/ 2 /ADUM) +( (BDUM/2 /ADUM) ~ 241/ ADUM) ~. 8
IF PSHHPL<FSMIN THEN FSMIN=FSHHPL
IF N(4)<>0 OR N(5)<>0 THEN _
FSHHMI=ABS (= (BDUM/2 /ADUM} ~ { (BDUM/2 /ADUM) “2+1/ADUM) *. 5)

DUM3=DUM3+ Fa%S2Z

it Sansall Lor




IF FSHHMI<FSMIN THEN FSMIN=FSHHMI

END IF
IF RESFLAG$="R! AND OUTFLAG$="T!" THEN RETURN:' #** return to abagus
number cruching!

PRINT USING "“ff & v;J;
PRINT USING "hff#f . #f ";ANGR(J}/3.1415%180;
PRINT USING WiEF#. f##"; PLTU(T)*#1000;

IF N(4)=0 AND N(5)=0 THEN
IF PSTWPL>=FS AND FSHHPL»=FS THEN
PRINT Y SAFE " :PRINT USING " ###.#Ff ";FSTWPL;FSHHPL
END IF
IF PSTWPL<FS OR FSHHPL<FS THEN
PRINT " FAILED ";:PRINT USING " ##f.#F ";FSTWPL;FSHHPL
END IF
END IF

IF N(4)<>0 OR N(5)<>0 THEN
STATUSS=" SAFE  ®
IF FSTWPL<FS OR FSHHPL<FS :HEN . S8TATUSS=" PAILED "
IF FSTWMIKFS OR FSHHMI<FS THEN STATUSS=" FAILE" "
PRINT STATUSS; :PRINT UBING "###.dd#
" ; FSTWPL ; FSHHDPL ; FSTWMY ; FSHHMI
END IF
WEXT J

PRINT: INPUT " Press any key to Continue™;A$
GOTO 11

1 e e ek oo o R R R ek e R ko R R e R o e R Rk ek
' kdkwd yrite header consisting of layer number and orientation
IR T T L L E L A e R T T i T T e
62740 PT=3,14155928654
PRINT#4 , "ELEM X 4 2 "
FOR LAYERNO=1 TO NOL
PRINT#4,USING “#### ¥+ LAYERNO;
NEXT LAYERNO
PRINT#4 , WV
PRINT#4, ¥ "y
FOR LAYERNO =1 TOQ NOL :
PRINT#4, USING Wifd#.# Y ;ANGR(LAYERNO) *180/PI;
NEXT LAYERNO
PRINT#4 , M
RETURN
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APPENDIX I
LISTING OF THE RTBEGIN AND RTEND PREPROCESSING PROGRAM




5§ v %%% RTBEGIN.BAS 27/5/1989

10 N=10000: DIM NO(N},X(N),¥(N),2(M)

20 ! DEFSNG A-H,0~2

30 DIM ELSELRIRB(13,18)

40 DIM NODE(8),XR(13),XFD(13)

50 DIM a(13),B(13)

60 KEY OFP:CLS

70 DIM XS(13):!#¥% » location of support

80 DIM NNS&{20):'#%%* node number support shell

90 DIM NNSR(20):'*%% node number support rib

100 LOCATE 10,35:PRINT “MAGENABAY

110 LOCATE 12,20:PRINT "ABAQUS MESH GENERATION FOR ROAD TANKERS!

120 INPUT AS '

130 PI=3.141502654§

140 DECPLACE=4 _

150 G=9,.810001: ' %% gravitational agceleration

160 XACC=2:! w¥% forward acceleration of tanker

170 YACC=-~2:! #%% gideways acceleration of tankar

180 ZACUm=-2:1 %%k ypwards acoeleratlon of tanker

200 TWIST=6:TWIST=TWIST*PI/L80;: " '#*** tyist of the tanker in radians

210 PP=8.4E5:' *%* internal pressure in tanker

220 RI=, 6508 %k% inside radius

230 TS=,015:'#%*  thickness of shell

240 RO=RIMTS:V *%% outside radius of the tanker

250 RS=RI+TS/2:' *%% radius of centreline of the shell

260 CT=PL/2%|RO"4~RI"4):'*4k torsional constant of rigidity

270 DENLIQ=1850:' *%% liguid or content density

280 DENSHELL=1900:' %%% shell material density

280 DENRIBSw19QC: %% DENSITY OF THE RIBS

300 XBTART=0: '%%% ghart of cylindrical section of tankern

‘320 X8TOP=12:1%%% stop of gylindrical seation of tanker

330 XLEHRifzz'*** depth of left dish to shell centreline 2:1 ellip
solda : : :

340 TLD=TS3 1 h%* thickness of left dome

350 TRD=TS:'#%%% thickness of right dome

J3G0 XRD=XLD; '#4+% depth of right dish

370 XC=XSTOP: '#%% length of cylindrical part of the tanker

380 XT=XC+XLD+XRDHTS/2: %%+ total length of the tanker

390 NRIBS=13:1%%% number of ribs

400(X?(1)m0=XR(2)=1:XR(3)M2:XR(4)*3=XR(5)u4=XR(6)ﬂ5:XR(7)ﬂS=XR(8)a7

¢ XR{9) =8

405 XR(10)=9:XR(11)=10¢XR{12)=10:XR(13})=12:" rib X positions

410 Al=,05132=,05:A18=8TRS (AL} :A20=E8TRS (A2) ¢ "o#* width of ribs

420 Bl=,051B2=, 1:1B15=5TRS (B1) :B26=8TRS (B2) 1! %%* depth of ribsg

430 A(L)=A2:A(2)=A2:A(3)=A2:A(4)=A2:A(S)=ALIA(G)=ALIA(7}=AL

440 A(g)uAlzatsan1=A(10)uA2=At11)anz=A(12)=Ag=n(13)=az=' w%% width

per »ib .

450 B(L)=B2:B(2)=B2:B(3)=B2:B(4)=B2:B(5)=B1l:B(6)=BL1B(7)=BL:B(8)=B1

460 B(9)=BLl:B(10)=B2:B(11)=B2:B{12)=B2:B(13)=B2: %% dapth per xib

470 MPLTHIN=DENRIBS*AL¥BL: t¥%k mass per unit length of thin xib




480 MPLTHYCK=DENRIBS#®A2%B2:'*%* mags per unit lenght of thick rib

490 NPOQL=,05: ¢ #*%% tolerance on neode distances for *MPC:

500 DYPOL=.0): ' #*%% tolerance on node distance for shell dome MPC

510 NODOCON=G:XFD(1)=.02:XFD(2)=.05¢ XFD(3)= 10:XFD(4)=,19:XFD(5)=.28
$XFD(6)=.36

520 NOSUP=12:XS(1}=01X5(2)=1:XS8(3)=2:XS(4)=3::X8(10)=9; xs(11)=1o
1X8(12)=11:X8(13) =0 '*%*% support locations

530 FOR I=8 TOQ 9:X8(I)=0:NEXT I:'%+* Jocations of no supports
equel zero

540 ANGSU=60:ANGSU=ANGSU/180#PL: '#% angle of the support

550 ' *%¥% number of dome contours:i:dome contour x fxactions

BG0 T ke skde e ko oo v ok ok ek oo e ok o o o ke e o e ok ok o e ek R kR

£70 CLS:LOCATE 1,1:INPUT "Name of ABAQUS file ";NAMEFILES

580 OPEN NAMEFILES FOR OUTRPUT AS #1

590 OPEN '"DUMMYC* FOR QUTPUT AS #2

600 OPEN "DUMMYR! FOR OQUTPUT AE #3

605 OPEN "NODES™ FOR OUTPUT AS #4

610 GOSUB 930:' %%% intro section

620 GOSUB 10303' #%% galculate cylinder nodes

630 GOSUB 3470:' *%* write cylinder nodes

640 GOBUB 1470:' %%% caloulate xib nodes

650 GOSUB 3590:' #k% write ribes nodes -

660 GNSUB 1810:' w#% calculate left dome triangular nodes

670 GOBUB 2130:' %% calculate left doma quadratic nodes

680 GOSUS 2630:! *%% caloulate right dome triangular nodes

690 GOSUB 2970:' *¥%% caloulate right dome guadratic nodes

700 GOSUB 3890:' %% write left dome triangular nodes

710 GOSUB 4000:!' #%+% write left dome guadratic nades

720 GOSUB 4110:' #%x% write right dome trlangular nodes

730 GQSUB 422D:' *%% write right dor- guadratle nodes )

740 GORUB 4340:' #%% write oylinder elements

750 GOSUB 4510;' %*%¥ write rik <lements

760 GO8SUB 5080:' %% yrite triangular elements for left done

770 GOSUB 4900:' %%% write uuadratlic elements for left dome

780 GOSUB 54401 %% wyrite triangular elementa for right dome

790 GOBUB 5260:' %% write guadratic elements for wright dowe

830 GOSUB G050:' *%% MPC connagt laft dome to shell

840 GOSUB 6240:' %¥* MPC connéct triangular to left dome

8§50 GOSUB 65%0:1 #%%% MPC connect right dome to shell

860 GOSUB 6410:' %% MPC conneot triangular to right dome

865 GOSUB 5G6203' *#% MPC connect shell to ribs

867 GUSUB 4720:' %% write clement gets for individual ribs

869 GOSUR 105803 ! #%+ Npets for cradle supportas

870 GOSUB 11160: ' #%% twisting boundaky condltiona

880 CLOSE . _

900 PRINT % EXECUTION COMPLETRE "1 CLOBE; STOP: END

©1,0 1 g e ek s e e e B ok o e R o ek e kR de e R ARk b

az0 !

920-€RIHT riting introduction section®
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950 PRINT#IL , "*HEADING, CORE=320000"
960 'HEADING$=" RTLAALLN+" AX= WLSTRS (XACC) +" AY= W4STRS (YACC)+" AZ=
WLETRS (ZACC) +" DPINT= Y+5TRS (PP)+" TWIST= "+LEFTS (STRS(TWIST),5)
965 HEADINGS="RT2SALL 30 DEG,.23M,OVERHANG,ID=1.3m,L=12"
970 PRINT#1, HEADINGS
980 PRINT#1,"#DATA CHEIR"
990 PRINTHL, "*PREPRINY, ECHO=NO, HLSTORY=NO, MODEL=NO"
1000 RETURN _ _
L1000 hkkkRdkhhhdfhhkkkdh Rk RRR R Rk T bk kR ks btk R AR RRRARARERh IR
1020 ¢
1030 PRINT fcaleulating cylinder nodeg"
1040 ¢
1050 STARTANGD=0:ENDANGD=360:INPUT YElement angle= ":ELANGD
1060 NEPR=ENDANGD/ELANGD:' #*** number of elements per ring
1070 R=RS
1080 ESCQYL=Ll:'#%% element start cylinder
1090 ELANG=ELANGD¥PL/180
1100 NO=0:NONODE=D
1110 INPUT "X step batween elemants= ";ASTEP
1120 FOR XLEFT =NSTART TO XSTOP~XSTER STEP XSTEP
1130 XRIGHT=XLEFT+XSTEP .
1140 FOR BOTANGD=STARTANGD TOQ ENbANGD—ELANGD ETEP ELANGD
1150 BOTANG=BOTANGD*PI /180
1160 TOPANG =BOTANGH+ELANG .
1170  FOR POINTNO =NO+1 TO NO+8: NO {POILNTNO) =POINTNO : NEXT POINTNO
1180 X (NO+1) =XLEFT: Z (NO+1)=R *SIN (TOPANG):Y(NO+1)==R *COS (TOPANG)
1190 X(NO+2) =RXLEFT: 2 (NO+2) =R *SIN (BOTANG) : ¥ (NO+2)=~R *COS (BOTANG)
1200 X {NO+3) =XRIGHT: Z (NO+3)=R #SIN(BOTANG):Y (NO+3j=-R *COS (BOTANG)
1210 X (NO+4) =¥RIGHD: 2 (NO+4) =R *SIN(TOPANG) : Y(NO+4)~~R*COS(TOPANG)
1220 X (NO+5 ) =XLEFT: % (NO+5) =R *SIN { (TOPANG+BOTANG) /2)
+ ¥ (HO4+5) =~R¥*COS ( (TOPANGHBOTANG) f2)

1230 X (NO+6) = (XLEPT+XRIGHT) /21 2 (NO+6) =R *SIN (BOTANG)

_ 1Y (NO+6) =-R*COS (BOTANG)

1240 X (NO+7) =XRIGHT: Z (NO+7) =R *SIN( (ROTANG+TOBANG) /2)

_ 2 ¥ (NO+7 ) m=R¥COS { (BOTANGHIOPANG) /2)

1250 X (NO+8 )= (XLEFI+XRIGHT) /2: % (NO+8) =R *SIN (TOPANG)
1Y (NO+8) =-R¥COS (TOPANG)

1260 ' #%* routine to eliminate small numbers ‘

1270 FOR I= 1 TO 8

1280 IF ABS(X(NO+I})<.0000% THEN LET X({NO+I}=0

1290 IF ABS(Y{NO+I))<.00001 THEN LET ¥ (MO+1)=0

1300 TF ABS(%(NO+I))<.00001 THEN LET %(NO+I)=0

1310 '#¥%% bruncate numbers accoxding to decplace

1320 TRUNQ=X (NO+L) 1 GOSUB 104303 X (NO+I)=TRUNC

1330 TRUNC=Y (NO+L) 1 GOSUB 10430: ¥ {NO-+I)=TRUNC

1340 TRUNC=2 (NO+L) :GOSUB 104301 % (NO+I) =TRUNC

13860 HEXT X

1360 NONODE=NONODE+8
1370 NO=NO+ 8
1380  NEXT BOTANGD




1390 NEXT XLEFT

1400 'dafinlé eylinder start and end nodes : NSCYL and NECYL

1410 NEQYL~1rNECYZ-NONODE

1420 STNODE=NSCYL.:FMNODE=NECYL !'#%% parameters for eliminate routina 1

1430 GOSUB 1027057 %k« routlﬁe to eliminate duplicate numbers :

1440 RETURN

LABO Vb ko kN hk ke ***********************************************

1460 !

1470 PRINT "Calcoulating rib nodes® |

1489 ! 3

1490 STARTANGD=0: ENDANGD=360

1500 NO=NECYL

1510 NSRIBS=NECYL+1:' %%% node start number for ribs

1520 FOR I=1 TO NRIBS

1530 R=RIL+TS-+B(I)/2: t#%% oentroidal radius of rib

1540 FOR BOTANGD=~STARTANGD TO ENDANGD-ELANGD STEP ELANGD

1550 BOTANG=BQTANGL*PI /180

1560 TOPANG =BOTANGH+ELANG

1570 © FOR POINTNO =NO+1 TO NO+3:NO(POINTNQ)MPOINTNO:NEXT POINTNO

1580 X({NO+1) =XR{I}$2(NO+1)=R *SIN(TOPANG):Y (NO+L)=-R *COQS(TOLANG) .

1590 X (NO+3)=XR (1) s 2(NO+3) =R *SIN(BOTANG):¥(NO+3)=~R #COS(BOTANG) |

ig00 X{NO-+2)=XR{L) 1 2(NO+2)=R *SIN( {TOPANG+BOTANG)/2)
¥ (NO+2) =~R*COS { (TOPANGHBOTANG) /2)

1610 t %% routine to eliminate small numbers

1620 FOR J= L %0 3 .
1630 IF ARB({X(NOHS))<,00001 THEN LET X(NO+T) =0 }
1640 _ IF AES(Y(NOHWT))<.00001 THEN LET Y(RO+T)=0 :

1650 IF ABS(%(NOHJ)}<.00001 THEN LET %(NO+JT)=0 _ ‘
L8660 '4FY truncate numbers according to dacplace

1670 : TRUNC=X (NO-+T) 1 GOSUB 10430 X (NOHT) =TRUNC

21680 TPRUNC=Y (NO-+T) 1GOSUB 104304Y¥ (NO+T) =TRUNGC

1690 TRUNC=Z (NO-+J} 1 GOSUB 10430: Z (NO+J) =TRUNC

1700 - REXT J

17310 NONCDE=NONODE-+3

1720 NO=NO+3

1730  NEXY BOTANGD

1740 NEXP I

1750 NERIBS=NONODE _

1760 STNODE=NSRIBE:ENNODE=RERIBS

1770 GOSUB L0270:t %% yroutine to eliminate duplicate numbers
1780 RETURN

LTG0 Vededkkdedddedede ok deoko R sk e i e o o R e ek s o e e
1800 ! :

1810 ?RINT figaloulating LHS dome triangular nodes"

1820 :

1830 NSLDTRI=NERIBS+L1:'%%* node start left dome

1840 MNO=NERIBS:STARTANGD=G

1850 FOR BOTANGD=STARTANGD TO ENDANGD-ELANGD STEP ELANGD
1860 ROTANG=ROTANGD*PL/L80

1870 TOPANG =BOTANG+ELANG

15



1880
1890
1900
1810
1920
1930
1240
1950
1960
1970
1980
1230
2000 -

2010

2020
2030
2040
2080
2060
2070

2080

MIDANG= (ROTANGHTOPANG) /2
Ne=NO+1:NO (N) =N
X(N)=~RKLD: ¥ (N) =022 (N) =0
XR=~XLDHXLD*XFD (1)
X=XR:GO8UB 10550:RR=R:! %k* routine containing eguation of dome
Ne=NO-+2 ¢ NO () =N X {N) =¥R1 Y (N) =RRACOS (MIDANG) : Z (N) =RR*SIN (MIDANG)
N=NO+3 :NO (N) =N X (N} =XR: ¥ (N} =RR*COS (BOTANG) : Z (N) =RR*SIN ( BOTANG)
N=NO+4 1 NO (N) =N 1 X (W) =XR: ¥ (N} =RR¥COS (TOPANG) : % (N} »RR*SIN (TOPANG}
' #¥% routine to eliminate small numbers
FOR I 1 TO 4
IF ABS (X (NO+I))<.00001 THEN LET X{NO+I)=0
IF ABS(Y(NO+I))}<.00001 THEN LET ¥(NO+I)=0
TP ABS(2Z(NO+I))<.00001 THEN LET %(NO+I)=0
Tik® truncate numbers according to deeplace
TRINC=X (NO+T) 1 GOSUB 10430:X (NO+I}=TRUNG
TRUNC=Y (NO+L) 1 GOSUB 10430:Y (NO+I)=TRUNC
TRUNC=Z (NO-+L) : GOSUB 10430 Z (NO+I)=TRUNC
NEXT 1
NO=NO4+4 ¢t NONODE=NONODE+4
NEXT BOTANGD
NELDTRI=NONODE

-zngoiSTNODEuNSLDTRI : ENNODE=NELDTRY :'+*% parameters for eliminate
rouvtine

21060
2110

GOSUB 102703 " #*% routine to eliminate duplicate rnumbers
RETURN

2320! **************************#*w******************************

2130
2140
2150
2160
2170

2180

2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360

PRINT "Calculate LHS dome quadratic nodeah
NSLDQUA=NELDTRI+1: ' *%¢ node ghart left dome
NO=NSLDQUA-1 ¢ STARTANGD=D
POR BOTANGD=STARTANGD TO ENDANGD~ELANGD STEP BELANGD

BOTANG=EOTANGDHPIL /180

TOPANG =BOTANG+ELANG

MIDANG=(BOTANGHTOPANG) /2
FOR K=l TO NODOCON-1

XL==XLD

FOR L =1 TO K _ -
XL=XItXLDWXFD (L) ¢! %%% £ind left % for element
NEXT L
AR==XLD
FOR Le=d TO K+
XR;XR-XLD*XFD(L):' *dk pight % for elament
NEXT .
XM (RI.eXR) /25! %k middle x for aelemenh:

X=Xt GOBUR LOS50:RL=R
Xe=fR:GOSUB LOSS50:RR=R
¥=XMIGOSUB L0550t RM=R
' #%% agsign node numbers
FOR P=NQ41 TO NOH8INO(P)=PINEXT P
N=NO
X(N4+1) =KL 2 {(N+1) =RL¥ZIN (TOPANG) : ¥ (N+1) =RLA COS (TORANG)
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2370
2380

- 2390

2400
2410
2420
2430
2440
2450
2460
2470
2480

2480

2.°00
2510
2520
2530
2540
2550
2560
2570
2580

routi

2590
2600
2610
2620
2830

K (N+2) =XT;2 2 (N+2) =RL*SIN (BOTANG) : ¥ {N+2) =RL*COS (BOTANG)
X (H+3) =XR: Z (N+3} =RR*SIN (BQTANG) : ¥ (N+3) =RR*COS (BOTANG)
X (N+4) =XR: % (N+4 ) =RR*SIN (TOPANG) : ¥ (N+4} =RE*CO& (TOPANG)
X(N+6)=XLs 2 (N+5) =RL*SIN (MIDANG) : ¥ (N+5) =RL*COS (MIDANG)
X(N+E)=XM: 2 (N+6) =RM*SIN (BOTANG) : ¥ (N+6) =RM*COS ( BOTANG)
X (N+7)=XR? % (N+7) =RR*SIN (MIDANG) : ¥ (N+7 ) =RR*COS (MIDANG)
X(N+8)=XMz: % (N+8 )} =RMASIN {TOPANG) : ¥ {N+8) =RM*COS (TOPANG)
' %% routine to eliminate small numbers
FOR I= ) TO &:' %¥*% to include trlangular elements
IF ABS(X(N+I))<.00001 THEN LET X(N+I)=0
TF ABS(Y(N+1))<.00001 THEN LET ¥(N+I)=0
TF ABS{Z(N+I))<.00001 THEN LET %{N+I)=0
tkkk fruncate numbers according to decplace
TRUNC=X (N+1) :GOSUB 10430:X (N+I)=TRUNC
SPRUNC=Y (H4+1) : GOSUB L0430:¥ (N+I)=TRUNC
TRUNC=Z (N+I1} :GOSUB 10430:2 (N+I)=TRUNC
. NEXT I
NO=NO-+8 ; NONODE=NONODE+8
NEXT K
REXT BOTANGD
NELDQUA=NONODE
STNODE=NSLDQUA$ ENNODE=NELDQUA: ' #%¥ parameters for eliminate
ne
GOSUB 10270:! #&* yroutine to eliminate duplisate numbers
RETURN

Utk e dek ke Kt de R R ok B e R e e ok e e e ek Rk ko e R e
1

PRINT "Caloulating RHS dome trlangular nodesh

2640 !

2650
2660
2870
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
210
283¢
2840
28850

NERDTRI=NELDQUA+L: ! %%% node start left dome
NO=NELDQUA: STARTANGD=0
FOR BOTANGD=STARTANGD TO ENDANGD-ELANGD STEP ELANGD
BOTANG=BOTANGD*PY /180
TOPANG =BOTANG+HELANG
MIDANG={ROTANGHIOPANG) /2
k%% generate triangular slemant
N=NO+1.:NO (N} =N :
X (N} =XRD+XSTOP: ¥ (N)=0: % (N) =0
XR=USTOP+RRO-KXRD*XFD {1) _
X=X STOP+XR
GOSUB 105B50:RR=R:' ¥%% routine cortaining eguation of dome
N=NO+2 t NO (N) =N: X (N) =XR: ¥ (N) =RR*COS (MIDANG) : Z {N) =RR#SIN (MIDANG)
NesNO4-3 1 NQ (N) =N: X (N} =XR: ¥ (N} =RR*COS (BOTANG) : 3 (11} =RR* 5N ( BOTANG)
Ne=NQ++4 1 NO (N} =N X (N) =XR? ¥ (N) =RR*COS (TOPANG) : Z(M)uRR*sIN(morANG}
I #%% routine to eliminate small nunbers
FOR Im 1 IO 4
IF ABS(X{NO+I))<.00001 THEN LET X({NO+IV=0
IF ABS(Y(NO+IL))<.00004 THEN LET ¥(NO+I)=0
IF ABS(Z(NO+I})<.00001 THEN LET 2(NO+I)=0
Lakk fruncate numbers according to dacplace

7



2860 TRUNC=X (NO+I) :GOSUB 10430:¥(NO+I)=TRUNC
2870 TRUNC=Y (NO+IL) : GOSUB 10430:¥ (NO+I)=TRUNC
2880 PRUNC=2Z (NO+I) : GOSUB 1.0430: 7 (NO+I)=TRUNC
2890 NEXT I

2900 NO=NO+4:NONODE=NONCDNE+4

2910 XNEXT BOTANGD

29520 NERDTRI=NOKODE

2930iSTNODEﬁNSRDTRI 1 ENNODE~NERDTRI =*1#%% parameters for elininate
routine

2940 GOSUB 10270:' #4% youtine to eliminate dupllicate numbera
2950 RETURN

SO GO KTk o T e o ok oo o okt e oo s okl o oo e S e o e o ek o ok e ek e ek
2970 PRINT "Caloulate RHMS dome gquadratic rodes"

2980 NSRDQUA=NERDTRI+L: '*%% node gtart left dome

2990 NO=NERDTRI:STARTANGD=0 '

3000 FOR BOTANGD=STARTANGD TO ENDANGD-ELANGD STEP ELANGD

3010 BOTANG=BOTANGD*PX /180

3020 TOPANG =BOTANG+ELANG

3030 MIDANG= (BOTANG+TORANG) /2

3040 FOR X=1 TO NODOCON-1

3050 - XL=XRD+XSTOR

3060 FOR L =1 T0 K

3070 XL=XL~XRD*XFD{L) : ! #%* find left x for element
. 3080 NEXT X,

3090 XR=XRD+XSTOR

3100 FOR ILel TO X+1

3110 XR=XR~XRD*XFD (L) :' ##* right x for element

3120 NEXT L

3130 XM={XL+XR)/2:' %»& middle x for elenment

3140 DCX=1:DCY=COS (THETA) : DCZ=COS (PI-THETA)

3150 X=-XS8TOP+XL:GOSUB 10850:RL=R

3160 X=-XSTOP+XR:GOSUB 19550:RR=R

3170 X==-XSTOP+XM:GOBUB 10%550:RM=R

" 31B0 ' %%x assign node numbers

3190 FOR P=NO+1 TO NO+B:NQ(P)=P:NEXT P

3200 N=NO )
3210 X(N+L)=XL1Z (N+L1}=RIMSIN(TOPANG) 1 ¥ (N+l) =RL*COS {TOPANG)
3220 X(N+2)=XL:7(N+2)=RL*SIN{BOTANG) ¢ ¥ (N+2) =RL*COS (BOTANG)
3230 X(N+3)=XR:2Z(N+3)=RRASIN (BOTANG) : ¥ (N+3) =RR*COS (BOTANG)
3240 X{N+4)=¥R: 2 (N+4) =RRASIN (TOPANG) ; ¥ {N+4 ) =RR*COS (TOPANG)
ansg x(N+SJmXL:2(N+5)=RL*SIN(MIDANG):!(N+5)=RL*GOS(MIDANG}
3260 X(N+6)=XM: % (N+6) =RMV¥SIN (BOTANG) : ¥ (N+6) =RM*COS (BOTANG)
3370 X{N+7)=XR: 3 (N+7)=RR*SIN (MIDANG) : ¥ (N+7 ) =RR*COS (MIDANG)
3280 X(N+8)=XM: 2 (N+8)=RM*SIN (TOPANG) : ¥ (N+8) =RM*COS (TOPANG)
3280 ' %%* youtir to eliminate small numbers

3300 FOR 1= 1 TO 8:! ¥*%% to include triangular slements
3310 IF ABS(X(N+I))<.00001 THEN LET X({N+I)=0
3320 IF ABS(Y(N+I))}<.0000L THEN LET Y (N+I)=0
3330 TF ABS(Z{N4I))<.00001L THEN LET Z(N+I}=0

3340 '*#%+ truncate numbers aceording to decplace

»
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3350 TRUNC=X {N+I) :GOSUL 10430:X({N+I)=TRUNC

3360 TRUNC=Y (N+I) : GOSUB 104303 Y (N+I)=TRUNC

3370 TRUNC=Z (N+I) ; GOSUB 10430:Z (N+1)=TRUNC

3380 NEXT I

3390 NO=NO+8:NONCDE~NCONODE+S

3400 NEXT K

3410 NEXT BOTANGD

3420 NERDQUA=NONODE _ _
3430 STNODE=NSRDQ'\:ENNODE=NERDQUA :'##%% parameters for eliminate
3440 GOSUB 10270:' #+% youtine to eliminate duplicate numbers
3450 RETURN _

A4G0 Y Rkt deReddo e dy ok dedesk A f o e ok R v e ok e ek d e e A e e R S R e R
3470 PRINT "Writing cylinder nodes!

3480 PRINT#1,"+NODE,NSET=NCYL"

3490 FOR Y=NSCYL TO NECYL

3500 IF T<>NO(I) THEN GOTO 3550

3510 PRINT#L,NO(X);",";

3520 PRINT#1,, Us:NG"##### AEFFN X (L) 7 1 PRINT#1, M "
3530 PRINT#L, USING"#E¢## . F#F#" 1Y (L) ; 1 PRINTFL, Y, "}
3540 PRINT#l,USING"#####.####";Z(I);:PRINT#l,""

PRINTA4,NO(I);","; :
PRINT#4, USING“##### EEFLNIX(T) § s PRINTES, ",
TRINT#4, USING"##### FFEEY Y (1) ; ¢PRINT#A, Y, ";
PRINT#4 , USINGU##ER# . BE#EY 12 (L) + 1 PRINT#4, 1

3550 NEXT I
3560 RETURN

3570 ek Rk *******************\\'*****************************_*** :

3580 ¢

3590 PRINT "Writing ribs nodes“
3600 !

3610 RIBNODS=0

3620 PRINT#1,"W+NODE,NSET=NRIB&"
3630 . ¥FOR I=NSRIBS TO NERIBS

3640  IF I<>NO(I) THEN GOTO 3860
3650 YE=Y (1)t Z8=% (1)
3660 IF ¥S=0 AND 28=0 THEN THETY=0:THETZ=0:GOTO 3750
3670 IF ZS=0 AND ¥S»>=0 THEN THETZ=PI/2:THETY=0:GOTO 3750
1680 IF 25=0 AND YS5<=0 THEN THETZ=-PI/2:THETY=PI:GOTO 3750
3690 IF ¥YS=0 AND ZS>0 THEN THETY=PI/2:THETZ=0:GOTO 3750
3700 IF ¥S=0 AND %5<0 THEN THETY=-PI/2;:THETZ=PI:GOTO 3750
3710 IF Y850 AND %8>0 THEN THETY=ATN{ZS/YS):THETZ=ATN (YS/25)
3720 IF ¥YS<0 AND %S>=0 THEN THEDY=ATN (Z5/YS)=-PI

s THET'Z=A'TN ( Y8/ 28) P
3730 IF ¥S<O0 AND 2§5<=0 THEN THETY=ATN(2S/Y8)-PI

1 THETZ=ATN { Y5/ 25) -PI
3740 IF YS>0 AND Z8<=0 THEN THETY=ATN(2S/YS)

s THETZ=ATN ( Y5/ %5)

89
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3750  DCX=0:DCY=COS (THETY) : DCZ=COS (THETZ}
s Vhwedirection cosines of normal

3760 IF ABS(DCY)<.00001 THEN DCYw0

3770 IF ABS(DCZ)<.00001 THEN DCZ=0

3780 PRINT#1,NO(I);",";

3790 PRINTHL, USINGHFRFEF . ###FY ; X(T) } 1 PRINTFL, ", ;
3800 PRINT#L, USING" #8¢4# . F#4#0 ;Y (T) } 1 PRINTH#L, " "«
2810 PRINT#1, USING"### 4. " 2(1) 312 RINT#l,“ "~
3811 PRINT#4,NO(I);",";

3812 PRINT#4 , USING" ##£FE . ##4# ;X (I) ; : PRINTEL ", "
3814 PRINT#4 , USING" #####. ####" ¥ (I) ; :PRINT#4,",";
3818 PRINT#4 , USING" £###¢. #F£#F" ;2 (1) ; 1 PRINT#4, ", ",
3820 PRINT#1, USING###£F. #4441, DCX; PRINT#L, ", ";
3830 PRINT#l,USING"#####.####“;DCY, :PRINT#l,“ ",
3840 PRINT#1, USING"##### . #4447 ;DCE; :PRINT#l,""
3850 RIBNODS=RIBNODS+1 -

38690 NEXT I

3870 RETURN

33301*********************a********w******************w**********
3890 PRINT "Writing LHS dome trilangular nodesgh

3900 PRINT#L, "+NODE,NSET=NLDTRI"

3910 FOR I=NSLDTRI TC NEBELDTRI

3920 IF I<>NO(L) THEN GOTO 23970

3930 PRINT#L,NO(I) ;¥ ,";

3940 PRINT#L, USING"#####, ####"-x(I) {PRINTH#1, ", *;

3950 PRINT#1, USINGH### {4, ####"'Y(I);.PRINT#l LY

3960 PRINT#1, USTNG" Fi#dé. ####"-2(:),.PR1NT#1,""
PRINT#4,NO(Lj;v, ",

PRINT#4, USING"##### FEFE 1 X(T) 58
PRINT#4 , USING"##### . #2##" 1Y (T) 51
PRINT#4,USING“#####-####":Z(I)::

PPINT#S, ", ";
PRINT#4,",Y;
BPRINT#4 , ut

3g7o0 NEXT Y

3980 RETURN

DGO ke sodeok gk ook ook ek v ek Rk e e e e e e KRR e Rk Rk Rk
4000 PRINT "writing LHS dome guadratic nodash

4010 PRINT#1, "*#NODE, NSET=NLDQUAN

4020 FOR I=NSLDQUA TO NELDQUA

4030 IF T<>RO(L) THEM GOTO 4080

4040 PRINT#1,NO(T);",";

4050 PRINT#1, USINGUEF#48. FE## 1 X (1) ; s VRINTHFL, ", W,

4060 PRINT#L1, USING"#####. ##£40 ;¥ (1) ; :PRINTFL, ", "} !
4070 PRINT#L, USING"#####. #F#FY;2(X) ; s PRINT#L, "

PRINTH4 ,NO(T);",";

PRINT#4, L USTNGNEERRE, FEA# X () ; 1 PRINT#4 0, 1
PRINT#4 , USINGUFEFEF . #E##Y ;Y (1) ; : PRINT#4, ", "-
PRINT#4,USING"#####.####";Z(I);: PRINT#4, "

I 10




4080. NEXT I

4090 RETURN

4100 khddfeRddddhohhdhdedddkddeh il R bk dhdoh kR ok fobd ki ki kAd kb i dohdeohk
4110 PRINT "Rriting RHS dome triangular nedes"

4120 PRINT#1,"+NODE,NSET=NRDTRIY

4130 FOR I“NSRDTRI TO NERDTRIX

4140 IF 1<>NO{I} THEN GOTQ 4190

4150 PRINT#L,NO(L) ", ";

4160 PRINT#1, USING"##### #Fod#" ;X (1) ; s PRINT#L, ", ";
4170 PRINT#1, USING"#H### . #dddn; Y(I),.pnzur#l.":“:
4180 PRINT#l,USING"#####.####";2(13:=PRINT#1;“"

PRINT#4 ,NO(L} ;" ";

PRINT#4, T USING"E#EEL. FiE0 X L) r s DRINTHS, ", ";
PRINT#4,USING"#####.####":Y(I);:PR_NT#4," "-
PRINT#4 , USING"F#F#F . $F#4" 12 (L) ; : PRINTF4 , W1

4180 NEXT I

4200 RETURN '

42101 ***************************9‘********************************
4220 PRINT "Writing RHS dome dguadratic nodes®

4230 PRINT#L1,"*NODE, NSET=NRDQUA"

4240 FOR I=NSRDQUA 0O NERDQUA

4250 IF I<>NO(I) THEN GOTO 4300

4260 PRINT#L,NO{T) ;" ", :

4270 PRINT#1, USING"##### FHEEEY X (T) ; 1 PRINTHL, M, ",
4280 PRINTHL, USING"##### . #FLE" ;¥ (T) ; PRINTH#L, %, 0,
4290 PRINT#L, USING ##### ¥ ##" 12 (1) ; :PRINT#L, 0

PRINT#4,NO(I) ", ",

PRINT#4, USING"##### ####"-x(z);z qum#4 "o
PRINT# 4 , USING"##### . ####1 ;¥ (X) ; 1PRINTH#4, n "-
PRINT#4 , USING"##### . ####" 2 (I) ; i PRINT#E, "0

4300 NEXT I

4310 RETURN
43301********************w**************************************
4530

4340 PRINT "Writing cylindar elements®

4350

4360 PRINT#l,"*ELEMENT,TYPE—SBR,ELSET=ECYL"

. 4370 NO=NSCYL-1

4380 ECYL=(NECYL-NSCYI+l) /8:'*%%* number of elements

. 4390  ESQYL=1l:' %+%% alement start cylinder

4400 FOR I=1 TO ECYL

4410 WRITE#L,I,NO(NO+1) ,NO(NO+2) ,NO(NO+3) ,NO(NO+4) ,HO (NO+5)

I




4420

4430
4440
4450
4460
4470
4480

,NO(NO+8) ,NO(NO+7) ,NO{NO+8)

WRITE#2, X ,NO(NO+1) ;NO (NO+2) ;NO (NO+3) s NO (NO+4) ; NO (NO+5)
INO (NO+6) $NO (NO+7) ;NO (NO+8)
t DUMMY PILE TO STORE ELEMENTE FOR LATER CENTRIOD CALCULATION
NO=NO+8
NEXT I .
BECYI~I-1;'%%% element end cylinder
CLOSE #2 :
RETURN

4490!*******************************************w****************

4500
4510

PRINT "Writing rib elements®

4520 '

4530
4540
4550
4560
4570
4580
4590

4600
4610
4620
4630
4640

4650
4660

4670
4680
4690

PRINT#L, "*ELEMENT, TYPE=B32, ELSET=RIBS"

RC=31:' #%% rib counter
RDUM=0:J=0:' *+%* variabhles for ELSET
ESRIBS=EECYL+1
NO=NSRIBS-1
ERTBS=(NERIBS-NSRIB&+1} /3 3! #%% number of rib bsam elements!
FOR I=ECYL+l TO ERIBS+ECYL" #%* node numbers saquential to
cylinder
WRITE#L, L, NO(NO+1) ,NO (MO+2) WO (NO+3)
WRITE#3,I,NO(NO+1) ,NO(NO+i} , IO (NO+3)
RDUMNRDUM+1:J=J+1
ELSETRIE(RQ,J)=I:' *%% load element into ELSET
IF RDUM=NEPR#RC THEN LET RC=RC+1l:J=0:' %%%* check if
element in ring RC
NO=NO+3
EERIBS=I:! #%%* element end ribs number
. WEXT I .
CLOSE #3
RETURN

47001 ***********************************************************

4710
4720
4730
4740
4750
4760
4770
4780
4790
4800

4810
4820
4830
4840
4850
4860

?RIHT "Writing element set for ribs"
ERIBS=0:ESRTS="Ns 1 ***number of rib elements
FOR I = 1 TO NRIBS
B$=6STRS (I)
AS="4ELSET, ELSET—RIB“+RIGHT$(B$ LEN(B§) =1)
PRINT#1, A$
FOR J—l T3 NEPR .
R8S$=8TR$ (ELSETRIB(I,J) } tLRS=LEN (RS§) 1 ' k%% method to
elinmiate spaces
ESRTS=ESRTS+RIGHTS (RS$, LRS~1)
IF J<»>NEPR THEN LET FSRT$“ESRT$+" "
NEXT J
PRINT#1, ESRTS
ESRT$=" n
NEXT I

I 12
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4870 RETURN

_4330l****************************************************n*******

4890 !

4900 PRINT "Writing LHS done quadratic element:s"

4910 OPEN "DUMMYLDQ" FOR OUTPUT AS #2

4920 ELNUM=EEILDTRI+1:N=NSLDQUA-1

4930 ESLDQUA=ELNUM

4940 PRINT#L,"wELEMENT,TYPE=SSR, BLSET=LDQUAN

4950 FOR I =1 7o NEPR: (#%*% load triangular elements into dummy file
and add latero0

4960 FOR J=1 TO NODQCON~1

4979 WRITE#L, ELNUM, NO (N+1) , NO(N+4) ,NO (N+3) ,NO(N+32) ,NO (N+8)
(NO(N+7} , NO (N+6) , NO (N+5)

4980 WRITE#2 , BLIUM, NO (N+1) ; ;NO (N+4) sNO (N-+3) ;NO (N+2) ;NO (N+8)
,NO(N+7)°N0(N+6)'NO(N+5)

4990 EELDQUA=ELNUM

5000 EELD=ELNUM: ! #¥%% element end right dome

5010 ELNUM=ELNUM-+1

5020 N=N+8

5030  NEXT J

5040 NEXT I

5050 CLOSE #2:iCLOSE #3

5060 RETURN o
BO70 " ke sk hhdkok ko hdkh sk kR gk sk ok Rk Ak A kR R R Rk AR Ak h ko h ek
5080 PRINT “Write LHS triangular elements"

5090 OPEN YDUMMYLDT" FOR OQUTPUT AS #23

5100 EUNUM=EERIBS+1 :N=NSLDTRI~J.

5110 ESLDTRI=ELNUM:ESLD=HERIBS+1

5120 PRINT#1, "*ELEMENT, TYPE=STRI3, ELSET=YDTRLY .
E130 TOR T=l TO NEPR

5140 WRITE#L, ELNUM; NO (N+1) ;NO (N+2) ; NO (N+3)

§1850 WRITE#3 , ELNUM;NO (N+1) ;NO (N+2} ;NO (N-+3)

5160 ELNUM=ELNUM+1

5170 WRITE#1 , ELNUM; NO (N+1) NO (N+4} ;NO (N+2)

5180 WRITE#3 , ELNUM; NO (N+1) ;NG (K+4) ;NO (N+2)

- §is0 BELDTRI=ELNUM:' #%% element end trlangle left
5200 ELNUM=ELNUM+ 1 : N=N+4 :
5210 NEXT I
5220 CLOSE #3
§230 RETURN

BRAQ hRkhkhkhdoh kR AR AR R AR AR AR R AR RN AR h R h Rk R R AR RR AN
5250 ! :
5260 PRINT "Writing RHS dome guadratic elementa"
5270 OPEN “DUMMYRDQ" FOR OUTPUT AS #2
5280 ELNUM=ERRDTRI+1:ii=NSRDQUA~I
5250 ESRDRQUA=ELNUM
8300 PRINT#1,"¥ELEMENT, TYPE=SER, ELSET=RDQUAM
5310 FOR I =1 TO NEPR: ' ¥k% load triangular elements into
dummy £ile and add laterod
5320 FOR J=1 TO NODOCON~1

I 13
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5330 WRITE#1, ELNUM, NO (N+1) ,NO (N+2) ,NO (N+3) ,NO (N+4) ,NO (N+5)
,NO(N+6] , NO (N+7} , NO (N+8)

5340 WRITE#2, ELNUM, NO(H+1),NO(N+2);NO(N+3) 1RO (N+4 ) ;NO(N+5)
iNO (N+6) § NO (N+7) ; NO (N+8)

8380 EERDQUAﬂELNUM

5360 BEERD=ELNUM:' %*% element end right dome

5370 ELNUM=BEENUM-+1

5380 N=N+8

5390 NEXT I

5400 NEXT I

5410 CLOSE #2:QLOSE #3

5420 RETURN _

BAD0 Vdekkddeoh Rod ok ok ko dese drie ek dede Aok Ak R e ek e ok kR sk ok ok
5440 PRINT "Write RHS triangulax zlements™

5450 OPEN "DUMMYRDT" FOR OUTPUT AS #3

54610 ELNUM=EELDQUA+L :N=NSRDTRI~1

5470 ESRDTRI=ELNUM:ESRD=EELDQUA+L .
5480 PRINT#1,"+*BLEMENT , TYPE=STRII, ELSET=RDTRIN .

54850 YOR I=]1 TO NEPR _

5500  WRITE#L, ELNUM;NO(N-+1) sNO (N+3) ;NO (N+2)

5510 WRITE#3 , ELNUM; NO{N+1);N0(N+3)*NO(N+2)

B520 LNUM“ELNUK+1

5530 WRITEFL, ELNUM;NO (N+1) ;NO(N+2) ;NO(N+4)

5540 WRITE#3 , ELNUM ¢ NO (N+1) }NO (N42) ; NO (N+4)

5550 EERDTRI=ELNUM:' #%% elament end triangle right
5560 ELNUM=ELNUM 1 ; N=N-+4

5570 NEXT I

5580 CLOSE #3

5590 RETURN

5600 EAARATHRIRREAR SRR RRR RS A bk h kbR hdhhdk ot hk kR N kR %

5610 !

5620 FRINT "Writing MPC's for shell to ribs coupling

5630 ! - :

5640 PRINT#1,"sMpCH

5650 PRINTFL,"#%% MPC CYLINDER TO RIBSY

B6G0 MPCOUNT=0:! number of nodes connected in MPc

5670 POR NR=1 TC NRIBS:'! number of rib

BE8D  FOR I=1 TO NEPR3:! for i= 1 to nu of calculated nodes per rib

5690  NO=NSRIBS-1 (NR~L)*NEPR*3 +I

5700  IF NO<>NO(NO) THEN GOTO 6000

5710 XR=X (NO} : YR=Y (NO) : ZR=% (NO)

5720 FOR K=NSCYL TO NECYL

5730 IF K<>NO(K) THEN GOTO 5590

5740 IF ABS(XR-X(K))>PTOL THEN GOTQ 5990

5750 ¥5=Y (K) : 28=2 (K)

5760 IF YS=0 AND %5=0 THEN THETA=0:GOTO 5860
8770 IF ¥S=0 AND 2S>0 THEN THETA=PL/2:GOTO 5860
5780 IF Y8=0 AND Z85<0 THEN THEPA=-PI/2iGOTO 5860
5790 '  EELD=ELNUM~1

5800 ' *%% galculate ralative distance betwsen shall and hean
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5810 IF YS>0 AND %6>=0 THEN THETA=ATN (28/Y8)

5820 IF ¥8<0 AND Z8>=0 THEN THETA=ATN (48/¥8)-PI1

5830 TF ¥YS<0 AND Z85<=0 THEN THETA=ATN(28/¥S)-PI

B840 IF ¥Y8=0 AND 2Z8<=0 THEN THETA=ATN(ZS/¥S8)

5850 " PRINT THETA

5860 DELTAR=, B% {T8+8 (NR) )

5870 DELTAY=DELTAR*COS (THETA)

5880 DELTAZ=DELTAR*SIN (THETA)

5aso ¥=YSHDELTAY

84600 22 S4+DELTAS

5910 ' 4%% routine to eliminate small numbers

5920 IF ABS(R)<,00001 THEN LET Z=0

5930 IF ABE(Y)<,00001 THEN LET Y¥=0

5940 '¥%* truncate numbers according to decplace

BO50 TRUNC=Y :GO8SUB 10430: ¥Y=TRUNC '

5960 TRUNC=Z$GOBUR 10430 Z=TRUNC

5970 V¥kk compara shell to rib co-ordinates

5980 IF ABS{YR-~Y)<NTOL AND ABS(ZR~Z)<NTOL THEN WRITE#L,7;NO(K)
s NOt MPCOUNT=MPCOUNT+L: GQOTO 6000

5990 - NEXT K

&000 REXT I

6010 NEXT NR

6020 PRINT YRIBNODS ;MPCOUNT "'NEPR*2*NRIBS MPCOUNT

6030 RETURN

BOAD Ak RERkk ik hddhhhdh RN hrdbwkhdhhhdhhhdsdhdkdhkhrhihRirhhik
6050 ?RINT yriting MPC's for shell te left dome coupling“
6060

6070 PRINT#1,"s«MPCH

6080 PRINTHL, re#+ MPC CYLINDER T'0 LEFT DOME!

6090 MPCOUNT =017 nunbar of nodes connected in MPO

6100 FOR I=NSLDQUA TG NELDQUA

6110 IF I<>NQ(IL) THEN GOTO &l9¢

6120 FOR T=N8QYL TO NECYL

6130 IP J<>NO(J) THEN GOTO 6180

6140 IF ABS(X(X)=X(J))>DTOL THEN GOTO €180
6150 TF ABS(Y(L)=Y{J))>DTOL THEN GOTO 6180
6160 Tt BBE(2{T) -2 (J) )>DTOL THEN GOTO 6180
5170 WRITE#L, 7 ;NO{I) ;NO () : MECOUNT=MPCOUNT-1
6180  NEXT J

6190 NEXT I

5200 PRINT VNNPR;MPCUUNT ";NEPR*2MPCOUNT

G210 ?ETURN

6220 -

G0 T RRRRERAARNAIFRREREERHARRRARKARARERRIRIRAARR IR TR TN R AR TR RR
6240 PRINT "Writing MPC's for LHS dome to triangle coupling®
G250 PRINTEL, eMpCM

6260 PRINT#l;"***MFC LEFD TRI 10 LEFT Quan

6270 MPCOUNT=0:"' number of nodes connackted ir MpPC

G280 TFOR I=NSLHTRI 70 NELDTRI

6290 IF I<»NO({L) THEN GOTO 6370

I 18

it g T i e o e 47 At % 8T e T o -



6300 FOR J=NSLDQUA TO NELDQUA
6310  IF J<>NO(J) THEN GOTO 6360

6320 IF ABS(X(I)~X(J))>DTOL THEN GOLO 6360
6330 IF ABS(Y(I)-Y({J))>DIOL THEN GOTO 6360
6340 IF ABS(Z(I)-%(J))>DTOL THEN GOTO 6360
6350 WRITE#FL, 7 NO(T) ;NO(J) tMPCOUNT=MPCOUNT+1

6360 NEXT J

6370 NEXT I

6280 PRINT YNNER;MPCOUNT ";NEPR%2;MPCOUNT

6390 RETURN
5400r************************************************************
6410 PRINT "Writing MPC's for RHS dome to triangle coupling®
6420 PRINT#1, veppon

6430 PRINT#L,"&%¥ MPC RIGHT '"RI TO RIGHT QUA"

6440 MPCOUNT=0:' number of nodes connected in Mpe

6450 FOR I=NSRDTRI T0 NERDTRI

6460 IF I<0NO(I) THEN GOTO 6540

6470 FOR J=NSRDQUA TO NERDQUA

B480 IF J<=NO(J) THEN GOTO 6530

6490 TP ABS(X(I)-X(J))>DTOL THEN GOTO 6530
6500 IF ABS(Y(I)~-Y(J))>DTOL THEN GOTO 6530
6510 IF ABS(Z(I)~-%(J))>DTOL THEN GOTC 6530
6520 WRITE#L, 7 ;N0 (1) ;NO(J) : MECOUNT=MPCOUNT+1
6530  NEXT J :

6540 NEXT I

6550 PRINT "NNPR;MPCOUNT ®;NEPR*2;MPCOUNT

6560 RETURN

6570

6530'****ﬁ***¥**************w************************************
6590 PRINT yriting MPC's for shell to right dome coupling®

6600

6610 PRINT#l,"*MPC“

6320 PRINT#1,"%¥W+MPC CYLINDER TO RIGHT DOMEY

6¢30 MPCOUNT=0!' number of nodes connacted in MPC

66 * TFOR IsNSRDQUA TO NERDQUA

6650  IF I<>NO(I) THEN GOTO 6730

6660 FOR J=NSCYL TO NECYL

6670 IF J<>NO(J) THEN GOTO 6720

6680 IF ABS(X(I)~X(J))>DTOL THEN GOTO 6720
6690 IF ABS(Y(I)=~Y(J))>DTOL THEN GOTO 6720
6700 . IF ABS(Z(I)~Z(J))>DTOL THEN GOTO 6720
6710 WRITE#1,7 ;N0 (I} }NO(J) : MPCOUNT=MPCOUNT+1.
6720  NEXT J

6730 NEXT I

6740 PRINT “NNPR;MPCOUNT " ;NEPR#2;MPCOUNT

6750 RETURN

6760

10240 ddddkdok sk hok ok oh YRR ARk R Rk R R R R R R R ARk R Rk kg ik
10250 '#%% vroutine to eliminate duplicate nodes E
10280 1
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10270 ?RINT "Eliminate duplicate nodes®

10280

10290 FOR I= STNODE 'TO ENNODE

10300 X=X (I):¥=Y¥{I):2=2(T1)

10310 FOR J=STNODE TO ENNODE

10320 IF J=1 THEN GOTO L0380

10330 IF ABS(X-X(J)) » DTOL THEN 10380

10340 - IF ABS(Y-Y(J))} > DTOL THEN 10380

L0380 YF ABS(2~Z(J)) » DTOL THEN 10380

10360 IF NO(J)>NC(I} THEN LET NO(J)=NO(I):G60T0 10390
10370 * IF NO(J)<=NO(I) THEN LET NO(I)=NO(J):GOTO 10390
10380  NEXT J

10390 NWEXT X

10400 RETURN
10410-*************w*******w************************************
10420 'k#k%  routine to truncate numbers

10430 TRUNC=TRUNC* 1.0 DECPLACE

10440  TRUNC=INT(TRUNG} -

10480 ¢ TRUNC$=STRS (TRUNC)

10460 ! TRLE=LEN (TRUNCS )

10470 ¢ FOR IC = L TO TRLE

i104gp ! AS=MIDS (TRUNCS,IC,1):IF AS=V.," THEN
LET TRUNC$mLEFT$(TRUNC$ LC+DECPLACE)

10490 ! ' NEXT IC

10500  TRUNC=TRUNC/L10"DECPLACE

10830 TRUNCSVAL (TRUNCS)

10520 RETURN

TOBA0 | teokhdd koot ke Rk ok o ok s e e ook
10540 '#%% youtine containing egquation of dome
10550  R=8QR((1-X"2/XLD"2}* (RI+TS/2)*2)

10560  RETURN _
L0570 Vhkdkhdohhhdohdhhbhkhd ki dhdhhkdhedihhdhiddhkk
10580 PRINT "Difine oradle supporte"

10590 NCE=L:NCR=1:'%#%% node counters

10600 RS=RI+TS/2"***RS radius of shell nodes
10610 B§=1"

10620 FOR I=1l TO NOSUP

106830 I¥ XS(I)=0 AND I»1 THEN ill30

10640 NCB=1:NCR=1

10650  AS="*NSET, NSET“SUPS"+RIGHT$(5TR$(I) LEN(&TR$ (1)} ~1)
10660 PRINTHL, At 1k for shell support set

10670 YMAX=RS*SIN (ANGSU) : YMIN=-YMAX

10680 ZMAX=~RS#COS (ANGSU) : ZMIN=~RS

10690 FOR J=NSCYL TO NECYL

10700 - IF J<>NO{J) THEN 10770

10710 IF ABS (XS (I)=-X{J))>PTOL THEN 10770

10720 IF Y (J)<=YMAX AND ¥(J)>=YMIN THEN 10740
10730 GOTO 10770

10740 IF 7(J)<=ZMAX AND %(0)>=ZMIN THEN 10760
10750 GOTO 10770
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10760 NNSS (NCS) =NO (J) : Nes=Neg+1

10770 NEXT J

10780 HCOS=NCS -1

10790 'é¥% ywrite individual node numbers
10800 Bg=n

10810 ¥OR K =1 'TO NCS

10820 DUMS=5TRS (NNSE (K) ) : DUML=LEN (DUMS)
10830 DUMS=RIGHTS (DUMS , DUML~1)
10840 - B=B5+DUMS

10850 IF R<>NCE THEN B$ms$+" n
10880 NEXT K

10870 PRINT#1,BS

10880 'wk* support for ring

10890  AS=N«NSET, NEET=SUPR"4+RIGHTS {STRS (T) ,LEN(STRS(I)})~1}
10800 PRINT#L,A%: '%%% for rib support node set

10910 '#4* mupport for ring

10920 RR=RI+TS+B (I} /2

10930 YMAX=RR*SIN (ANGSU) ; YMIN=-YMAX

10940 ZMAX=-RR*COS (ANGSU) : ZMIN=-RR

10950 FOR J=NSRIBS TO NERIBS

10960 IF J<>NO(J) THEN 1103¢

10970 IF ABS(XS{I)-X(J))>PTOL THEN 11030

10880 IP ¥(J)<=YMAX AND ¥Y(I)>=¥YMIN THEN 11000
10990 GOTO 11030

11000 ' IF Z(J)<=2MAX AND Z(J)>=ZMIV THEN 11020
11010 GOTO 11030

11020 NNSR {NCR) =NO {J) : NCR=F2R+1

11030 NEXT J

11040 NCR=NCR~1

11050  Bg=tto

15060 FOR K=l TO NCR
11070  DUMS=STRS (NNSR(K) ) : DUML=LEN {DUMS)
11080 DUMS=RIGHTS (DUMS , DUML-1)
11080 B$=B§+DUMS
11100 IF K<>NCR THEN B&=BS+",
© 11110 NEXT X

1112¢ PRINT#1,B%
11130 NEXT I .
11140 RETURN _ _
LLLGO ke b s s oo ok o ok ok o o ok R R e e R ek
11160 PRINT "Twisting displacements of cradle"
11170 PRINT#L, "*BOUNDARY ,OP=MODN

11180 FOR K=l TO NCR:!'#%%% constrain the ridb nodes
11190 NO=NNSR(K)

11200 Y=Y (NO) : 2=4 (NO)

11203 IF ¥=0 AND 2<0 THEN THEVA=PI:GOTO 11280
11250 IF Z<0 AND ¥»0 THEN THETA=ATN(Y/2)+PI
11260 IF 2<0 AND Y<0 THEN THETA=ATN(Y/Z)+PI
13280 PRINT NO;THETA%L180/PT

11285 R=S8QR (2" 2+Y"*2)
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11230
11300
11310
11320

- 11330

11340
113560
113650
11370
11380

11390

¥4 PD=R*COS (THETA+THIST)
¥YD=R*SIN (THETA+TWIST)
DY=YD~Y
DZ=2D~5%
b ow%xk routine to eliminate small numbers
IF ABS(DZ)<.00001 THEN LET DZ=0
IF ABS(DY)<.0C001 THEN LET DY=0
PRINT#1,NO;",2,,V; :PRINT#1, USING "##. 844" ;0Y
PRINT#HL,NO:",3,,"; :PRINTH1, USING Y3, ##ff 03
NEXT K
RETURN

I 19



5 ' W% RTEND.BAS  27/5/1989
10 N=11000: DIM NO(N),X(N), ¢ (N}, Z(N)
20 ' DEFSNG A-H,0-Z
30 DIM ELSETRIB(13,16)
40 DIM NODE(#),XR(13),XFD(13)
50 DIM A(L3),B(13)
60 KEY OFF:QLS
70 DIM X8(13):t#%%* x location of support
80 DIM NNSS(20):'%** rjode number support shell
90 DIM NNSR(20):T%%% node nunber support rib
100 LOCATE 10,35:PRINT "MAGENEW
110 LOCATE 12,20:PRINT "ABAQUS MESH GENERATION END FOR ROAD TANKERSY
120 INPUT A8 '
130 PI=3.141592654#
140 DECPLACE=4 . .
150 G=9.B1000L; '#%#% gravitatlonal acceleration
160 XACC=2:! #%% forward acgeleration of tanker
170 YACCm=2:t! *kk* gldeways acoeleration of tanker
180 ZACC==3:' %%% upwards acceleration of tanker
200 TWIST=G:TWIST=TWIST*PL/LB0: '#%% tyist of the tanker in radians
210 PP=8.,4B5:! %%+ internal pressure in tanker
220 RI=.G650% 1 %%k inside radlus
230 TS=.015:t#%%  thickness of shell
240 RO=RI+PS:! #%%% outside radius of tha tatker
250 R8=RI+THE/2:! #%% wradius of centreline of the shell
270 DENLIQ=1850:' #%#%% liquid or content density
280 DENSHELL=15900:' *#* ghell material density
290 DENRIBS=1900:'%%% DENSITY OF THE RIBS
300 XSTART=0: 4% atart of oylindrical ssction of tanker
320 XSTOP=12:'%%% stop of oylindrical saction of tanker
330 XLD=RS/2:1%%% depth of left dieh to shell centreline for 2:1
-ellipsoidal o
340 TLD=TS:'d%* thickness of laft dome
350 TRD=T8:1%%% thickness of x»ight dome
360 XRD=XLD:'%#% depth of right dish
370 XC=XSTOPR:'%%* Jangth of cylindrical part of the tanker
380 NT=XC+XLD+XRD4TS: 1 ¥%% total length of the tanker
390 NRIBS=13:11l%*%% number of ribs _
400 XR(1)=0:XR(2)=1:XR(3}=2:1XR{4)=3 :XR(B)=4 1 XR(6) =5 XR(7) =6
tXR(8)=7 1 XR(9) =8
408 XR(10)=8:XR(11)=10:XR(12)=21:XR(13)=12:' »ib x positions
410 Al=,05:A2:=,05:A18=5TRS (A1) tAZ8=STRS(A2) 1 '%4% width of xibs
420 Bl=,05:B2w, 12BL$=5TRS (B1) B2$=8TRS (B2) 2! #%* dapth of ribs
430 A({1)=RA2:A(2)=A2:A(3)=A21A(4)=A2:A(5)=ALtA(6)=ALIA(7)=AL
440 A{B)ﬂAl:A(9}=A1:A(lO}HAZ:A{ll)ﬂAz:A(12)=A2:A(13)ﬁA2:' %%k width
par rib
450 B(1)=B2:B(2)=~B2:B(3)=B2;B({4)=B2:B{5)=BL:B(6)=~B1:B(7)=BL1B(8)=B1
460 B(9)=B1+B(10)=B2:B(11)=B2:B{12)=B2:B(13)=B2: **** depth per rib
470 MPLTHIN=DENRIBS#*AL¥BL:'#%% mass per unit length of thin xridb
480 MPLTHICK=DENRIBS#A2%B2:'%*% mass per unit lenght of thick rib
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490 NTOL=.05: ' #*%% tolerance on node distances for *MpC

500 DTOL=.01: ' ##% tolerance on node distance for shell dome MPC
510 NODOCON=6:XFD{1)=.02:XPFD(2)=.05:XFD(3)=.101XFD(4)=,19
$XFD(5)=,28: XFD({6)+.36

520 NOSUDP=12:1XS(1)=0:X8(2)=1:1X8(3)=2:X5(4)=32:X8(10)=9:XS(11)=10
1X5(12)=1L1X8{13)=00: **** support locatlons

530 FOR I=5 TO 9:AS(I)=0iNEXT I;‘**** looations of no supports equel
zero

540 ANGSU=60:ANGSU=ANGSU/L80%PI: %% angle of the support

545 R=R5

547 HEADING§=" RT26ZT 3J0DE®E, .25M,0VERHANG, ID=1.3m,L=12m"

550 ' #%% number of dome contours:dome contour X fractions

BEO T ki hdddhdod ko ook de oo dede ook e Rk deod Rk ko R o e S ok ok ek o e ek
570 CLS:LOCATE 1I1,1:INPUT "Name of ABAQUS end file ";NAMEFILES
580 OPEN NAMEFILES FOR OUTPUT AS #1

605 OPEN "NODESW FOR INPUT RS #4

610 GUBUB 34703 '#*¥inpui dumsy node

870 GOSUS 6780:!' %% material definitions -

880 'KILL "“DUMMYCWsKILLYDUMMYLDTY:KILL “DUMMYLDQ®:XILLWDUMMYRY
890 'XILLYDUMMYRDTM:RKILL Y"DUMMYRDQY

SO0 PRINT * : EXECUTLON COMPLETE i CLOSE: STOR: END

QL0 Fekodeoe o ey ek ek ok o e o b ook o e oo e o o ookl e o o ook o ok e o ok o e ok
3470 PRINT "Input nodeg from dummy f£ile™

| 3480 WHILE NOT EOF(4) .

3510 INPUT#4,NO (L} ,X(NO(L)),¥(NO(L} ) ,G(NO(L))

3520 WEND '

3540 RETURN

3570 P hdddobd ke vk d kAR IR R R KRR AR R AR R R R AR TR R R IR AR kAR R R AR R TRk
AR L L T T L T T T T L L L A L i)
6780 PRINT#1, "*ELSET, ELSET=RIBTHTCK"

6790 PRINT#1,"RIB1,RIBZ2,RIB3,RIB4,RIBLO,RIBLL,RIB12,RIBLIY

6800 PRINT#L,V*ELSET, BLSET=RIBTHINY

' 6810 PRINT#1,"RIBS,RIBG,RIB7,RIBS,RIBOM

6820 PRINT#L,"*BLSET, ELSET=LOOMEY

6830 PRINT#1,"LDQUA,LDTRI"

6840 PRINT#L,"*ELSET, ELSET=RDOMEN

6850 PRINT#L, "RDQUA,RDTRIM

6860 PRINT#1,"*ELSET, ELSET<ENDSY

6870 PRINT#1, "LDOME, RDOMEM

6880 PRINT#1,"*ELSET, ELSET=SHELL"

6890 PRINT#IL, "EOYL,ENDSY

6900 PRINT#1,"*ELSET, ELSET=ALLM

6910 PRINT#1,"SHELL,RIBSY _

e A L L L T T P T T T T T T T T TR T T PPy
6930 !

6940 PRINT "Deéfine beam propertiesh

6950 PRINT#L, "*BEAM _ )

SECTION, BLEET=RIBTHIN, MATERIAL=0RTHRIB , SECTION=RECT"

6960 PRINT#L,USING M. ###""~~";A1; :PRINT#L,","; : PRINT#L, USING
WE FgponoonnBL

Izl



6970 PRINT#L,"1,0,0"

6980 PRINT#1,"*TRANSVERSE SHEAR STIFFNESS!

§990 PRINT#L1,"4,14E9,3.5E9"

7000 PRINT#L1,"*BEAM

SECTION, BLSET=RIBTHICK, MATERIAL=ORTHRIB , SECTTON=RECT"
7010 PRINT#l USING "§. ###““”“-Az PRINT#l," " s PRINT#1, USING
g, ###~*~~~u.52

7020 PRINT#L1,Y1.0,0"

7030 PRINT#1,"..RANSVERSE SHEAR STIFFNESS"

7040 PRINT#L,%4.14E9,3,.5E9"
7050!************************************************************
7060 PRINT "Define orientations®

7070 PRINT#1,"*ORIENTATION, NAME=CYLO,SYSTEM=C"
7080 PRINT#1.,"0,0,0,8,0,0"

7090 PRINT#1,"1,0"

7100 PRINT#1L,"*ORIENTATION, NAME=CYL+10,SYSTEM=C"
7110 PRINT#1,"0,0,0,8,0,0%

7120 PRINT#.,"1,100

7130 PRINT#1,Y*ORLENTATION, NAME=CYL=10, SYSTEM=C"
7140 PRINT#1,%0,0,0,8,0,0"

7150 PRINT#1,"1,~-i0V

7160 PRINT#1, “*ORIENTATION NaME=CYL+85, SYSTEM—C"
7170 PRINT#l,"o 0,0,8,0,0M :
7180 PRINT#L,V1, g5

7180 PRINT#l,u*ORIENTATION NAME=CYL-85, SYSTEM=C"
7200 PRINT#1,"0,0,0,8,0,0"

7210 PRINT#L, "L, —85"

7220 PRINT#1,"*ORIENTATION, NAME-SPH+10L SYSTEM=S"
7230 PRINT#J.,"O 0,0,0,0,1"

7240 PRINT#1,V1, lﬁ"

7250 PRINT#1,»*0RIENTATION NAME=~SPH-10%,, SYSTEM=S“
7260 PRINT#L,%"0,0,0,0,0,1" :

7270 PRINT#l,”l,&io"

7380 PRINT#1,"*ORIENTATION, NAME=SPH+85L, SYSTEM=5"
7490 PRINT#1,%0,0,0,0,0,1%

7300 PRINT#L, "1 MY '
7310 PRINT#l,“*ORIENTATION NAME*SPH—SEL SYSTEM=8N
7820 PRINT#1,%0,0,0,0,0,1"

7330 PRxNT#l,"l,nasu

7340 PRINTFL, "*ORIENTATION, NAME=SPH+10R, SYST sM=gh
7350 PRINT#1,%"10,0,0,10,0,1"

7360 DPRINT#L,"1,10"

7370 PRINT#l,“*oRIENTATION NAMEwSPH-lOR SYSTEM=8"
7380 PRINT#1,"1.0,0,0,10,0,1N

7390 PRINT#1,"1, -10"

7400 PRINT#I,"*ORIENTATION,NAME=SPH+85R,SYSTEM=S“
7410 PRINT#1,130,0,0,10,0,1"

7420 PRINT#1,"1,85)

7430 PRINT#1,"*ORIENTATION, NAME=SPH-85R, SYSTEM=5"
7440 PRINT#1,"10,0,0,10,0,3"
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7450 PRINTH1, "1 k85"

TFTAGD Y Rkkde kR hdk kbR k Rk hdhdhhhhrihRibhhbbrhdrbdhhhkrdhrwhhhirid
7470 PRINT "Define material properties

7480 PRINT#1, "*#MATERIAL, NAME=LAMCYL"

7490 PRINT#1,"*ELASTIC, TYPE-—-LAMINA"

7500 PRINT#L,"38. 6E9,8.2789, .26,4.1489, 4.1439 3.5E91
7510 PRINT#L, M ADENSTTY™

7520 PRINT#l,DENSHELL

7830 PRINT#1,"*MATERIAL, NAME=ORTHRIB"

7540 PRINT#1,"*RLASTIC, TYPE=ORTHOTROPICH

7550 PRINT#1,v39,.17E9,2.182E9,8.39E9,2,182E%,2,182E9,8.392E9
+4,14E9,4,14E9"

7560 PRINT#1,"3,58E9"

7570 PRINT#1,"«DENSITY"

7580 PRINT#i DENSHELL

7580 PR:NT#l "EMATERIAL, NAME=XS0DOMY

7600 b. "NT#L1,"*ELASTICH

7610 PRIN’I‘#I.,“?LB.QSEQ', .27

7620 PRINT#L,"*DENSITY"

7630 PRINT#1,DENSHELL

ToAO  ARKRER KA TR r AR hRhhkdhhhR bRt rhdh bbbk bbb d i dAbhdhhrdhhid
7650 PRINT "Define shell sectionsn

7660 PRINT#L,*"*SHELL SECTION,ELSET=ECYL,COMPQSITE"
7670 PRINT#1,%.625E-3,1, LAMCYL, CYL+10M

7680 PRINT#1,".625E-3,1,LAMCYL,CYL-10"

7690 PRINT#L,Y.626E~3,1,LAMCYL, CYL~85"

7700 PRINT#L,".625E-3,1,LAMCYL,CYL+85%

7710 PRINT#1,".625E-3,1,LAMCYL, CYL+10"

7720 PRINT#1,",625E-3,1, LAMCYL,, CYL~-100

7730 PRINT#L,",625E~3, 1, LAMCYL, CYL-85"

7740 PRINT#L1,".625E~3,1,LAMCYL, CYL+85"

7750 PRINT#L,%.625E~3, 1, LAMCYL, CYL+10Y

7760 PRINT#1,".625E-3,1, LAMCYL,, CYL~10" -

7770 PRINT#L,".625E~3,1,LAMCYL, CYL-85%

7780 PRINT#1,",6258-3,1, LAMCYL,, CYL+85"

7790 PRINT#L,"Mkkk% MIDLDLE OF LAMINATEY

7800 PRINT#1,".625E-3,1,LAMCYL,CYI+85"

7810 PRINT#1,",625E~7,1,LAMCYL,CYL-85M

7820 PRINT#1,".825E~3,1,LAMCYL, CYL-10"

7830 PRINT#L,".625E8~3,1, LAMCYL, CYL+10"

7840 PRINT#1,Y.625E-3,1,LAMCYL, CYL+85"

7850 PRINT#1,".5625E-3,1,LANCYL, CYL~-85"Y

7860 PRINT#L,",625E~3,1, LAMCYL, CYL~10"

7870 PRINT#1,".625E-3,1, LAMCYL, CYL+10"

7880 PRINT#L,".625E-3, 1, LAMCY],, CYL+85"

7890 PRINT#1,".6258E-3, 1, LAMCYL, CYL-85"

7900 PRINT#1,".625E-3,1,LAMCYL, CYL~10"

7910 PRINT#L,".625E-3,1,LAMCYL, CYL+10™

7920 PRINT#L,"*TRANSVERSE SHEAR STIFFNESS!

7930 PRINT#1,"4.14E9,3,5E9"
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8510
8520
8530
8540
8550
8560
8570
8580
8590
8600
8610
8620
8630
8640
8650
8660
86701
8580
8690
8700
B710
8720
8723
8727
8730
8740
8750
8760
8770
8780
8790
8800
8810
8820
8830
8840
8850
8860
8870
8880
8890
8900
8910
8920
8930
8940
8950
8960
8970
8980

PRINT#1, "*SHELL SECTION,ELSET=LDQUA, MATERIAL=ISODOM"
PRINT#L,USING "#.##4#" ;7LD t PRINTEL, ", 3V

PRINT#1, "+TRANSVERSE SHEAR STIFFNESS"
PRINT#L,",14E9,3.5E9"

PRINT#1, "4+SHELL SECTION,ELSET=LDTRI,MATERTAL~IS0DOM"
PRINT#1,USING ", ###9 ;7LD ; : PRINT#L, ", 3"

PRINT#1, "*TRANSVERSE SHEAR STIFFNESSY
PRINT#1,"4,14ED,3.5E9"

PRINT#1,"*SHELYL, SECTION,ELSET=RDQUA,MATERIAL=TSODOM"
PRINT#1,USING "#,#F# JTRD; : PRINT#L, 9,3V

PRINT#L, "ATRANSVERSE SHEAR STIFFRESS!
PRINT#1,"4.14E2,3.5E9"

PRINT#FL, "+SHELL SECTION,ELSET=RDTRI,MATERIAL=ISQDOM"
PRINT#1,USING "#.###" ;TRD; :PRINT#1," 30
PRINT#1, "« TRANSVERSE SHEAR STIFFNESSY
PRINT#1,"4.14E9,3. 5891

ek kkdekdhhkkhrhAhdbd kbRt hbbdRhkbhbhhdhbhhdbhddkdhhhird

PRINT "Define boundary conditions"

PRINT#1, "*NSET , NSET=BOGIE"

PRINT#1, "SUPR1, SUPR2, SUPR3 , SUPR4"

PRINT#1, " *NSET, NSET=LAND"

PRTNT#1, "SUPR10, SUPS11Y

PRINTil,"*NSET,?EETEFIFTH"

PRINT#1, "SUPR12M

PRINT#1, "*BOUNDARYY

PRINT#1, "SUPRZ, 3"

PRINT#L, "SUPR2, 1"

PRINT#1,"?277,2"

PRINT#1L, "%*SUPR12, 3"

PRINT#L, " %%22277,2%

AR PRI PR S A P R DR L R PR L LR T
PRINT#l,"*PLOT,ELOTSIZE=3"

PRINT#1, HEADING

PRINTﬁl,“*VIEWPOINT“

PRINT#L, 1,1,1"

PRINT#1, Mk ¥SHRINK, FACTOR=. 2"

PRINT#L, "#+DETAIL"

PRINT#I'“-1,-1'_1'.211!1f1

PRINT#1, "*DRAW, ELNUM"

PRINT#L, "#DETAILY

PRINT#1,98.9,-1 -1,11,1,1"

PRINT#1, "*DRAW, ELNUM" _

L T T P R P T P LY TR T I R ST IS AL AT TR T T LT R LA T T LT
'4#¥%% calculate pressure on element as a function of X,Y,2
PRINT#1, "%STEP , AMP=RAMP"

PRINT#FL, "% *STEP, LINEAR=NEW, AMP=RAMP"

PRINT#1,"*STATIC, PTOL=1.E2"

PRINT#L, "*DLOADY

I AR AERERERRRA R IR RIN R R R RR AT RN RETRNR TRk Roh Rk Rdodkr _
'okkdkkakhdksddd routine to caloulate pressures on 58R elements
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8990 OPEN "DUMMYC" FOR INPUT AS #2:FILES=MCYLY:EN=EECLY:COT0 5020
9000 OPEN "DUMMYIDQ" FOR INFUT AS #2:FILES="LDOMEY:; EN=EELDQUA:GOTO
9030

9ol0 OPEN Y"DUMMYRDOY FOR INPUT AS #2:PFLLES=VRDOMEY : EN=EERDQUA

9020 WHILE NOT EOF(2) _

9030 INPUT#2,ELNO,NODE(1),NODE(2),NODE(3) ,NODE(4),NODE(5) ,NODE(6)
(NODE(7), HODE(B)-I #k% caloulate centroids of the elaments

9050 CENTX = =.25%(X/NODE(L))+X(NODE(2))-+X {NODE(3) }+X(NODE(4)})
9060 CENTY  =.25% (Y {NODE(1))+Y¥ (NODE(2) ) +¥ (NODE(4) ) +¥ (NODE(3)))
9070 CENTZ n.zs*(z(uonmcly}+Z(NonE(2))+Z(nonE(4))+Z(NoDE(3)))
91,00 PX=DENLIQ*G*ABS (XACC) % (CENTX+RI/2)

9110 PY=DENLIQ#G*ABS (YACC) % { RI~CENTY)

9120 PZ=DENLIQ*G*ABS(ZAcc)*(RI—cENTz)

9130 T=PP+PX+PY+PY

9180 IP PT<>0 THEN PRINT#1,ELNO;",P,";:PRINTFL, USING'#, ###‘““*“"-PT
9200 WEND:! IF ELNO<>EN THEN GOTO 9720

9210 CLOSE#2

9220 IF FILES="CYLY THEN 5000

9230 IF FILES="LDOMEY THEN 9010

9240 v hkRkddkkwRAkkhkhhbhh bRk v R bk kbR bRk ARk Rk R Rk

9260 ' kkkkkdkikkdkk yroubine to calculate pressurss o STRI3 elaments
9260 OPEN "DUMMYLDT" FOR INPUT AS #2tFILE$="LDOME": EN=EELDTRI:GOTO

. 9280

9270 OPEN YDUMMYRDT" FOR INEBUT AS #2:FILES=VRDOME":EN=EERDTRI

WHILE NOT EOF(2)
5280 INPU®#2, ELNO,NODE(L),NODE(2) ,NODE(3): ' *#* galculate centroids
of the elements

9300 CENTX  =1/3%(X(NODE(L))+X(NODE(2))+X{NODE(3)})
9310 GENTY  =1/3%(Y(NODE(1))+Y (NODE(2))+Y (NODE(3)))
g3ar CENTZ  =1/3*%(Z(NODE(L))+Z (NODE(2))+Z(NODE(3))})
9330 PX=DENLIQAGHXACCH { CENTX+RI/2)

93.40 PY=DENLIQ*G*ANS (YACC) * (RI~CENTY)

9350 PZ=DENLIQ*G*ABS ( ZACC) % (RI~CENT2Z)

9360 PT=PP+PX+PYPZ

9370 IF PT<>0 THEN PRINTAL,ELNO;",F,";:PRINTAL, USING ", g~~~ pD
9380 WEND

9390 CLOSEfF2

9400 IF FILES=Y"LDOME" THEN 9270

QALO T KE sk e A s e b ek R e ek sk e el R ek
9420 '+ pody force for whole ghell

2430 BX=DENSHELL*G*XACC:' *%%% use danshell as approx density
2440 BY=DENSRELL*G*YACC

5450 BZ=DENSHELL*G*ZACC

9460 IF BX<>0 THEN PRINT#L,"SHELL,BX,";BX

9470 IF BY<>0 THEN PRINT#L,"SHELL,BY,";BY

9480 IF BZ<>0 THEN PRINT#1,"SHELL,BZ,"}B%

9490 IF XACC<>0 THEN PRINT#, "RIBTHIN,PX,";MPLTHINAG*XACC
9500 IF XACC<>0 THEN PRINT#1,"RIBTHICK,PX,";MPLTHICK*G*XACC
9510 IF YACC<»0 THEN PRINT#l,"RIBTHIN,PY,";MPLTHIN*G*!ACC _
8520 IF YACQ<>0 THEN PRINT#L,PRIBTHICK,PY, " :MPLITHICK*G¥*YACC
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9830
8540
9560
‘95865
9570
9880
9590
9600
9610
9620
9630
8640
8650
9660
9670
5680
9690
9700
8710
97290
8730
8740
9750
8760
9770
8780
8790
2800
9810
2820
2830
9840
2850
9860
2870
5380
9890
9900
5810
89920
9930
9940
9850
8960
9870
9980
9380

IF ZACC<>0 THEN PRINY.'L,"RIBTHIN,PZ,Y;MPLTHIN*G*ZACC
IF ZACC<H0Q THEMN PRINT#l,"RIBTHICK PZ, " ' MPLTHICK*G¥ZACC
Vik% determine output parameters
GOTO 10220

PRINT#1, "#EL PRINT, ELERET=EBHELL"
PRINT#1, "COORD, 511,822 ,8120
PRINT#L,Y*EL, PRINT, BLSET=SHELLY
PRINT#L, "Bpr0

PRINT#J_, W+EY, PRINT,ELSET=RIBSY
PRINT#L, "COORD"

PRINT#1, I%El, PRINT, ELSET=RIBS"
PRINT#L, WEp0

PRINT#1, "4PLOT, PLOTSIZE=4"
BRINT#1, "*DETALL, ELSET=SHELL"
PRINT#J—; """l.; ""13 "':L ) 13 Il 0 r 1"
PRINTHL, "#VIEWROLINTY
PRINT#1,%0,1,0"

PRINT#L. "*DISPLACEDY .
PRINT#1, Wyn
PRINT#3 , "*PLOT, PLOTSIZE=3 Y
PRINT#L, W*DETAIL, ELSET=SHELLY
PRINT#l; ""'1;' l,"l;la; 0; i
PRINT#1, "*VIEWPOINT"
PRINT#1,94,1,1n
PRINT#l,"*DISPLACED"

PRINT#L, num
PRtHT#l,"*PLOT,PLDTBIZEmaﬂ
PRINT#1,"*DETALL, ELSET=SHELIL"
PRINT#L, "=l ,~1,«1,4,0,1"
PRINT#l,"*ViEWPOINT“
PRINT#1,%0,1,0%
PRINT#l,"*DISPLACED“

PRINT#1, U0
PRINT#l,“*PLOT,PLOTSIZE@S"
PRINT#1, "+DETATL, ELSET=SHELLY
PRINT#:L; "8, "‘1;""1; 13 t 0; ML
PRINT#L, W& VIEWPOINTY
PRINT#1,%0, 1,00

PRINTH#L, "wDISPLACED!
PRINT#L, tun
PRINT#1, "*PLOT , PLOTS L E=3 W
PRINTEL, "ESF1Y ; HEADINGS ;" ~21M~-0MY
PRINT#1, "WDETALL, ELSET=SHELL"
PRINT#J-; “"l; "'"l; "'1; 0; 0; 1
PRINT#L, " *CONTOUR, DEFORM"
PRINT#1, "SFLY

PRINT#L, "#PLOT , PLOTSIZE=3"

10000 PRINT#I,"SFZ"'HEADING$’" - M~ OMY
10010 PRINT#1,"*CONTQUR"
40020 PRINT#L,ngF2V
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10030
10040
10050
10060
10070
10080
100380
10100
10110
10220
10130
101490
10150
10ls0
10170
loiso0
10190
10200
10203,
10202
10203
10204
10205
10206
10247
10208
Lozoe
10210
Jozla
10212
10213
10214
10215
o220
10220

PRINT#3., "#PLOT, PLOTSTZIMa Y

PRINT#1, "SFIY  HEADINGS " ~LM=-OMM

PRINT#1 , W %CONTOURY
PRINT#L, "gpan
PRINT#1 , "%PLOT, PLOTSIZE=3N
PRINT#L, "SFL1Y ;HEADINGS
PRINT#L, "#*DETALL, ELSET=SHELL"
PRINT#l}"0;""1;“1;2-1;0,1
BRINT#1 , "™ CONTOUR®
PRINTAL, 1SN
PRINT#L, "*PLOT, PLOTSLZE=3"
PRINT#1, "8F2! ;HEADINGS
PRINT#L , " *CONTOURY
PRINT#1, 95F2"
PRINT#1, "+PLOT, PLOTSIZE=3"
PRINT#1 "sSF3";FBEADINGS
PRINT#L , "+CONTOUR , DEFORM!
FRINT#L1,VgF30

PRINT#L, "*PLOT, PLOTSIZE=3t
PRINT#L, "6F1" ;HEADING S
PRINT#L, "WDETALIL, BLEET=SHELLY
PRINT#l;“0""‘1;"‘1,12)1;0’1
PRINT#1, "«CONTOUR, DEFORM!
PRINT#1 , "8FLY
PRINT#1, P#PLOT, PLOTSIZE=3 1
PRINT#L, "SF2Y ; HEADINGS
PRINT#1, "#CONTOUR , DEFORMY
PRINT#1., "SF2 "
PRINT#L " #PLOT, PLOTSLZE=3
PRINTH#1,"SF3" ; HEADINGS
PRINT#L, "% CONTOUR , DEFORM!
DRINT#1, "GP |
PRINT#L, "*END STERY
CLOSE#Y

RETURN
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APPENDIX O
BUMMARIZED LISTING OF ROAL TANKER FEM MODELS




%% LOADCASE 2: COMBINED AXIAL 2G, VERTICAL 2¢ AND SIDEWAYS 2¢ ACCELER-

ATION : .
*HEADING , CORE=320000

RT27A% 30 DEG, .25M,0VERHANG, ID=1.3m,I=12

«{.3288
”065695
"004650
~0.3238
“0a3288
-0,5698
“0.4550
=0,.5695

=0.1702

*DATA CHECK
*PREPRLINT , ECHO=NOQ , HLSTORY=NQ , MODUEL=NO
*NODE ,, NSET=NC¥L '
1, 0.0000, -0.5695, .0
1012 , 2.7500, 0.5694,
1020 , 2.7500, 0.3287,
1023 , 2.7500, 0.4648,
1108 , 3.0000, 0.5694,
1112 2.8750, 0.5654,
1116 3.0000, 0.3287,
1118 , 3.0008, 0.4649,
1120 , 2.8750, 0.1287,
4607 r 12‘0000; ”0-6351;
*NODE, NSET=NRIBES

4609 , 0.0000, ~0.6193,

5075 F 1200000; =0, 6907; -
*NODE, NSET=NLDTRI
5077 , ~0.3288, 0.0000,

5603 ,  0,0000,  0.6350,
*NODE, NSET=NRDTRI
EGO5 ,  12.3287,  0.0000,

- BGBO , 12.3221, 0.1263,
*NODE, NSET=NRDQUA
5653 , 12.3221, 0.1133,

6131 , 12,0000,  0.6350,
*ELEMENT , PYPE=88R, ELSET=ECYL
1,1,2,3,4,5,6,7,8

140,3.020,10L2, 1108, 1116, 1023, 4112,1118, 1120
576,441, 4500, 4596, 4515, 4511, 4600, 4607, 4518

*ELEMENT , TYPE=B32 , ELSET=RIBS
§77,4609,4610,4611

732,5043,5075,5071
*ELEMENT , TYPE=STRIL3 , BLSET=LDTRT
733,8077,85078,5079

758,5077,5079, 5122
$ELEMENT | TYPESSR, ELSET=LDQUA

0.3574,

0.1851,
0.0000
-0.4702
0.0000
~0.0339
0.0684
~0.1702

~0,866%, -0.4998
-0,8659, ~0.2589
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757,5125,5128,5127,5126,5132,5131,5130,5129

816,5151,5159,5560, 5552, 51625603, 5664, 5595
#ELEMENT , TYPESSTRI3 , ELSET=RDTRY
817,5605 5607 ,5606

840,5605, 5650, 5607
*ELEMENT , TYPE-88R, ELSET=RDQUA
B41,5653, 5654 56555656 5657, 5658, 5659, 5660

900,5679,6080,6088,5687,6123,6092,6131,56904MPC
d%d MPC CYLINDER TO LEFT DOME

7,5159, 41

7,5603,53

*MEC _

*%¥MPC LEFT TRI TO LEFT QUA

7;5078;5129

7,8122,5569

*MPC

#%$MPC CYLINDER TO RIGHT DOME
7,5687,4556

7,6131,4567

*MPC

¥%% MPC RIGHT TRI T0 RIGHT QUA
7,5606,5657

7,5650, 6097

*MPC

#%% MPC CYLINDER TO RIBS
7,1,4609

7,4607,5075

#EL,SET, ELSET=RIB1

577,578,579,580, 581,582,583 ,584, 585,586,587, 588
ELSET, ELSET=RIB2

589,690,591 ,592, 593,594,595 ,596,597,598 , 599, 600
*ELSET, ELEET=RIB3
601,602,603,604, 605,606, 607,608,609,610,611,612
*ELSET, ELSET=RIB4
613,614,615,616,617,0618,619,620,621,622,623,624
*ELSET, ELSET=RIBS
625,626,627,628,629,630,631,632,633,634,635,636
¥ELSET, RLSET=RIB6
637,638,639,640, 641,642,643 ,644,645,646,647,648
*ELEET , BLSET=RIB7
649,650,651,652,653,654,655,656,657, 658,659, 660
*ELSET, BLSAT=RTBS




661,662,663 ,664,665,666,667,568,669,670,671,6%
*BELSET , ELSET=RIBY
673,674,65,676,677,678,679,680,68,682,683,684
*ELSET, RLERT=RTB10

685,686,687, 688, 680,690,691,692, 693, 694,695,696
ELSET, RLSET=RTB11
497,698,698,700,701,702,703,704,705,706,707,708
¥ELSET, ELSET=RTB12

708,710,711, 712,713, 714,715,716,717, 718,719,720
ELSET, BLSET=RIB13
721,722,723,724,725,726,727,728,728,730,731,732
¥NSET, NSET=SUPS1

49,5%7,61,69,73,77,85

#NSET, NSET=SUPR1

4627,4630,4631,4633,4634,4636, 4637, 4840

4NSET, NSET=SUPS2

340,348 351,359 364,367,375
- ¥NSET, NSET=EUPRA

4663 ,4666,4667,4669,4670,4672, 4673 4676

¥NSRT, NSET=SUPS3

724,732,735,743, 748,751,759

*NSET, NSET=SUPR3
4699,4702,4703,4705,4706,4708,4708 4712

*NSET, NSET=SUPS4
1108,1116,1119,1127,1132,1135,1143

*NSET, NSET=5UPR4 _
4735,4738,4739,4741,4742,4744,4745,4748

*NSET, NSET=SUPS10

3412 ,3420,3423,3431,3436,3439, 3447

*NSET, NSET=8UPR10

4951, 4954, 4955, 4957, 4958, 4960, 4961, 4964

*NSET, NSET=SUPS11
379¢,3804,3807,3815,3820,3823,3831

*NSET, NSET=SUPRL L
4987,4990,4991,4993,4994,4996,4987,5000

*NSET, NSET=SURPS12 .
4180,4188,4191,4199,4204,4207,4215

*NSET, NSEI'=SUFPR12
5023,5026,5027,5029,5030,5032,5033,5036
#ELSET , ELSET=RIBTHICK
RIB1,RIB2,RIB3,RIB4,RIBL0,RIB1L,RIB12,RIBL3
*ELSET , ELSET=RIBTHIN

RIB5,RIBG,RIB7,RIB&, RIBO

*ELSET, BLSET=LDOME

LDQUA,LDTRT

¥BLSET, ELSET=RDOME

RDQUA , RDTRY

*ELSET, ELSET=ENDS

LDOME, RDOME

SELSET, ELSET=SHELL




ECYL, ENDS
*ELSET , RLSET=ALL
SHELL, RIBS
BEAM SECTION , ELSET=RIBTHIN, MATERTAL=ORTHRIE, SECTION=RECT
5.000E=-02, 5. OOOE—OZ
1,8,0
*TRANSVERSE SHEAR STIFPFNESS
4.14E9,3.5E9 .
¥BEAM SECTION, ELSET=RIBTHICK MATERTAL=ORTHRIB, SECTION=RECT
5.000E~02, 1. 000E~01
1,0,0 ’
*TRANSVERSE SHEAR STIFFNESS
4,14E9,3,5E0
*ORTENTATION, NAME=CYLO , SYSTEM=C
0,0,0,8,0,0
0

T
*QRIENTATION, NAME=CYL+10, SYBTEM=C
¢,0,0,8,0,0
1 10
*ORIENTATION NAME=CYL—10 SYSTEM=C
0,9,0,8,0,0
1 “10
*ORIENTATION NAME=QYL4-85, SYSTEHn
0,0,0,8,0,0
-1, 35
. *ORTENTATION , NAME=CYI~85 , BYSTEM=C
0,0,0,8,0,0
XL ) -85
*MATERIAL , NAME=LAMCYL
*ELASTIC, TYPE=LAMINA
38.6E9,8.27E9, 26,4, 1450, 4.14E0, 3,559
*DENSITY
1900
*MATERIAL, NAMEHORTHRIB
*BLASTIC, TYPEPORTHOTROPIC.
39-1?E9,2.182Eg,8:39E9,2.18239}2-lazEQ,3.392E9,4.14E9;4114E9
3,5E8
*DENSITY
1900
#MATERIAL , NAME=1SODOM
*ELASTIC
18,9689,,27
*DENSITY
19200
*SHELL SECTION, ELSET=ECYL,COMPOSITE
v 62883, 2, LAMCYL,, CYL~10
+G6258-3 I 1fMMCYL, CYL~-85
.625E-3, 1, LAMCYL , CYL+85
«G258=3, 1, LAMCYL, CYI+10
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.625E~3, 1, LAMCYL, CYL~10
.625E~3, 1, LAMCYL,, CYL,~85
«625E~3, 1, LAMCYL, CYL+85
-62543, 1, LAMCYL, CYL-85
.G25E~-3, 1, LAMCYL, CYL+85

#%k4% MIDDLE OF LAMINATE
.625E-3, 1, LAMCYL, CYL~85
.625E-3, 1, LAMCYL, C¥L-10
.5258-3,1, LAMCYL, C¥I+10
.625E-3, 1, LAMCYL, CYL+85
.625E~3 ,1,LAMCYL , CYL~85
. 525E"3 ¥ 1 I3 LAMCYL; CYIJ"'].O
,625E-3, 1, LAMCYL, CYL+85
+6258-3,1, LAMCYL, C¥YL-85
. 625E=3, 1, LAMCYL,, CYL~10
62583, 1, LAMCYL, CYL+10

*TRANSVERSE SHEAR STIFFNESS

4.14E9,3.589

*SHELL SECTION, ELSET=LDQUA, MATERIAL+~IS0DOM

0,015,3

*TRANSVERSE SHEAR STIFFNESS
4.14E9,3,589

*SHELL SECTION, ELSET=LDTRI , MATERIAL=IS0DOM

0.015,3

*TRANSVERSE SHEAR SBTIFFNESS

4.14E0,3.5E9

*SHELL SECTION, ELSET=RDQUA, MATERTIAL=TSODOM

0.015,3

KTRANSVERSE SHEAR STIFFNESS
4.14E9,1.5E9

kSHELL SECTION, ELSET=RDTRI ,MATERIAL=ISODOM
0.015,3

¥TRANSVERSE SHEAR STIFFNESS
4,14E9,3.589

*NSET, NSET=BOGLE

SUPR1, SUPR2, SUPR3 , SUPR4
*NSET , NSET=LAND

SUPRL0, SUPS11
*NSET , NSET=FIFTH

SUPR12

*BOUNDARY

SUPRZ, 3

SUPR2, 1

4669 ,2

SUFR12,3

5029 ,2
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*PLOT, PLOTSIZE=3

RT27ﬁA 3ODEG,-ZSM;OVERHANG ID=1.3m,L=12m
*VIEWPOINT
1,1,1L
***SHRINK FACTOR=.2
*DETALL
“'13"1, :1- 2-1,1,1
*DRAW , ELNUM

*DETATL

809'-1f-l'lil1’1
*DRAW , ELNUM

*STEP , AMP=~RAMP

#%45TEP, LINEAR=NEW , AMP=RAMP
$STATIC, PTOL=1.E2
#DLOAD =

1 ,P, 7.996E+04

140 ,P, 1.635E+05

840 ,P, 5.038E+05
SHELL,BX, 37278.00390625
SHELL,BY,=37278.00390625
SHELL,BZ,~37278.00390625
RIBTHIN,PX, 923.19501304626465
RIBTHICK,P¥, 186.3800250925293
RIBTHIN,PY,-53,1950130462G465
RIBTHICK,PY,-186.3900260925293
RIBTHIN,PZ,~93.19501304626465
RIBTHICK,PZ,~186.3900260925293
%EL PRINT,ELSET=SHELL
COORD, 811,822,512

*EBL PRINT, ELSET=SHELL
8F
YBL PRINT ELSET=RIBS
COORD

*EL PRINT,ELSET=RIBS

8F
¥PLOT, PLOTSIZE=4
#DEYTAIL, ELSET=SHELL
-1,-1,-1,13,0,1

¥V LEWPOINT
0,1,0
*DISPLACED
U

*PLOT , PLOTSIZE=3

*DETAIL, ELSET=SHELL
"'l;"i;'l,lB,U,l

*VIEWPOLNT
1,1,1
*DISPLACED

.ma L .. v




U

*PLOT, PLOTSLZE=3
*DETAIL, ELSET=S8HELL
-1,~1,~1,4,0,1
*VIEWPOINT

0,1,0

ﬁDISPLACED

U

*PLOT, PLOTSLZE=3
*DETALL, ELSET=5HELL
.8;"1.,-"'1;13,0,1
*VIEWPOINT

0,1.,0

;DISPLACED

#PLOT, PLOTSTZE=3

8F1 ~1M-0M

*DETAIL, ELSET=SHELT

—1,-1,‘1‘0'0!1

*CONTOUR, DEFORM

SF1 '

*PLOT, PLOTSIZE=3

8¥2 ~1M-0H

*CONTOUR

8SF3

*PLOT, PLOTSIZE=3

SFa -1M—-OM

*CONTOOR

SF3

*PLOT, PLOTSTZE=3

8F1

*DETALL, ELSET=SHELL

) 0;"‘1"‘1,2"-1;0’1
*CONTCUR

SFL

#PLOT, PLOTSIZE=3

BF2

*CONTOUR

8F2

¥PLOT, PLOTSIZE=3

BF3

*CONTOUR , DEFORM

SPr3 :

*PLOT, PLOTST ZE==3

SF1 o

*DETALL, BLSET=8HELL

Op=k,=1,12.1,0,%

®*CONTOUR , DEFORM

SFl

*PLOT, PLOTSIZE=3

J 8
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8F2

#CONTOUR, DEFORM
SF2

*PLOT , PLOTSI ZE=3
SF3

*CONTQUR, DEFORM
SF3 '

*END STEP



APPENDIX K

LISTIRGS OF PREPROQESHING PROGRAME FOR THE VALIDATION FEM MODEL




KiL: MAVAGEN.BAZS - Program to generate FPEM model of validation tube

5 'MAVAGEN.BAS
10 N=7000: DIM NO(N),X(N),¥(N},Z(N)

20 ¢

DEFENEG A-H,0-7

30 DIM ELSETRIB(10,36)
40 DIM NODE(8Y,XR{11),XFD(LL)
60 KEY OFF:inLS

. Lo
110
120
130
140
250
260
390
400

IOCATE 10,35:PRINT "MAVAGEN®

LOCATE 12,20:PRINT YABAQUS MESH GENERATION FOR VALIDATION MODELY

INPUT AS

PI=3,141592654#

DECPLACE=4

RS=,0519:1 %% radius of centrelina of the shell.
YOFF=,0631: '*%% y ofiset for centreline of shell

NXVALS=2: 16%%% number of x stations

DATA 054,.07d,.999,.1240,,1440,.1560,.1580,.1800,.1923,.2045

I '2158[ 02290" !2413; 02535' I26573 a 2780

450
500
560!
570
580
620
630
740
800
g0
- 1010
‘1020
1030
1040
1050
1085
1060
1070
1080
1090
1095
1100
1112
1113
1140
1150
iled
117
1180
1190
1200
210

NTOL=,05: ' ##% btolerance on hode disbtances for *MPC
DTOL=.01: ! #%% tolerenge on node distanca for shall doms MPC
Foked et d ook kR R R ROk R R R R R RN R R R ARk kSRR R AR kR RN
CLS:LOCATE 1,L:INPUT "Name of ABAQUS file "“;NAMEFILES

OPEN NAMEFILES FOR OUTPUT AS #1

GOSUB 10304' *%¥% galculate eylinder nodes

GOSUB 3470:7 #¥% write cylinder nodes

GOSUB 434Q:' **% wyrite cylinder alements

PRINT EXECUTION COMPLETE  M“:CLOSE:STOP:END
A T T L e T T e e T LT ey

l*********ﬂ********************************************
PRINT "Caloulating cylindar nodes"

SThRTANGDno ENDANGD=3601
ELANGD=22,5: V**Element angle incremant
NEPR=ENDANGD/ELANGD: ' **% number of elements par ring
R=RS
BSCYL=L: "4x* glement start cylinder
ELANG=ELANGD¥PL/LB0
RESTORE 4C0:READ XLEFT
NO=499 1 NONODE=0
FOR NX=l TO NXVALS-1
READ XRIGHT:PRINT XRIGHT;
FOR BOTANGD=STARTANGD TQ ENDANGD-ELANGD STEP ELANGD
BOTANG=BOTANGD*PL/180
TOPANG =ROTANGH+ELANG
FOR POINTNO =NO+1 TC NO+g:NO(POINTNO}=POINTNQiNEXT POLNTNO

X (NO#1) =XLERT: % (NO+L) =R *SIN (TOPANG) : ¥ (NO+L)=~R *COS {(TOPANG)
¥ (NO+2 ) =XLEFTs Z (NO+2) =R #SIN (BOTANG) 1Y (NO+2)=~R #COS {BOTANG)
X (NO+3) =XRIGHT: % (NO+3) =R *SIN(BOTANG) : ¥ (NO+3) =R ¥COS (BOTANG)
X(NO+4) =XRIGHT: Z (NO+4) =R *SIN (TOPANG) ¥ (NO+4)=~R*COS (TOPANG)

B e e

e




1220

X (NO+B )} =XLEFT s % (NO+8) =R *SIN(tTOPANG+BOTANG)/z)

1Y (NO+5) ==R*COS ( ('TOPANG-BOTANG) /2)

1230

X {NO+6) = (XLEFT+XRIGHT) /2 Z {NO+6) =R *EIN(BOTANG)

1Y (NO+6) =~R*COS (BOTANG)

1240

X (NO+7) =XRIGHT : Z (NO+7) =R *SIN( (BOTANG+TOPANG) /2)

£ ¥ (NO47) ==R*COS { ( BOTANG+TOPANG) /2)

1250

X (NO+8) = (XLEPT+XRIGHT) /21 2 (NO+B) =R *SIN(TOPANG)

$¥ (NO+8) =~R*COS (TOPANG)

1260 !
1270
1280
1280
1300

#%% routine to eliminate small numbers
FOR I= 1 T0 8
IF ABS(X({NO+I))<.00001 THEN LET X(NO+I)=0
IF ABS(Y(NO+I))<.00001 THEN LET ¥ (NO+I)=0
TF ABS(Z(NO+L)}<,00001 THEN LET %(NO+I)=0

1310 '#%% biancate numbers according to decplace

1320
1330
1340
1360
1360
i370
1380

TRUNCeX (NOHT) $ GOSUB 104301 X (NO+I ) =TRUNC
TRUNC=Y (NO+I) :GOSUB 10430:Y (NO+T)=TRUNGC
TRUNC=Z (NO+L) :GOSUB 10430: % (NO+I) =TRUNC
NEXT I
NONODE=NONQODE+8
NO=NO+ 8
NEXT BOTANGD

1385 XLEFT=XRIGHT

1390 NEXT NX

1400 'define cylinder start and end nodes : NSCYL and NECK*
1410 NSCYL=BE00:NECY¥L=NONODE+500¢PRINT NSCYL;NECYL

1420 STNODE=NSCYL:ENNODE=NECYL :'#%%% parameters for eliminate routine

1430 GOSUB 10270:' #4% youtine to eliminata duplicate fumbers
1440 RETURN

SAG0 I dkdhhiohddhdohihdhkhdhdddddddolhdddhdohd dnddd b dkddoddokkdohkddkkhdk

3470 PRINT "Writing cylinder nodes!
34580 PRINT#L,"sNODE, NSET=NSHELLN

2490 FOR I=NSCYL T0 NECYL

3500 IF I<>NO(I) THEN GOTO 3550

3510 PRINTHL,NO(L) ", ";

3520 PRINTFL, USINGUEFLFE . FFEV ;X (L) 7 1 PRINTHL, ™, W}

3830 PRINT#L , USING#E#4#  ####" ;Y (1) +YOFF; 1 PRINT#1, ", 1}
3540 PRINT#L , USINGY#F#FF AFFFY 12 (1) 7 s PRINTHL, WY

3550 NEXT I

3560 RETURN

AP LAR I ST P TR T TR PR A AT P PR R ALY P P T PR T AT R DTS S T T P T T T

4330 !

4340 PRINT "Writing cylinder elements®

4350 !

4360 PRINT#L,"*ELEMENT, TYPE@SBR ELSET=5HELLY
4370 NU=NSCYL-1

4380

4320
4400

4410

BCYL=(NECYL-~NSCYL4L) /61 %% number of alements
ESCYL=l:t *%% element start cylinder
FOR I=] PO ECYL
WRITE#L,I,NO(NO+1) ,NO(NO+2) . NO(NO+3) , MO (NO+4) ,NO (NO+5)

(NO(NO+8) , NO (NO+7) , NO (NO+83)

e e b g i




4440 - NO=NO+8

4450 NEXT X

4460 FRCYI=I~)3 t#%% element end cylinder

4470 CLOSE #2

4480 RETURN

LODAQ P okt ek de ok o e s e oo o kR ek A R o ke ke
10250 '*** rovtine to eliminate Quplicate nodes

10260

10270 PRINT “Eliminate duplicate nodegh

10280

10280 FOR I= STNODE TO ENNODE

10300 X=X (T) :¥=¥(L):Z=Z(T)

10310 FOR J=STNODE TO ENNODE

10316 LOCATE L10,1:PRINT N8CYL,I,NECYL,J

10320 IF J=]1 THEN &OTO 10380

10330 I¥ ¥<»X(J) THEN GOTO 10380

10340 IF ¥Y<>¥(J) THEN GOTO 10380

10350 IF 2<»%(J) THEN GOTO 10380

10360 IF NO(J)»NO(IL) THEN LW NO(J)=NO(I):GOTO 10390
10370 IF NO(J)<=NO(L) THEN uT NO({I)=NO(J):GOTO 10330
10280 NEXT T

10290 HNEXT I

L0AG0 RETURN

L0410 skdekd deokodesekdedesk hd ke ko deb otk gk dede e d ok kR b kR Rk ok o R e
10420 ‘'wexk. youtine to truncate numbers

10430 TRUNC=TRUNC#10"DECPLACE

10440  TRUNC=INT {TRUNC)

10450 1 TRUNCS=STRS (TRUNC)

10460 ! TRLE=LEN (TRUNCS)

10470 ! FOR IC = 1 TO TRLE

10480 ! A$=MIDS (TRUNCS, X0, 1) 1 IF Ag=v, 0 THEN LET
TRUNC$mLEFT$(TRﬂNC$ Ic+nnchAcE)

10490 NEXT IC

10500 TRUNC=TRUNC/10"DECPLACH

10510 ! TRUNC=VAL (TRUNCS)

10520  RETURN _ _
LOB30 | RRkkREERRREREAREAREARFLRRARIR R RN TRk TRk
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K2 : NISA~ABA.BAS =~ Program to convert NIEA FEM input data into ABAQUS

inp

ut format

§ CLOSE

10
20

DIM N(21)
CLS:PRINT “NlSA-ABA PROGRAM TO CONVERT NISA TO ABAQUS INDPUT

FILES"

30

40

50

60

70

g0

S0

io0
110
120
122
124
126
128
130
132
140
150
160
170
180
150
200
210
215
220
230
240
250
260
270
280
290
300
320
339
340
350
360
363
370
380
390

PRINT
Vekdé dummy variables for *alement headings
DUMSH$="}#" ; BRICKS$="tN" : BEAMS="N"
' ************************************************************
1xk% ghart file open %Wk
INPUT MINPUT FILENAME $%;:INFILES
INPUT "OUTPUT FILENAME '“'OUTFILE$
OPEN INFILES POR INPUT A8 #1
OPEN Y"TEMPORARY" FOR QUIPUT AS #2
OPEN QUTFILES FOR OUTPUT AS #3
HEADINGS="VALID4~1 VALIDATION MODEL EX NISa"
PRINT#3 , "*HEADINGH
PRINT#3,HEADINGS
ERINT#3, "4#DATA CHECK"
PRINT#3, "*PREPRINT, ECHO=YES, HISTORY=YES, MODEL=YEE"
! ************************************************************
Tek¥ gearch for *ELTYPE
I=0 .
LINE INPUT#L,AS$
WHILE LEFTS (AS,7)<»THELTYPEN
LINE INPUT#L,AS
WEND
THRKEERERRERERRERERARE AR AR EAREAAREREARAARE AR NN A AR LA RR Aok
' ki load element 14 index, type number and order
I=I+1: INPUT#1, NSRLS (T}
If LEFT$(NSRL$(I) )= WAROTABLE" THEN GOTO 260
INPUT#L, NRTP(I) (NORDR(I) .
GOTQ 218
Ak rewrite element id index as & number
$Fg§ g=1 TO I~L:NSRL(J)=VAL(NSRLS (I)) s:NEXT J
AS=
Y%k search for elements
WHILE LEFTS(AS,B)<»N*ELEMENTY
LINE INPUT#L,AS
WEND _
Uik hdesr A iR R okl R s A AR e bkl ol Rk ok ke SRk, Rk k
' k%% smarch fox nodes
INPUT#1,NELIDS
IF LEFTS (NELIDS,6)= "WANODES" THEN CLOSE#2:G0TO 450
INPUT#1, MATID, RSRL, IDRC, KESO-
NELID=VAL (NELIDS)
IF NKTP(NSRL}=20 AND NORDR(NSRL)=2 THEN GOSUB 720
IF NKTP(NSRL}=4 AND NORDR({NSRL)=2 THEN GOBUB 620

KS§

L

I

v £ A1 e R [T i e




A00 IF NKTP(NSRL)=12 AND NORDR({NSRL)}=1 THEN GOSUB 830

410 GOTO 350
430‘************************************************************
440 ' #%% Input and rewrite nodes

450 PRINT#3, "%NODEY .

451 ! INPUTH#1,DUM1S , DUM2S

452  INPUT#1,NDS

460 IF LEPTS(ND$,9) ="4MATERIAL' THEN GOTO 520
470 INPUT#1, IDCSYS, INDEX, NSET, X, ¥, 7, IDDSYS
472 ND=VAL(ND$)

473 IF ABS(X)<.000001 THEN LET X=0
474 IF ABS(Y)<.000001 THEN LET ) 0
475 IF ABS(%)<.000001 THEN LET % 0
476 US="EE. FEFEY

480 PRINT#3, ND;

482 PRINT#3, ", ";:PRINT#3, USING US$;X;
484 PRINT#Z, " 0::PRINT#3, USING US:Y;
486 PRINT#3, ",";:PRINTA#3, USING U%;2

490 GOTO 452 _
500'************************************************************
510 ' %%k read element data from temporary file and merge with nodes
520 OPEN "PEMPORARY FOR INPUT AS #2

530 WHILE NOT EOF({2)

540 LINE INPUT#2,AS

550 PRINT #3,A%

560 WEND

570 CLOSE

Eg0 STOP

§90 CLOSE _

GO0 1 5t s o e e o e o bk e o el o o i o e e oo ok ol ko ok o o R oo e o ok e e e ke
510 '*%% yead and write brick slemants #kkwd

620 INPUTHL,N(7),N(1),N(3),N(5),N(1B) ,N(13),N(15)},N(17),N(8) ,N{2)
,DUM,N(4) ,N(8) N(20},N(14),N(16),N(18) ,N(L2),N(9),N(L0),N{11) A%
630 IF BRICKS="N" THEN PRINT #2,"+*ELEMENT,TYPE=C3D20,
ELSET=BRICK" : BRICR§=1y"

540 WRITE#2,NELID,N(19),N(12),N(10) ,N(L15),N(3),N(16),N{20)

'N{7) N(4) N(9)rN(6) N(13) N(2):N(14) N(S)

658 WRTTEFS, N(1},N(5), N(18} N{ll},N(l?)

660 RETURN

FOO Rk dedeok e s ook ke e o e Ao ok ok o A SRR R o R R R Rk Ak
710 '#k% read and write shell elements kdhkw

720 INPUDFL, N{L1) ,N({2),N(5),N(7) ,N(2),N(4),N{6),N(8),AS

740 IF DUMSH$=“N" THEN PRINT #2,"*ELEMENT mYPEmssR,ELSET=SHELL"
;1 DUMSHS=MYY

770 WRITE#2,NELID,N(1),N(6),N(2} ,N(5),N(8),N(4),N(7),N(3)
800 RETURN

BLOY Rkt ek e Rk R AR R R AR R kR R R Rk Rk de e ek
820 '#%% read and write beam elements k¥ikk o

830 CLS:PRINT f"not yet avallable on this veraion" ; RETURN

X6
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K3 1 MAMPO.BAS ~ Program to comnect the ribs to the shell and write
this data in ABAQUS format

5 CLOSE

20 CLS:PRINT VMAMPC 3 PROGRAM TO CONNECT RIRS TO SHELL AND WRITE
ABAQUS FILE FOR VALIDATION MODELM

30 PRINT

B0 TRARHARNARNAARRAREXREARRRRNARERA N AT R R R bRk AR kAW d kR
63 PTOL=, 003

65 NR=500:DIM RMO(NR),RX(NR),RY{NR),RZ(NR)

66 NS=1500:DIM SNO(NS),SX(NS),S8Y(NS),SZ(NS)

70 '%%% start file open %¥kkid

75 INDPUT WINPUT NAME OF ABAQUS.INP FILE ";ADBAS

77 OPEN ABAS POR OUTPUT AS #1

78 GOBUB 132:v#kdyrite Intro for abagus
80 - GOSUB 145:'%%% rib nodes

g2 GOEUB 245: t%¥% ghell nodes

85 GOSUB B40: %4 yrite elements

a0 GOSUB 360 '#4% write *MPC

100 GOSUB 1245:'*%% write history data
110 CLOSE#1

120 PRINT "program complete':STOP:END

130 VRRRARERAIO AR NNk kb kKRR R R R R R R R Rk kR R
132 PRINT "Writing input section

134 PRINT#L,"*HEADING, CORE=320000H

136 PRINT#L, "VALIDATION MODEL 5-1V

138 PRIWNTHL,"*DATA CHBECKY

. 139 PRINT#1,"*PREPRINT, ECHO=YES , HISTORY~YES , MODEL~=YES"

140 RETURN

1473 PRdedh R h R Rk R el doR ke e AR e Ak ok el e Bk el ok ok e i ek
145 BRINT "#4% Yoad the rib nodag"

150 OPEN "NORIBS" FOR INPUT AS #2

170 LINE INPUT#2,4% _

180 FRINT#L,AS$

185 NNR=0

180 WHILE NOT EOF(2) _

191 NNR=NNR-1 : INPOUT#2 , RNO{NNR) ,RX (NNR) ,RY (NNR) , R%Z (NNR)

152 IF ABS(RX(NNR))<,00001 THEN LET RX(NNR)=0
193 IF ABS(RY (NNR) )<.00001 THEN LET RY (NNR)=0
194 IF ABS(R%(NNR))<.00001 THEN LET RZ(NNR)=0

202 PH=EEE, FEp0 _

204 PRINT#L, RNO(NNR) § sPRINT#L, ", Y3

206 PRINT#1,USING F$;RX{NNR) ; : PRINT#L,",";
207 PRINT#1,USTNG F3S;RY (NNR) ;s PRINT#L, ", "}
208  PRINT#1,USING F$;RZ(NNR)

220 WEND

228 CLOSE #2

230 RETURN _

240 0 RRRRERAE RGN R Rk b iRk kR ko R R ok kR ek

245 PRINT W% Load the shell nodesg!

K 7
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250 OPEN "NOSHELL" FOR INPUT AS #2

270 LINE INPUT#Z,AS$

280 PRINT#L,A$

285 NNS=0

290 WHILE NOT EOF(2)

300 NNS=NNS+11 INPUT#2Z, SNO (NS} , SX (NNS) , SY (NN8) , 82 (NNS)

301 IF ABS(SX(NNS))<.00001 THEN LET SX(NN§)=0
302 IF ABS (SY(NNS))<,D0001 THEN LET SY(NN&)=0
303 IF ABS(S%(NNS))<.00001 THEN LET §%(NN&)=0

304 PRINT#1 , SNO (NNS) ; s PRINT#L, ", ¥ ;

306 PRINT#L,USING F$;8X(NNS) ; iBRINDFL, ", ";
307 PRINT#1,USING F§; SY(NNS)' PR..AITHL, 0, 02
308 PRINT#1,USING F$;8% (NNS)

320 WEND

330 CLOSE #2

340 RETURN

AEQ "hkRARFRRRRRRRTRA TSR RE T TR R R bRk Rk d R Rwd R
360 PRINT"Establish #MPC between ribsz and shell"
370 PRINT "Nodes: Shell ,RIBE tM;NN&;NNR

378 PRINT#L, t&kMPCH

377 MPCOUNT=0

380 POR I=1 TO NNS&

350 LOCATE 10,L1:PRINT "Shell L

400 FOR J=1 TO NNR

410 LOCATE 10,12:PRINT "Ribs: 9;J

420 IF ABE(SX(I)~RX(J))>PTOL THEN 500

430 IF ABS(SY(I)-RY(J})>PTOL THEN 500

440 IF ABS(S%7(I)~RZ(J))>PTOL THEN 500

450 WRITE#L, 6 JRNO(J) SNO(I) s MPCOUNT=MPCOUNT 1.
500 NEXT J

510 NEXT I

515 PRINT "MPCOUNT= ";MPCOUNT

520 RETURN

530 '**************w****************************
540 PRINT "Write rid and shell elements®
550 OPEN "ELSHELL" FOR INPUT AS #2

560 WHILE NOT EOF(2)

570 LINE INPUTHZ,AS

580 PRINT#L,AS

585  WEND

590 CLOSE #2

600 OPEN "ELRIBSY FOR INPUT AS #2

610 WHILE NOT EOF(2)

620 LINE INPUT#2,AS

1160 PRINT#L,A$

1170 WEND

1180 CLOSE #2

1240 RETURN

1243 Vhkdddkkdhhddhdhrhbbdbbhhdwdis

1245 PRINT "Write history and boundary data®

X 8




1247
1249
1250
12&0
1270
1280
1300
1310

OPEN YVALEND.INP" FOR INPUT AS #2

WHILE NOT EOF(2%

LINE INPUT#2,A

PRINT#1,4%

WEND
CLOSE #2
RETURN ,
T3P T PR R R TL L ETTELIFTETLE TR 3T
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APPENDIX L
SUMMARTSED LISPING OF VALLDATION FEM YNPUT FILE

Ll



*HEADING

VALID10~1 NODES COMMON, LAMINATED

*DATA CHRECK

*PREPRINT, ECHO=YES , HTSTORY=YES , MODEL=YES
*NODE , NSET=ALL

1, 0.0540, 0.1150, 0.0000

lo77 , 0.0405,-0.0072,-0.0370
*ELEMENT , 'YPE~S8R , ELSET=SHELT,
1,1'15'17'3’10'16'11,2
619,863,705,717,873,864,709,874,867
*ELEMENT , TYPE=C3D20, ELSET=RIBS
2000,413,424,422, 411 17,3,1,15,417,423,416,412,11,2,10
18, 409 420 419 403

?515 922 930 975 870,585,873, 753 763,924,976, 972 271,577,754,757

764, 918 926 973 968
*ELEMENT TYPE-C3DQO ELSET=ROD

3000,981,988,98s8, 979 518,507,505,516,983,987,982,980,511, 506,510

517, 978 985 984, 977

3505 1075 1062 942 1072,1034,1012,488,1029,1077,1060,1076,10%3, 1039 io

1032, 1074,1051 941,1071

*ELSET ELSET-ALB

SHELL,, ROD , RIBS

*ORIENTATION, NAME=CYLO , SYSTEM=C
0,0.0631,0,.280,0.0631,0

1,0

*ORIENTATION NAME=CYIL+45, SYSTEN=C
0,0.083,0,.280,0.083L%,0

1,45

#ORIENTATION , NAME=CYL~45 , SYSTEM=C
0,0.0631, 0,.280 0.0631,0

1;""45 .

FMATERIAL , NAME=LAM

*ELAETIC, TYPE=LAMINA
38,6E9,8.27E9, .26,4.14E9;4.14E9,3 589
*MATERIAL, NAME=STEEL

*BELASTIC

200E9, .3

. ¥MATERIAL,NAME= TIFF

*ELASTIC

416989, .3

#SHELL SECTION,ELSET=S5HELL, COMPOSITE
2,3625E-4,3, LAM CYL-+45
2,3625E-4, 3, LA, CYL~45
2.36250~4,3,1.aM, J¥L-45

#%*CENTRE LINE
2,3625E-4,3, LAM, CYL~45

2. 3625E"‘4 f] 3 ) IIAM’ CYL‘]“45
2,3625E-4, 3, 1AM, CYL-45
2.3625E-4,3 ,LAM, CYL+45

L 2

;_:., ‘;—_"':“‘T!'/_"“f;".": ., . ___..‘.....-t- .




#% USE 8 LAYERS INSTEAD OF ACPUAL 6 IN ORDER TO AVOID COUPLING
#TRANSVERSE SHEAR STIFFNESS
4.14E9,3.5E9

*SOLID SECTION, ELSET=RIB,MATERIAL=STEAL
#S0LID SECTION,ELSET=ROD,MATERIAL=STIFF
*NSET, NSET=RODEND
425,426,427,428,429,430,431,432,435,434,
435,436,437 ,438,439,440,441,442,443,444,
472,473 ,474,475,476,477,478,479,480,481,
482,483

*NSET, §SET=SHLEND
211,212,213,214,215,216,217,218,219
400,401,402,403,404,405,406,407,
710,711,712,713,714,715,716,717,
868,869,870,871,872,873,874,

*BOUNDARY

SHLEND, XSYMM

#*RODEND, 3

*PLOT, PLOTSIZF=3

VALIDATION 9=1

*VIEWPOINT

1,1,1

*SHRINK, FACTOR= , 2

*DRAW, ELNUM

*VIEWPOLINT

0,1,0

*DRAW, BELNUM

#%STEP , NLGEOM , AMP=RAMP

#STEP , LINEAR=NEW , AMP=RAMP
*STATIC , PTOL=

*CLOAD

1.020,1,-3000

1.021,%,-1000

1066,1,-1000

¥EL PRINT, BLSET=SHELL, POSITION=INTERGRATION POINT
COORD, 811,822, 512

*%L PRINT , ELSET=SHELL, POSITION=INTERGRALION POINTS
8

#EL PRINT

RF

#PLOT, PLOTSIZE=3

VALIDATION 10 DISPLACED

#DISPLACED

U

*PLOT, PLOTST2E=3

VALIDATION 10~1 SFL1 (N/M)

*DETAIL, ELSET=SHELL

*CONTOUR

SF1

*PLOT, PLOTSIZE=3



VALIDATION 10-1 SF22
#DETALL , ELSET=SHELL
¥CONTOUR

SF2

¥PLOT, PLOTSIZE=3
VALIDATION 10~1 SF12
¥DETATL, ELSET=SHELL
*CONTOUR

SF3

¥PLOT, PLOTSIZE=3
VALIDATYON 10-3 SFLL
*DETATL, ELSET=SHELL
*CONTQUR

SF1

*PLOT , PLOTSIZE=3
VALIDATION 10-1 B¥22
¥DETALL, ELSET=SHELL
*CONTOUR

872

¥PLOT, PLOPSIZE=3
VALIDATION 10-1 SFi2
¥UETATL, ELEET=SHELL
*CONTOUR

BF3

*END STEP

N /M)

(N/M)

(N/M)

(N/M)

(N/2)

L 4



APPENDIY M
LISTING OF THE MSCONV GRAPHICSE GENERATION PROGRAM

M1



5 Y MACONV.BAS
10 CLEAR:KEY ON:SCREEN 0 :CLS
70 N= 4000: DIM NOGDENO (N} , X (N} , ¥ (N) , % (N)
100 N=N#*l..5: DIM STPUINT(N}, ENDPOINT(N} NODE(20)
160 PRSP PRSI A P Attt AN S AP
190 RKEY O¥rF:CLS
220 LOCATE 10,35:PRINT "MACONVH
2?% LOCATE 12, 20:PRINT "Program to convert ABAQUS INP file to line
f a!l
280 INPUT ARA |
290 CLS:LOCATE 1,1:INPUT "Name of ABAQUS input file ";NAMEINPS
300 OPEN NAMEINP$ FOR INPUT AS #1
310 LOCATE 5,1:INPUT "Name of line output file ";NAMEOUTS
330 OPEN NAMEOUT$ FOR QUTPRUL AS #2
335 QLS _
340 GOSUEB 2200:! %%% fetch ABAQUS INP fila and convert
350 GOSUB 550:' %% gave data .3 line file
360 PRINTYProgram complate" :8T0P
400 END
AR0 HFRRAN RN Rk kA dede IR RS e e e R R R R W R Rk e Rk K ek ok
460 '®¥x SUBROUTINE to save co~ordinate and line data
530 '#&% write nodes to file
EBOQ PRINT#2 , NONODE
BBO FOR I=l TO NONODE
510 PRINT#Z,I;“ WX (T " Ny (T ;v Yz (L)
640 NEXT I
650 '"&% caloulate ne, of active lines
660 ACTLIN==NOI,IN
670 FOR I=1 TO NOLIN
680 IF STPOINT(I)=0 OR ENDPQINT(I}=0 THEN ACTLIN=ACTLIN-1l
690 NEXT I
700 ! #%% write lines to file
790 - PRINT#2,ACTLIN
820 FOR I=1 TO NOLIN
880  IF STPOINT(I)=0 OR ENDPOINT(L)=0 THEN 910
8y PRINT#Z , 8TPGIND (L) ;" M; ENDPOINT (L)
510 NEXT I .
940 CLOSE#2
970 RETURN _
OO0 e sk ook ok o ok o o R R ok oo i o o o e e o ok o ok e e e ek
1030 fa%% LEVEL 1 SUBROUTINE to load ABAQUS file and plot data points
1060 CLSILOCATE 1,1:'INPUT "Nane of £ile ";NAMEFILES
1068 "NAMEFILER=NAMEFILESHY , LINY
1090 OPEN NAMEFILES FOR INPUT AS #1
CLS '
1120 INPUTH#L,NONCODE
1150 FOR I=]l TO NONODE
1180 INPUT#).  NODENO(I) ,X({I),¥{(1),%(I)
1230 ' PRINT NODENO (L) ;X{X) ;¥ (I);4(Z)
1240 NEXT I



1270 *

INPUT YPress return to continue";as

1300 INPUT#1,NOLIN
1330 FOR I=1 T0O NOLIN

1360  INPUT#1,STPOINT,  ENDPOINT

1390 FOR J= 1 TO NONODE

1420 IF STPOINT=NODENC(J) THEN LEY STPOINT(L)=J:GOTO 1480
1450 NEXT J

1480 FOR J= 1 TO NONODRE

1510 IF ENDPOINT=NODENC(J) THEN LET ENDROINT(I)=T:GOTO 1570
1540 NEXT J

1670 WEXT I

1600 CLOSE#1

1630 RETURN

15501*********************w*************************************
1600 1lavel 7 subroutine +to find nedenum frowm abaout
1720 FOR Il=1 TO MONODE

1750 IF STPOINT(I)= NODENO(II) THEN RETURN

1780 NEXT Il

1810 RETURN )
ABAD T R ke deok etk ok e Rk ARl Rk ok Rk el R R Wk TR R R ek Ak R ke R R ek
1870 1lavel 7 subroutine +to find noderum from abaout
1900 FOR I2=l TO NONODE

1930 IF ENDPOINT(X)= NODENO(I2) THEN RETURN

1960 NEXT I2 .

1990 RETURN '
2020|*********ﬁ*************************************************

- 2080 '*¥* Routine to load abagus.INP input file and generate 1ina #ile

2170 '*¥%% load in all node numbers

2200 I=0:J=0:P=0

2230 LINE INPUTH#L, 58

2260 IF ROF(1) THEN PRINT "Data not found':RETURN
2290 IF LEFTS(AS$,5)<>"*NODE" THEN 2230

2300 PRINT "Found node numbsrsh

2320
2350
2380
23920
2410
2440
2445
2447 1
2430

INPUTHL, AS
IF LEFT$(A$ 8) =V *ELEMENT" THEN NONODE=J GOTO 2490
IF LEFTS(A$,5)="+NODE" THEN INPum#l BS,AS$t 'PRINT
JFe=J+
NODENO (J) =VAL(A%)
INPUTH#L, X (T}, ¥(T), 2(T)
IF BY="NSET=NRIBS" THEN INPUT#.,D1,D2,D3
PRINT NODENOC(J) ;X(T) ;¥ (J)
GOTO 2320

2485 '#%% Joad in all the elementa S&AkekRekbdkdddhiird ks
2490 PRINT "Found elemantst
2530 INPUT#L,BS,C8 :

2560
2590
2620
2625

PRINT B$ C$
Ir B$m“TYPE=SBR“ THEN NOPEEL-8: SIGNODE-4 GOTO 2659
IF BS="TYPE=STRIIN THEN NOPEEL=3:S5IGNODE=~3;GOTO 265
IF B¢="WDYPE~B32" THEN NOPEEL=3:SIGNODE=3:G0TQ 2659
IF BS<> WLYPE=CIN20" THEN PRINT "“ELEMENT UNKNOWNY

BS

9

3GOTO 3010

{
j



2627 1%%% gpecial routine for solid elements

2630 INDUT#L,AS

2635 IF LEFT$(A$,E)=“*ELSET" THEN NOLIN=p: GOTO 3010
2637  IF LEFTS(AS,4)="*MPC" THEN NOLIN=P: GOTO 301¢
26490 IF LEFTS(AS,8)="*ELEMENT!? THEN GOTO 2530

2645 GOSUB 5400

2655 GOTO 2630

2656 %%% load in other nodes

2659 INPUT#1,A3

2680 IF LEFT$(A$ 6) = WHELSET' OR LEFTS (AS, 4)="*MFC“ THEN
ROLIN=P:GOTO 3010

2710 IF LEFTS(AS,8) = WHRLEMENT" THEN GOTO 2530

2740 FOR I=l TO NOPEEL

2770 INPUT#1, NODE (1)

2800 NEXT I

2830 FOR I=1 TO SIGNODE-1

2860 P=P+1: STRPOINT (P} =NODE(I) ¢ ENDPOINT(P)—NODF(I+1)
2890 NEXT I

2920 IPF NOPEEL~8 AND SIGHODE=4 THEN

P=P+1,; STPOINT (P) =NODE (4) : ENDPOINT (P) =NODE(1)

2940 GO0 2659

3000 'ad% aliminate duplicate nodas

3010 INPUT "Do you watit to eliminate duplicate lines (¥/N) V;DUM$
3020 IF DUMs<»>"N" THEN GOSUB 4960

3045 PRINTVLink nedes with lines®

3044 PRINT “"NONODE: ¥;NONODE;! NOLIN= *":NOLIN

3047 FOR J=1i TO NOJLIE

3048 LOCATE 10, 1:PRINT "NODE= “'J

3049 FOR Is=1 TO NOLIN

3050 IOCATE. 10,20:PRINT . = ";I

3081 IF STPOINT(I)=O THEN w..0 U056

3053 IF NODENO(J)=STPOINT(I) THEN LET STPOLNT(X}=J
3054 IF ENDPOINT(I}=0 THEN GOTO 3054

3055 IF NORENG(J)=ENDPOINT (L) THEN LET ENDPQINT (IL)=J
3056 NEXT I

3087 NEXT J

3060 CLOSE#1:PRINT NONODE;NOLIN: '+*INPUT AALA

3130 RETURN

BAG0 1 e vk s o e o ko R o o oo o e o ok o o o e e e oo ek e e
3190 'lavel ? muibrouting %o find nodenun from abaout
3220 FOR Ii=l1i T0 NONODR

3250 IF STPOINT({I)= NODENO(Xl) THEN RETURN

3280 NEXT Ii

3310 RETURN

B340 REREREEEHERRKRARKRRPHRRRERERRRRIRAARRRAFERARRIRRIRIFRRER AT
3370 'level 7 subroutine +to find nodemin from abaout
2400 FOR I2=l1 O NONCDE

3430 IF ENDPOINT(I}= NODENO(I2) THEN RETURN

3460 NEXT 12

3490 RETURN



FE20 T RRRRARARAERRRRERRERRARRRIR R R Rk doh RE AR R R s dohhe ddehh ek hd ek

3850
580
3610
3640
3670

T%&%%  proeutine to truncate numbers
TRUNC=TRUNC*10"DECPIACE
TRUNG=INT ( TRUNC)

TRUNC=TRUNC/1O DECPLACE

RETURN

J700VhRARRAR AR R RhR R AR kRN Rhdh kR Ak d R hd bk bk R hdd kR v dd

a730
3760
3730
3820
3850
3880
3910
3940
3970
4000
4030
4060
4090
4120
4150
4180
4210
4240
4270

4300

4330
4360
4390
4429
4450
4480
4510
4540
4570
4600
4630
46860
4690
47290
4750
4780
4810
4840

fk%k% ROUTINE TO SAVE DATA AS NISA.NEU FILE %kedkidhdikdhds
CLS:LOCATE 1,1:INDUT "Nawe of file ";NAMEFILES
OPEN NAMEFILES FOR OUTPUT AS #1
PRINT#1 , NAMEFILES
FOR I=1l TG NONODE
IF NODENO(I)=0 THEN GOTO 4150
IF NODENO(I)<>I THEN GOTO 4150
COUNTG=NODENO (I}
SPAGS=CHRS (32) +CHR$ (32) +CHR$ (32)
IF COUNTG»9 THEN SDAGS=CHRS(32)+CHR$(32)
IF COUNTGE>9S THEN SPAGS~CHRS(32)
IF COUNTGE>080 THEN SPAGS=II
'PRINT #1,1;SPAGS;COUNTG
NEigx?m #F1,USING “#. F#FFdF##E "> W 3(T) ,¥(T),2(T)
Fkak print lines to disc
FOR I = 1 T0 NOAOTLIN
IF STPOINT(L)=0 OR ENDPOINT(L}=0 THEN 4780
COUNTI=I
SPALS=CHRS (32) +CHRS (32) +CHRS (32)
IF COUNTL>S THEN SPALS=CHRS(32)-+CHR$(32)
IF COUNTL>99 THEN SPALS=CHRS{32)
IF COUNTL>89% THEN SPALS=HH
PRINT ¥1,2;SPALS ; COUNTL
XL {STPOLNT (Y} ) 1 ¥1=Y (STPOINT (L) ) : Z1=2 {STPOINT(I))
Xd=X (ENDPOINT (X} } : Y4=Y {ENDPOINT{I) } : 24:=% { ENDFOINT (X))
DIVX=={X4~-X1i)/3
DIVY=(Y4-¥1) /3
DIVEZ=(24~21) /3
W2A=XIADTVN V2=V I4DIVY s 32=214DIVE
X3=X 142 ADIVE Y=V I+2ADTYY s 43=2 142 ¥DIVE
PRINT #1,08ING Wi, #FEE4FEFE" """, ¥1, 21
PRINT #1,USING "#.2FEFEFFFF" """ X2,¥2,22
FRINT #1,USING "#.#FEf¥ddE" """ 1%3,¥3,23
U . PRINT #1,USING "“¥,#F#¥#Fd$F """ "1%4,Y4,%4
NEXT X
CLOSE #1
RETURN

AB70V kdeR kv Rk ik bk Rdhbdhhk kbbb k vtk v hdhnhkkhh kg hhhhy

4900
4960
5000
Bozo

k% routine to eliminate gimilar lines
PRINT "Renmoving duplicate lihes ¥
PRINT "NOLIN= P;NOLIN

FOR I= 1 T0 NOLIN

ME

T




5025 LOCATE 6,2:PRINT “I= ";I

50:'9 IF STPOINT(X)=0 OR ENDPOINT(I}=0 THEN 5230
50B0 FOR J=1 TO NOLIN

5020 LOCATE 6,L0:PRINT "JI= M;T

5110 IF STPOINT(J)=0 OR ENDPOINT(J)m0 THEN 5230
5140 IF J=I THEN 5230

. BL70 IF STPOINT(I)=STPOLNT(J) AND ENDPOINT(I)=ENDPOINT(J) THEN

STPOINT (I)=0: ENDPOINT (I} =0

5200 IF STPOLNT (1)=ENDPLINT(J) AND ENDPOINT(I)=STPOINT(J)} THEN
STPOINT (I)=0:ENDPOINT (I)=0

5230 NEXT J

5260 NEXT I

5290 RETURN :
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5400 '*¥% routine to input brick element

5401 's%% input nodes

5404 FOR I=1 TO 15

5406 INPUT#1,NODE(L)

5408 NEXT I

5409 INPUT#1,DUMS

5410 FOR I = 16 TQ 20

412 INPUTHL,NODE(I)

5414 NEXD X

5416 t#%% define lines

5418 FOR I= 1 TO 3

5420 P=p+l: STPOINT(P)=NODE(I) ENDPOINT (P) =NODE (I+1)
5430 NEXT I

5440 FOR I=b5 TO 8

5442 P=P+1:STPOINT(P)=NODE(T): ENDPOINT(P)=NODE(I+1)
65444 NEXT I

5450 P=P+l: STPOINT(P)=WODD(4) ENDPOINT(P)=”ODE(1}
5460 P=P+1;STPOINT (P)= IGDE(8) : ENDEOINT (P) =NODE (5)
5470 P=P+1:STPOINT (P)=NODE(5) : ENDROINT{P)=NODE(1}
5480 P=P+1:STPOINT (B)=NODE(6) : ENDBPOINT (P)=NODE(2)
5490 P=p+1:STPOINT (P)=NODE(7) : ENDPOINT (P} =NODE(3)
5500 P=P-+1:STPOINT (P)=NODE(8) ; ENDPOINT (P} =NODE(4)
5510 RETURN '



APPENDIX N
LISTING OF MA3DGAD PREVIEW PROGRAM




10 CLFLWR:KEY ON:SCREEN 0 :CLS

20 DIM T{4,4):' #¥*% scale,rotate,translate and reflect matrices
30 N=4000: DIM NODENO (N} , X (N}, ¥ (N}, Z(N)

A0 N=N%*2: DIM STPOINT(N), ENDPOINT (N}, NODE(8)

50 'ON ERROR GOTO 5920 _

60 GOSUB 4280: '#%* getup of all dommy values

61 tintro message for program

62 KEY OFF:CLS

63 LOCATE 10,35:PRINT “MA3IDCAD.BASY

64 LOCATE 12,20:PRINT "3 - Dimensional Finite Element Mesh anview
Programt

65 KEY ON

B0 SUBDUM=(Q

80 KEY 1, "CREATE"

100 KEY 2, “SAVE ¥

110 KEY 3, “Loap

120 KEY 4, WVIEW

130 KEY 6, "DATAY

- 140 KEY 5, "PRINTM

150 KEY 7,mu

160 KEY B, WPL.O% W

170 KBY 10, “RooOTY

180 KEY &," EXITV

180 AS=INKEY$

200 A=VAL(AS)

210 IF A=0 THEN 190

220 ON A GOSUB 290,650,470,1200,1060,910,250,7020,250

- 230 CLS8:IF SUBDUM<>0 THEN LET SUBDUM=0:G0T0 70

240 GOTO 150

250 CLE:INPUT VARE YOU SURE Y“;AS:IF Af= WY" THEN END

260 GOTC 70
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280 'hkk Jevel 1 routine to ereate piutura fhhhRhn ke khhdhdhik
290 CLS

300 SUBDUM=1:KEY 1, "»

310 KEY 2, "pOINTSY

320 KEY 3, M

330 XEY 4, n

340 KEY &, v

350 KEY 6, W

360 KEY 7, nw

370 KEY 8, “CONTOUM™

380 KEY 9," EXrIT*

390 XEY 10,"CREATE"

400 A$=INKEY$

410 A=VAL(AS$) :PLOPT=

420 I¥ A=0 THEN 400

430 ON A GOSUB 400,400,400,400,400,400,400,8130,440

440 RETURN
450l****w*********************************w*******************




460 '%¥%% leval 1 routine to load data from Aigl sdkddrbidbdkhd
470 CLS
480 SUBDUM=1:XKEY 1, YLINE o
490 KEY 2, “ABATIN"
500 KEY 3, W“WABAOUTM
510 KEY 4, V"MERGE"
520 KEY 8, W
530 XEY 6, ®0
540 KEY 7, v
550 KEY 8, w»
560 KEY 9," EXIT!
570 KEY 10,"LOADM
580 AS$=INKEYS
590 A=VAL({A%) : PLOPT=A
600 IF A=0 THEN 480
610 ON A GOSUB 840,9920,6710,9360,580,580,580,580,620 -
620 RETURN
530r*******w**w************************************************w*
B840 T#%k lavel 1 rountine to save data to digk dekkbikkkkikhidikhn
§50 CLS
660 SUBDUM=1:KEY 1, "LINE "
870 KEY 2, “.NEU#®
&80 KEY 3, w»
690 KEY 4, m#
700 XEY 5, nn
7.0 KEY 6, wn
.. 720 KBY 7, n¢
730 XEY &, nv
740 KEY 9," EXIDW
750 KEY 10,“BAVEN
760 A§=INKEYS
770 A=VAL(AS) : PLOP'
780 IF A=0 THEN 780
790 ON A GOBUB 6390,10370,800, 800 800,800,3800,800,800
800 RETURN
G0N vkt ok e o e ko ok e o R ok ek e Rk ek e ek R e R ok
820 '#%% level 2 routine to load line data from disk skkkkkddkkiok
840 SUBDUM=%:CLS:LOCATE 10,40:PRINT "BUSYM
850 GOSUB 6560: '#¥+ load data into matrices ne{i),x 1},y(1} z{1)
860 GOBUB 4710: '%%% transform rotation matrix to unit
870 RETURN
Bso'*******w*******************w*********w***********************
890 k%% Lavel 1 manu for displaying all data :
900 '#%% Leval 1 menu for displaying all data
910 QLS: PRINT Wi  NODENO ® Yy z "
920 FOR I=1 TO NONODE
930 IF NODENO(I)=0 THEN 950
940 PRINT I;NODENO(L);X(I);¥{I);%(X)
950 NEXT I
960 PRINT



970 PRINT "Line No start end®

980 FOR I~=l1 T0 NOLIN .

990 IF STPOINT(XI)=0 OR ENDPOINT(IJ=0 THEN 1010

1000 PRINT I;STPOINT(I);ENDPOINT (I)

1010 NEXT I

1020 INPUT AS

1030 RETURN

1040 RehkERM kL RERERERERL R b hdhd hdhhdhhh bbbk dhhk bk hhdihhhihhhd
1050 1#%% Level 1 menu for displaying all data

1060 CLS:LPRINT “Node N o y z v
1070 FOR I=1 T0 NONODE

1080 IF NODENG(I)=0 THEN GOTO 1100

1020 LPRINT I;NODENOC{I) ;X{L);¥(I);2(I)

1100 NEXT I

1110 LPRINT .

1120 FOR I=1 TO NOLIN _

1130 IF STPOINT({I)=0 OR ENDPOINT(I}=0 THEN 1150

1140 LPRINT I;STPOINT(I);ENDPQINT (X):" w;

1150 NEXT I

1160 RETURN _
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1180 LPRINT "Line No atart engt

1190 '#%% Level 1 menu for viewing and manipulating of picture
1200 GOSUB 4710: ! %%* transformation matrix to unity matrix

1210 LS

1220 SUBDUM=1:RETDUM=0

1230 KEY %, "~SCALEV

1240 KXEY 6, “"~ZOOM®

1250 KEY 5, Y~PERSP!

1260 KEY 4, "-~TRANS®

1270 XEY 3,"-DRAWY

1280 KEY 2, “-ROTAT"

1290 KEY 7, Y=ANG-XYH

1300 XEY 8, "-ANG-ZY

1310 REY ©9,"-EXITV

1320 KEY 10,"VIEW"

1330 AS=INKEY$

1340 A=VAL(AS)

1350 IF A-=Q THEN 1330

1360 SUBDUM=1,

1370 ON A GOSUB 1450,2810,3650,1870,3320,3380,3510, 3580, 1420
1380 I RETDUM=1 THEN LET RETDUHHD RETURN

1390 IF SUBDUM<»Ll THEN GOTO 1230

1400 GOTO 1330

L4101 kA Rkdhh eIk bR A RERRERARRR T RA BRI RRERR AR RIHRERRRRRIRRA R R AR
1420 RETDUM=} :RETURN

R L T L L L L T e e T PR T PRSP T P F PR EY
1440 Vk¥k LEVEL 2 SUBROUTINE FOR SCALING QF PICTURE BY MULTIRPLICATION
BY FACTOR

1450 RETDUM=0:SUBDUM=2

I miiestin s s S e Smvm



1460 KEY 1% V-ALL"

1470 KEY 2, "=}

1480 KEY 3, W-y0

1490 KEY 4, "2

1500 KEY "EXIT

1510 XEY 5 nn

1520 KEY & "t

1830 KEY 7 nn

1540 KEY 8 1

1550 KEY 10, Y“BCALRB"

1560 AS=INKEYS

1570 IF A$=0" THEN 1560

1580 ON VAL(AS) GOSUB 1660,1710,1760,1810,1640,1640,1640,1540,3480
1580 IF RETDUM=1 THEW LET RETDUM—O RETURN

1600 IF VAL(DS)>=5 AND VAL(A$)<=8 THEN 1560

1510 GOSUB 2330:'#%* assign a,b,¢ values to transformation matrix
1620 GOSUB 2380; "#&* update the points data file

1830 GOTO 1560

1640 RETURN

1650 ' %%  lavel 6 subroiutine .+ input all ssaling

1660 KEY OFF:LOCATE 25, L:PRINT "acaling factor <"'A'“> B2 INPUT AS -
1670 TF AS<>UN THEN GOSUB 4710:A=VAL(AS) tB=VAL(AS) =\ .7 (AS)

1680 XEY ON

1690 RETURN

1700 ' %%%  lavel G subroutine to inrvt X scaling '

1710 KEY OFF:LOCATE 25, 1:PRINT "X Scﬁling Lactor <V aris M. INPUT A%
1720 IF AS<>"W THEN GOSUB 47104 A=VAL(AS) 1 B=1:Cel :
1730 KEY ON

1740 RETURN _

1780 ' *%% level 6 subroutine to input ¥ scaling : .
1760 KEY OFF:LOCATE 25,L:PRINT Y Scaling factoxr <¥;B;¥> "::TINPUT A%
1770 IF AS<xUN MHEN GQSUB 4710:B=VAL(AS) : A=l :Cml

1780 KEY ON .

1790 RETURN

1800 ' *%%x lavel 6 subroutine to input % socaling

1810 XEY OF¥:LOCATE 25,L:PRINT "% Scaling factor <WpCat» e TNPUT AS
1R20 IF AS<>"1 THEN GOSUB 4710;C=VAL(AS):A=1:B=1

1830 KEY ON

1840 RETURN _
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1860 '#%% LEVEL 2 SUBROUTINE FOR translation of matrix

1870 RETDUM=0:SUBDUM=Z2

I - T

1.8g0 KEY 1, o

1890 KEY 2, "~X"

1800 KEY 3, W-.y®

1910 KEY 4, LAl

1820 KFY 9, VEXITY
1930 KeY¥ 8 , WX-axist
1940 KEY 6 , “"y-axis!
1850 KEY %7 , W

b it o e e
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