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Abstract 

Ultra-high Pressure Composite Vessels with Efficient Stress Distributions 

Greg Ro hrauer, Ph.D. 
Concordia University, 1999 

The techniques for the design, analysis and the construction of composite pressure 

vessels have been established since the 1960's. Their development has becomc rehed and 

the composite materials ernployed for their construction have seen major improvement. 

The one area where only marginal advancement has k e n  achieved is with the ultra-high 

pressure applications. 

Vessels designed and consuvcted ro operate in the 70.000 - 25.000 psi (140 - 170 

MPa) m g e  have been few in number and poor in efficiency. Applications for such hi& 

pressure containment vessels are varied but one potentiaily marketable idea is ro develop 

these vessels with the capacity to hold hydrogen and methane (naturd gas) at liquid 

densities yet ambient temperature. These could be used as fuel tanks in both combustion 

and fuel ceil powered vehicles, filled at service stations with cryogenic liquid in a manner 

identical to the fiiing of conventional propane bonles. Safety requirements demand burst 

pressures fiom twice to three times operathg conditions and this leads to the reaim of 

thick-waiied design. For the anisotropic composite matenais the stresses through the w d  

thickness tend to fkil much more rapidly than with their isotropie metallic counterparts. 

This effect leads to a greatly reduced vesse1 efficiency quotient PVM. To date, h i e  is 



understood about the phenornena underlying this rapid decay in Ioad bearing or how it cm 

be counteracted. 

The work performed analyses the correspondhg anisotropic eiasticity problem to 

detemiiw the exact nature of the challenge and then addresses a solution based on variable 

eiasticity to counter this intrinsic behaviour. The method employed seeks to elicit 

appropriate throughthickness rnatenai pro perty variation rates to attain a more levei 

stress distntution (or incipient failure throughout the wall) wMe restricting property 

changes to values attainable in commercially available composites. A cornputer code based 

on closed form elasticity solutions complete with damage / fadure modehg and graphjc 

interactive editing was written to carry out the computations. This tool enables the 

development of application specific desigm A prototype vesse1 is constructed and data 

fkom this and other vessels are checked to see how well the computations correlate to the 

theory advanced. 
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Chapter 1 

Introduction and Objectives 

1.0 Origin of Filament Wound Structures 

The filament winding of composite giass-fiber based pressure vessels evolved fiom 

a demonstration project at Hercules Powder Corp. in 1948. These iira filament wound 

items, solid rocket motor nodes  for the X248 missile, were a follow-on to the 

experirnental and pioneering Wodd Wm II work of Theodore Von K m .  M e r  a 7-year 

lapse, in 1955, North Arnerican Aviation (Rocketdyne) engaged Hercules in another 

demonstration project, wrapping the MATADOR motorcase with fiberglass. By 1963, the 

first filament wound motor case (a strap-on booaer for the TITAN missile and launch 

vehicle) was in production [ 1 1. 

Meanwhile, from the mid 1950's to the early 1 9601s, research was undenvay at Air 

Force, Navy, Miiitary and private laboratones fùnded by weapons research. Matenal 

development and testing was canied out in conjunction with the design and construction 

of filament wound pressure vessels, rocket motor cases, noules and launch tubes [2]. 

Development was canied out by the major industriai subcontractors. Arnong them were 

Walter Kidde & Co., Brunswick Corp., Aerojet General Corp. , Rocketdyne, Thiokol, 

Owens-Coming and many others. Techniques stil considered advanced today, such as 

computer controlled pre impregnated winding were being employed as early as 1961 [3]. 

Insight to the breadth and depth of development efforts prier to 1962 can be 



appreciated by considering the 169 contracts reviewed in a Military comrnissioned survey 

[4], both classified and non-classiiied. This report covered developments since the 

MAT.4DOR program. Many other successful missiles projects such as POLARIS, 

MINUTEMAN II, REDEYE and SPRINT followed. 

1.1 Development of Pressure Vessels 

By the rnid 1960's there was a broadening in the design of smaller vessels destined 

for containment of oxidizer I fuel mixtures such as aerozine-50 (&O2) and Ntrogen 

tetroxide (N204) [SI [6] [7]. These corrosive hels required resistant and non-permeable 

liners of polymeric or metallic materials. Interest soon shifted to the cryogenic fuel and 

oxidizer c o n t h e n t  needed for enended manned space flights. This topic became the 

principal focus of development during the mid to late 1960's [6][8] [9][1O-l3]. The thin 

metal sheil lined, full composite ovenvrapped, pressure vessels that were conceived during 

this penod have evolved to become the mauistay of today's commercial composite 

pressure vesse1 market [14]. Research and developrnent work that progressed these 

designs to those of today are reviewed in Chapter 2. 

In the late 1960's composite vessels with ultra-high burst pressures 30,000-60,000 

psi or (200 - 100 MPa) were first investigated. Work taking this direction has continued to 

the present but success is dl limited [15] [ 1 61 [ 1 71 [ 1 81 [19]. Despite 3 0 years of effon, the 

highest rated operating pressures of vessels in aerospace service today remain in the 

10,000 to 15,000 psi (70 - 100 MPa) range [20]. Only a minuscule fiaction of composite 



pressure vessels built operate at such hi& pressures. 

Invariably the forefront of pressure vesse1 development has focused on greater 

containment effieiency. Narnely to contain the most fluid at the greatest pressure within 

the smallest volume and at the lowest weight. A performance factor, based on burst 

pressure P, volume V and weight W, ( PV/W ) is defined to express efficiency. Burst 

pressure is divided by a design factor (generally ranging 1.5 - 3.5) t o  arrive at an operating 

pressure. This factor is dependent on the number of pressure cycles, materials, 

environment and subjective safety considerations. 

1.2 Markets for Composite Pressure Vessels 

Commercial applications of these vessels have found many markets and there were 

already over 200,000 composite pressure vessels in seMce by 1 984 [2 11. By 1997 this 

figure exceeded 1 million vessels fiom the production of one Company alone, Structural 

Composite Industries (SCI) [22]. Some mainstream applications are, in-flight aircraft 

engine stmers, firefighter's and aviatots breathing apparatus, cockpit ejection systerns, 

mountainee~g expedition equipment, medical oxygen supplies and diving tanks. 

Composite vessels are used in inflation devices for aircraft emergency chutes, flotation 

bags for downed helicopters and life rafts. Fire extinguishing systerns and compressed 

natural gas fuel cylinders are now standard [23]. 

Potentiaiiy the larges market yet is automotive. Currently there are over 700,000 

compressed naniral gas (CNG) fueled vehicles worldwide, more than 30,000 in the USA 



and a large number in Canada [24][25]. Due to a renewed emphasis on reducing 

emissions, the three major domestic auto manufacturers dong with th& overseas 

counterpans have steadily produced alternate fueled vehicles cornmencing with the 1995 

model year bekg sold into fleet senice. New legislation driven pollution requirements 

(TLEV, LEV, ULEV, ZLEV) tightening on a yearly basis till year 2003, have dready 

taken effect for heavy vehicles and are being phased in for commercial fleets. Ln North 

Amenca, for the 1997 model year and onwards, new passengers vehicles must comply 

with these more stringent regulations and there are special quotas relating to major 

metropolitan areas. The mandated objective is to have 1 million alternative fbeled vehicles 

by year 3004 [26].  There are many ongoing and far reaching initiatives driven by recent 

success in fuel ceU technology (Ballard Power Systems and other competitors) which 

presently show about 20 - 30% better overaii energy conversion efficiency than thermal 

combustion engine vehicles and have no direct CO2 emissions. Currently fùel cells exhibit 

over 60% thermal efficiency. These require hydrogen to operate or may use methane 

(natural gas) in conjunction with a reformer to extract the hydrogen. Much of this 

technology has aiready been demonstrated but the major obstacle is storing a sufficient 

quantity of fuel onboard [27]. 

The combined threats imposed by air quality, global heating, imported and h i t e  

supplies of avdable oil are forcing altemate fùels. Among the limited options available, 

natural gas (methane) is one of the monoest contender. It is low cost, renewable, and 

there are vast proven nanirai reserves. In combustion engines, only hydrogen bums cleaner 

and produces, for aii practical intents, no greenhouse gases. Methane cm be blended with 

a s m d  fiaction of hydropn to speed combustion and eliminate nearly ail pollutants 



[21][26][28]. One of the current limitations to natural gas is the lack of vehicle range 

between refbeling stops. The problem amounts to insufficient compressed density of the 

fuel. Currently only large vehicles as trucks and buses have sufficient storage space 

available to make this aitemative fuel reasonably praaical [24] [27] [3O] [3 11. Weight and 

cost of the containment vessel are also a crucial consideration. 

Present commercial composite pressure vessel technology is rearicted to thin- 

wailed vessels. The construction of commercial composite pressure vessels is govemed by 

certification procedures. These, developed initiaily for the Military's internai use, were 

later adapted to civilian purposes [32][33][34][35]. Under such guidelines the transport of 

any vessel operating above 5000 psi (34.5 ma), is not approved on public roads or 

commercial airspace. A pressure of 43 50 psi (30 MPa) is the maximum recornmended for 

vehicular use and 3600 psi (21 .ma) is a standard refueling systern's maximum output 

pressure. Tanks are nominally charged to 3000 psi. Clearly there is need for advancement 

in the pressure vessel technology within this arena. 

1.3 Thick-Waiied Vesseis and their Commercial Potential 

Considering the decades engineers have sought to explore the dornain of thick- 

walled composite vessels, advancement appears at a &al standaill. The problems of 

winding thick vessels are quite considerable, yet still possible when restricted to a 

reasonable wali thickness. Vessels with burs  pressures in the 50,000 - 60,000 psi (345 - 

414 MPa) range were achieved in the late 1970's through mid 1980's. Given the typical 



2.25 design factor used on the latest vehicular gaseous fuel tanks, a 25,000 psi (1 72 MPa) 

operating pressure appears within reach. Such a vehicular fuel tank would hold the 

compressed nahiral gas (CNG) or hydrogen (Hz) within near its cryogenic liquid density, 

but at ambiem temperature. Achieving efficient and reliable design of such vessels would 

make the driving range with CNG and H2 comparable to liquid fueled vehicles. To arrive 

at such pressures oniy liquefied gas cylinder filling is practicd. Pressure then nses as heat 

transfer takes effect. The required loss-less cryogenic filling techniques have been studied 

since the 1960's and are practiced in rocketry and the cryogenics transport industry [36]. 

1.4 Thick-Walled Vessel Design Pro blems 

One of the biggest concerns in the design of ultra-hi& pressure isotropie metallic 

vessels is their rapid deche in stress through the wall thickness. Measures for pre- 

suessing the material favorably during connniction have been developed so as to result 

with a more even Ness distributions while under load. For composite vessels this natural 

decline in stress is much more pronounced since it is dependent upon the material's 

anisotropy ratio and generally worsens with increases in the composite's stitmess. Fiber 

pretensioning and cure scheduies have been studied and applied but shown to have lirnited 

influences in effecting a desired residual stress distribution. The rapid decline of stresses 

through the w d  of a thick composite vessel translates into a low efficiency for the entire 

structure suice the material in the outer portions of the vessel wall contributes much less 

to carrying the load than the inner matenal. 



Among drawbacks attributed to the current ultra-high pressure vessels are their 

low efficiency but also a fundamental lack of confidence and ability to understand and 

predict their behavior. The dilemma to successfùl ultra-hi& pressure vessel design lies at a 

very mdimentary level, namely understanding the requirernents for controlling stress 

distniutions within a body under fixed loading. Conventionally, engineers Vary the 

eeometry of a design to optimize stress distributions. However when the geometry is fixed - 
or already optimal then the material itself is the only remaining variable. 

Clear comprehension in designing composite pressure vessels entails not only a 

ngorous enough stress analysis, but further treating the independent materiai properties as 

variables to the solution and thereupon designing the vmiable material. This latter 

approach has as yet oniy been touched in theoreticai mechanics through description of 

anisotropic bodies and vaguely broached via expenmental efforts directed at improving 

operating pressures in vessels. To date nobody has approached the problem in the 

practical sense wMe having both clear analytical methods and fundamental insight. 

1.5 Thesis Objectives and Organization 

The work of this thesis focuses on determinhg how to obtain a more effective 

utilkation of available matenal strength. The question posed is: How can one design a 

thick-wdled vessel such that the stress distributions within c m  be controiled at wiII, and 

fùrther how can this information be used to entail designs that create a more even incipient 

failure distribution throughout the wail, thereby maximizing material use efficiency. These 



challenges are broached by first examining the geometry and construction then by 

exploring anisotropic elements constihiting the generd thick pressure vessel. The wdl 

construction is idealized as a constituting of a variable propers, monolithic material 

whose range of properties are restriaed- ' ïhe property limits imposed are dictated by 

commerciaily available composites as used in discrete layered approximations of the 

variable elastic properties wall. Two pardel design methods are used. one based on the 

monolithic continuum, the other on a discrete layered approximation thereof 

A thick-walled vessel is built and tested to vef i  the theory, and also some past 

expenmental results emanating from others are re-examined. The iiim is to generate sorne 

fundamental understanding as to how stress distributions within thick-walled vessel are 

governed and how they can be shaped. The complementary objective is to put together a 

cornputer design tool founded on these insights which can then be used as a basis for 

designing and building prototype vessels. These c m  be destined for future vehicular or 

complementary commercial applications requiring ultra-hi& pressure containment. 

The manuscnpt is subdivided into 9 chapters, each dealing with specific concems: 

Chapter 2 reviews the literature cornmencing with composite vessels designed from the 

mid 1960's to present. Sub-topics include h e n  and cryogenics, CNG 1 H2 in vehicles, 

regulations, testing, certification and other specifics on the problem. Chapter 3 covers 

certain analytical aspects of winding geometxy, dome profiles and the associated filament 

stresses and nabitity of the windings on these surfaces. Chapter 4 pertains to the 

orthotropic multi-layered solution for thick-walled cylinders. Chapter 5 deals with the 

generalized plane strain solution and examines various cases, including a generd variable 



property approximation to a monolithic thick cylinder. Chapter 6 extends the Chapter 5 

denvations to encompass individual elastic property variation rates representative of real 

materials, and sets up the problem for numencal solution. Chapter 7 expands on 

micromechanics, failure cnteria and the elastic propefiy changes that accompany darnage 

developrnent in the laminate. Chapter 8 dernonstrates features and operation of the 

software following exarnple cases. Chapter 9 discusses current limitations. anaivses data 

from tests, reviews contributions and indicates the areas and direction of future work. 

References follow the last chapter and the appendix holds the computer code. 



Chapter 2 

Development Bistory and Current State of the Art 

2.0 Topics Considered for Review 

The scope of this chapter is intentionally broad. The aim is to present some 

developments other researchers in the field have covered with the hope that this 

background can serve to place the present efforts into a better context. The topic of 

composite pressure vesse1 anaiysis and design has seen over 50 years of development, few 

ideas if any are wholly unique, only their improved implementation c m  substantiate such a 

claim. In reviewing the literature previous researcher's successes and failures must be 

taken in context with the era in which the work was performed. Fibers and resin systems 

are continually evolving and the same is true of winding equipment, computing power and 

theoretical approaches. In many cases a conclusion drawn before a technology matured no 

longer carries vaiidity. As examples, the characteristics of carbon fibers, or early versions 

of ~evlar@ (then referred to as PRD-I / PRD-III) were not nearly as impressive as they are 

today. 

Approximately 3 50 papers, defense repons, cornputer listings, books, products 

literature, conference proceedings, thesis, standards and web pages were consulted or 

studied in the process of canying out the present review. These are referenced throughout 

the text. 

Chapter 1 briefly described the rocket cetcestry of filament winding, outlined some 



basics of composite pressure vessels and their utility, establishg the aim of the thesis 

work and its organization. 

This chapter is specific to pressure vessels and deals mainly with past works 

supportive of their design. The subject can be grouped into three main areas. First are 

reviews of experirnental work and practical findings, this also covers safety and regulatory 

issues. Second, andytical approaches, applicable design theories and failure predictions 

are broached. Lastly, a short summary of the various considerations described is 

interpreted in a sense to indicate which factors or techniques are most appropnate for the 

design and construction of ultra-hi@ pressure composite vessels. 

2.1 Definition of Pressure Vesse1 ECTiciency 

For constant matenal technology, the pararnetric performance of a pressure vesse1 

can be evaluated as a constant detemiined by PK W (pressure times volume divided by 

total weight). Units are "inches" in the impenal system and "Km" in metric with an 

equivaience of 39,3 70 in. = 1 Km. The smictural efficiency of the best ali metai pressure 

vessels (titanium spheres) is around 0.6 million inches. The better composite vessels with a 

metallic liner and comection bosses are capable of performance factors around 1.2 million 

inches [29]. When the composite alone is considered, over 2 million inches can be found 

quoted in the literature. Cons ide~g  the composite independently is appropriate when 

comparing on the basis of efficient use of the fiber thus separating its performance fiom 

that of the liner. However because her ,  connection boss and composite mua co-exist in 



practice, the overail performance factors will be referred to throughout for consistency. 

2.2 Vessels Classification by Liner 

Terrninology referring to various types of composite pressure vessels cm Iead to 

confusion. Aside from homogenous metal vessels four distinct classes of high pressure 

composite vessels exist. Unlike low pressure tanks and pipes, composite vessel require 

liners to overcome leakage and hence are easily distinguished by this feature. In the first 

category are tanks rarely considered to be tme composite vessels. They consist of hoop 

windings reinforcing a conventional thick metal shell, usuaily referred to as either 

"circumferentially reinforced", "thick-liner" or "hoop-wound". This primitive category is 

omitted korn all further discussion. Second are thin metal lined full composite ovenvrap 

vessels. Equivalent narnes are "metal-lined", "thin-walled liner", "load-sharing ", "fblly 

overwrapped" among others. In the third category are bonded-metal foil-lined fuiiy- 

ovewrapped vessels. Moa authors refer to these as "bonded liner" or "foil-hed". The 

fourth class of vessel is distinguished by a polymeric liner. Elastomen, drawn thin films 

and molded thennoplastics can be used. Tems such as "all plastic" and "fully composite" 

or "plastic-lined" are ofien used to describe them. 

The feature dserentiating "load-sharing" and "foil-lined" vessels is that foils 

depend on bonding with the composite to avoid buckling or wrinkling of the liner during 

depressurization. In contras, load-sharing liners are sufficiently thick to maintain elastic 

stability under the compressive Ioads expenenced afler depressurization subsequent to a 



prescribed amount of yïelding on first pressurization or "sizing". The actual thicknesses 

involved are a fùnction of liner materiai, vessel geometry, strain range, cyclic life and other 

parameters related to manufacturing. Load-sharing liners are normaily not bonded to the 

composite. 

2.2.1 Foil-Lined Vessels 

The foil-lined vessel is a concept which has evolved and is suitable for low cyclic 

applications. This construction has inherent high efficiency, and uses the thùuiest possible 

liner consistent with manufacturing techniques. The liner serves only as a permeation 

barrier whiia the composite overwrap is the primary load canying element. Because no 

metal has an elastic strain range - as great as that of the composite, the liner cycles through 

its plastic range on every pressurization. It must be well bonded to the ovewrap to 

prevent the formation of wtinkles on depressurization as it is being forced into its plastic 

compressive region. 

In operation, as the vessel is pressurized it strains 1% - 2%. The liner yields at !A - 

% percent main and deforms plasticdy thereon. On depressurization, the liner cm only 

recover elasticaily about !4 % , the rest of the strain is plastic compressive and relies on 

adhesion to the composite. lf the bond fails, the liner buckles and crimps locally which 

Ieads to failure on subsequent cycles. This design is feasible only for a very limited number 

of pressurizations. 

The concept was extensively evaluated by NASA and best results were achieved 



using the higher modulus materials for ovenvinding, Limiting strain range and thereby 

extending Life. Initiaiiy this concept was successfùl for the storage of nitrogen tetroxide 

propeiiant where a 30 day We and 25 cycles of pressurization were the extent of the 

requirements. The filaments used were S-glas with liners of 0.006" (O. 15 mm) thickness 

in type 347 stainless steel. Bwst pressures required were only 750 psi. Liner debonding 

was weil noted by Sanger. Muho and Morris [ 5 ]  who reported on this work in 1966. 

Later, in 1974, Hoggat [37] achieved PV7Wvalues around 0.9 rniiiion inches on 

aramid Gber vessels with thin liners fabricated f?om type 321 stainless steel. The vessels 

failed within 20 cycles at 50% - 75% of the predicted burst pressure of 2500 psi. Rupture 

was as the result of localized wrinkling of the Liner either during cure or by subsequent 

debonding. The same vessels survived? in the range of 100 - 900 cycles subject to similar 

conditions with an elastomeric liner. One exceptional vesse1 saw 7493 cycles to 75% of 

predicted burst pressure prior to fàiling in the composite of the dome region Variability in 

the results was notably extensive and cyclic testing inevitably ended up testing the lher 

rather than the ovem-rap. Most investigators resorted to using identical rubber iined 

vessels to ascertain the longevity of the composite with respect to cyclic Ioads. 

Development carried out at a iater period for the Space Shuttle program continued 

with titanium (Ti-6A.L-4V) and 5086 alloy a l b u m  liners 0.020" thick using hi& 

strengtk intermediate modulus carbon fiber. Experiments showed that the titanium yielded 

at about 56% of the burst pressure while the aiuminum yielded at about 20%. As 

expected, cyclic tests at 50% burst endured about 550 cycles for the duminum but 2200 

cycles for the titanium lined vessels. The liner Me was entirely consistent widi life data 



taken nom handbook values for these metals [38]. Later NASA programs for the Space 

Shunle studkd strain intensity ranges on load-sharing liners and employed low cycle 

fatigue approximations to predict fàiures [3 91. 

Cyclic life with thin bonded liners is dependent on material and the Ievel of plastic 

deformation seen during each cycle. Integrity of the bond is paramount and assumùig the 

bond does not faiL representative cycles to faiwe using current technologies might be as 

follows: Titanium liner - carbon ovenvrap, cyclic load 50% of 6900 psi (48 MPa) burst, 

2000 - 3000 cycles. Aluminum her  - Kevlar 49' overwrap, cyclic load 67% of 4200 psi 

(29 MPa) burst, 550 cycles [4O]. 

In sunnnary. although efficient weight-wise and non-permeable. a foi1 Liner is 

&y reçponsible for a vessel's failure under cyclic loading. The liner debonds iocdy and 

buckles. P l ~ i c  deformations result in the foil's fiacture causing the vessel to leak. 

Subsequent vessel leakage due to mauix cracking is n o d  and expected. 

Clearly thin liners. even &er long and thorough development have limitations 

considering their cyclic Me. The advent of higher modulus carbon fibers and a maturing of 

liner desi- have helped bring this method to a point where vessels can sustain a few 

thousand cycles. It should be noted also that because these efficient (light liwr) des@ 

are generdy resented for space applications they tend to be much more highly stressed 

and operate at dety factors ranging 1.5 and 2 tirnes. Most testing is carried out at cyclic 

mess levels exceeding 50% rupture loads. This high loading biases survival results in a 

negative way relative to the load-sharing liner concept discussed below where lower cyclic 

leveis are generally seen in tening. 



2.2.2 Load-Sbaring Liners 

Composite vessels with a thin load-sharing liner were originated by Johns and 

Kaufinan in 1966. The concept gained acceptance because of its greatly superior fatigue 

performance at the expense of a weight increase. The technique, almost universal today, 

uses a moderately thick liner (typicdy 0.040" - 0.080") which carries a fiaction of the 

load. The actual percentage of the load carried varies greatly and in fact c m  be as low as 

5% when a very thick-wded composite ovenvrap is considered. 

Muho and Landes [19] also concluded (1 968) that a load-bearing non-buck!ing 

metal liner would be best if it could be plasticaily deformed initially and then work in the 

tende and compressive elastic regions. Advantages would be elunination of a supporting 

mandrel (expendable tooling). no need for bondhg between liner and composite, 

elimination of specialized fabrication and handling techniques (electron bearn welding), 

~ e a t l y  extended cyclic Me and faster production. The drawback is a Io wer performance 
C 

factor due to increased Liner weight. 

In operation during the initial or "pro of' pressurization cycle of a vesseL the metal 

liner is plastically strained while the composite ovenvrap is elasticdy strained. On 

depressurization the her. having k e n  subjected to a permanent set. is put into 

compression by the overwrap which is trying to retum to its unstrained condition. Hence 

the b e r  is "sized" or "auto fiettaged" into the composite during this proof cycle. 

Subsequent cycles at operating pressure (lower than the sizing cycle pressure) result in 

loads that c m  be carried within the elastic stmin capabiïty of both the composite 



overwrap and the liner materiai [40]. 

Effectively the technique nearly doubles the available elastic strain range of the 

metal liner. Figures 2.1 and 2.2 show strains in the liner and ovenvrap during the sizing 

cycle and operating cycles for both foil-lined and load-sharing Liner concepts. The 

minimum liner thickness is dictated by its stability against buckling. Representative weight 

savings are perhaps 40% over an optimized all metal titaniurn vessel when using Kevlar 

49@ on a load sharing stainless steel liner. For similar vessels constructed of carbon fiber 

with a 6900 psi (48 MPa) design burst, a 15% gain in performance rniçht be expected in 

moving f?om a Ioad-sharing liner to a foil-iined vessel [40]. 

r S E C f f l 0  PRESSURMTlON 
ALumrnum um 
STRESS-SIRAM CiRM -, 

Fi-we 2.1 Typicai stress-main plot for an adhesively 
bonded foil-Iined composite vessel [40]. 
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Figure 2.2 Typical stress-strain plot for composite vesse1 
with a metallic load-sharing Liner [40]. 

Unless the overwrap is very stiffand low nraining (as with HM type carbon fiber) 

the liner's total elastic strain range can be as low as 30% of the fikr's pennissible 

elongation In load-sharing Liners the cyclic operating pressures are limited by low-cycle 

fatigue as with the foil-lined vessels. Under identical cyclic stain, the lower weight foil- 

h e d  vessels should provide the same Me provided they maintain a perfect bond with the 

composite. Such bondhg is rarely if ever achieved. 

The lower limit of Liner thickness is dictated by the buckling criteria. This effect is 

proportionai to liner thickness to diameter ratio cubed (t/d)' for a cylinder and modified by 

remaint conditions at the boundary. Axial length detennines the number of lobes in the 

buckled state. For a fixed (t/d) ratio the number of lobes decreases dong with the critical 

pressure for collapse as the cyhder is made longer [41]. In this respect it is evident that 

shapes close to spherical are superior. For liner design the conditions of compressive 

yielding or inelastic buckling are sought. Conventionally the criteria assumes a uniform 



extenor pressure. In the case of a vesse1 h e r  the pressure loading on a potential lobe 

diminishes rapidly as the liner begins to deform hence adding cornplexity to the 

phenornena. 

2.3 Development and Manufacture of Liners and Bosses 

Flkrs in the composite overwrap are taken to high stress levels. boom 60% to 

70% of their ultirnate strength. These stress levels result in significant elongation of the 

composite (0.5% to over 2.0% depending on materiai) and extensive crazing or cracking 

of the resin rnatrix between the fibers results. CrazUig becomes siC&cant at composite 

stresses in the range of 10% to 40% of fiber u l t h t e  strength. Eckold [42] maintains that 

at 0.3% strain micromechanical damage such as resin cracking and debonding between 

fibers appears. Because the craze paths join to form a le& path an intemal liner must be 

provided to contain the duid or gas. Necessary characteristics are chemicai c~rnparibilitv~ 

impermeability, elongation during pressurization and the ability to retum to a stable and 

non-buckled position after the pressure is reduced. 

Conventional Iow pressure fihnent wound structures such as tanks and pipes for 

the chemical processine industry operate at less than 10% of ultirnate fiber stress Ieveis 

and a resin rich gel coat or surfiace veil provides adequate seaiing. Elastomers such as 

butyl rubber can be used as linen for moderate temperatures and pressures but are 

inadequate at cryogenic conditions in combination with high pressures. Elastomen exhibit 

bnttle behavior at temperatures below their second glas  transition and moa cannot strain 



with the composite ovenvrap lest they crack. The mismatch in thermal contraction with 

the composite leads to debonding. At high pressures, permeability to the gas causes 

blisterhg of the Liners when absorbed gas is released during depressurization. 

In answer to the permeation problems and resistance to cryogenic temperatures, 

metd iiners have long k e n  the basis for achieving fluid containment at high pressures. A 

liner mut be capable of king formed into thin sections and amenable to assembly by 

welding. The &agile nature of such foil he r s  (thickness 0.006" - 0.030") requires that the 

liner be supported during winding, generaiiy by plaster or inorganic salt rnandrels fitted 

with a SM to position it on the winder. The mandrel is removed by Bushing with hot 

water or weak acids after curing the ovenvind. 

In the prograrn reported on by MuIho and Landes in 1 968 [ 191, metd foi1 (0.006") 

liners were used. In Aerojet General's expenence, the cornplexities related to 

hydroformhg the thin stainless-steel liners and welding the various sections together with 

the end bosses were manageable. Maintainhg h e r  integrity during the winding posed a 

bigger challenge due to the difnculty of finding a wash-out rnandrel support that did not 

s hrink . 

Mandrels for supporthg the hers  are necessary in cases where the liner is not 

rigid enough to act as the support or f o m  upon which the windhg is placed. The criteria 

are: (a) dimensional nabilitv? (Le.: no shrinkye on curing), (b) a matching coefficient of 

thermal expansion, (c) castabüity? (d) ease of removal. (e) sufEcient compressive suength 

and moduius. 

MuIho and Landes [19] anempted many methods to suppon their metal foil Liners. 



One was to press& the liner but ripphg resulted at the roving cross-over points. This 

was attributed to the shape of the liner king substantidy dEerent than the neutral axis 

configuration of the coqlete wound tank Low melting alloys were tried (th-bismuth) 

but the density of the material is so high that it is difncult to cast and the liner can distort 

fiom its weight. Dinerent types of specialty plasters were experimented with. Shrinkage, 

despite rnanufacturers daims, was a big problem especially at elevated curing temperatures 

(300 OF). The material finally used was a sand-PVA mix even though it has the drawback 

of Iow compressive strength. 

Traditionally, ail foi1 metal liners succumb to failure and are especialiy prone to do 

so at the welds, either at the equator or dome-IO-boss junction. In addition this is oflen 

preceded by debonding which leads to rnicrobuckling. The debonding generdy occurs 

firn at junctions and discontinuities. One approach much researched was the "hinged 

boss" desi-, Figure 2.3. 

1 - BOSS 
CLMERLlNE 

th) "HINQ-BOSS" THIN-CWER-10-BOSS A i l A C i ü W l .  

Figure 2.3 %ge-boss design for thin metd liner to fill stem attachent [43]. 



Even in cases where liner rupture at the boss could be avoided failure at other weld points 

would inevitably foiiow [43] [3 71. 

Single-piece liner construction has advantages and electroforming is one such 

method. Guess [16] used this technique and plated copper over an duminum sphere 

incorporating a stainless-steel till stem Mer etching away the duminurn, the copper 

remained with a metallurgically bonded fdl stem. Because the fill stem was very srnall and 

appropriately designed, the calculated stress intensity factor at the junction was only 1.1 1. 

Gerstle and Kunz [44] made similar s i x  liners for thin-wailed vessels using hydro formed 

1100-0 aluminum hemi-sheiis, electron beam welded at the equator. Fi11 stem and south 

pole bosses were machined fiom 5086-0 d o y  and welded in place. An overall stress 

concentration factor near 1 2 5  was estimated, due in part to the difference in yield strength 

between the two alloys. Fi*wes 7.4 and 2.5 show some details of electro-fomed liners 

and electron-beam welded ones fiom the above mentioned authors respectively. 

Stem Geometry #l Stem Geomeùy #2 

Figure 2.4 Dimensions pertaining to different stem geometries and values of stress 
concentrations associated with each design [la]. 



Figure 2.5 Geometry of aluminum lined ~ e v h - 4 9 '  epoxy vessel. 
Failure point in composite was next to the weld between 
the 1100 and 5086 aluminum [44]. 

Thin cylindrical aluminurn 606 1 -T6 Liners were formed by impact extrusion in the 

program reported by Grover and Alyer [45]. A three step boss was used to minimize the 

wind build-up at the vessel ends. Two such extrusions were welded together to fonn a self 

supported liner. The wind angle was chosen in order that each heiical layer lay adjacent to 

the lareest unwound step diameter. When the composite reached the top of the step. the 

winding pattern was chmged in order that the band lay adjacent to the next s d e r  boss 

step diameter. This procedure prevents excessive fiber build-ups and bridging. Liner 

thickness at the polar opening is dicrated by the local shear strength requirement to 

prevent blowout of the boss. The seps reduce both composite and liner weight whiie 

l o w e ~ g  the stress concentration at the tangent iine between dome and boss. Also it 

appears that the stepped boss, acting as a rigid body, distributes load to the intermediate 



layers at each step interface. 

With current production methods, thin aluminum liners are commonly fabricated 

by deep-drawing and spin-closing a round sheet. This forms a single boss Liner. 

Alternativeiy, drawn aluIliinum tubing can be spun closed at both ends to obtain a vesse1 

with two openings. In each case, the spinning process limits the minimum thickness. 

Chernical milling has k e n  used to reduce the thickness fiom 0.080" down to 0.023" and 

lower for specialized applications [14]. 

Most cornmerciai production thin met al-lined (load sharing) vessels to day use 

606 1 -T6 aluminum alioy because of its availability however it is known that 63 5 1 -T6 has 

supenor corrosion resistance and strength [46]. 

Development work on Skylab and the Space Shuttle focused on vessels of the Ioad 

sharing liner design [39]. Inconel 71 8 and Ti-6AI-4V liners were examined. Inconel 

remains inert with oxyeen (life-support) while titanium liners were slated for use with 

helium for expulsion of the fùels to the rocket noales. 

In commercial applications, especially vehicular, the liner cost and its weight are 

sipifkant considerations. The price ratio between a conventional gasohe fuel tank and 

the equivalent fuel containment in glas composf e gas cylinders has been estimated at 25 

times [3 11. This is rapidly changing. The cost of the metal liner and its contniution to the 

total weight is s ic~car? t .  Vessels incorporating blow-rnolded HDPE plastic liners using 

encapdated duminun bosses overwrapped with either E-glass or glass / carbon hybrids 

have recently k e n  introduced for vehicdar application [24]. The manufacturer states that 

the plastic liner can be produced for 50% of the cost relative to a metallic ow. For p M c  



liners, data on permeation resistance to the methane molecule at 30004000 psi is very 

difncult to h d  [3 11. Hydrogen is known to pemeate more than methane, but not very 

significantly more. Cylinder manufacturers have had to perform their own test ing . 

Authors Hamstad and Chiao [38] had successfully used fatigue resistant plastic 

liners in 1 974 to contain nitrogen. Helium however was too permeable. 

Brunswick States that permeation rates for its plastic-lined pressure vessels are 

under 0.1 % of the allowable under the ANSYAGA NGVZ standard. Surfàce treatments 

are also under examination to further reduce permeation ifs0 required. In production, the 

plastic is extmded into a tube by a die that c m  vary the resuiting w d  thickness dong the 

parison's (pre-forrn) length. The plastic is blown againn the closed mold halves and the 

w d  in the parison is designed to result in a liner with gradua1 transitions in waii thickness. 

This rninllnizes main concentrations. weight, and elevates cyclic life capability [471. 

Approaches using integral foils or electro-deposited metal on the plastic liners 

were long ago tried for containment of hydrogen at cryogenic temperatures. These 

experiments were not successful. It was concluded that polymeric films wiil always be 

penneable to the rare gases. [ I I ]  

Presentiy there is no known effort to re-evaluate the capability of polymeric liners 

for use with low reactivity gases such as methane or hydrogen at cryogenic ternperatures. 



2.4 Liner Fracture 

A dserent aspect of materials technoloa is liner fiacture toughness. In a program 

reported on by Gleich [48], testing on ~evlar& spherical vessels with a thin cryoformed 

30 1 stainless steel liner showed virgin fiacture toughness of over 180 ksi & (200 

M P a a )  and beaer than 100 ksi& (1 10 ma&) in the heat afKected zone of the 

weld. Critical flaw length was 4 tirnes iher thickness in this 200-260 ksi strength material 

-4 leak before burst (LBB) condition was theoretically assured and tested to be so. Severe 

hydrogen embrittlement around the girth was instigated artificially and lead to complete 

and uistantaneous failure ( 1 0 ~  to 10' sec.) throughout the liner with negligible afEect upon 

the fibers. Even at a 50% reduced fiber ovenvrap thickness there was never any form of 

catastrophic materials release while the liner fiactured at the opcrating pressure. There are 

on-going studies examining the safety of designs in current and future aerospace 

composite pressure vessels, specifically impact / damage tolerance related [60]. 

Schmidt [49] published a fiacture mechanics design method used at Brunswick 

Corp. to predict dynamic loadings imposed by liner failures and showed that potentid 

problems cm arise when the liner is very thick relative to the ovennap. 

in certain cases it has been debated ifthe her itseifaffects the hilure mode of the 

composite. Grover and CO-authors [17] substituted their aluminum liner with a mbber 

bladder and found no evidence of any change. 

During a Space Shuttle development pro- titanium liners were found to be 

quite flaw sensitive around the welds. Examinations also showed that titanium is 



susceptible to cracks initiated at bnttle oxide layers as a result of hadequate fumace 

control during liner annealing. Dye pene2mt testing and X-ray inspection were performed 

prior to winding. The X-ray inspection was repeated d e r  the sizing cycle when cracks 

grow and open under pressure. Subsequently fkacture mechanics was applied to predict 

service Me [39]. Wfi titanium the critical 5 w  size can be less than the liner thickness 

hence extensive qua@ control is requisite. 

2.5 Corn posite Material Property Requ irements 

Estimation of the d e  working Me of a composite vessel requires an assumption 

about the controhg fdure mode. Some applications requue storage at high pressure 

with only slight cyclic variations in pressure. When considering only the rime at pressure, 

correlation can be drawn to creep-rupture tests. Extensive work was carried out with 

Kevlar 49@ and S-glass / epoxy ushg both imprepted strands (Chiao and co-authors 

[50]) and actual pressure vessels (Gerstle and Kunz [44]). Although strand-based and 

vessel quasi-static *ergth data showed h l e  variation creep-rupture data presented 

considerable scatter. Based on a "one in a d o n "  fdure rate. the investigators concluded 

that a safety factor between 1 .8 to 2.7 would be suitable for vessels needing to remain in 

service for 1 O years. This variability was attn'buted to inconsistencies in the Kevlar 49' 's 

characteristics fiom spool to spool. Within a particular spooL fdure was entirely 

consistent. (One rnight assume that consistency problem today are less likely). It was 

noted that extreme sensitivity of pressure on £dure times in creep rupture experiments 



requires very tight limits on pressure or stress. A 20 ksi (1 3 8 MPa) incrcase in the applied 

stress cm reduce life by a factor of 10. 

Impregnated s t m d  tests indicated that S-glass I epoxy degraded near twice the 

rate of the Kevlar 49" / epoxy and that for equal tirne to failure the ~evlar' systern codd 

sustain a slightly higher percentage of its ultimate stress than S-glass. Unlike ~ e v l a ?  and 

elass, carbon fiber is aimost insensitive to sustained loads and tolerant in fatige. As early - 
as 1969, cyclic testing on Thomel 50 carbon fiber vessels at up to 90% of static bura 

showed one unit that suMved over 1000 cycles. Performance in this respect is an order of 

magnitude above what cou!d be expected of glass or ~ e v l d  [43]. Babel and Vickerç [5  11 

experimented wiîh carbon fiber vessels loaded to 97% of their expected rupture and used 

this data in conjunction with strand tests. The purpose of the study was to provide 

assurance of a 30 year life with 50% sustained load combined with penodic cycling for use 

aboard Space Station Freedom. The probability of survival under 50% sustained load was 

estimated to be better than 99.9999%. 

It should be noted that many of the works reported on were performed wMa 

Kevlar 49@ ( Dupont's trade name for their aromatic polyamide or aramid fiber) was in the 

development phases, designated PRD-III. To be accurate, the PRD and early references to 

'Kevlai' were based on poly-p-benzamide (patent 1967 & 1 W Z ) ,  and only later did 

Kevlar 29', Kevlar 49" and Kevlar ~950/956',  based on p-phenylene terephthalamide 

(patent 1974), corne to replace these. Similarly, Qlass and especidy carbon fibers have 

seen a great deal of technologcal evolution [52]. The manufacturers of these have 

continudy made advances and over the years many of the smaller companies have seen 



their product lines and trade-names merged with the multînationais. Divisions are bought 

and sold so the geneology of particular fibers is often difncult to follow. Among the major 

manufacturers in existence today are Toray, AMOCO, Hexcel, Zolteiq Akzo, Mit subishi, 

DuPont, Owens-CoMng and Vetrot ex-Certin-Teed [5 31. 

Experience has shown that impregnated strand test data can be translated to an 

allowable vessel layer stress ghen th& an appropriate correction factor (translation factor) 

is applied. As far back as 1964 it was realized that hoop windings on vessels can achieve 

very near laboratory *and tensile results, whereas for the helical layers 85% was a 

reasonable expectation. Table 2.1, taken fTom Shibley [54] on stress correction factors, 

relates to glass fibers and shows the reduction factors used over laboratory uniaxial tests 

as a firnction of overall vessel siie. 

Table 2.1 Correction factors for dowable stress [54]. 

In a cyiindncai pressure vessel, translation efficiencies are lower for helical fibers 

than for hoop fibers. This is because the helical fibers sufEer fiom the overlaps and cross- 

overs, as well as the discontinuities at the dome cylinder junction and the polar boss 

region. For these reasons, the helical to hoop fiber stress ratio may range 0.75 to 1 .O 

Diameter, 
in (cm) 

1 

4 (10) 
18 (36) 
36 (91) 
44 (112) 
54 (137) 
300* (762) 

* emapolatad 

Hoop 
Filament 

0.99 
0.96 
0.94 
0.93 
0.92 
0.87 

Longitudinal 
Filament 

m 

0.95 
0.89 
0.87 
0.87 
0.86 
0.83 

h 



depending on the seventy of these factors. 

Peters, Humphrey and Ford [ S I  discuss Kevlar 49'. In a biôuial tension field like 

a pressure vessel, Kevlar 49@ exhibits lower translation efficiencies than glass or graphite, 

typicaliy 70 - 80% of the Strand tende value. Translation efficiency is afFected by fiber 

damage during winding, voids, complex stress States, etc., which are present in the 

laminate but not in the strand tensile specimen. ~ e v l a ?  with its fibrous micro-structure, is 

easily split longitudinally by matrix cracks, given the matrix is tightly bonded to the fiber. 

When the fiber is coated with a release agent (silicone oil) prior to winding, matrix 

cracking by-passes the fiber thereby improvuig efficiency. 

Where ùiterlaminar shear strength is impomnt, fibers would not be "released" 

f?om the matrix. Reflecting this, in a cylindncal pressure vessel, the hoop fibers cm be 

coated in oil while the helically wound fibers, with discontinuities at the dome cylinder 

junction and polar boss, would not be released. Translation efficiencies in the hoop fibers 

would typicaliy increase fiom 70% to 85% by releasing. Releasing glas  and graphite 

fibers has not been found effective at improving their translation efficiencies. 

Micromechanical modeling of the time dependent properties of ~ev la r@ suggests 

that ifthe fiber is weii bonded to the matrix it may be subject to longitudinal cracking 

because of its inherent weakness in this direction. Statistical studies and models for 

~ e v l d  fiber's nrength and stress-rupture behavior are well documented in a publication 

by Phoenix and Wu [56]. Failure modes in ~evlar@ fiber and their ori@ are also discussed 

by Morgan et al. [57]. 

Low velocity impacts on pressure vessels have been assessed by Knight [58] 



experimentdy and compter modeled by Yener and Wolcott [59]. There is an ongohg 

study presently (COPV) at the NASA JSC White Sands facility to evaluate damage 

development and advanced non-destructive testing techniques. These include IR 

thermography, ultrasound, eddy current and acoustic emission for vessels subject to 

impact and / or chernical attack of the liner [6O]. 

DuPont produces many forms of ~ e v h r @  and has developed a variation with 

higher modulus (Type Mg), or variants that have doubled impact and improved strength 

translation by 40% in hoop windings (Type 49-98 1) [37] [6 1 1. 

Studies on environmental effects have shown ~ e v k u @  's sensitivity to W radiation. 

Its fabric degrades to half the original strength in only 5 weeks of exposure to strong 

sunlight. Humidity effects on ~evlar@ are for the most part reversible and dependent on 

resin properties. Glass based composites suffer to a greater degree. n i e  temperature 

limitations for ~evlar@ are 200 OC. beyond which si@cant property degradations over 

t h e  can be expected [62]. Carbon fiber are comparatively stable but not the resin systems. 

2.6 Cryogenic Properties 

Nickel base do., stainiess steel alurninurn and titanium, of differing 

compositions were evduated as load sharing liners at cryogenic conditions dong with 

elass composite ovenvraps [8]. The composite showed an increase in strength of 
C 

approximately 25% at -320 O F  (77 "K). Titanium, followed by aluminum liners, promised 

the iightest structure while stainless steel titanium and the nickel base doys show 



enhanced properiies at cryogenic temperatures. Titanium has the highest Liner elastic range 

(0.6%), alumuium (0.4% - 0.5%) while stainless steel is non-luiear and subject to work- 

hardening . S tainless-steel liners are therefore habitually cryo formed in iiquid nitrogen as 

this alows strain hardening by a factor up to 7 times. Even sizing can be performed in a 

liquid nitrogen bath [46]. 

Electro-deposited nickel and metallized ~ ~ l a r '  films among many candidate 

materials were tested by Toth back in 1964 [10][11]. He determined both permeation rates 

and elongation characteristics at 20 "K (liquid hydrogen temperature). The electro- 

deposited nickel 0.005" thick performed bat, surviving +/- 0.83% strain for 250 cycles. 

This takes the nickel well into plastic deformation on every cycle. Also for single cycle 

burst tests the electro-deposited liner remained intact at the 2.5% - 3% strain expenenced. 

At 20 OK, electrofonned nickel exhibits 20% elongation and a 1 10 ksi (758 MPa) yield 

strength. 

The hi& dzerential contraction rates of polymeric films relative to the composite 

and their low elongation rendered them unsuitable at these temperatures. Reactivity of the 

Muid oxygen (LOX) with hydrocarbon-based polyrners can Iead to d detonations 

when subject to severe impact [l 1 ][63] .  

The above work by Toth. Caren [13], Pope [12] and others was part of a NASA 

sponsored exploratory program t O evaluate polymeric films as liners for cryogenic 

containment of fuel I oxidizers. Candidate elastomenc materials including Teflon, PVDF, 

polyimide and polyamide fjlms? TFE. FEP' CTFE and rnany others were examined in the 

rnid to late 1960's. 



Space flight requires the containment under pressure of propellants: Liquid 

hydrogen, liquid oxygen, and fbels pentahrane, chlorine trifluoride, 50% / 50% 

dimethyhydrazhe-hydrazine mumires and nitrogen tetroxide. ~ a ~ t o n @  filni @O lyimide) 

was eventually selected as the best candidate material in these early studies. It exhiited 

about 10% strain at 20 "K but M e r  evaluation showed it Eactured quickly under cyciic 

conditions. Only 6 cycles were survived at 1.2% main [9]. Previous studies at 77 O K  by 

Boeing had indicated that this fhn rnight be suitable. In general the limitations 

encountered with polymeric liners included permeability, erosion under rapid flow, low 

elasticity at cryogenic temperatures, short fatigue life and manufacniring problems. Such 

complications, given the materïals, requirements irnposed and technology available, led to 

an abandonment of the idea 161 [4O] [63]. 

Evaluation of materials for a proposed British reusable orbital Iaunch vehicle 

authored by Walmsley and Wilson [64] sees APC-2 (PEEK thermoplastic / carbon fiber) 

showhg good promise for a thin-walled vesse1 aoring liquid hydrogen at 20 "K. APC-2 

appears to have low susceptibility to microcracking as opposed to other composites. In 

the pst, numerous epoxy resin rnatrix composite vessels of glass. ~ e v l a r ~  or carbon have 

seen senice at cryogenic temperatures. Thermal conductivity values and contraction 

coefficients as t emperanire functions are known and standards for out gassing under 

vacuum have been established for senice in space [65]. The National Bureau of Standards 

(NBS) in the U.S. has established parameters when ushg elastomeric O-rings as static 

seab at 77 "K. The confined rings are compressed as much as 80% before subjecting them 

to low temperature. On the whole. 30% strength and 10% modulus hcreases are expected 



for most fibers as one approaches absolute zero. The ultimate strains of the 

fluoropolymers Vary significantly within the cryogenic range, and some are useabie at 

under -200 O C  (-328 OF). 

Kasen [63][66] reviews properties of both resins and fibers at cryogenic 

temperature. This work, although dated, is comprehensive and reviews ail available data 

through 1975. Some facts evident are that ~evlar" expands greatly when cooled whereas 

carbon fibers show a minimai positive coefficient of thermal expansion and glas contracts. 

The modulus of ~evlar@ increases about 40% at 77 O K  while strength is about 90% of 

room temperature values. Carbon fiber's modulus is stable but the low temperature 

strength degrades somewhat although fatigue performance remains supenor to al1 other 

fiber types. Variability resulting f h m  the broad base of the test data reviewed remains an 

obscuring factor. 

2.7 Safety Standards 

There exist so many dEerent applications, matends and methods of construction, 

seMce life and exposures to environmental hazards that every design and application 

needs to have its safety examined. Standards and test methods evolve, progress and get 

revised with accumulation of experience and the evolution of newer designs. Surveying 

the literature has shown the upper range of s a f i  factors in the neighborhood of 3.5 while 

the lowea are around 1.5 times the burst pressure. DEerent regulations e i a  for military 

and civilian use. Illustration and exampie over the spectrum in various applications can 



serve to condense and c l m .  The commoniy known ASME pressure vesse1 code 

(Section-X) restrias itseifto a maximum of 200 psi (1.4 MPa) for composite vessels 

hence other guidelines are presentiy being followed [32]. 

2.7.1 Military Standards 

Military Specifications (MIL-R-8573 for steel tanks and MIL-T-25363 for all 

composite tanks) were originally written in the 1950's. These MIL-STD's iater becarne the 

basis for civilian Department of Transport (DOT) exemptions and later DOT 

specifications for composite pressure vessels. 

Representative of one extreme, Charpentier and Reuille [67] report on 

irnplementation of MIL-STD-1522.4 (USAF) [33] for thin-wded titanium hed carbon or 

~ e v l a r ~  vessels htended for service on satellites designed by Aerospatial. The standard 

proposes two routes for qualification testing. For safety factors (SF) equal or above 2.0, a 

conventional route is chosen. This comprises a stress analysis and a fatigue analysis. Then 

the vessels are proof teaed to 1.5 tirnes operating pressure, cycle tested and finally burn. 

The standard however is really geared to permit constnidon of vessels with safkty factors 

as low as 1.5 rnininiurn. Typicaily such vesseis would see service in unmanned devices 
I 

launched into space where the design requirements are to withstand perhaps 20 

pressurization cycles before burst. In such a case more extensive analysis is camed forth 

including a fkacture analysis to estabiish ifa "leak before burst" situation will resuit. Proof 

pressure is estabiished at (SF + 1)/2 Urnes operating pressure for a fail-safe mode and 1 2 5  



times maximum expected operating pressure (MEOP) if analysis or tests show 

catastrophic failure modes. Both situations reduce to applying a proof pressure 1.25 times 

MEOP when designin5 to the lowest pennissible safety factor of 1.5. 

2.7.2 Civilian Standards 

Until the event of composite pressure vessels, regulations for compressed gas 

cylinders were based on ASME rules. The basis of such mechanical engineering practices 

date back to the 1930's. ASME regulations are conservative and adequate for welding 

botiles and bulk storage facilities for the commercial gas storage and transport industries. 

The US Department of Transport (DOT) has the authority under Title 49 of the 

Code of Federal Regdations - Transportation, by rneans of container specification, to 

eovern pressure vessel use and to mandate their periodic re-testing. 
Y 

Commonly, deveiopment in technolog precedes regulations and standards set 

forth by mie makers. Proponents of composite pressure vessels succeeded in swaying 

acceptance fiom the DOT with the heip of NASA technology transfer programs, 

cornmitment fkom aerospace giants like Boeing and pressure vessel specialists Structural 

Composites Industries (SCI), a prirnary aerospace subcontractor in this field today. DOTS 

first exemptions for load sharing metal h e d  vessels were granted in 1976 for a fireman's 

breathing air suppiy and the Boeing 747 escape shutes [46]. 

DOT specifications have evolved over the years in response to manufacturers 

requests for exemptions. Specifications include DOT 3-AA, 3-AL, 3-F @roposed for hi& 



alloy steel), FRP- 1, FRP-2. When development precedes available specifications, DOT 

issues transport exemptions. In Canada, the Canadian Transponation Commission (CTC) 

has likewise isçued exemptions [ X I .  For Example CTC 1465 / DOT E-8725 applies to 

metal lined full-wrapped glass composite cylinders, DOT E-8 162 for ~ e v 1 a . r ~  composite 

vessels and CTC 1880 / DOT E-8965 pertains to steel lined hoop wrapped vessels [24]. 

Other exemptions exist for composite vessels used in breathing apparatus, inflation 

devices, etc. One of the latea is E- 10945 issued to SC1 in late 1996 for their carbon fiber 

overwrapped self-contained breathing apparatus, also applicable to a hon of other vessels 

designed to similar specifications [22]. 

2.7.3 Vehicular Fuel Cylinder Standards 

The National Highway and Tratfic Safety Administration (NHTSA), a department 

withm the DOT was handed responsibiïty for NGV containers from the Hazardous 

Materials Branch. In 1990 NHTSA gave advanced notice of a proposed rule-making but 

did not act (President Bush had at that time imposed a moratorium on new rulemaking). 

Their inaction lead the vesse1 manufacturers, gas associations and related equipment 

manufacturers to implement ANSUAGA NGV2-1992, a aandard that permits 4 classes of 

cylinders [XI. This standard is geared specifically for automotive requirements and is 

similar but not identical to older DOT FRP-1, FRP-2 guidelines. It should be noted that 

the DOT regulations and exemptions do not presently address the use of vehicular fuel 

containers but are rather intended as approvals for common carriers (truck, rail, air) to 



d o w  for a filled composite vessel's interstate transport. 

The specter of product liability is an important concem for the big three U.S. car 

manufacturers. These OEMs favor the latest plastic lined full-wrapped technology but they 

Iack a M y  adopted and accepted NTHSA standard to back them. The newest 

technologies are attractive due to geatly decreased weight and slightly greater contained 

volume, Figure 2.6 and Table 2.7. However as late as the 1995 model year production 
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Figure 2.6 Cornparison of storage systems 
weights for various aitemate fùels [3 O]. 

light and medium duty trucks still used hoop-wound steel cylinder technology. Emphasis is 

steadiiy shifting towards the more advanced technologies. Pari of this is due to increasing 

cost benefits as the price of carbon fiber fds  and the esthated 30% reduction in vesse1 



Table 2.2 Attractiveness index of cornpethg vehicular fuel cylinders [3 O]. 

cost as a result of using blown thennoplastic liners. Presentiy the lowest cost carbon fibers 

are $6.50 Ab. and optimistic expectations are in the $5.00 Ab. range for the year 2000. 

Meanwh.de retrofiners are using the latest technology. While Brunswick 

Corporation was the fin to market a plastic lined cylinder, EDO of Canada, Corndyne, 

.4tiantic Research, ABB of Sweden and Ullit of France each have their versions [3 O]. 

Newer regulations and standards are forthcoming. In Canada there exias a (draft) 

"Appendix G to the Canadian Boiler and Pressure Vesse1 Code and a standard (CAN 

B5 1) for vehicular fuel cylinders. The International Standards Organization (ISO) is 

looking at standards by the International Association for Natural Gas Vehicles (IANGV). 

A dr& standard (ISO DIS 11439) was published in 1997 and reviewed twice in 1998, 

now to be redrafted by Powertech of Canada into 4 separate documents and submitted to 

the ISO for approval[258]. The Amencan Gas Association (AGA) has developed 

recommendation for a standard on fùel dispensing and bulk storage facilities [68]. 
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2.7.1 ANS1 / AGA NGV2-1992 Specifications 

Under the ANS1 1 AGA standard there are 4 classes. The first two of these 

concem metal and hoop reinforced metal cylinders. The third, NGV2-3, penains to metai 

lined full wrapped cylinders. The fourth, NGVZ-4, relates to plastic-lined full wrapped 

cylinders. 

The standard applies to vessels up to 43 50 psi (300 bar z 29.6 MPa) maximum and 

applicable safety factors (SF) are defined as a function of the fiber type: Glass; SF = 3 . 5 ,  

aramid; SF = 3.0 and carbon; SF = 2.25. Service temperature limits are placed between - 

40 O C  to 82 O C .  Gas temperature at 57 O C  defines maximum operating pressure. 

Service life is 15 years, and for non-metallic liners maximum permeation is limited 

to 0.25 normal c c h  per liter water capacity of the vessel while at seMce pressure. 

Generdy, for a 6061-T6 aluminum Liner, the tensile stresses in the wall are 95% 

(compressive) and 60% tensile, relative to the yield strength at zero and operating 

pressures respectively [46]. 

Autofimage pressure must be at lean 105% of proof pressure (nomin&y 1 10%) 

and proof must be 1.5 times service pressure. Vessels are to be tested in maximum lots of 

200 units or one shifi of production, with destructive testing carried out on at least one 

such vessel. 

5000 cycles from 10% to 125% operating pressure must be suMved pnor to burst 

testing on the test vessel taken ftom each production lot. 

Minimum burst is defined by the safety factor multiplied by operating pressure. 



Each individual vessel in the lot is proof tested to 1.5 times operating. 

Aside from not leaking, the requirement is that permanent volumetnc expansion 

must not exceed 5% of the total volume expansion seen under proof testing. 

Additionaiiy tensiie and impact tests must be performed on a Wgin liner. 

The above represents the basics for lot acceptance and lot testing. Design 

qualification testing (essential for new designs) is more rïgorous and includes the 

following: 

a) Pressure cvclic testing: A new vessel is subjected from 10% to 1 00% 

pressurization for 13,000 cycles followed by 10% to 125% for 5000 cycles (max. 

rate 1 0 cycles / min). 

b) Environmentai cvclic testinq: M e r  having preconditioned a new vessel for 15 days 

at various temperatures and 67% senice pressure with naturai gas, cornpressor 

oils, water, hydrogen sulfide, and carbon dioxide (contaminants) according to a 

specified schedule, the vessel is subjected to the foiiowing: 

5000 cycles 10% to 125% pressurization at 60 O C  and 95% relative humidity 

foilowed by 10% to 100% pressurization at -40 "C for another 5000 cycles. 

c) Burst teas: Three vessels are brought to the minimum required burst pressure 

(determined by the safety factor assigned to the material of construction), held for 

10 seconds, then pressurized m e r  tiu burst. 

d) Damape Tolerance: A flaw tolerance test ushg a 1 inch (25 mm) long by 0.030" 

(0.75 mm) deep cm, an impact test at various points with a prescnied pendulum of 

3 0 Nm energy and a drop test b r n  a 10' (3 m) height to a concrete floor must be 



performed. In each of the above tests the vesse1 must subsequently survive 1500 

cycles from 10% to 100% pressure and be foUowed by a burst test. 

Fue: A bonfire test must be performed in difFerent positions with 20 minutes 

exposure or stopped once the vessel vents through the safety valve. (Vesse1 must 

not burst). 

Creep: Testing is mandatory for vessels with non-rnetallic liners or with low Jlass 

transition resins. The test involves 125% pressure for 200 hrs at 20 OC above the 

maximum design material temperature. Merwards the vessel is checked for 

conformance by a hydrostatic expansion test, leak test and burst test. 

Gunfire: Tests using a 30 caliber =or-piercing projectile (tungsten carbide) at 

2800 fVs (z 850 d s )  are used to ensure the vesse1 does not experience 

fkagmentation failures. Should pieces be released that have sufficient energy to 

pierce through automobile sheet metal, the vessel would not be considered 

acceptable. 

Gas oermeation: This test is required for non-metallic lined vessels. 

Severe abuse tests were extensively carried out at the request of the DOT in the 

early 1980's when composite vessels where first put into vehicles [69]. These tests 

included anempted destruction of fled vessels with dynamite, dropping NGV fùeled cars 

6om cranes 90 feet hi&, repeated blasts at point blank range from police issue 357 

magnum "hot" charges, 50,000 cycles pressurization arnbient and 25,000 cycles both cold 

and hot, and so forth. For example, in the &op test the vehicle's rear bumper ends up in a 

position originally occupied by the back seat. The vehicie coilapses around the cylinders to 



approximately haif its initial length. In each such test the vessels survived. ANSI / NGV2 

specifications are designed on the basis of utilizing the composite to a stress level 

commensurate with a 0.999999 reliability (l/miliion) for a period of 15 years [47]. 

Manufacturers tend to exceed the ANSI / AGA and DOT specifications by a smali margin 

(example: SF = 2.35 is used rather than 2.25 as mandated for carbon fiber by Brunswick). 

Estimates exceeding 1 million fil1 cycles under normal pressurization have been made. 

Carbon is generally hybrid with a small arnount of glass to increase darnage tolerance. 

Some manufacturers use a tumbling 50 caliber gunfire test (specified by the rnilitary for 

gu&e tolerance) rather than 30 caiiber [47]. This siight over design is likely to eradicate 

costly lot rejections, lessens a manufacturer's legal Iiability and helps cater to a broader 

market. 

2.8 Thick-walled Vessels 

Thick-wded composite pressure vessels were defined by authors Mulho and 

Landes in 1968 as vessels operating at 30,000 psi (200 MPa) or higher [19]. Guess [16] 

has indicated 22,000 psi (150 MPa) as the cut-off point while Grover, Ford and 

Humphrey and Ayler [17][45] infer that 25,000 psi (172 MPa) operating, 50,000 psi (345 

MPa) burst are considered "ultra-hi&". On the whole, "thick-walled" and "ultra-hi&" are 

synonymous in this context. 

Thin wall theory assumes that stresses through the wd thickness remain constant. 

Conventionally it is viewed that for radius to thickness ratios above 10 (ri > 10) thin-wall 



vessel theory is adequate. For thick-wded vessel design the nomenclature used is more 

commonly the outer to inner radius ratio (b/a). The 10: 1 rule of thumb does not extend 

weil to composite designs. The above assumption translates to a load drop of about 9.9% 

at the outer wd for a pressurized sphere (dt = 10, or b/a = 1.1) if the material is 

isotropic. In spherical vessels, load drop is related to a material's orthotropy exponent 

dehedas  
3 

$e + 
- 

, where the A's refer to the stiEhess matrk te- - %, 

in the radial (p), hoop (9) and meridional (0) directions [15][16]. For isotropic materiais n 

= 1.5, but WU range fkom 3-6 for composites. Kevlar at 70% volume &action has n = 

3.065. In the example above it would sustain a 12.9% load &op. Thomel75S carbon fiber 

at 5 1 % volume fiaction has n = 6.1 3. It would experience a 23% stress reduction with the 

equivalent geometry. Clearly the thickness ratio chosen to define "thick" is a arong 

function of materid properties. For cylindrical vesseis a similar factor is designated 

K = 49 ; and the dcjnitionr (ar these te- can be found in Chnpter 4 (equaiion 4.13). 
1 

K is a fùnction of the winding angle (whereas n is defined in terms of axisynmetric 

properties requisite for a sphere). For isotropic materials K = 1 but ranges i 3 for 

composite iaminates at orpical winding angles near 55". The implications for diminished 

stress at the outer surface are paraiiel to those for spherical vessels. 

The report authored by Muiho and Landes in 1968 is probably the earliest 

work specifically reiated to the design and construction of high pressure thick-walled 

vessels. Their vessei's thickness ratio are barely considered "thick" today with r/t = I 1 ( b h  

= 1 -09). Owens-Coming 90 1 -S 1 giass was the material of construction. nie program 



established was not successfùl in arriving at reiatively modest goals. Applications for the 

work were not specified but a design target was set at 15 cycles to 15,000 psi (103 MPa) 

and a 33,000 psi (227 MPa) burst pressure. The best vessel survived 13 cycles to 15,000 

psi (1 03 MPa) and the highest burst pressure achieved was 23,800 psi (164 MPa). 16 

vessels were built. 

The investigators did correctly ident@ the essence of the problem facing them and 

this assessrnent has some validity today. To surnrnarize, the following is excerpted: 

"The thick-wall composite shell required to react high intemal pressures introduces 

discontinuity stresses that mua be minimized to achieve a uniform stress field throughout. 

These stresses result principdly from the head-contour dinerence between inner and outer 

layers, and from uncontrolled filament tension during winding. The stress distribution in a 

pressurized thick-walled structure, caiculated by the equations developed by Lamé are 

such that the outer surface is subjected to low stresses and is therefore inefficient. Several 

methods have been recommended for the constmction of thick-walled, filament wound, 

hi& pressure vessels that wiU elastically resist relatively high intemal pressures and will 

make effective use of the material near the outer surface. Basicdy they create pre-stresses 

of different magnitudes throughout the vessel w d ,  so that the resultant stress distribution 

will approach a constant value for each stmcturai elernent when intemal pressure is 

applied. The more practicable rnethods to accompiish this condition include the following: 

Varying winding tension of discrete layers of glas filaments during 

fabrication. 

Application of discrete layers of pre-stressed g l a s  filaments with difFerent 



elastic moduli. 

* Addition of an outer ovenvrap of a pre-stressed metal filament layer in 

order to achieve geater elastic restraint. 

rc: A combination of the above methods." 

Oniy the fist method involving variable tension in the filaments was tried. At the 

time, only glas filaments were readily available, precluding the variable moduli approach. 

In the study by Mulho and Landes, an oblate spheroid, which constitutes two 

geodesic or planar heads back to back without a cylindncd section, was chosen. This 

contiguration was based on one of theù previous reports which indicated that the sphere 

which represents the optimum confiyration for homogeneous metal pressure vessels, is 

theoreticdy no more efficient for filament-wound structures than is a vessel of any other 

shape. Their test results indicated that the non-uniformities and stress concentrations 

caused by the filament crass-overs of the multiple wrap patterns required to react a 1 : 1 

biaxial force field relegate the filament-wound sphere to an efficiency below that of oblate 

spheroids and cylindrical pressure vessels. Their studies indicated that the oblate spheroid 

as the most efficient filament wound pressure vessel structure, followed by cylindncal and 

torroidal shapes. 

The method of increasing the winding tension of the filaments with each successive 

layer was employed in the above mdy. For this design, the 330 ksi (1275 MPa) fihrnent 

stress was calculated to reduce to 280 ksi (1930 MPa) at the outer surface using the Lamé 

equations. In the experïments winding tension was begun at 9.5 ksi (65 MPa) and 

increased with each layer to the winder's maximum of 48 ksi (33 1 MPa) . Pre-hprepated 



rovings were used, an intermediate cure was performed afler haifthe wind thickness was 

complete. For some of these vessels the outer halfwas wet-wound. 

Alternately, it was computed that a 3% increase in stitfness per Iayer would 

provide an equivalent effect (constant design stress). 

The authors could offer Little evidence that the fiber pre-stress was maintained d e r  

the curllig. 

Knight [70] and Leavesiey [7 11 performed finite element studies about 20 years 

later which modelled the winding tension. Their studies were performed on wound spheres 

with the winding pattern reproduced concisely in the element generation scheme. They 

found that for thicker windings as much as half the waiI thickness can end up in a aate of 

compression. First there will be the effect of tension loss due to mandrel deflection. As 

each successive layer is appiied its tension must be resisted by the mandrel. Any deflection 

wiII relieve fiber tension. Second there is the bulk motion of resin flowing outwards 

dowing the fibers to migrate inwards. Resin shrllikqe and the thermal cycle during cure 

also contribute to the aate of residual stress. Vessel strength degradation due to relaxed, 

wrinkled or locdy buckled fibers resulting from a state of compression is a serious 

detrimental effect and can outweigh gains anticipated by pre-stressing. 

In the 1980's a new application was found that required containment of heiium at 

75 ksi (1 72 MPa) operating, 50 ksi (343 MPa) burst. pressure as a power source for the 

pneumatic acniator systems aboard air-launched tacticai missiles. A few researchers 

worked on the topic. 

Grover and Ayler [45] used S-2 glass, Kevlar 49' and carbon fiber with increasing 



Nffness towards the vessel exterior. A major difficulty arose when trying to surpass 

35,000 psi (241 MPa). Development efforts showed that radial stifniess of the laminates is 

cmcial. At 20 ksi (138 MPa), unidirectional ~ev1a . r~  fails under compression in a radial 

(transverse) direction. For s m d  angle I helical windings, the radial strength is higher but 

when the matrix fails, adjacent constraining layers rotate in opposite directions resulting in 

an abrupt loss of stifhess. A minimum weight and thickness design dictates that dl helical 

and hoop layers are consolidated, with the hoop layers on the outside. The rotation effects 

cm best be kept in check by having many thin and interspersed constraining layers. In 

Grover and Ayler's work helical layers with a t 75' wind were interspersed with a + 3 7 O  

wind for this reason. Low radial mtfness also results fiom high void content, delamination 

and / or a high resin content. 

In winding sphencal vessels Grover, Ford and Humphery [17] employed quasi- 

isotropic annular doilies with decreasing radius as interplies around the fill boss. In this 

region the rovings are ail oriented tangent to the boss and susceptible to compressive 

failure due to radial loads. Also the fiber path can be concave due to fiber build-up at the 

beginning of each pattern causing fiber bnd-hg, voids or weak resin filled areas. 

Ericson and Yorgason [72] used finite element rnethods to study parameters 

affecthg stress concentrations near the bosses. They evaiuated and tested configurations 

for different wafers of reinforcement within the composite in this area and achieved a 17% 

stress reduction with a two step hoop wound dome wafer. Their work on graphite epoxy 

vessels iists a nimmary of techniques, identdjing those detrimentai and others which are 

beneficial over standard thlli-waiied vessel construction techniques. 



Grover and co-authors [17] investigated sphencal Kevlar pressure vessels for 25 

ksi (1 72 MPa) operatin% 50 ksi (345 MPa) burst pressure. Nine polar wÏnd patterns frorn 

11 -7 to 90 degrees (planar) were used to build up the wdl. Vessels with outer to inner 

diameter ratios up to 1.5 (r? = 3 1 were constmcted. Ductile 5086-0 aluminum 0.050" 

(1 2 5  mm) thick was hydroformed into hemispheres and welded at the equator. Pnor to 

welding, polar fittings were machined from 17-4 PH stainless steel and bonded under 

temperature and pressure to the liner halves with chlorobutyl rubber. Their investigation 

showed that radial compaction effects may be taking place which Iead to a delay in the 

onset of strain within the outer layers. Thermal cunng stresses were found to be the major 

source of delamination. -4 140 O F  (60 O C )  cure resin systern was used to alleviate the 

situation allowing the design objectives to be met. The best P V  W was 0.36 1 million 

inches with b; a at 1 .S. 

Guess [16][18] pubiished experiments reiated to the development of sphencal and 

cylindncal pressure vessels in 1984. 62.5 ksi (430 MPa) containment was achieved in a 

sphencal vesse1 consisting of ~evlar' over an electroformed copper liner with integraI 

naidess aeel fitting. The vesse1 sizes tested were very smaii (about 4" or 100 mm dia.) 

but scale effects were investigated over a 2: 1 range; no changes resulted. The copper 

liners, when free of defects, would survive 20 pressurization cycles (maximum tested). 

The ben cylindrical vesse1 burst at 58.1 ksi (400 MPa) . Guess used non-linear finite 

elements to rehe the fiii stem connection and anived at a very smail fining that lirnited 

stress concentration to 11%. Pl? W was cdculated as 0.639 million inches with bta at 

1.35. 



Recently Lai [73] presented an overview on a 28 ksi (193 MPa) burst pressure 

containment vesse1 designed for helium The author employed Torayca T- 1 000 fibers (1 

million psi or z 7000 MPa tende strength) and used aluminum liners designed for a 

previous 18 ksi (1 24 MPa) series of vessels. These liners were formed from a single piece 

cold drawn shell. They were subject to a spinning process that built up the neck region and 

chem-ded to reduce thickness elsewhere. The burst pressure tarpt was met and 1367 

cycles were sumived at O - 10 ksi (70 MPa) cyclic loading. A fiber design stress of 700 ksi 

(4900 MPa) was used. Vesse1 efficiency was stated as 1 .16 million inches. 

In the above study, basic engineering calculations showed that the Liner design 

employed had a safety factor below unity based on yieldhg, for the boss hoop stress. neck 

shear stress and flange bending stress. A finite element analysis (COSMOSM) on the 

composite revealed a severe Ness spike near the dome to boss junction which was 

reduced by the addition of a doily. 

E fficiency in thick-wailed design remains low. with P V7W values roughly half what 

appears possible for lower pressure des ip .  Ultra high stren-gh fibers such as T- 1000 

(fmt introduced at approxirnately USD SI 000/ lb.) appear to be capable of extending 

good efficiency values to higher pressures since they permit a reduction in wall thickness. 

The last decade has seen fewer experimental program with ultra high pressure 

vessels but there has k e n  work in an ongohg study evaluating moaly low veiocity impact 

(< 15 fi-lbs) upon vessels operathg the 1.000 - 10.000 psi (28 - 70 MPa) range for space 

flight applications. Naval efforts have centered on designhg submarine inner hulls capable 

of diving to the deepest ocean bottom Also U.S. Amy Annament Research has studied 



lengthening their cannons with thick composite ovenvraps while retaining the inertid 

characteristics of the metal ones[74]. 

2.9 Thermodynamics 

A fundamental for the design of any pressure vesse1 is that al1 gases follow 

approximately the same compressible behavior when normalized to their critical pressure 

P, and cntical temperature Tc ratio. This is known as the principle of corresponding 

states [75]. Generalized compressibility charts can be used to estimate the state or 

thennodynarnic tables cm be referenced [76]. Figure 2.7 depicts the features of such a 

chart [77].  

Below a criticai temperature Tc and pressure P., a liquid state cm exist. .Above Tc 

the fluid is cornrnonly temed "superheated vapor", below Tc "compressed liquid". 

.4t high pressures these fluids become increasingly difficult to cornpress hence 

pressures rises quickly with little gain in density. The point of diminishing retums is a 

function of both the fluid's cntical temperature and pressure. At low pressures one can 

Pu 
calculate on the bais of the ideal gas law - = Z . The compressibility factor Z remauis 

RT 

P 
near or below unity (unity equals ideal gas behavior) for pressure ratios P, = - beiow 7 - 

pc 

8. For methane, at room temperature, this translates to about 5200 psi (Z 36 MPa). 

Hydrogen by cornparison would show lowered compressibility (higher compressibility 

factor Z) beginnbg at 1500 psi (1 0 MPa). A feature of this chart is that although the onset 



of higher compressibility factors begins eariier for Iow boiling point gases like hydrogen 

(lower critical temperature), the rate of increase of Z as a function of pressure is also less. 

T Methane's relatively high boiling point puts its T = 7 at a low value of around 1.6. This 

causes it to exhibit a severe increase in the compressibility factor for pressure ratios above 

ten times P. (near the saturated iiquid line). 

Citing values f?om thermodynarnic tables [76] rather than interpolating on the 

chan, the following is illustrative: Methane, in doubling the pressure from 500 bars (7,250 

psi) to 1000 bars (14,500 psi) experiences a density increase of 25% whereas the same 

pressure change upon hydrogen increases its density by 60%. 

Refiected upon pressure vessel design for naniral gas containment, the ratio of fuel 

1 vesse1 mass is penalwd by the increase in the compressibility factor Z multiplied by the 

reduction in wal1 efficiency comrnensurate with higher pressure. The gas's compressibility 

is thermodynamically irnposed. For methane at 1000 bar (1 1.5 ksi) and room temperature, 

the gaseous fluid is at 80% of Iiquid density relative to the atmospheric pressure boiling 

point (1 1 1 "K ). Extrapolation of the thermodynamic charts to 1700 bar (25 ksi) puts this 

value about equal to 90% liquid density. The compressibility factor at this pressure is 

about 2.6 whereas at 1 O00 bar (14.5 ksi) it is 1.9. Further compression of the fluid would 

tend towards the slope of the "saturated iiquid" compressive lhe. This constant slope 

effectively represents a bulk moduius. Naniraiiy it is pointless to seek the compression of 

a "liquid". It must be noted that the conventionai measure of vessel efficiency Pr W loses 

its applicability at these extreme pressure since the implicit assumption that PY is a 

constant is being Moiated. The compressibility factor Z may range as high as 2.8 at 40,000 





vesse1 volume per unit mass fiel and total weight is rnodified by considerations of coa, 

wall efficiency attained and manufacturing complexity. Clearly this point will lie below 

1700 bars (25 ksi), probably in the 1 O00 - 1400 bar (1 5 - 20 ksi) range for methane. Mass 

of fuel contained for such a pressure would increase by a factor of approximately 2 - 2.5 

compared to vessels in use today. The implications for hydrogen storage are diEerent and 

cornrnody one wouid be tempted to seek the highest containment pressures achievable 

since vehicle range is rather short due to the low density of this fuel, even when in a quasi 

liquid state. A 20,000 - 25,000 psi (138 - 172 MPa) operating pressure would bnng a 3.5 

- 4.5 fold increase over conventional vessels in mass of fuel contained, a worthwhile 

benefit considering that present hydrogen fùeled vehicles have about 100 mile (1 60 Km) 

range (about 700 mile or 320 Km for natural gas). With commercialization of Ballard's 

proton exchange membrane (PEM) fuel ceil , and other competitor's derivatives, the 

possibility of making hydrogen powered vehicles into a commercial reality is further 

enhanced by the fact that the electrochemical conversion process inside such a fuel ceil is 

already 20 - 30% more efficient than the thermodynamic process in today's best gasoline 

and diesel engines 1781, and there is potential for far greater conversion efficiencies. The 

efficiencies reaiizable today wouid render the altemate fueled vehicle range comparable to 

conventional gasoline and diesel when using ultra-hi& pressure tanks. It is difficult to find 

tabulated values for gases above 1 O00 bars (14.5 ksi) so rather than anempt extrapolation 

fiom tables it is best to mm diredy to the equations used to generate them. Figure 2.8 is a 

plot calculated from the 8 constant Benedict-Webb-Rubin equation of state for methane 

[75]. The 6 constant Beattie-Bridgeman equation of state with constants modified by 



Derning and Shupe (which are listed in a text by Dodge [79]), making it more applicable ix 

the very hi& pressure range, was used for hydrogen. For cornparison the more convienent 

2 constant Redlich-Kwong prediction for hydrogen is dso shown. Dodge [79] notes that 

the sirnpler equations of state tend to overestimate the compressibility factor at very high 

pressures and warns against their use. 

Figure 2.8 Relative density of compressed gas compared to its cryogenic 
Liquid aate as a function of containment pressure at 27 O C .  

.An interesting fact derived fkom these curves is that there exists at arnbient 

temperature an effective iimit pressure for hydrogen and methane: Approximately 28,000 

and 40,000 psi (193 and 276 MPa ) respectively, when one uses a liquid (cryogenic) 



cylinder fiiling technique. Simply, at ttiis pressure the cryogenic liquid density is 

maintained and the vessel cm be tilled to 100% of its volume and capped. In practice as 

the pressure builds the vessel expands volumetrically, tv~ically about 3 - 4%, therefore 

even the calculated limit pressure is not reached. The shortfail is z 2000 - 5000 psi (14 - 

35 MPa) depending on ambient temperature, vessel expansion and type of gas contained. 

Even ar the stated 57 O C  maximum semice conditions for NGV application the maximum 

expected pressure would be under 38,000 psi (260 MPa) for methane and about 29,000 

psi (200 MPa) for hydrogen. 

The questions pertaining to what containment pressures are practical remain 

unresolved. Answers on this point entail considerations broader than strict engineering. 

However we can say that in designing a hyphetical vesse1 with a nominal 25,000 psi 

(1 72 MPa) operating pressure and considering the safety factor needed, it would be 

unlikely to fail from being accidentally ovedled. The engineering focus is to acbieve the 

moa stress efficient vessel walls, the balance is reducible to an ecoriomics problem. 

2.10 Permeation 

Toth [11] indicates that for metal systems the penneation rate varies as the square 

root of the metal thiclcness and directly as the differential pressure for the polymers. Intact 

metai films 0.002" (0.05 mm) or thicker exhibit insiYdcant difision. For polymers Fick's 

Iaw describes the system provided that no pin-holes exist. 

q=Kclt(dpJii or K = pA Apd 



Pemeability p is a temperature function [ 131 described by 

p = kT where: k = Boltzman's constant 

E = characteristic activation energg 
K = permeation rate 
A=f31marea 
T = absolute temperature 
d = membrane thickness 
Ap = pressure dserential 
t = t h e  

q = total amount of material 

In the presence of pinho les, capiUary flow equatio ns govem. For non-reactive 

eases permeability ratios among different gases rernain close to one another over the wide 
C 

range of penneabilities (greater than 2 million : 1) k ing  exhibited by the dinerent 

polymers they perrneate across [80]. Methane has approximately 1/3 the permeability of 

nitrogen. Helium, the smdest molecde, is on the order of 100 tirnes as permeable as 

nitrogen [8 11. Arnong the polymers exhibithg the greatest resistance to permeation are: 

(in descending order) Saran, PVDF, PET (Mylar)? P-CTFE (Aclar), E-CTFE (Halar). 

PVF. ETFE. 

At ambient pressure methane iiquefies at 1 1 1 O K  (- 162 OC). P-CTFE @oly chloro- 

trifluoro-ethelyene copolymer) is a candidate liner material combining a very low 

permeation rate and a lower senice temperature Limit around 20 OK (-253 OC), the 

temperature of liquid hydrogen. For tests perfonned in liquid nitrogen at 77 "K (- 196 O C ) ,  

P-CTFE eiongates 5 - 7% and ECTFE exhibits 3 - 6% main The permeation rate of 

HDPE, as used in curent plastic lined cyhders for natural gas. is at least 20 times greater 

than P-CTFE in nitrogen [61]. Similar improved performance can be anticipated with 

methane or hydrogen. 



The possibility of arrivhg at a successful thennoplastic liner to contain liquid 

methane at - 162 O C  (1 1 1 O K )  should not be discounted. Today's HDPE liners become rigid 

at -50 OC. Boeing had some success with Kapton (polyimide) at - 1 96 O C  (77 "K) using 

glass fiber vessels that strained near 3%. f -CTFE has the lowest thermal coefficient of 
CI 

any fluorocarbon. If a fluoroplastic liner such as P-CTFE c m  survive repeated themai 

shock, the actual mechanical nrain required of the liner is negbgible given one rmploys a 

cryogenic liquid fiiüng technique. Pressure ody builds in the vessel as temperature 

increases thus the strain demanded of the liner grows in conjunction with arnbient 

temperature. Today's primary constniction material (carbon) has hi& modulus, and 

ultimate strain. Even at bura, srralli usually rernains below 1.5%. 

ANSUAGA NGV2 stipulates a 0.25 cdhrlliter-vesse1 figure as the maximum 

permeation dowed. Tnis translates to about 300 cc/day assuming a modest 50 liter vessel. 

One can consider the feasibility of meeting these permeation requirements with a 

themioplastic lined ultra-hi& pressure vessel operating at a maximum of 1800 

atmospheres (1 82 MPa) . Assumuig the diffusion laws c m  be taken to this level of 

pressure and using some typical vessel geometry ailows the maximum dithision rate for 

the liner to be eauiiated. For the hypothetical case of an 8" (s 200 mm) inside diarneter 

by 5 (1.5 m) long cylindrical vessel of 50 her capacity (approximately 1550 in.' or n 1 

m ' intemal d a c e )  with a 1 /4" (6.4 mm) liner, the permeation rate needs to be at or 

lower than 2.7 cc-mil/day-atm- 100 in sq. The fluoropolymer E-CTFE cm meet this 

requirement for nitrogen [8 1][82]. The larger methane molecule poses a much lesser 

pro blem and hydrogen is very s d a r .  



The permeabilities at room and cryogenk temperatures of glass composites to 

hydrogen, helium and air were investigated by Evans and Morgan [83]. They determined 

that porosity (causing capillary flow) is a factor contributing to great variability in the 

permeation measurement of the laminates. Only hi& quality laminates (by vacuum resin 

impregnation or other means) were measurable whereas a commercial filament wound 

tube had a permeability over 5 million times that which c m  be expected fiom neat resin 

films. 

A compilation of properties for fluoropolymers by Schramrn et al. [84] indicates 

that at very high hydrostatic pressures the stress-main curves change remarkably . For 

instance, P - C m ' s  ultimate strain of 95% with a UTS of 4300 psi (38 MPa) under 

atmospheric conditions becomes 16% with a UTS of 25,000 psi (1 72 MPa) as the 

hydroaatic pressure is raised to 1 13 ksi (779 MPa). Figure 2.9 shows such a series of 

cuves. me sdarity of these plots to conventional stress - strain curves where the test 

temperature is progressiveiy lowered is remarkable. Such behavior (Iikely reflected in al1 

polymers and perhaps metals) may become a factor for vessels with burst pressures in the 

50 - 70 ksi (350 - 480 MPa) range. 
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Figure 2.9 Stress-main curves for P-CTFE liner material 
as a funaion of hydrostatic pressure [84]. 

2.11 Matris Properties and Processing 

Filament wound vessels impose specific demands on the resin matrix. High 

strength modulus and elongation are desirable attributes. These properties control 

transverse and shear strength. Inevitably the desirables are somewhat mutuaiiy exclusive 

and suitable compromises must be sought. 

Epoxy systems are used ahost universally . The basic resin is most often of type 

digiycidylether-bisphenol-A (DGEBA). This is suitable for use to 120 O C .  Epoxydized 



novolacs are important for temperature resistant resin formulations. In the aerospace 

industry polyfùnctional epoxies as tetra-gylcidyl-methylene-dianiline (TGMDA) and 

triglycidyl-p-aminophen01 see application since they are best cured at or above 180 O C  

[85]. Curing temperature vimially determines glass transition points hence establishes the 

upper limit of service temperature. Cycloaliphatic epoxies are important for electrical 

properties and weathering resistance. Sometimes two or more resins are blended to lower 

viscosity or to arrive at some other combination of properties. A great variety of curing 

agents and catalysts are used with the epoxies. Nadic methyl anhydride (NMA) and 

metaphenylene diamine @@DA) are two of the most popular. Hundreds of varieties of 

anyhdndes and amines exist. Curing agents are frequently modified by the addition of 

accelerators to increase the cure rate, conversely by partial reaction with a srnall arnount 

of resin to slow the cure rate. Compounds can be added to improve solubility in the resin 

and to prevent crystahtion of the of the curing agent. At times reactive tougheners (ex: 

dibutylphthalate) and diiuents are specified. For filament winding, latent curatives or 

accelerators (activated by heat) can be added to the formulation. 

The selection of a resin syaem for a specific application is dependent on its 

processing characteristics, its curing temperature, and its effect on composite properties. 

The viscosity and pot Me of the catalyzed system, that is the initial viscosity and the 

change of viscosity with fime are the major processing considerations. Gel time and resin 

flow during winding / cure are other rheological factors. A low viscosity is essential for 

complete wnting of the reinforcement and for removal of bubbles, it helps any solvent to 

evaporate. For winding the best working viscosities f d  in the range of 350 - 1500 



centipoise. If the -stem is too fluid, fibers (especially carbon) will not pick up enough 

resin. In other instances, the winding tension wiU force resin to the outer surface leaving 

dry inner layers. When the resin is too viscous, fibers will fun in the resin bath and feed 

eye, coating fibers unevedy [54]. The increased friction due to the obstructed bath can 

fûrther increase tension promoting fiber breakage and entrapped air. Hi& modulus yams 

tend to n i a  heavily and can be near impossible to wind with. 

Variables that m u t  be met concurrently for wet winding include viscosity of 2000 

cps or lower (2 Pa.S), low toxicity, Iow exotherm and long pot life (preferably 6 hrs or 

more). At the risk of ending up with too much resin drainage and dry spots. it is desirable 

to wuid with the Iowea viscosity possible. Low viscosity promotes fiber wettinç, band 

spreading and low fiction over the guides (reduced fiber damage). When resin viscosity is 

too hi:@. pot Me c m  be traded for lower viscosiây by heating the resin. A system with a 

room temperature pot life of a several days mi& for example, at 38 O C  be of halfthe 

viscosity and retain an 8 hour pot Me. In rnany cases such trade-offs are good ones. 

Table 2.3 lists representative curing agents and Tables 2.4 - 2.6 group fibers and 

their property ranges by class. Table 2.7 is a compilation of fiber properties based on the 

manufacturer's data gouped by strain capability. There are essentially two varieties of 

curing agents in use, amines and anhydrides. The anhydrides are noted for their long pot 

Me? elevated cures and high heat distonion temperanires. Viscosities of the amines are 

somewhat lower and may not require heating. Arornatic amines are cured at an 

intermediate temperature and are faster setting while aliphatic amines have ken 

formulated wiîh an extended pot life and a low temperature cure. Amines are eady "B- 



Table 2.3 Typical fïiament winding resin formulations [ 55 ]  

Table 2.4 Glass fibers for filament winding [ 55 ]  

staged" and fom a stable giass at room temperature which will then flow and cure at 

eievat ed temperahires. 



Table 2.5 Organic fibers for filament wuiding [ 5 5 ]  
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As an approximation, general purpose systems are cured at 120 - 135 OC, heat 

resistant systems fall in the range 175 - 200 O C ,  flexibilized systems ofken c m  see only 80 

OC. Higher temperature curing increases resin shrinkage and thermal contraaion stresses. 

Shrinkage on the order of 2 - 8% is normal [54]. To illustrate, Grover and CO-authors 

succeeded in producing 50,000 psi vessels only after having switched fiom an intermediate 

/ hi@ temperature curing system (160 O C )  to a flexibilized system with a 60 O C  curing 

temperature. This resin system used a polyoxopropylene amine hardener. X-rays had 

Table 2.7 Tensile properties of  specific carbon fibers grouped by type [83] 



s h o w  severe delamination duMg cooling after curing, even though they had employed 

multiple intermediate vacuum bagged cures in an autoclave to compact the laminate [17]. 

Such de fects became minimal aflerwards. 

With amine hardeners, epoxy equivalent weight (EEW) must be matched to the 

amine hydrogen equivalent weight (AHEW) to get a stoichiometnc mix of the 

components. Similarly with anhydride based curatives. anhydride grooups must be matched 

to epoxy groups. Within a iimited scale it is possible to accelerate or retard cure rate by 

adjust ing the exact stoichiometry without siC&cantly affecthg the curing mechanism and 

basic properties of the resin Many formulations with a long history of "success" have been 

varîed off stoichiometric to achieve specifk end results. A key consideration is deciding 

between wet or pre-preg winding. One M a t i o n  of pre-preg winding is the constrained 

choice of resin-fiber systerns commerciaily available. The exact compositions of pre-preg 

resins are for the most part proprietary. The process ofien entails the use of solvents such 

as ketones (ex: Propao-Zone, or Butan-Zone). 1.5 - 2.5% volatile content in rowigs for 

winding after B-aaging c m  be expected if a high tack is to be rnaintained [87]. In contrast 

pre-preg laminas for panel lay-ups usudy have 0.5 - 1% volatiles. Flow properties are of 

ereat si-gificance with pre-pregs. Sutficient tack and flow are needed to ensure bonding of 
Li 

successive layers. These properties are resin functions, the degree of B-staging and the 

level of residual volatiles. Lnitial flow properties can usuaJly be rnaintained for 6 months 

under rettigeration. The laten generation of pre-pregs ( a d a b l e  through Thiokol) have a 

1 Far storage life under arnbient conditions [5 31. On the who le. pre-pregs maintain 

c IoseIy controlied properties and assure a level of performance. With pre-pregs winding 



path restrictions are fewer since the matenal's tackiness creates enou& fiction to permit a 

significant deviation fiom geodesic (the shonest path between points on a surface) and 

largely prevents filament slippage. Higher material cost with this process is a concern. Wet 

winding faciiitates experimenting with a wider array of resin / fiber combinations but 

requires accurate control of the vessel geomew in order to permit lay-down without fiber 

slippage. Mathematicai restraints on vessel geometry and fiber lay-down paths are further 

discussed in Chapter 3. 

Of the many epoxy resin systems existing, few are well suited to filament winding. 

Some -stems in current use were oripindy deveioped for applications that were quite 

dflerent. Filament winding is ofien not specified in product applications iiteranire. The 

higher operating temperature systems generally require higher curtng temperature and 

exhibit lower strains to failure. ReM systems can be toughened to lessen the severity of 

impacts from foreign objects. Possible methods include: 

* Introducing elastorner particies. 

* Blending to form an interpenetrating network (IPN) 

* Adding thermoplastic particles 

* Interleaving with thennoplastic fi 

* Decreasing cross-link density 

* Using specid fiber orientations and weaves (including 3-D) 

* Ushg a thermoplastic m a h  

* Using a thennoplastic fiber 

There are no commercial hetrophase (elastorner containing) pre-pregs for filament 



winding. Presently the most used formulations depend on the addition of a pre-reacted 

epoxy resin (CTBN rubber po lymer) to achieve toughness without shortening pot We. 

Formulations 5-8 in Table 2.3 are representative. The drawback is a lowered heat 

distortion temperature. Polyblends incorporating polyurathane resin (Adiprene L- 1 00) 

with epoxy and methylenedianiline hardener exhiiited outstanding thermal shock and 

impact properties at cryogenic temperatures in one investigation although room 

temperature properties were low. M e r  extensive evaluations, a NASA sponsored 

cryogenic program selected a modified epoxy system using Dodecenyl succinic anhydride 

(DSA) and Benzyldimethylamine (BDMA) hardeners as the optimal for service at 70 and 

77 OK [66]. 

Fiber hybridization is another toughening mechanism. For example. a viscoelastic 

tiber k e  Spectra (polyethylene) can be combined with carbon. Brunswick Corp. uses 

some glass fibers in their carbon fiber cylinders to this end [47]. Themioplastic composites 

have Gc values nearly an order of magnitude above thennosets and impact energies 2 or 

3 times greater. Processing techniques are dinerent and not fuiiy explored. 

Po lyurathane based resins appear to have an advantage especially as adhesives 

under cryogenic conditions and are known to be most resistant to thermal shock. Room 

temperature vulcanizhg (RTV) silicones have relatively Io w (approximately 500 psi) lap 

shear strength but this value remains near constant down to -253 O C  yet the same silicones 

sunive at over 300 O C .  Better cryoeenic adhesives such as epoxy-nylons can give of the 

order of 5000 psi shear strength cold but are not usehl in hot envkonments above 150 OC 

F 3  1 



Reference [85] and specifically manufacturer's literature covers many aspects of 

the chemistry , physical pro perties and applications of available resin systerns. 

2.12 Design Analysis Methods 

ïhree basic approaches have been used in the analysis of composite material 

vessels, namely nethg analysis, linear anisotro pic elasticity theory (continuum) and finite 

eleinent analy sis. 

Nening anaiysis treats the vesse1 as a nened structure of fibers, ignoring matrix 

effects. Netting is valuable because it helps define fiber paths that are stable without 

restraint korn the matrix hence is the bais  for winding on a geodesic path over end 

domes. As a fdure modeL nening would entail that the maWr has totally disintegrated 

before fiber failure occurs. This is not me.  Netting was used in the early days of rocket 

booster design and has since k e n  superseded by anisotropic elasticity methods and finite 

element S. 

The continuum analyses assume iinear elastic matenal properties. Wound layers of 

a particula. orientation or material are treated as a monolith with orthotropic properties. 

These layers cm be combined when coupled with appropriate boundary conditions. 

The simplest type of vesse1 construction involves the use of one material layer. 

Lamé's solution (pubiished 1 852) is sutFcient to characterize the state of stress in the 

cylindricai w d  of a rnonolayered isotropic materid. S.G. Lekhnîtskii [88] presents a more 

oeneral stress solution for a monolayered anisotropic cyhder and shows how it is t 



extensible to multilayered design in the case of a plane stress formulation in [W]. 

Lekhnitskü's original book (1 950) is a compilation, work on anisotropic cylinders and 

spheres dates back to W. Voigt (1 886) and Saint-Venant (1 865) respectively. Many 

authors over the century have since expanded or presented simplifications for speciai cases 

and uses [74] [go] [9 11. For cyiindrical vessels, Grover and Ayler [45] mode1 the vesse1 as a 

long layered orthotropic cyliider following classic plane stress formulations. By contrast, 

Withereil[74] in a more recent report has presented a refined solution method for multi- 

layered orthotropic open ended cyhders (gun barrels) which equilibrates for plain strain 

axial deformations (E. = 0 ) and solves the problem via a 3-step superposition procedure 

to correct for the resulting additional radial stresses exnanatuig fiom the non-zero axial 

strain. Accounting for such second order efects changes the classicai resdts. but even in 

worst cases. by under 10%. Hoa and Mannarino [92] investigated twining efects due to 

stacking sequence using a numericd solution and noted that the effects were on the order 

of a few hundred microstrain, disappearing with any appreciable thickness. 

The iiterature assembled by Lekhnitskü is quite generalized and covers cases of 

pressures, bending, twisting, and de& with dinerent levels of anisotropy and synmetry. 

Solutions specsc to pressure vessels descendant Born this body of work are presented by 

Roy, Sherrer, Grover. Chen, Forai, Guess, Rogers [93][94][91][95][45][43][16][96] 

among many other authors. Chapter 4 expands on this topic and corrects errors of 

omission in Roy and Tsai's definitive work. The beginning of Chapter 5 looks at an even 

more general formulation (the carefid reader will pick out typopphical errors that were 

conected fiom Likhniskii's manuscript) and then moves on to variable elastic property 



ûther methods of solution exist. One approach is to extend sheil theory. Whitney 

[97], Widera and Logan [98], Reuter [99] followed this method. Lingstrorn [IO01 used a 

power series approximation for thick sheiis and developed the method further. Kamal and 

Chaudhuri [101] also attempt to extend shell theory to thicker cyhders using connant 

shear angle theory. Bryon and Vinson [IO21 employ a 1-dimensional fhite elernent 

technique using anisotropic thick-walled cyhdrical shell elements. Vasilev Il031 presents 

an extensive development on composite shelis including cases of local loadings. With these 

methods certain theoretical advantages exist W<e series approximations for point or line 

loading conditions but the methods appear dScult to just@ in view of the fact that 

continuum solutions exist for many of these cases. 

Horgan [104] relates SainNenant end effects for anisotropic cyünders and shows 

that discontinuity messes have an exponentid characteristic decay lengh (4 that cm be 

approximated by (radius/3.83){~~,/~~~)"'. TbiS translates to about '/4 the decay rate in 

carbon fiber composites relative to isotropie materiais. 

Finite element anaiysis and hi t e  ciifference techniques have long k e n  employed to 

calculate grains and to model attachments and bosses. They are invaluable where the 

geometnes are not reducible to simple coordinate systems such as sphencal or cylindrical. 

The FEM method is often used as a tool to rehe on analytically based designs [IO51 but 

there are now far fewer reasons preventing use of the technique for the design of entire 

vessels. This is Uicreasingly the method of choice [60]. 

As an example, Ericson and Yorgason [72] used h i t e  element rnethods to study 

parameters affect ing stress concentrations near the bo ses.  They evaluated and tested 



configurations for different wafers of reinforcement within the composite in this area and 

achieved a 17% stress reduction with a two step hoop wound dorne wafer. Their paper on 

graphite epoxy vessels gives a summary of techniques both detrimental and beneficial with 

regard to standard thin-wall vesse1 design practices. 

As expected, the cornputational methods tend to match closely with continuum 

solutions a w q  fiom discontinuities. Rogers and CO-authors [IO61 describe higher order 

fuiite elements to model filament wound composite spheres. Gleich [107] relates that finite 

difference techniques have been implemented to model Fracture propagation in vessels 

with artifkidy induced cracks in bnttle liners. 

Shortcoming of the finite element techniques are that they provide answers without 

reveahng why stresses distribute as they do. Fundamental mechanisrns that govem stress 

distniution remain obscured. 

2.13 Failure Criteria and Optirnization 

A design technique for spherical vessels using two distinct materials was presented 

by Roy and Massud [94] that makes use of the quadratic interaction failure criteria in 3 

dimensions. Seven tems  are needed, rather than 6 for 2-D analysis. The additional Fy 

interaction term is back-calculated fiom coupon tests in the through-thickness direction. 

For carbon fiber / epoxy in a f 45" or fr 90' layup (typical of quasi-isotropic constituent 

plies) the interaction term averages -0.84. By using either maximum main or maximum 

stress failure criteria one would predict that the compressive strength of the laminate 



equals the compressive strength of the unidirectional lamina. This predicted strength is 

about 3 times lower than the value for the larninate estimated by the quadratic critenon 

because of the interaction terms [93]. The study by Roy and Massard was to assess the 

possibility of designhg for a 200 MPa operating pressure with a 1.5 s a f q  factor. These 

authors used IM6 and T300 carbon fiber properties, the quadratic failure envelope and the 

classic equations for a layered thick orthotropic sphere. Limiting wall thickness to a 

practical b h  = 1.25, the full range of two-layer designs was studied. By maintaining the 

thickness of the imer T300 layer between 20 to 80% of the total thickness, a bura 

pressure of 240 MPa would result. A similar earlier study by Foral [43] using S-glass and 

~eviar-49" presented the range of achievable burst pressures for a two-Iayer hybrid 

sphere. Ford used maximum strain criteria and presented his results in the form of a 3 

dimensional graphic depiaing PVW, layer thickness percentage and inner to outer 

thickness ratio. The ridge on his graphic surface represents simuitaneous failure of inner 

and outer layer. The renilts predict that up to 280 MPa ~ e v l a ?  alone presents a supenor 

vessel, thereon up to 850 MPa, ~evla?  over S-glass is more efficient. 950 MPa is the S- 

dass lima pressure. Figure 2.10 shows some of these predictions. - 
Gerstle's [ 1 081 comprehensive anal ysis of metal liner behavior also investigates the 

ramifications of assuming 3 different failure criteria. Maximum strain, maximum stress and 

the less known Noms-Ashkenasi ((se /FO)L 7SJr/Fe& + (s, IF,)' > 1 ) . Gerstle noted that 

the penalty for using a (single) hi@y anisotropic composite is the neghjble increase in 

burst pressure with geater wail thickness. Further he concludes the radiai compressive 

strength of the laminate must be substantialiy higher than the design pressure and that the 



failure pressure approaches the radiai compressive strength asymptotically. (The point on 

radial compressive strength is not correct - see Kallas and Hahn below). Aiso a high fiber 

volume fiaction increases laminate strength more rapidly than does the corresponding 

stress gradient due to laminate anisotropy. 

Efflcîmcy Surface f o r  Tm t ipr Vtss11~. 

Figure 2.10 Efficiency plots for a two layer sphencal vesse1 
constmcted from S-glass and ~evlar@ [G]. 

Roy and Tsai [91] investigate 2 and 3 layer wali combinations for cylinders with 

difTerent +/- winding angles on each layer using a single fiber type. They found an 



increase in ultimate pressure capacity results at the expense of vessel efficiency by putting 

the stiffer (closer to hoop direction) windings nearer the outside on high pressure thick 

walled cylinders. These authors analyzed vessel efficiency in tems of the material's 

strength utilization and defined a strength ratio R. They descnbed laminate failure using a 

3-dimensional quadratic interaction failure criterion. Failure is followed ply by ply with 

degradation factors assigned to f d e d  plies until last ply failure occurs. The R ratio 

describes the material's actual stress to its ultimate breaking stress at any point in the 

vessel wall. Ideally the ratio is uniîy. On surfaces where failure occurs the materiai needs 

to be "sofiened" by winding at angles more in the axial direction while the opposite 

surface would need "stinening" using anges closer to hoop. In general this implies a shifi 

towards higher angle winds on the outside of thicker vessels. More over it was discovered 

that cenain matenais, T300/5208 for example, see a reversal of this situation pnor to the 

point where a cenain thickness ratio is reached. This implies that T30015208 matenal 

fractures on the exterior prior to reaching a wind thclmess ratio of B a = 1.15 at the 

optimum efficiency 55" wind angle. Thereafier material use efficiency reverses and 

fiacture initiates on the iruzde for thicker vessels. IM6 materid dues not show this effect. 

(Some analysis in Chapter 7 comparing various failure criteria has lead this author to 

conclude that the discovered "phenornena" is simply a product of the quadratic critenon, 

not actuai). The number of +/- winding angle layers needed to level out the strength ratio 

R can be as low as 2 or 3.  Additional layers bring about diminishing retums. 

Tauchert [log] koduced  a method based on the minimizahon of elastic strain 

energy for siagie material vessel walls. He shows optimked fiber volume fiaction 



distributions for different average levels of volume fraction throughout. Results were 

presented for relative wd thicknesses (b/a) and matrix to fiber stifniess ratios. Failure 

pressure estirnates increased about 5030% depending on the degree of anisotropy. 

Christensen and Swanson [I l  O], have presented a new mode1 that separates the 

cnteria for fiber and matrix interphase failure. Although it might at first glance appear too 

simple, experimental evidence appears to support that ultimate fiber strain is the 

ovenuhelming factor dictating last ply failure in biaxiai stress fields and is insensitive to the 

exact state of the applied stresses. 

Christensen expands upon his work in [111-113][115][116] and shows how for 

3-D anaiysis cenain stitfnesses remain almost invariant with fiber orientation. Separate 

explicit critena are developed for fiber and matrix-interface failure. The effects of 

dilational as opposed to deviatoric strahs are examuied. Micromechanics models by the 

same author are discussed in [ 1 1 3 ] [ 1 1 51 [116] and used in C hapter 7. 

Feng [Il71 presented a 2 failure envelope theory based on the concept of strain 

invariants. Efforts were made to validate this theory arnong others using tubular specimens 

[ I l  81. The results of îhese tests available in [119] give little indication that either Feng's 

theory, quadratic interaction or simple uniaxial stress failure surfaces show any merit 

under biaxial loading, especidy in relation to ultirnate Mure predictions. Maximum main 

theory was show to be non-conservative in some cases but came closest to fitting the 

data. 

Tennyson and CO-authors [120][121] advocate the use of a cubic tensor 

polynomial forrn. Theu work shows that in biaxiai loading cases, particularly pressure in 



cylinders, quadratic criteria underestimate ultirnate failure loads by 30 - 30%. The f d w e  

envelopes are tested for plane stress cases, their suitability for plane main is not broached. 

Obtaining ail the interaction tenns involves specialized biaxial and shear experiments, thus 

Limiting practical applications of this critenon. 

Wei-Xun [122] discusses polynomial stress teiwr failure criteria in general, 

showing interrelations and special cases. He indicates the limits of applicability its many 

variants have (Von Mises, Tsai-Wu, etc.) as a function of the material's strength and the 

relative stress ratios the material is capable of k i n g  subject to. 

Kallas and Hahn 11231 present concisely the three-dimensional fdure criterion 

used by Roy and Tsai. The cntenon indicates that under hydroaatic conditions axial 

compressive strength wili be greatly increased. The effect has been verified independently 

both for polymers and in composites where it causes bi-linear behavior. This fdure 

envelope has direct consequences for deep submersible vesse1 design and presents a 

rehement for both intemally and extemally pressurized vessels. 

Guess [124] tried to match bi-axial test data fiom tubes to failure envelopes but 

was not successful due to scatter. He did however present a simple concept he narned the 

"laminate interaction diagram" based on the maximum stress criteria. This appears to be 

capable of descniing the lamina failure(s) in the correct sequence. 

Uemura and Fukunaga [125] apply Weibuil distributions to constituent larninae 

comprishg a cyhder. They then compute 50% probability of fdure using Tsai-Wu and 

maximum stress theones and assip degraded ply propenies thereafter. Also they take into 

account the non-linear shear stress-main curve, a p p r o h t i n g  it by a cubic spline. nieir 



method appears to predict correctly the main curves to failure and the ultimate pressure. 

Knight [126] used a two parameter Weibull critena on ultimate stress for 

individual elements of his finite element mode1 of the wound sphere. The burst predictions 

(400 MPa) correspond weîl to the failure pressures attained in such spheres through 

related programs by authors Gerstle and Guess who worked on the manufacture and 

testing of such vessels. 

2.14 Liner Behavior 

Foral [127] presents a cornpiete mode1 for a liner's plastic behavior including 

assumed iinear strain hardening in conjunction with a single matenal continuum equation 

based on Love's analysis for the composite sphere. Guess [ 1 81 [16], who published results 

for 430 MPa burst pressure sphere (the highest known), used a classic layered analysis for 

his spheres, essentidy an equation set similar to that presented for cylindncal vessels in 

Chapter 4. He includes a term to descnbe the contribution of a fully plastic liner. 

Maximum strain critena is used in his work, both on spherical and cylindncal 

configurations. Guess refined his boss geometry with SASL, a finite eiernent program to 

reduce the stress concentrations fiom an original 1.37 to a factor of 1.11 near the fiil stem. 

The f i t e  elements showed that messes predicted by the analytical methods matched at ail 

locations except at the fill stem region. 

The US Army more recently investi-ed lengthening their guns and cannons 

(while maintainino current inertia charactenstics) by machining d o m  the outer wall of the 



barre1 and overwinding with carbon fiber I bisnialemide resin composite. In reference to 

this work Chen [l28][I 291 presents solutions for the rnetal liner's elastic and plastic strain 

and also for the compressive eiastic stress state after unioading with the Bauschinger 

(hardening) effect omitted. Solutions presented by the same author exist incorporating the 

Bauschinger non-linearities for other sirnilar auto fkttaged designs. Mo ss [13 O] presents 

equations for liner yielding and the radius of the elastic-plastic boundary. Gerde [IO81 

develops equivalent equations and applies fdwe criteria to the liners. 

Roy [13 1 ] also derived a themial analysis based on the strain equations for the 

multilayered orthotro pic cy Linder. The formulations could be useful to estirnate liner 

pressures resulting fiom cure temperature changes, chemicd shrinkap and contributions 

Eorn initial winding tension. The effect of temperature dserences between the inside and 

outside of the vessel as in cryogenic fïiling, could also be studied. 

2.15 P rocess Modeling 

HjeUming and Walker [132] consider the curing cycles necessary to prevent 

thermal run-away due to exotherm while maintainhg iow enough surface viscosity to 

allow proper resin flow and degassing on very thick cyhdncal sections. 

Tarnopol'skii et al. [133] presents an extensive analysis of tensioning effects using 

pre-preg materials on wound cylinders. The anisotropy ratio b = - of the pre-preg /z 
material is a goveniing variable that changes with curing. Methods such as fiber 

compaction, ply-by-ply curing and progammed tension winding are andyzed with the 



goal of eEecting the greatest tension in ali the winding layers. A thermo-elastic analysis is 

also presented. It is concluded that winding tension can combat cracking which results 

fiom thexmal cool-dom stresses on thick-wali windings. 

Process models have k e n  developed at length and constitute a most valuable 

optimization tool for the rnanufacturing processes involving composites. 

Complete process models for the filament winding of thick cylinders have k e n  

proposed and tested. These models each constitute a number of submodels determinhg 

the instantaneous material or other time dependent propert ies, processed iteratively in time 

steps. The accuracy depends on the completeness of the submodels and each of these must 

be vesed.  Lee and Springer [ 1341 incorporate temperature in the cylinder and rnandrel 

degree of cure and viscosity, fiber tensions and positions. stresses and ~ a i n s  in the 

materials. Olo&son et al. [135] extend the above mode1 to include a micromechanics 

model and reaction kinetics for the epoxy and compaction data on the fibers with variable 

initial tension and generalize the thermal boundary conditions. Spencer's [I 361 process 

model shows that B-stage duration needs to be complete to k t  residuai stresses. S tem 

curing techniques are ais0 detrimental because they induce rapid exothem He notes that 

pre-tension schemes have Little effect on either layer position or residual stress, the effects 

dimuiishing with part thickness. 

Prater and Hackett [ 1 3 71 present a method of calculating the viscoelastic response 

of pressure vessels under proof testing conditions. The model uses the method of Laplace 

transforms and predicts noticeable dEerences in the stress-strain curves between Wgin 

vessels and ones with a damaged matrix. 



2.16 Filament Winding Parameters and Models 

Filament winding and the study of fiber trajectories dcring the winding process can 

be traced to the textiles industry. Analyticai models for the motion of the winding point 

and the fiber delivery point, to wrap cylinders, cones and arbitrary surfaces of rotation 

have existed since the 1950's. Efremov [138-1401 has pubiished such andytical methods. 

Geodesic path deviations, given fiictional restraints, were the issue of his later publications 

[14 11 [142]. Optimal dynamics during reversal of the fiber delivery point in textile systems 

is discussed by Vulfson [143]. 

The mathematics of winding textile bobbins were not immediately adapted to the 

construction of rocket motor cases and pressure vessels. EarIy literature, for exarnpie 

Shibley's 1962 review [4] and Hofeditz [144], describe descriptive geometry conaniction 

techniques to amive at a dome shape. Shibley also discussed a few entireiy experirnental 

methods to anive at stable fiber paths across vessel domes. Skipping to the present, 

cornputer modeling and multi-axis equipment control has become quite standardized. 

Traditiondy vessels were constructed on mechanical winders with fixed ratios 

goveming the motion between each m i s .  The path descnbed by the filament lay in a plane 

close to the polar axis, hence the tennplmm (sometirnes tenned polar) winding. .4 

geodenc path is one that describes the shortest distance over a surface and stable winding 

requires the filament follows this path. Computer controiied machinery can achieve this. 

Any sideways displacement of the marnent would require it to stretch. 

Another important critenon for a wound vessel is that once pressurized, the 



filaments everywhere should be stressed equally (isotensoid). This makes the most 

economic use of material and results in the lightest weight design. 

Planar winding over the poles of a sphere meets the stability and constant fiber 

stress conditions as computed by netting analysis. If one arrives at a scheme for 

distributing the fiber unifordy across the surface is all directions (quasi-isotropic 

properties), the winding problem is solved. The "delta auisymetric" buildup consisting of 

increasing angle polar patterns is one such approxirnate method [17] and is patented. 

For planar wound cylindncal vessels, end-domes can be designed with a shape 

such that the profile causes constant fiber stress [105]. The fiber paths however are not 

stable and usually displace themselves after they are laid dom. This causes loss of tension, 

waviness and an associated degradation of composite properties. .4ltemately, to maintain a 

geodesic path, a dserent dome profile can be designed. In this case the winding path 

deviates significantly from the simple planar and computer controlled equipment becomes 

necessary both to cut the mandrel shape and to controi the fiber pay-out eye during 

winding. The combination of head profle and fiber path is terrned geodesic intensoid. 

A shortcomuig of the geodesic profle is that it ody descnbes a vesse1 with equal 

polar openinp at each end. Controlled deviation fkom the geodesic path leads to the 

method of constant slippage tendency. Fiber stability is ensured by determining that the 

fiction forces exceed the transverse forces. In effect the ratio of the filament's transverse 

force to nonnal force must remain below the fiction coefficient between the fiber / 

mandrel surface. This pennits the design of cylindrical vessels with unequal polar openings 

but at the price of siightiy increased filament stress. Deviations from the isotensoid 



condition are proportional to the perturbations from geodesic. Applications of this 

technique have become widespread. 

For sphencal vessels the need to fit a1 stem bosses complicates the winding 

situation and has prompted rnay constructors to build oblate spheroids. These have the 

shape of back to back heads or end-domes (without a cylindrical section) either of planar 

or geodesic design. 

Denost [145] descnbes Aerospatial's irnplernentation of constant slippage tendency 

winding for cases requiring unequal polar openings. In one exarnpie with planar winding, 

the necessary fiction coefficient was 0.28 on the fonvard dome and 0.25 on the afl dome. 

The sarne vesse1 optirnized for constant slippage throughout, including the cylindrical 

section, reduced the necessary friction coefficient to 0.1 1. 

Wells and McAnulty [146] performed tests on a srnooth ellipsoidal mandrel to 

determine fiction coefficients using both resin wened and dry fiber. Speed showed no 

effect and tension remained a constant 15 N (3.3 Ibs). Friction coefficients determined 

were: p = 0.24 - 0.25 dry and p = 0.29 - 0.37 wet. The range indicates the beginning of 

slip up to instability. W~th dry fibers slippqe is sudden and catastrophic. Friction 

coefficients obtaincd by winding atop wet filaments may be substantially lower. 

Barbalat and CO-authors [147] study a construction technique using a senes of 

aepped back windings over very shallow end domes. Each set of windings follows a 

geodesic path calculated coin the filament wound profile of the precedent set. Depth to 

diameter ratios were cut fiom the habitua1 0.6 down to 0.2 in the domes. Weight savings 

of 10% overd are estimated since this technique lessens materiai usage in the less efficient 



dome region. The authors point out that a star shaped wind (4 - 6 circuits per pattern) 

gives a more homogeneous material distribution. 

Tezak [148] describes a special winder designed to lay down only tapered spiral 

wound annular doilies. The cornputer controlled machine uses prepreg and film adhesive 

with heating and coohg of the mandrel. The resulting tapered doilies were wrinkle tiee 

and minimized stress concentrations. 

Hady et al. [149] relate a method to descnbe geodesic domes by an elliptical 

approximation. Error between the two profiies is typicaily negligible, and even for conical 

shapes the wuiding angle remaùis within 1.6% fiom true geodesic. The authors 

concentrate on 3 and 4-axis winding equipment. They relate feed eye positions for winding 

on a geodesic dome profiie calculated fiom the dserentiai geometry of the surface. 

Constant winding length is employed in their software and the basis of their feed eye 

rotation criteria is presented. 

Harnouda [150] denves equations for the movement of the winding point for 

arbitrary rotationaily symmetric shapes. Xian and Lin [15 11 present calculations and 

Cumes showing winding angles on surfaces as a function of different slippage factors and 

for a number of starting angles. They cover cyiinders, cones, spheres ellipsoids and 

paraboloids. Marcheni et al. [152] suggea a method to approximate both axis and non 

axi-symmeuic shapes by a matched series of truncated cones. Slippage factors over each 

conical section can be varied to give non-geodesic trajectories. 

Wells and McAnulty [146] report on an integrated CAD approach for winding 

where the geomeuy of the mandrel is taken directly from the surface modelier and the 



curvatures are differentiated. Fiber paths cm be projected with a controlled level of 

inci pient slip. 

CAD software developed and used at Morton Thiokol is described by Vogt [153]. 

Although faceted surfaces are an easy approach, they lack second derivatives thus 

anythuig that depends on curvature is undefined. This leads to error in estimating 

important parameters such as the slippage tendency. Thiokol's software relies on B-splines 

to model surfaces, though it is noted that user intervention is required to get the surface 

representations just nght. 

Bunakov and Radovinski [154] consider the contribution of the mat* rather than 

using the netting approximation. They invent a factor (k) to relate the ratio of matrix to 

fiber stress desired. Higher vessel efficiency can be obtained because the technique relies 

on a matrix contribution. However the matrix's intactness up to fiber breakage must be 

assured. The profiles generated are more voluminous (doser to sphencal) and different 

ffom geodesic-isotensoid over a si-dcant region. There is thus more reliance on friction 

to maintain stability. Bunakov and Protasov [155] have compiled a large body of concise 

analytical approaches for winding composite pressure vessel domes and analyzing shells 

thus created. They treat constant slippage, stepped back winding and cover design 

methods for sphencal polar bosses, winding, on geodesic, polar, and combined profiles. 

Shell &esses, fadure theory and deformations including those at the cylinder to dome 

junctions are treated. 

An interesting concept developed jointly by Brookhaven National Laboratory and 

Thiokol concems packaging a set of 3 pressure vessels by squashing hem together and 



making the central one assume a quasi-elliptical shape. The contacthg face of the outer 

vessels are also distorted to closeiy match this shape. The entire assembly is then 

ovenvound to bind it together- Packages constituting 2 vessels in such an arrangement 

also exia. The idea is to fill a quasi-rectangular volume (as occupied by a conventional 

vehicular fuel tank) with a space efficient pressure vesse1 assembly. With this concept 50% 

more fuel can be stored in the same space [53]. 

Carbon fibers are close to realizing their theoretical tende modulus of 1060 GPa. 

It must be noted that organic poiymers have a theoretical potential of about 300 GPa [86] .  

The term "graphite fiber" is a misnomer presently for all but fibers originating from a 

mesophase pitch (MP) precursor or gas-phase grom types which are heat treated above 

2800 'K. AU other fiber types, namely the polyacryloniuile (PAN) variety in common use 

might better be referred to as "carbon". Comrnercially available HT type fibers have layer 

spacine in the 0.3 50 - 0.360 MI range. An average interlayer distance of 0.344 nm or 

lower is the accepted threshold to comectly employ the termhology "graphite" [ 1 561. An 

interlayer distance of 0.336 nrn corresponds to a perfect cryaalline graphite structure. 

The corresponding theoretical transverse modulus of graphite is 3 6.5 GPa and the shear 

modulus between layers is only 4.5 GPa. Fi-mire 2.11 shows some structural detail. 

It is known that the highest modulus requires rnaxhkhg the preferred orientation 

of the polycarbon layers in the direction of the fiber axis. High strength necessitates the 



highest degree of defects in the u!trastmcture in order to hinder the formation of 

crystalline graphite with 3-dimensional order and thus Iow shear modulus. 

Figure 2.1 1 Carbon / graphite fiber stnicture [156]. 

The best commercial mesophase (pitch) fibers reach 85% of their tensile stifhess. 

Theoretical strength sshouid be near 10% of the modulus, or 106 GPa. Only a smaü 

fiaction of ülis value has been attained. The current objective is to attain 20 GPa. The 

highest strength fibers today (PAN based) cm suain 2.4% and have a strength of 7 GPa, 

although the modulus attained is oniy 294 GPa. The higher strain resins are more effective 

in translating this fiber strength to composite properties. Over 550 ksi (3.85 GPa) 

composite tensile strength has been s h o w  [ 1 5 71. 

IdeaUy for a pressure vessel, assuming it were constructed of a monolith of carbon 

or graphite, one would con~uousiy Vary tne material properties fkom inside to outside in 

a manner to best react the stresses. Other materids and combinations of materials would 



constitute an equally valid example provided their properties could be varied in a srnooth 

manner. A broad range of carbon fibers exia spannhg the range high strength 1 IOW 

modulus to high modulus / low strength- In practice the ideal monolith would be 

approximated by a series of discrete fiber types lamuiated in graded fashion. 

A pressure vessel's main is naturally highest on the inside diminishing towards the 

outside. A stiffer more graphitic structure on the outside will provide more restraint. The 

radial orthotropy ratio "Kr' can be viewed as a global parameter descnbing the rate of 

strain decay through the wall thickness of a vessel. It is lower when using macroscopically 

defect free HT type carbon fiber. Higher modulus graphite fiber has an Uiuinsic hi& 

anisotropy ratio (result of crystallite propenies) and will suffer more throua-thickness 

deformation from radial stresses than carbon fiber. Hence it is less effective at transmitting 

the strain in the through-thickness direction Mitigating this effect in pressure vessel design 

requires an increase in the rate of change of anisotropy ratio through the thickness. The 

key factor condenses to determining the appropriate local rate of change in anisotrop~ 

ratio correspondhg to the sequence of materials building up the wall and their respective 

strengths. The bounds imposed are the composite's reaiizabie anisotropic properties such 

as those descendant from graphite crystals, glass fibers, or organic polymers. These can be 

estimated through suitabie rnicromechanics models. This topic is explored f h h e r  in 

Chapter 7. One goal is to expose the basic relations that influence the elasticity constants 

in a lamina and also show why single stif-fness variation rates, as assumed by eariier 

researchers, are not admissible. 



2.18 Summary and Assasment 

The design of a hi& pressure containment vessel needs consideration from a very 

broad range of viewpoints. It is apparent that for repeated cyclic applications, and in view 

of the scope of commercial standards, that conventional foil lined vesseIs cannot meet the 

requirements. Thin metai lined vessel are in the process of being superseded by plastic 

Iined equivalents. Recently reemerged are laminated metallized polymeric bladders used 

both as iniiatable mandrels and integral liners for the low cost production of expenmental 

natural gas and hydrogen cyiinders for automotive use [256]. Fundarnentally there is little 

evidence showing that plastic hers would not perform at much higher pressures. 

Suitability of plastic hers for rnild cryogenic temperatures (1 I 1 O K  ), as would be 

experienced with liquid cylinder filling techniques for methane, are more in doubt. Such 

liners may fail due to repeated thermal shock and this cenainiy is a point worthy of study. 

The rnitigating factor in the above is that relatively little tende strain would be demanded 

of the liner and composite until the vessel warms up. 

Gas pemeation thout& plastic liners does not seem to be an insunountable 

problem for cwent desips and it is kely that greatly increased operating pressure could 

be handled. In terms of safety quaiifkation tests there is no evident criteria that could not 

be met. It is probable diat thicker walled vessels dl fare substanbally better in mechanical 

abuse teas (drop damage, bullets, fire). This couid eventually lead to acceptance of 

somewhat lower safèty factor requirements. The design of valving for pressure release due 

to fire or other heat sources rnay need to be held at a smaiier tolerance because pressure 



dependence on temperature is directly proportional to the compressibility factor 0. The 

enormous physical strength of such vesseis makes them practically impervious to 

destruction fiom vefiicle accidents. 

Traditionally the high elastic strain of the composite has far exceeded elastic limits 

of the metai liners, even after b e r  elastic limits have effectively been doubled during 

proofing. Two methods around this are to use the M e r  carbon iibers or resort to a plastic 

liner. Unfortunately, stiffcarbon fibers lack strength and possess a high onhotropy 

exponent "K" making them less effective in thick layers. Glass fiber properties are 

technically obsolete, only their 1ow price gives them credence. ICevlara has been overtaken 

by the carbon fibers in performance as weli as cost. ~evlar@'s  toughness still makes it 

important. Carbon fiber is now available in a wide range of properties. It is about the only 

composite that c m  have its properties tailored to demand. Pnces of the extremely hi& 

nrength or high modulus carbon fibers are nill so prohibitive as to render them non-viable 

in the commercial market. Boron fibers which possess excellent transverse stifniess also 

fd into this price range. They however are not in production and effectively obsolete. 

Their diameter and flexural stitness would not be very suitable for winding in any case. 

Fiber prices are habitudy quoted on a weight basis. This is confusing for 

economic design considerations. A proper unit of measurement is cost per unit achieved 

strenmh - of cross-section. This irnplies a volume bais and incorporates the mamx's cos. 



2.19 Perspective on Researcb and Development 

In t e m  of vessels slated for research and testing of more efficient wall 

constructions, excessive detail spent on liner design is not warranted since cyclic testing, 

the cause of most liner failures, will not be performed until the basic thick-wd 

construction theories are codimed. One of the simplest methods is to use existing liners 

fi-orn commercial vessels and attempt to deai with their limitations. A specific problem is 

insufficient material thickness around the boss connections. Other factors are probable 

non-optimal dome contours and generally a lack of freedom to specifi any design 

parameters. The choice of metal liner can be quite Iimited unless one has the 

manufaauring capability. Essentidy one does not know exactly what is on hand until it is 

cut apart and measured. Vesse1 manufamurers keep such details propnetary and will not 

openiy sel1 their liners. However it has been discovered that a majority of the thin metallic 

liners for both commercial and aerospace applications originate from a singie 3" party 

supplier [ t  581. The other choice is to attempt to mold one's own thennoplastic liners or 

fmd a commercial source. 

The selection of epoxy is important with preference given towards a lower 

temperature curing system in order to lessen thermal stress buildup. For thick walis, 

separate curing of the intermediate layers is Wtely the easiest way of eliminating fiber 

buckling, exotherm problems, and avoiding use of high winding tensions. In commercial 

production, a process mode1 would be valuable in rninimizing tirne requirements without 

jeoparcfiring the structure. Good elongation characteristics and a bigh matrix modulus are 



needed. A stiff matrix and high fiber volume fiaction lowers the orthotropy exponent, 

while good elongation allows high main fibers to develop their bea strength To a eextnt 

these properties are exclusive fiom one another and must be balanced by design 

compromises. Micromechanics can in part estimate the sensitivity of such parameters. 

For thick vessels, accurate fiber placement is important to maintain geodesic fiber 

paths. Fiber buildup causing a change in vesse1 shape is a real concem especially for 

cylindricd vessels. Techniques of stepping back the winding at the polar bosses to reduce 

buildup and incorporation of circumferential doilies to lessen bndging are known to heip. 

Use of a pre-pregged tow is the easiest remedy for moa of the above concems but an 

alternative not available when using many dserent materials on a s m d  scde unless one is 

prepared to do one's own pre-preging. 

For practical purposes, a 3-4 axis cornputer controlled winder dong with good 

fiber placement simulation and machine motion control software is essential [164]. 

The choice of vesse1 shape in experiments is dictated both by winding equipment 

and Liner / mandrel considerations. For test purposes cylinders are moa practical although 

spherical vessels could also be considered if the winding equipment and software were 

adapted. Cyiindncal vesse1 end dornes can be somewhat overdesigned in order to ascertain 

the validity of theoreticai predictions in the wall portions of the central section. Finite 

elements are a good tool, weil suited to design refinements at later stages of investigation. 

Continuum theory based on the compilations presented in Lekhnitsliü's work and followed 

in some fom by a majonty of researchers is concise and powerfùl. The faiiure theones are 

numerouS. -4 popular rnethod is the quadratic interaction criterion in 3-D. Cubic tensors 



have greater flexibility to mode1 bi-axial and tri-axial stress states but the mmy constants 

requiring evaluation make them practicdy impossible to apply. Christensen's 

rnicrornechanics models render good insight upon the power of constituent characteristics 

over composite properties. The failure theories extended from them lend credibility to the 

maximum main fiber failure criteria, or something that is close. This m-um strain 

theos, has for decades been verified independently by nearly every experimentalist in the 

field and found to be reasonably accurate. 

Winding paths and dome gometnes for constant fiber stress are detemiinable 

anaiytically and are presented in Chapter 3. Cornputer incremental methods based on 

determinhg the appropriate difFerenUals directly off surface modelers using B-spiines to 

descnbe surface geometry as in the high end CAD software using solid models are an 

alternative solution. A iimited number of off-line winding simulation packages are 

availabie but their output (if they are able to generate machine motion code) must still be 

adapted to the individual winder since there are no standard machine interface langages 

akin to ANSI G-code as used in CNC machine tools. 

Vir* material properties and the generai effects of environment. long term loads, 

fatigue, impacts, temperature and practically any variable one may be concemed about can 

be found in the biterature. For analysis purposes, moa of these can be taken as known or 

predictable quantities. 



2.20 Scope of Work 

In the following chapters, denvations and research are presented on key 

parameters necessary for the analytical design of thick cylinder walls. The aim is two-fold: 

First, to extend these anaiytical methods into the arena of efficient thick-wdl vesse1 

construction. Second, to present them as complete denvations rather than the abstracted 

forms, brushed over in Wtually al1 Literature. The methods and work presented are an 

expansion drawn fiom many sources combined with the author's own contributions. 

Chapter 3, expands on netting anaiysis and pressiits formulations requisite for designing 

dome shapes and some factors that yield influence over the programming of winder 

motions. Thereon, closed form solutions to the stress distributions in thick cyiindncal 

walls are developed. These anaiytical formulations are meant to shed some light and 

understanding on a dark area. The methods described are blended into a computer 

progrm that allows modeling and prediction of failures. The on-screen presentation is 

real-time and graphicdy onented yet the numbers generated at any loading can be output 

to file or printer at a keymoke. In the final two chapters program resuits are interpreted 

with the help of hypothetical examples and also test vessels built are examined and 

compared to program predictions. 



Chapter 3 

Filament W inding - Netting Analysis 

3.0 Analytical Methods for Fiber Path and Dorne Profile 

The complete analysis of a filament wound structure requires a fundamental 

understanding of parameters that will afXect the stress distributions around the end 

closures of the vessel. Any optimization achieved in the waii construction as descnbed in 

subsequent chapters will fdl short of rsalization if end closures are neglected since a 

pressure vessel cannot be complete without them. Closed form solutions pertaining to 

through thickness stress distributions empioying a full material description have so far 

been obtained only for very simple geornetries that have surfaces defined dong the 

principal axis of a coordinate system. Geomeuies any more complex would be exceedingly 

dificult to calculate. Since the surface geornetries required to sustain the position of 

filaments during winding are very involved they can at best be approximated. 

Fiber paths for arbi trq  shapes can be calculated by numerical techniques and the 

software is commerciaiiy available from each major winding equipment manufachirer and 

also fbrn 3" party vendors. Nevertheless, leading equipment rnanufacturers such as 

McCiem Anderson are defining the dome shapes for pressure vessels using cornputer 

dgorithms that generate simple ellipses. Such geomeuical simplifications may be 

theoretically questionable, but cons ide~g  tolerances that cm be heid during manufacture 

and the expediency needed in design and production, these simplifications are an every- 

day reality. 



This chapter presents a detailed analysis of fiber paths both without and with 

incipient slip. By this method the physical lirnits of what dome shapes cm (or cannot) be 

wound are explored. The entire chapter is based on a netting analysis. This entails that the 

matrix contribution is whoily neglected. The advantage of the approach is that the 

mathematical simplification due to the simple description of the material (fibers only) 

allows a complete description of the surface geometry needed to load the filaments evenly 

and optimally. The final equations lead to important interpretations conceming the 

magnitude and sense in which the fiber stresses vary when non-ideal conditions of surface 

geometry are encountered. The equations dso indicate clearfy where to anticipate the 

location of the maximum stress in the profile and thus d e h e  the iimiting design 

parameters. 

From the historical standpoint, many authors since the 1950's have presented 

design methods encompassing both cylindncai and spherical filament wound pressure 

vessels. Computations based on netting analysis for the cylindrical section on thin-walled 

vessels is now widely known but head desi-gn, due to its complexity, is not. Equations 

descnbing optimum filament wound sheUs of revolution have been available since the 

1960's. Possibly the most complete works, translated from Russian and pubiished mid 

1970's and onwards, have been complied by V.A. Bunakov, and CO-authors V.D. 

Protasov, S.B. Cherevatslai and -4L. Radovinskii [154]. Interpreting their work requires 

significant mathematicai abilities. 

By the 1970's governent agencies / contractors and winding equipment 

manufacturers were working on the creation of optimized wound pressure vesse1 domes. 



Graduaiiy the equipment and methods being used shifted h m  mechanical planar winding 

to computer controlled equipment capable of laying geodesic fiber paths. Head profiles 

and fiber paths were the result of proprietary computer algorithm. The baçis for many 

advanced designs can be traced to the equations and a computer code pubiished by 

Aerojet General in 1966 under a NASA contract [158]. During the 1970's and IWO'S, 

these equations were extended to include fiber slippage considerations. More recently 

(1 988), the principal design equations in use at Aerospatiai were presented by J.P. Denost 

to NATO members [105]. 

Today, most designs are complemented and refined using the FEM. A designer's 

comprehension of interactions among the goveniing variables makes the anaiytical mode! 

indispensable. From an engineering standpoint, the geometric significance given to terms 

that comprise the fundamentai equations in Denost's presentation, in contrast to the work 

of Bunakov et al., makes the former more comprehensible to engineers. 

The following derivations (expanded fiom Denost's paper) are for a thin-walled 

cylindncal pressure vesse1 design. The main features to be extracted for a thick-wd design 

are the relations conceming the winding geometry and head profile, rather than the stress 

analysis. One mua note that thick-wall vessels undergo a continual change in dome profile 

as the fiber builds which in turn requires modified winding angles to compensate. 

Below, the cyhdrical pomon is designed according to a (very sirnplifïed) nettuig 

analysis. The basic assumptions are: 

1) Fibers carry al1 the load. 



2) Matrix serves only to hold the fibers to the vesse1 shape and transmits secondary 

loads. 

3)  There is no interaction between layers. 

4) Stress distribution through the wall is constant. 

5 )  Al1 layers carry the same load. 

It is clear that for thick-walled cylinders al1 the above assumptions are to some 

degree violated. However the basics remain valid and some elements of simple nethg 

theory are requisire to the derivation of dome geomeûy and fiber path. 

.4 combination of circumferential and helicai (satellite) windings comprise the 

cylinder wail. W~th reference to Figure 3.1 and 3 2, a balance of forces in the principal 

directions gives: 

w = (unit parallel)(cos a ) 

parallel direction 

Fi-mire 3.1 Fiber-band on cylinder. 



unit length of meridian 

Figure 3.2 Elernent within the winding. 

Notation for preceding figures: 

p = radius at any point 

p, = inside radius of cylinder (pz = R) 

a = winding angle 

N, , N, = membrane Ioad / unit length 

N,, N ,  = Force in 4 or 8 direction per unit length pardel / mendian 

1 tan a = length of pardel in element 

cos a = component in Q 

sin a = component in 8 

P = intemal pressure 

N = number of fibers per unit length of parallel 



S = cross-sectionai area of one fiber 

G = stress 

e = thickness 

u, = fiber volume fraction (conaant) 

Subscnpts: 

- dong meridian direction 

= dong circuderemial direction 

, = satellite (helicai) direction 

= circurnfkrential (hoop)direction 

= referring to fiber 

= condition at cylinder-dome junction 

Axial direction 

Circurnferential direction 

Where: 

Nec = Nb + N*, 

î f 
helical circuderentiai 
fibers fibers 

N, =PRE (axial load) 

N, =PR (hoop load) 

The circumferential layer contribution towards resisting 

forces in the axial direction is nonexistent. 

& = O  

The circderentid load / unit parallel can be expressed as: 



The helical winding portion suppons loads in two directions. -4 balance of forces yields: 

1 -  = NtanaSo,sina (circumferenti ai) (3.6) 

Since (width)(thickness) = are% the composite layer thickness c m  be expressed as: 

X - sectional area of layer 
layer thickness = 

bandwidth of layer 

Using the terrninoloig of Figure 3.1,  on the basis of a length defined dong the paraIlel, 

the helical thickness of a composite layer at any point can be expressed in tems of the unit 

pardel length. First? defining the numerator above: 

area of fibers 
X - secti onal area of l ayer = 

fi ber volume fraction 

area of fibers = (# fiben in a bandwidth)*(area of a fiber) 

Therefore: 

(# fibers in a bandwidth)-(area of a fiber) 
layer thickness = 

(fiber volume fraction). (bandwidth) 

where: bandwidth = (unit length paraUel)(cos a) 

and N = (# fibers in a bandwidth) / (unit length parallel) 

hence: 

e, = NS / (u, cosa) 



Solving for N in (3.7) and substituting into (3 -5)  & (3 -6): 

2 Ne = u e,o/, cos a 

S imilar 1 y 

Nb = u,e,<r,-, sin' a 

substituting (3 3) & (3 -9) into (3.1) & (3 2) gives: 

PR ? - = ufe,<rfi cos- a 
9 

2 PR = u,e,o,, sin a + u,ep/, 

By re-arranging the above equations, filament stress is: 

PR 
PR = ufes sin' a + ufep/,  

2u ,- es cos2 a 

If circurnferential winding is to be eliminated, combining (3.10) & (3. 11): 



2 2 2ufe,o,, cos a = PR = u,e,o,, sin a 

hence: tan2a = 2 

Ethe fibers in the circumferential and helical windings are equaily stressed 

(af, = a/, ) and having equal fiber volume hctions, then (3.12) & (3.13) combine: 

Cylinder wdl thickness equations have been defined above. 

The heads contah ody helicd winding; hoop Iayers are confined to the cylindncal section. 

The shape of the heads and the lay-up line of the filaments must be defined next. Two 

conditions must be met: 

1 )  The filaments mua counterbdance the stresses from the intemal pressure. 

2) Stresses in the filaments mun remain constant dong their length. 

The above ~o conditions constitute "intensoid" design. The head geometry must be 

dehed mathematicdy. Equations of equilibrium for membrane sheils are weil known and 

can be referenced in any suitable teut. For example in [161] section 1 8.10, the notation of 

Figure 3.3 is foliowed. 



Figure 3 -3 Head georn- parameters. Adapted fiom [16 11. 

Generalized equilibrium equations for membrane shells (no stress couples and no 

shear) are stated in tems of the fùndamental magnitudes in (3.16) below [161]. 



d d 5 4 ~   JE - -(JGN,2)+-JJEN,)+~,l -- 41 - +q2dEG = O  
a S I  a s 2  a s 1  $ 2  

where: .V,, = membrane force per unit length 

,, = subscripts denote principal directions 

E. G = first fundamentai magnitudes 

i 5 1 $ 3 ~  ' = Gaussian (surface) coordinates 

RI, R2 = principal radii of curvature 

q, = surface traction ber unit area) 

V,  = shear forces 

Switching fiom subscripts 1'7 to 4 0 the generalized equations in (3.16) above 

cm be expressed in more farnrliar notation. In any shell of  revo lut ion the first fiindamental 

magnitudes E, G are respectively 4' . (Note; equivdences in notation are: R, = R, ). 

(Fime C 3.3) In this case j ,  is identifïed with 4, and i2 with 8 directions. Because we are 

looking at a body with rotational symmetry (0 direction), the fundamental mqyitudes E 

and G are mdependent of 0. Thus the ternis containhg cease to exist when they 



differentiate a radius. Also from Figure 3.3 the relation Op/% = l( cos+ can be applied. 

The 1st three equatioris of (3.16) can thus be restated more specifically as: 

d ON, 
---(p~,)+ 4 =+ N,R, cos4 +q& = O  

For symmetrical loading of the sheli (as with uniform intemal pressure) the 

equations do not depend on 8, hence both N ,  and qe must equal zero and (3.16b) is 

identically satisfied. Replacing p = R2 sin 4, from (3.16c), N ,  is expressed as: 

N ,  = -  Nd' P l 3  -- 
+in4 sin4 

Substituting (3.17) into (3.16a) and multiplying the resuit by sin 0 we find that the 

following re-arrangement is possible: 

d 
- ( p ~ ,  sin 4) + p& (q, sin 4 + q, cos 0) = O 
4 

Integrating with respect to 4, we solve for Nw by writing (3.18) in the foilowing form: 



Wth refwence to Figure 3.3 and 3.4, the term (q+ sin 4 + q, cos+) has a vertical resultant 

( q ,  in Figure 3.3) that acts on an annular area 2xp&dt$ . 

Figure 3 -4 Force resultant. Adapted from [161] 

The integral on the RHS of (3.19) c m  be replaced by the resultant of the total load 

acting on that part of the shell correspondhg to the angle 9. We set: 

This gives: 

For the case in study, that of a circular shell under intemal pressure, the global force 

resuitant F is simply xp'P. 

Where: P = intemal pressure = -q, 



Hence we have: 

where: R, sin$ = p (Figure 3.3) 

N , = -  f 'es in2$  -t PRsin4 - 
2 s i n  sin $ 

Also the principal radii 4 & R, can be expressed in terms of the slope and 

curvature at a point. By mathematical definition, for example see [160], the meridional 

radius of cwature at M (in the plane of the paper) for a generating curve p e) is: 

A second radius of curvanire Rz exins in the R-Z plane descnbing the 

circumferential radius at M about the 2-mis via its surface normal. 

With reference to Figure 3 -3: 



since tiom (3.8) & (3.9) we have 

introducing (3 -2 1) & (3.32) 

fiom (3 2 3 )  & (3.24) the first condition of intensoid design reduces to: 

The second condition requires that the stress in the 

filament remains constant. From (3.8) 

Reiation (3.7) which expresses the local thiclness can be written for the junction 

of the head and cyhder as: 



where: a, fiber angle at cylinder to dome junction. 

Also, since aii the filaments cutting the parallel at the junction of the head and cylinder will 

cut the parailel at any arbitrary point on the head being considered, the following is tme: 

and (3.27) becornes 

es cosa - e,, cosa, - 
N No 

hence local thickness is: 

e,, N cos a, e0, PO cos=, 
e, = - - 

No cos a p cos a 

- hi, p cos a - - - PR P 
Of. po cos a, cos' a 2u,eo, p, cos a cos a, 

Factoring out constant tems, the requirement for constant 

stress in the filaments (second condition) can be aated as: 



p'(l t Pt')15 / cosa = k (3.3 1) 

The shape of the head p (z) and fiber path a (:) can now be determined by solution 

of the system 

PP" $(1 + P'z).'; 
2+---;=tan2a ; = k = constant 

1 + pr- COSU 

The relation between a and p c m  be found as follows. 

Differentiation of (3 -3  1) m. 2 gives: 

c 0 s a [ 2 ~ ~ ' ( l +  + f $(l+ prz ) -5~prp" ]  + sin a -at[p'(l + 
O =  

COS' a 

substituting the first relation of (3.32) gives 

2p' i p'(tan2 a - 2) i p a f  tan a = O 

p'tan'a+partana = O  

p' tan a = - p a f  



integrating yields: 

L p + C ,  =-Ensina+- 

b p t k s i n a  = C, 

@in a) = C, 

psina = eC3 = constant 

The above condition (Clairaut's equation) relates the winding angle to the local 

radius. It will be shown more definitively later that relation (3 - 3 5 )  is a characteristic 

propexty of geodesic lines beionging to any surface of revolution. In the panicuiar case of 

"intensoid" design, (3.35) makes it possible to obtain the winding law once the head is 

geometrically defined. In other words, laying filaments dong geodesic iines for the 

"intensoid" shape ensures that they will be subject to constant stress. 

An equation Linking the coordinates p and z is requûed to speclfy the fùnction 

describing the shape of the "intensoid" head. (3 -32) can be written as: 

1 
usingidentity: tan2a+1=- 

COS' a 

Another form can be derived: (m~ 



this can be expressed as a differential: 

integration yields 

$(l t p'2)  = kZp2 + C 

At po , p; = O, thus the integration constant C is evaluated as: 

2 C = - k2po 

(3.3 8) becomes 

(1 + p t l )  = kZp2 + Pz - kzp; 

dividing by p6, 

( p /  p,)6(i+pr')= (k2  / p : ) ( p / p o ) '  + l  - ( k L  / p : )  

(P / P , ) ~ ( I  + p t 2 )  = -(k2 / j$)[l- (p / po) ' ]  -+ l 

butat p,, p i  = O  and a=a, 

so the second condition of (3 32) can be stated as: 



f 2  - COS' a, - [I - @ I pO)'] 
l + p  - 

cos' u,(p / P , ) ~  

1 -- - cos2 ~ O ( P  1 Po l6 
p" cos' a, - cos' a , ( p  / P , ) ~  - [l - ( P  / P ~ ) ' ]  

rewriting with the introduction of new terrns as: 

P' {[I - (p / )'[car2 a, (p I po)'[î + (p - sin2 a,]}" 

introducing the variables: 



1 4  hence - = - 
POI' dt 

2' cosa, 

P where: r = - 
Po 

(3 3 9 )  allows computation of a non-dimensionaiized head shape in terms of aual 

coordinate : and radial coordinate p. The integral is evaiuated numerically. 

A cyiindncd tank has two heads and therefore two planes ofjunction between the 

cylinder and head. The geodesic h e  on the cylinder is a helix. The winding angle a is 

constant and the same at these two junctions. 

At the opening (fiber tum-around point) a = 90' 

Relation (3 -3 5) lads to the conclusion that: 

where: p, and p, are radü of the polar opening flanges. 



1) The "intensoid" design only dows fabrication of vessels with identical polar 

openings. 

2) .4t a = 54.75*, tan' a = 2 and by the kt condition of (3 .E) p" must equal O. 

In this case the meridians preseot an inflection point. Current practice is to extend 

the head profle in the region of 55" c a < 90' by the construction of a sphericai cap of 

radius R, in this region. Generally intemal metal bosses extend fi-orn this point to the 

openhg providing secondary reinforcement. More complex head profiles in this region are 

derived in [155]. 

3.1 Balanced winding with controiîed stabüity 

To overcome the Limitarions goveming the size of the polar openings and to avoid 

fiber slippage which adversely affects the performance of the product, the stability of the 

winding mua be detailed. Current design methods incorporate an enhancement to the 

second condition of (3.32) which take into account the friction available to hold a fiber on 

a path deviating fiom the seodesic line. The ability to deviate off the geodesic line is 

required to maintain a margin of geometric fieedom in the size of the openings. Many 

pressure vessels require only one opening, or dflerent sLe openings. 

During the winding phase, the filament is laid on the mandrel with a tension 7. 

Figure 3.5 iIlustrates some parameters of what follows: 



Notation: 
y = rotation about ? - 
n, = sudace normal 
E = fiber path normal 
bs = binormal vector 

7 = tension in filament 
ç = curvature 
h = lengthwise 
u = s~deways 
p = downwards 
S = mandrel surface 
P = plane of parallel 

Figure 3.5 Force vectors acting on fiber. 

The mandrel exerts a force F per unit length filament. 

For a small element in equiliirium, the values of h, p, u have the following expressions: 

-dT h=- 
dS 

(change in tension dong length of fiber) 

p=- cosy f tensiorrcmponent downwards) 

u = -TG sin y (tension component sideways) 

Under the effects of tensioq the filament tends to slip in the direction of vector & . The 

slippage tendency can be characterized by: 



Relation (3.40) shows that the angle is the value characterizing the stability of the 

winding. (In effect it is the fiction coefficient). Consequently the angle will be taken into 

account in the second condition of (3 -32) leading to modified expressions for a(.-, . The 

detemination of such foliows. W1th reference to Figure 3.6, the components of the unit 

normal vector (ii, ) in the x, y, : coordinate syaem are detemined: 

Notation: 

d 

t = tangent to fiber path at M 
a = angle between meridian 

plane and fiber 
8 = angle of meridian wrt. coordinate 

system 
ii, = outward normal 

Fi-mire 3 -6 Fiber orientation on head surface. 



Letting R_ represent the radius dong the outward nomal to the surface, its magnitude 

can be expressed as: 

8 = b(l +pt2)xI (from equation (3.24)) 

its component in (x) = p cos0 

its component in ( y )  = p sin 0 

P its component in ( r )  = d = - = -ppf 
tan d 

where: slope p' is negative 

The normalized components are: 

- pcose nx = 
psin 8 -PP' 

f,(l+ ,,'y ' p(l + ' p(l + p"),'2 

The unit outward nomal ( E s )  is 

(fiom Figure 3.3) 

Components of the tangent (to fiber path) vector (7) can be computed by 

examining the geometry of Figure 3.7 and supplementary details of Figure 3.8 .  



,- 

Figure 3.7 Vector components dong fiber path. 



Relations 

d3 Dtana -= ; D=(~+, , 'L ) '~  
d- P 

Figure 3.8 Details of fiber path geometry. 

Letting (dl) represent the unit vector (?) in the figures, the components 

constituting (di) in the x, y, z directions, divided by (dt), will comprise the required unit 

vector (I). Length M-A in Figure 3.7 equais (&), the (z) component. Taking '4' as the 

reference point the other components are derived: 



-dicosacos~cosû d~sinasinû 
( 7 ) components in (x): - 

dl dt 

but 

t herefore: 

pfcosOcosa 
( i ), (x) cornponent = - sin asin8 

D 

-dtcosacos+sinû dtsinacose 
( t ) components in (y): + - 

di di 

p' cos a sin 0 
( ), ( y )  component = + sinacos8 

D 

( 7 ) components in (z): é- = cLÎ / (1 + p'2)ti (see Figure 3.8) 

dtcosa cosa 
( 7 ), (z) component = -- 

dt(1 D 

From Fi-me 3.8 the followhg relation is evident: 

Dtana O f = - =  
& P 

Subsequently a vector in the direction of ( ii ) must be found. From dSerentiaI 

eeometry, a vector in the direction of ( 6 )  can be found by taking the derivative of vector 
Y 



( i ) with respect to the fundamental variable, which in this case is z. The new vector will 

be normal to the tangent vector (i ). The components of this new vector are derived Som 

the constituents of  (7)  as expressed in equations (3 4): 

dt  - (x) component = 
dz' 

(1 + p'L)'[p" cosa  cos0 - pfa'sinacos8 - pfB' cosa  sin 01 - 

the (x) component is rewritten as: 

dt 
- @) component = 
dz - 
(1 + cosa sin 0 - arp' sin a sin 0 + cos a cos 81 - 

The (y) component can be written as: 



dt 
:, (r) component = 

The quantity tan y , taken between vectors A (3 -44) and Zs (3.4 1) can 

be d e h e d  by the following vector properties: 

From equations (3.4 1) and (3.44), the dot product i - f is is: 

D sin' a cos' 0 ~ ' ~ p "  cosa cos' 0 p" cosa sin' 0 p'a'sin a sin' 0 
I 

pD cos a D4 D2 D' 

p'sin a cos 8 sin 0 a' cosa cos 8 sin û D sin' a sin' 8 + - - 
PD D pD cos a 

. pf2p" cosa 

usuig: cos' 0 + sin' 0 = 1 

- - p"cosa p'a'sina sin'a p''pWcosa , p'a'sina p"p"cosa 
11 =Ils = - T i 

D2 D' pcosu DJ D2 D4 



The cross product magnitude IIii x 411 is: 

p"pt cos a sin 0 pf2a' sin a sin 8 pl2 sin a cos0 p'a' cos a cos 8 Dp' sin2 a sin 8 - + + - - 
D2 D2 PD D pD cos a 

pf30" COS a sin 0 a' sin a sin 0 0'0" cos a sin 8 

which simplifies to: 

p'' sin a cos0 plat cosa cos8 p'sin' a sin 8 + - 
PD D pcosa 

and reduces to: 

p"sinacos0 a'p'cosacosû p'sin2asin0 
-af sinasine + + - 

PD D p cosa 

Second term, (np, - np, ) is: 

a'sinacosû p r 2 p " ~ s a c o s e  p'p"cosacosû pf'a'sinacosO , p''sinasinO + - + - -t 
D' LI4 D' D2 PD 

p'a'cosasinû Dp'sin'acosû p'3p"cosacos0 + + 
D pD cos a o4 



and reduces to: 

pf2 sin a sin 8 p'a' cosa sin 0 p' sin2 a cosû 
a' sin a cos8 + + t 

PD D p cosa 

Third t e p  (np, - n,n,) is: 

~s in 'acos8s in0  p'2p"cosacosesine p"cosusinf3cos8 p'a'sinasinOcos0 + f - 
D4 D2 

+ 
pD cos a D2 

p' sin a cos2 8 a' cosa cos' e D sin2 a sin 0 cosû pf2p" cosa sin 0 cos0 
f - - 

PD D pD cos a D4 

Canceling terms gives: 

p' sin a a' cosa p' sin a a' cos a 
(sin' 8 + cos2 8) + (sin' 0 i cos' 8 )  = + 

PD D PD D 

The firn term squared ( n p ,  - n:nT )' equals: 

pfJ sin' a cos' 8 pfZaf2 cos2 a cos2 0 at2 sin' a sin' 0 + + + 
p'DZ D2 

ptL sin4 asin' 0 2u'pf2 sin' asinûcosû 20'ar2 sinasine cosacose 70'af sin3 asin' 8 

pz cos' a 
1 

PD D pcosa 

W'a' cos a sin a cos' 0 -or' sin3 a sin 9 cos 0 2pf 'a '  cos a cos 0 sin' a sin 8 
p2D cos a Dp cos a 

The second term squared (cn, - n , ? ~  )' equais: 

pf4 sin2asin'0 p"a'2 cos2 asin 'e  p" sin4acos28 
a'' sin' a cos' 8 + + + 

p2D2 D' p2 cos2 a 



2a'pf' sin' a cos0 sin 0 2af2p'sin a cos0 cosa sin 0 2p'atsin' a cos2 Q + i 
D 

+ 
PD p cos a 

2pt3a'sina cosasin2 0 ~ p ' ~  sin3 asin 8 cos0 2p"atcosasin0 sin' a cos8 + i 
p2D cosa Dp cos a 

Canceling tems and using sin' 0 + cos' 9 = 1 reduces the above two tems to: 

sin' a a 2pfa' sin3 a 2pr3a'  sin a cos a 
at2 sin' a + + + + + 

p2D' DL p2 COS' a p cos a PD' 

The third term squared equais: (n,nN - n,nJ2 

0'' sin' a a'' cos' a 2ota' sin a cosa 

Combining the above two quantities allows simplification to: 

p" sin' or ~ p ' a '  sin' a a'' sin' a + + 
p' cos' a p cos a 

and c m  be compressed funher 

, p" sin' a 2afp'sin a cosa p" sin' a 2p'af sin3 a Iln xii,l12 = a'- + + + + 
P= P p2 cos' a p cosa 

(3.45) can be expressed as: 

D2p cos a (ii . Zs) = -p"p cos' a t D' sin' a 

rnultiplying (3 -46) by (D 'p cos a)' : 

regrouprng as: 



D4 [a"p2 cosZ a + P'2 sin2 a cos2 a + ~ ~ L ~ ~ ~ P ( C O S ~  a sin a + cosa sin3 a) + pf2  sin" a] 

expanduig to: 

D" cos2 a + p" sin a(l - sin2 a) + 2atp'p(cos a sin a)(cos2 a + sin' a) + pf2 sin' a] 

allows cancellation to: 

D4(a"p' cos2 a + sin' a + Za'p'p cosa sin a) = DJ(a'p cos a + p' sin a)' 

therefore D2p cos al l~ X Z, 11 has been condensed to: 

D2(a'pcosa + p' sin a) 

Finally the quantity tan y can be obtained f?om (3.47) and (3.48). 

A characteristic property of a geodesic curve on a surface of revoiution is that the 

normal to the surface and the normal to the curve are coincident. From (3.49) and Figure 

3 -5, it is evident that this condition is met when tan y = O . Thus the numerator of (3.49) 

equals zero for the geodesic fiber path. Referring back to (3.34) & (3 -35) it is clear that 

pftana = -paf 

is the same as: 

a'pcosa t p'sina = O 

lntegrating the above equation yields: 

p sin a = constant 



The above is again Clairaut's equation. 

With the k t  condition unchanged, which is filaments only counterbaiance stress, 

the syaem to be solved now is: [refer back to equations (3.32) and (3.49)] 

2+  pp" =tan'cx and; 
(1 + P" 1 

( a ' p  cosa + pi sin aX1+ p" j 
= k  (3 -50) 

pp" cos' a - (1 + p'')sin2 a 

in what foîiows, designs wili be sought such that the slippage tendency of the 

filaments remains constant (tan y = k) dong their Iength. This allows one to explore the 

geometnc limits of the vesse1 openings at either end. 

Unfominately equations (3.50) are not easily integrated and are thus solved 

numencally. A standard method of resolution is the Runge-Kutta method, order 1. The 

system is reduced to fira order. Using the first equation of (3.50) we let: 

for a', the second condition is rearranged: 

(1 + p r 2 ) ( a t p  cos a + p' sin a) = k [pp" cos2 a - (1 + p" ) sin2 a] 

a' = -(II p cosax2k cos2 a + u sin a) 



The system (3.5 1) can be expressed as 3 functions: 

Koowing that at the cylinder-dome junction; a = a, , u' = O ,  p = po , the Runge- 

Kutta caiculations, presented below, can be çtarted and subsequently determine a senes of 

discrete values tabulating a, u, p. 

If the functions (3.5 1) for a and u have values a,, u, for p = p z ,  the values of 

a,-,, ut+, for p = p, + Ap are detenined by performing stepwise the following series of 

calculations [ 16 11: 

a:' = f i  (a, + a : ' ~ ~ ,  u, + u,"~p,  p, i Ap) 

ujr' = fi(a, i a:'4p,u, i ~ : ~ 6 p , p ,  + dp) 

p:' = fj(a, + a:'&, y + r i :2~p ,p l  + 4p) 

a,., = a, + (Ap / 6)(ai0 + 2x1' + ?a:' +ai5) 

tir-, = u, + (Ap / 6Xyf0 + 5~;' + 2 ~ 4 : ~  + y';) 



The solution of equations (3.52) c m  be used as a basis for comparing the constant 

slip profiles (as determhed above) to elliptical dome shapes and / or other approximate 

profiles one wishes to wind over. 

3.2 Design of the Cylindricai Part: 

The technique of winding on the cylindncal part with constant slippage tendency 

c m  be exploited to reduce the overd slippage required on the end domes for vessels with 

dinerent sized openings. Equation (3.49) can be reduced to the following form using the 

conditions that r = r, , r' = O .  On the cylindricai surface (3.50) becomes: 

-a rp0  cosa 
=tanQl=k  

sin2 a 

.kt two points separated by length t (dong the :-direction), the winding angles 
p p - p p p p - - -  

a,,a2 are related as follows: 

- cosa ; k  
-1-da = 1-de 

Q I  
sin- a 1, Po 



kt 
or; I I s ina ,  -Usina, =- 

Po 

Similarly the change in the angle a can be quantified in relation to the rotation 

angle 0 by the foilowing manipulations, from (3 -43): 

dB - Dtana -- 
Pa 

integrating; 

=~( l+~~ ' )%inah-  where; r ' = O 
Po 

da - - k s i n 2 a .  & =  -po cos a da 
but; - - 

di pocosa k sin' a 

tanap,  cosa 
da 

01 a1 

From (3.53) 

1 '=[3+= &O; csc' a - 1 = cot2 a 
sin a, 

c).;[o +(71-[(3]+p-)~ -q+) (q] el-e,=- - 
sln a, stn a, ma, tana, 



The sizes of the openings on the end domes are described by the factors 5 Y F.. 

These represent a fraction of the cylindrical radius ro. When designing a vessel, the 

parameters po5, po- (size of openings) are imposed by the application. An estimate of the 

fncrion coefficient aiiowable for the winding method being considered (wet winding vs. 

pre-preg tow) brackets tan w . Solution of the system (3.52) for a range of tan values 

using fixed sets of initial conditions a;, p, allows point by point generation of the 

diagram depicted in Figure 3.9 [105]. The points ml , mz represent the combination of 

conditions existing at the two heads. 

Qo ( d m )  

Figure 3.9 Friction requirements as a funetion of head opening sizes and wind angle. 
Adapted fiom reference [ 1 051. 

The essential parameters are illustrated by example. For a vesse1 with two different 

opemgs: 

pq / p o  = 050 (a i l  dome opening) 

PE 1 PO = 025 ( f o m d  dome opening) 



For a non-slip (helicoidal or geodesic) trajectory on the cylinder, a, must be the 

same at both head to cyiinder junctions. The moa stable winding in this situation is 

obtained by equalinng slippage on each dome. This case is represented by m, and m, on - 

the diagram 

The parameters are: a, = 23' 

Iltan = 0.1 3 ; y~ = 7.4' 

A lesser overd fiction coefficient c m  result when the cylindrical section is also 

permitted a degee of incipient slip. Again equalizing the slippage tendency at each head, 

an alternative solution, m,' and & can be found. In this case: 

tan y =0.10 ; y = 5.7' 

This solution shows that a, = 2 1" and a, = 34.5' 

Equation (3.53) wiii detemine ifthe slippage factor k is acceptable on the cyiindrical 

section. If the cyiindrical portion 1 is long enough and factor k is hi@. iarge dserences 

between a, and a? can be tolerated. 

3.3 Stress in the Filaments: 

When winding with constant siippage tendency, the stress in the filaments will be 

changing. This r e d t s  because the constant stress condition of equation (3.3 1) is not 

adhered to when so1Wig the system (3.50). However changes in the &ment stress can be 

deterrnined by (3.3 0). 



Hp2(l+ )X 
- - H =  P - 

COS a 2u le,,p, cos a, 

+ p'p' p" + a'p2D sin a 
d* COSCL Dcosa cos" 

It is instnictive to note the rate at which the stresses are changing and what factors 

are responsible. (3.55) is reduced as follows using (3.25) to eliminate p" : 

da f i  -=H 7ppfDcosa p'pr(tan' a - 2)(1+ p')' arp'D sin a 
f + 

a5 cos2 a pDcosa cosZ a 

da ,i 2pptcosa + pp'sinatana - 2pp'cosa + a ' p 2  sina -=HD 
Lîk cos1 a i 

da 
I'=HD pp' sin a tan a + a'p' sin a 
dr cos2 a 

dofi p'sina a'p - = pHD tan a{- + -} 
dz cos2a cosa 

Equation (3.49) c m  also be wrîtten in a different form. 



D2afp cos a + D2p' sin a 
tan \CI = 

pp" cosi a - D' sin' a 

a ' p  cos a + pf sin a 
tan q~ = (%) cosi a - ($1 sin2 a 

again, using (3.25) 

a'p cos a + p' sin a 
tan y = 

-(2 - tan2 a) cos' a - sin2 a 

a ' p  cos a + p' sin a 
tan y = 

-2 cos2 a + sin" - sin" 

hence: 

thus (3.56) reduces to: 

Given that one is designing a vesse1 on the principle of minùniong the slip, where 

equal and opposite quantities are sought for (tan y) to minimize the overall slippage 

tendency, then from Figure 3.9 and equation (3 .B), the following observations can be 

made: 

1 )  Manufacturing constraints wiii likely impose that (tan y) be negative for the 

head with the larger openîng and positive for the head with the smaiier opening. 



is positive when (tan W) is 2 )  One can see fkom equation (3.58) that - 
dz 

negative. Since al1 other quantities are known to be positive, stress in the 

filaments increases for the dome with negative (tan y). 

3) Equation (3 -55) States the filament stresses on the dome in ternis of the fixed 

quantities at the cylinder to dome juncture. Thus from the juncture to the point 

of infiection (where a = 54.7" and the geodesic profile becomes undefined) the 

head with the larger opening will see a nse in stress fkom the nominal amount 

and the dorne with the smaller opening will see a proportional reduction in 

filament stress. The inflection point indicates the position where the iso-tensoid 

conditions can no longer be maintained, and in practice a spherical dome of 

radius R2 is used to define the shape up to the opening. 

The head with the larger opening will dictate the limiting design factor establishing 

wind thickness. The advantages of using srnail and near equal size openings should be 

evident. 

The utility of the foregoing equations in designing head profiles for thick vessels is 

in practice limited by a number of factors. Fust it must be recognized that the fiber band 

overlaps itself(unLke on the cylindrical surface) as it traces multiple circuits over the 

dome enclosure to cornpiete one hll pattern. This has the effect of thickening the lay-up 

locaily and causing a coarse overlapping step-pattern (prone to  void formation) rnost 

notably adjacent to the polar opening. The thickening effect changes the profile of the 

head upon which subsequent layers are ovenvound. This new surface is not geodesic- 

isotensoid. Band overlapping is a source of stress concentration. The abrupt band &op-off 



step can at best result in resin-rich pockets unless it is filled in by manualiy placcd fabric or 

random mat doilies. Here the fiber band is forced to kink at every drop-off point, an area 

of weakness. Also because low compressive radial moduli results fiom voids and resin rich 

areas it leads a poor capacity in transmitting radial stress outward. This magrilfies the 

stress gradient and serves to overload the Uinemst layers 

Rehed designs employ finite element models in an attempt to rninimize stress 

concentrations due to such factors in the region of the end closures. The better winding 

software permits calculation (by numencal methods) of winding paths around arbitrary 

shapes. However an optimum starting point for the inner filaments (which carry the 

highest stress) is based upon the foregoing equations, lending justification to their 

development. 

In winding a typical vessel with one smail opening it is evident that incipient slip 

can be spread out across the length of the cyhdrical portion and tan y will be very s d .  

In this case equation (3.58) indicates that stress in the filaments will remah tinually 

constant, or cm even be designed to decrease around the dome enclosure especially ifwe 

compensate by winding with higher incipient slip ekew here. 

For the cylindrical portion of a thick-walled vesse4 equation (3.15) is not adequate 

because the assumption of equal through-thickness stresses fails to hold up. With this 

netting based design of filament wound vessels as background, we now tum to a detailed 

analysis conceming the cylindncal portion of a thick-walled pressure vessel. This 

constitutes the focus of the present work. In con t ra  with the above simpfied analysis' 

the approach emplo yed in subsequent chapters is founded on 3 -dimensional aniso tro pic 

eiasticity equations. 



Chapter 4 

Analytical Methods for Discrete Layer Design 

4.0 Elasticity Solutions using Füed Materid Properties 

The analysis of cylindncal structures by elasticity solutions cm be subdivided into 

'Vin wall" and 'thick wail". The division point is ofien arbitrarily chosen as a radius to 

thickness (nit) ratio of 10. This ratio is not appropriate for composite structures, especially 

when designing with highly anisotropic advanced materials. The underlying assumption in 

thin-wali vessel design is that the arains are uniform through the thickness. Geomev 

alone fixes nrain distributions for isotropic structures. Higher degrees of anisotropy in a 

composite material result in strain distributions govemed by the material's intemal 

mechanics as well as by geornetry. 

Closed form solutions are possible whenever the geometry of the item being 

analyzed can be represented by a standard coordinate system (rectangular, polar, 

cyiindrical, spherical). Items of more arbitrary geometry mua be reduced to a finite 

number of elementary shapes before andysis techniques c m  be applied. This, the h i t e  

element approach, is especially powerful yet d l  limited to the assumptions irnplicit within 

the formulation of the elements. When the geometry is relatively simple, as in a cyiindrical 

vessel, the problem is aheady reduced to that of one large element. The attractiveness of 

an encompassing elasticity solution is that it sheds light on the action of parameters 

eoverning intemal stress distributions. Although finite elements do predict an outcome for 
u 



more complex structures the precise intemal mechanisrns at work cm stiil remain 

obscured. 

In the foUowing work, a plain strain analysis with specified end conditions is used 

to study the behavior of thick cyiindncal constructions subject to pressure loading. 

4.1 Elasticity Foundations 

Within each lamina 3 mutually perpendicular planes (orthotropic planes) are 

rnodeled. The material properties are taken to be symmetric about these planes. Nameiy 

for each lamina there exias symmetry through the thickness, along the fiber direction and 

across the fiber direction. 

The theory of elasticity requires ideal elastic behavior and hence yields results 

which are approximately equal to the stresses in the physical body because the physical 

body will deviate fiom the ideal elastic matenal assumed. Furthermore, eiastic 

homogeneity in the lamina is assumed thus solutions derived are only applicable on a scale 

which is large in relation to the micronnicture of the materiai. 

Stress-main equations without any fom of material syrnrnetry (tnciinic symrnetry 

or My anisotropic) are Witten as: 



The contracted tensor notation for the above fonn is 

s i  = a p j  i, j = 1,2,. . -6 

Similady the inverse of relation (4.1) can be expressed as 

In tensor notation 

There are 56 constants to describe each of these systems, but not al1 are 

independent. Materials for which an elastic potential or arain energ density fùnction 

exists exhibit an incrementai work per unit volume of 

dw = cr,d&, 

when the stresses <ri act through strains uk, . However because of the stress-arain 

relations (4.1) the incremental work becomes 

dw = %&,&, . 

Upon integration for al1 strains, the work per unit volume is 

W = $A&&; 

However Hooke's law, equation (4. l), can be denved from the above via 



whereupon 

but the order of differentiation on W m u a  be immaterial (otherwise the the work would 

assume a non-conservative character) and hence we conciude that 

4, = A,, 

Reasoning similar to the above paragraph leads to the correlative conclusion that 

hence 31 constants can be used to describe elastic behavior [173]. 

In many situations it is c l a w g  to describe the cornpliances in terms of their 

physical meaning. Aside ftom the weli known engineering properties constituting 3 

Young's moduii, 3 shear moduli, and 6 Poisson's ratios, a general material has additional 

influence coefficients. These cm be divided into 3 groups. The 6 Chentsov 's coef/lcieents, 

characterize shears in planes pardel to the CO-ordinate planes produced by shearing 

stresses acting in other planes parallel to the CO-ordinate planes (a,, , a,, a,, , a,, a,, a,, ) . 

Another goup of 9, tenned mutuai influence coefficients of the first kind, c haract erize 

extensions in the direction of the CO-ordinate axis as a result of shearing stresses acting in 

the coordinate (a,,, a,, , a,, , a,, a,, a,, , a,, a;, , a,,). Finally, a group of 9 mutual 



influence coefficients of the second kind express shears in the CO-ordinate planes due to 

normal stresses acting in the directions of the CO-ordinate axis. These are 

A type of symmetry is expressed by the statement that the coefficients .a (or a, ) 

remain invariant under a transformation of coordinates which describe this symmetry. We 

shail consider the cases: (1 ) Symmetry with respect to a plane, {2) symmetry with respect 

to two mutuaily perpendicular planes, ( 3 )  symrnetry of rotation with respect to one axis, 

(4) symmetry of rotation with respect to two mutudy perpendicular axes. 

A monoclinic symmetry defines case ( 1 ), a situation where one plane of elastic 

symrneuy exists. On either side of this cuning plane the constants associated with the axis 

of symmeuy must be the same, and Hooke's Iaw gets simplified. If the symrnetry plane lies 

in the 1-2 (x-y) plane, or z = 0, the components a,,, a?, , a,,, a,, , a,, a,, , a,, a,, and their 

symmetric counterparts disappear. Thineen constants remain to descnbe the system 

shown below. Together the equations hold 20 non-zero terms. Should the plane of 

symmetq be rotated at some angle to a principal plane, 36 terms will again be necessary 

to describe the system. 



For case (21, material symmetry with respect to two mutually perpendicular 

planes, the substance is said to have orthotrupic properties (equation 4.3). In this case 9 

constants are sufficient to describe behavior and a total of 12 non-zero tenns remain in the 

elasticity equations. If the symmetry planes are not coincident with the reference 

coordinates, the non-zero components can uicrease to those of equation (4.1). Should one 

of the symmetry planes coincide with the 3 or "s" auis the non-zero components will be 

those s h o w  in equation (4.2) The number of (independent) constants necessary to 

describe any "rotated" system however depends ody on the materid's symmetry 

conditions, not on its degree of alignment with the principal axis. 

The next higher level of material symmetry, case (3 } , defines a transversely 

isotropic material. A material which possesses an axis of symmeuy, in the sense that al1 

rays at ri@ anges to this m i s  are equivalent, meets the criteria. Five constants define the 

system. When the isotropic plane lies coincident with one of the coordinate planes there 

are 12 non-zero terms. For the case of isotropy in the 2-3 or '>-?' plane, equation (4.1) 

below descnbes the system. Should none of the symrnetry axis be aligned with the 

principal directions, 36 tems as in (4.1) will be necessary. In a case where the 3 or 'Y' 

axis is a plane of symmetry 20 non-zero t a s  as in (4.2) will descnbe the behavior. 



Independent constants however remain fixed at 5 .  This is an important case since it is used 

to describe the elastic properties of fibers and their constituent unidirectionai laminas. 

For fiber reinforced composites 3-dimensionai matenal models are derived using 

the above (transversely isotropic) idealiiation. To restate, in such a situation there exists 

one principal direction and an infinite number of principal directions normal to the first. In 

essence, rotationai symmetry about the fiber direction. 

The highea level of symmetry, case{4), defines isotropy where only 7 independent 

rnaterial constants remain: Poisson's ratio and the normal (Young's) modulus. The 3 

dimensional elasticity equations require 12 non-zero tems regardless of orientation. 

More explicit details describing the tensor mathematics which Iead to the 

elimination of the various cornpliance (or nifniess) coefficients for the 4 cases of 



symrnetry described above cm be followed in A. S. Saada's text, chapter 8, reference 

[161]. 

Rectilinear anisotropy exists where planes of elastic equivalence follow parallel 

directions, similarly cunilinear anisotropy is characterized by having elastic equivdence 

following a defined cuve. When a coordinate system cm be chosen in a marner where the 

principal directions coincide with equivdent elastic directions at different points of the 

body, then any element deiineated by 3 pairs of coordinate planes will possess identical 

elastic properties. 

Laminate properties along the 3 p ~ c i p l e  directions (x.y,z) or (r,B;) in the case of 

a cylinder can be written based on equations (4.1) along with appropnate transformation 

equations for coordinate synem rotation. Lekhnitskii [88], pages 40-50, gives a concise 

description of such transformations under fuUy anisotropic conditions for the cornpliance 

tems a,. Equation (4.6) along with Table 4.1 defines the transfomed cornpliances ( a,; } 

in a rectilinear system given rotation about one coordinate axis (z-axis in this case). 

Equations defining rotation about any other coordinate axis can be denved by using a 

permutation of the indexes in Table 4.1. The rotation is described by the foIlowing 

equation. 



Table 4.1 Coefficients for rotation about "3" axis 

In (4.6) the first subscript in the syrnbois q, indicates a row number in Table 4.1, 

the second a column number. The transformed cornpliances ( a,; } condensed to a single 

? 

1 J 
1 
2 
3 
4 
5 
6 

equation in (4.6) expand to the following: 

a;, = ai, cos2 $ + a,, sin @ cos 4 +a, sin2 4 

a& = a, cos' 4 - a,, sin 4 cos 4 +a,, sin' $ 

.. f 
cos2 a 
sinZ a 

O 
O 
O 

-2 sin a cos a 

a,'? = (a,, +aZ2 - hI2 -a66) sin2 4 cos2 41 +a,, - (4, -aZ6)(cos2 4 - sin' $)sin 4  COS^ 

2 
sin2 a 
cos2 a 

O 
O 
O 

-2 sin a cos a 

3 
O 
O 

1 
O 
0 
O 

= [k,, -.. sin2@-&, cos '~ i (2a ,2 -a , , ) ( cos2$ - s in2~) ] s in~cos~  

+al, cos' 4 (cos2 4 - 3 sin2 4) +a,, sin2 4 (3 cos2 4 -sin2 4) 

4 
O 
0 
O 
O 

sina 
O 

5 
O 
0 
O 
O 

COS a 
O 

f 

6 
sin a cos a 
-sin a cos a 

cosZ a - sin2 a 



a& = [2a, cos2+ -3, sinZ 4 -(%, +awl,)(cos24 - sin2+)]sin$cos$+ 

5, sin' 4 (3 cos' 9 - sin2 4) + a ,  cosL 4 (cos2 4- 3 sin' 4) 

ai, = (a, - a,, ) sin 4 cos 4 + (i, (cosZ 4 - sin' 6) 

a;, = 2 (a, - a,, ) sin 4 cos 4 su,, (cos' 4 - sin' $) 

4, = a,, cos 9 + a,, sin 4 
(4.7) 

In the case of a hollow filament wound cylinder with winding angle (k a), the 

winding ande y is traditionally measured in the (8-z) plane as a rotation about the radial 

direction (r). .eigle (a) is measured in reference to the (2) axis. By contrast, in a 

larninated plate the in-plane fiber orientations are referenced to the (x)-axis and rotations 

occur about the (:)-axis. In effect we now require a change of coordinates to 

accommodate between the cyiindncd system and the more familar planar situation. 

For a unidirectional lamina with the (x)-axis definino, the fiber direction, the (x,y,=) 

rectilinear coordinates do not translate to (r,B;) but rather interchange to (=,B,r) in the 

cylindrical system. Figue 4.1 iliustrates. 



.Y 

Cylindrical system Larninated Plate 

Figure 4.1 Angle measurements in different coordinate systems. 

The on-mis orthotropic cornpliance terms originating from unidirectional 

(rectilinear) test data mua be re-defined as in Table 4.1 and Figure (4.3) when referenced 

to the principal cylindrical coordinates. 

Table 4.2 Axis definitions 



R e c t a n w  Coordinates Cylindncal Coordinates 

Figure 4.2 Cornpliance matrk conversions in switching f?om 
rectangular to cyhdrical coordinates. 

The fiber bands laid d o m  in the filament wùiding process can be taken as as 

exhiaiting a transversely isotropie character. In the very strictea sense the material king 

put down can be descnbed as a coarse weave. the density of overlaps k i n g  related to the 

number of circuits per panem chosen to achieve complete coverage. In practical terms this 

weave is so coarse that vimially ail the areas exist in the form of  directional al" laminas, 

and the woven aspect cm WNally be forgonen (A look ahead to Figure 9.2 gives one an 

appreciation of the coarseness of this weave). 

For the purpose of analysis? a total of 12 non-zero cornpliance terms, defined in 

materid coordinate space as per equation (4.3), result in 20 ternis subsequent to a rotation 

ont0 the principle avis as defined by equations (4.7). The components 

a;, , a&. a;, a:,, a&, a& a;. a;, and their symmetric counterparts do not appear in Fi_me 



4.2(a) since the a,'s defining these terrns (equation 4.3) are zero on the RHS of equations 

(4.7). 

The stress-strain relations in cylindn~al coordinates can be written with indices 

(r, 0.2) replacing the cartesian descriptors (x.y.z), subject to the substitution scheme 

denoted in Table 4.2. Figure 4.2(b) indicates ho w the cornpliances referenced to the 

cylindrical coordinate -stem but originating fiom off-axis lamina properties need be 

replaced. This effectiveiy etimuiates the tmnS 016. 026 . aj6 , a45 for the transversely 

isotropie (filament wound) material defined in cylindrical coordinates. The resulting 

equations are constituted from 13 difterent aq's for a total of 20 terrns. In practice. the 

interwoven (2 a) plies iaid down by the filament windhg process effectively cancel the 

bu& or summed conmiution of the terms multipiied by sin t$ cos  t$ (ar6 .  a?6, al6. aJI) 

and their symmetric counterparts via continual sign changes in the terni {sin$) for 

equations (4.7). OveraL with balanced angle ply wiodings, the combined k iayer pair 

properties are reduced to: 

a;, = a, ,  cos'~+a,sin4 4 +(2o,? + a , ) s i n 2 @ m ' @  



a; = a, cos2 + aSr sin' 4 

a = a,, COS' 4 +a, sin' 4 

(4.8) 

The above constitute a fom identical to the orthotropic material case shown in 

(4.3). Equations (4.8) dong with property determinations based on a micromechanics 

mode1 descnhed in Chapter 7 are used to calculate the 3-dimensional laminate cornpliances 

in the "Super Pressure - Vesse1 Designer" code 

1.2 Stress and Strain 

Neelecting C the transition regions near a cylindrical vessel's dome closures. the mid- 

section c m  be modeled as a finite nurnber of orthotropic laminae. Strain and equiliirium 

equations for an element within such a lamina are weil documented and presented below. 

(See for example Saada [161] chapters 4 and 6 on Kinemotics of Continuous Media.) 



Figure 4.3 Components of suain in cylindrical coordinates [ 1 621. 

Figure 4.3 shows an element subjected to displacements as indicated. Considenng 

firn the displacernent u, in the r direction, we see from Figure 4.3(a) that 

From 4.3(a) we also see that pure radial displacement yields a main in the 8 

direction, since the element has elongated in the 0 direction. The Iength of the element 



ab was orighally ri3 ; but afler the radial displacement ur has taken place, this element 

has the position a'b ' and the new length (r + u , ) a  . The tangential strain due to this 

displacement is therefore 

From Figure 4.33) the tangential displacement v, gives rise to a tangential strain equal to 

and the total tangential main E, is equal to the surn of E,, and ce_,  or 

The normal strain in the axial or z direction is given by 

The shearing strain is given by the difference between the angle cab and c'a'b' in Figure 



The first term comes fiom the change in radial displacement ur in the tangential 

direction; the second term comes from the change in the tangential displacement v, in 

the radial direction; and the last tenn appears since part of the dope change of the line 

arc' comes fkom the rotation of the element as a solid body about the axis O . From 

Figures 4.3(d) and 4 3 e )  the other two shearing strains y, and y ,  may be obtained as 

follows: 

and 

In the above we have assumed that the angles are equd to theu tangents and that 

the rate of change of displacement with respect to length is srnaIl compared to unity. It 

mua be stated that these equations are restxicted to smd displacements since they 

comprise only the linear ternis of the fiill set. Second order effeas and small dserences in 

the definitions between tensonal and engineering main bound the accuracy of all 



equations developed forthcoming. These are standard "srnail displacement 

approximations". In surnmary for cyiindrical coordinates, the strains are expressible as: 

Figure 4.4 shows a cyiindrical element. In the absence of body forces the 

equilibrium equations are derived by working out the balance of forces. 

Expansion yields: 



axis of romrion 

. + r  

Figure 4.4 C ylindricai equilibrium element . 



Division by (& rd3 d-) and neglecting znd order tenns gives for the radial direction: 

Circumferential direction: 

Expansion yields: 

dl c, dB 
~ , & h - - + - d e d r d - - - r , r d 8 & + r , r & d r i 7 & r & d r = 0  

3 
œ a - 7 CI" 

Division by (& rd8 d:) and negiecting 2" order rems yields for the circumferentiai 

direction: 

,kïai direction: 



Expansion yields: 

Division by (& rd3 d-) and neglecting order tenns yields for the axial direction: 

In many applied situations certain terms in the above equilibnum equations are 

fiom symmetry considerations and by Saint-Venant's principle taken to be invariant. This 

allows a degree of simplification. For example, banhg  unusual construction, in cylinders 

the elements attr&ubng stress components due to variations dong the axis c m  be set to 

zero. 

The equilibrium equations in cylindrical coordinat es are thus ordinariiy expressed as: 

Equations (4.9) and (4.10) define the displacement and equilibrium equations 

respectively. Their combination into one or more undjing equation(s), called 



compatibility relation@), are a necessary step to arrive at equation(s) defïning a physicai 

pro blem arnenable to a closed form solution. The Method of Poteniials is one cornmon 

technique among an assortment particularly suited to arrive at a solution for self- 

equilibrating stresses in plane strain / stress problems. The Airy S stress function belongs 

to this category and is resorted to subsequently. 

The orthotropic cyhder is of practical importance to analysis. For a mical 

filament wound constmction adjacent, (+ a) angle wound layers are taken to behave as an 

orthotropic unit, given that the individuai ply thickness is a srnali fraction of the whole 

lamina. Twisting, due to lack of exact symmetry in ply stacking, can be caiculated on an 

individual layer basis using the methods presented by Sherrer [go] and as determined by 

Hoa [92] for specific comructions. Even under unrealinically extreme circumstances it 

was found that the resulting shear messes remain about 4 orders of ma-ginide less than 

the principal stresses. The fidl implications of carrying forth without yielding to a ply-pair 

analysis can be appreciated by nudying the equations brought forth in Chapter 5. 

Local bending on the cylinder w d  due to the end closures is neglected. This is 

acceptable for the mid-section of long cyhders where the end effects have died out. 

Generalized plane strain analysis can be invoked and in a first approximation it is assumed 

that the end sections are c o h e d  b e ~ e e n  fixed smooth ngid plates acred upon by a 

known force resulting fi0111 the endcaps. Hence the axial displacement is taken as a 

constant value at every cross-section (rather than zero). This can introduce d errors 



because the restraint condition itself superposes its own stresses due to interna1 Possion 

action. Witherell [74] presents a 3 çtep axial strain equilibrating correction procedure for 

the plane-strain analysis method. Fkst the conventional (E. = 0) plane-strain axial 

procedure is used to determine layer stresses due to the applied pressure. Then, in the 

correction, axial forces are applied to the individual layers such that each layer sees the 

same cornmon axial strain initidly assumed. In the third aep, the gaps and overlaps 

resulting in the radial direction fiom the equilibrating layer stresses are used to compute 

additionai inter-ply stresses which are finally added to the original pressure solution. In 

what foliows the solution is obtained in a more direct manner. 

Linear elasticity requires that the equations defining strains and displacements be 

sirnultaneously satisfied. It is necessary that in the process of deformation no voids or 

overiaps be created. This requires limitations upon the mains and mathematically such 

restrictions are defined as compatibility equations. (See for instance [16 11, pp. 89-91 .) For 

the general case, six such resuictions exist, however when one condenses a problem to 

either plane mess or strain (variations in either strain or stress in the third direction aïe 

neglected) a single compatibility condition emerges. For g e n e r h d  plane main dong the 

axis of a cylinder, the compatibility equation can be derived by taking appropriate partial 

denvatives of the stress - arain relations and m a h g  substitutions to elhinate 

displacements. A derivation of pertinent seps to this plane-strain elastic stress solution is 

detaiied below. 

For the condition of general anisotropy, in cylindrical coordinates, the system of 

equations to be solved can be organized in the following manner: 



(4.1 1) 

By symmetry, strains must be the sarne at ail cross-sections. It is sufficient to 

consider a slice between two sections a unit distance apart. Strains can be functions of r 

and 8, but not of axial distance 2. In a generalized plane strain anaiysis E _  is set equal to a 

constant rather than zero. Using t h i s  invariance of E: the equations c m  be fùrther reduced 

by introducing C and the reduced coefficients B, in the following rnanner. 

let: 

C - a,, - a.  - = a,; a, i a,, a ,  i a, 5, - a,' 5 ,  + a,, r, 

hence: 



Substitution of the definitions for oz and the P, coefficients into (4.1 1 )  allows 

regrouping of terms. Substitutions for E~ are worked out below, the other 5 strains can be 

re-written identically. 

Collecting terms: 

By the above, equations (4.11) c m  be gïven as: 

Methods of solution to the above problem are not obvious. One technique is via 

the method of potentials. This entails use of a stress fùnction which satisfies the 



equilibrium equations and aiso defines a relation between itself and body forces (if any). 

The quest is to find a solution to the compatibility equation, +tten out in tems of the 

stress finction, that satisfies the boundary conditions. Stress fiinetions for general 

c y lindrical anisotro p y are available. For instance Lekhnitskii [88] (section 23) or for 

isotropie cases Saada [161] (section 9.9) and Timoshenko [Il41 (chapter 12) with some 

specific cases being examined. Experience however detemiines which funnion applies 

itself well to particular boundary conditions. 

Two stress fùnctions, F @,O) for direct stresses and Y (r ,8)  for shear, are 

introduced and define the stress components. These relations are applicable at the 

individual layer level but can also be used effectively to descnbe ply groups under specific 

circumstances . 

Let: 

By assuming homogeneous construction (within a group of I angle windings) and 

realizing that anylar symmetq in the (8) direction impiies stresses remain identical at dl 

cross-sections, the problem cm be sirnplified. The solution sought WU be an equation in 

the form of functions of ody one variable (r), without relation to angular position 8. 

Provided the cylinder is effectively built up from orthotropic ply goups (rather than 

considering each ply separately), and that there is no extemal axial torque applied, 



couphg wili not exïst between normal and shear components, nor will there arise any 

shear stresses to resisting an applied moment. The need for Y wbich relates specificaily to 

shear stress is eliminated. Under these conditions the stress components reduce to simply: 

The goveming equations of (4.14) can be simplified to: 

ou 
S v  = - _ - - C = constant 

A u m n g  relation c m  be denved by taking appropriate partial derivatives of y, 

as dehed in (4.9) and making substitutions to eliminate the displacements in (4.1 5). 

A substitution for the fint term in (4.16) is immediately obvious: 



The second term can be generated equaliy. From (4.9) 

The second term of (4.16) becomes: 

The dzerentiai equation that must be satisfied is obtained by subnituting the 

stress-grain relations (4.15) h to  relation (4.17) while expressing the stresses in terms of a 

stress knction. Recalling that symrnetry implies no variation with (8) dows the reduction 

of (4.17) to: 



The second term of (4.1 8) is - -- 

The first term of (4.18) is: 

Hence 

The above reduces to the biharmonic equation: 

(4.19) 

A solution to (4.19) requires that the boundary conditions of the problem be met. 

Conditions on the cylindncal surface are: 



where P and Q are intemal and extemal pressures respectively. The substitutions outlined 

below permit solution via the bihmonic (Euler's) equation. 

Let: r = e' ; t = lnr ;  
dr 1 - = -- 1 - = e-' 
& r '  r 

= -  1 dF dF d F d t  d F e - , = - -  = - = -- 
dr Lit dr dt r dt 

d d dt 
F m  ( r )  = - [ ~ ' ( r ) ]  = - [ ~ ' ( r ) ]  - 

dr dt dr 

d d dt d LJF d = ~  
F'" ( r )  = - [ ~ " ' ( r ) ]  = - [F" ( r ) ]  - = e- t  - [ 2 e - 3 1  - - ie-" ,- 

dr dt dr dr b dt dt = 

Substituting the first throu* the fourth derivatives of (4.20) into relation (4.19) yields: 

1 d ' ~  6 d 3 ~  + == 11 d ' ~  - 6 9  + &(-- 1 d j ~  - -- 3 d - ~  + 

rJ dt3 r dr- r' dt r3 dt3 r3 dl2 

Simplification yields: 



and division by p p  allows expression as: 

The characteristic equation in terms of the roots is: 

The roots can be determined by long division. One method is to divide the above equation 

by a suspected root. (A-2) as a divisor yields no remainder, hence it proves to be a root. 



Two roots have already been extracted: 

hl =O, 1, = 2 

The quadratic formula c m  be used to extract the remaining roots from the quotient above: 

Definhg K = &, , P 22 

then 1, = (1 + K), l4 = (1 - K) 

The solution of the differential equation takes the fonn: 

F(r) = C,eLt' + C,e* + C3eh' + C4ehr 

One can check the validity of the solution found for the stress fùnction: 

From equation (4.22), 

b F  - = K (1 + K) (K. - 1) ~,r"-' + (1 - K) (K) (1 + K ) c , ~ - ~ - ~  
i?r3 

Substitution into (4.1 9) @es 



But K2 = - , hence the equality holds 
P, 

Appropnate boundary conditions, when applied to the stress function yield the 

stress distribution within the orthotropic cybder. 

2'F 
0, = - = 2C, + K (1 + K) c~P' + (1 - K) (4) CJ-"-' 

Cr' 

Looking back upon (4.22) and the partial denvatives that associate stresses with the stress 

function one can see that the choice for C, is not relevant to the mess distribution so it 

can be set to zero. However we are still left with 3 constants to soIve for. There are two 

evident boundary conditions, narnely the stresses at the inner and outer surfaces. We have 

at the boundary: 

r = a ,  a , = - P  
where; P and Q are dehed as intemal and extemai pressures. 

r = b ,  a,=-Q 



One must search for a third restra.int upon the system, othenvise the third constant 

in the above equations cannot be determined. The system cm also be solved if one 

arbitrady assigns or finds justifiable reasons to assume that one of the remaining three 

constants must assume a value of zero. This is the approach taken in the work of rnany 

authors, including a publication on thick-wall pressure vesse1 analysis by A.K. Roy and 

S. W. Tsai [9 11. Here C, is taken as zero. Unfortunately this approach is mathematically 

incorrect and it will be shown by Chapter 8 that such an assumption leads to a s m d  error. 

A third constraint condition can be developed in terms of displacements. From 

(4.15) and considenng the absence of variation with respect to the 0 direction we have: 

Gu c' 
but since u = ne and therefore = = - (E, )  we have 

or Gr 

Substituthg for the stresses fiom (4.13) yields 



which reduces to 

Pl , substituting K 2  = - we are left with 
B,. 

hence the constraining relation becomes 

system (4.23) is restated as 

and 



Applying the mess boundary conditions at the inner and outer surfaces, the radial 

condition can be set as: 

Using matrix cofacton the constants C3 and Cd can be extracted. 

Substitution back into equation (4.23) allows reduction to a more compact form. For o;: 



f a c t o ~ g  out bX-1 and KK-' fiom the denominator 

Multiplying top and bottom terms by: b-'Ka'-K 

-p(b)-'-' (O)"' + Q} + (;) -" {-O(@'" y O)-" + P(b)-"-l (0)" 
a 2 K  b - 2 K  - 1 (a)'" (b)-" - 1 1 + 

-P(c)~-' + Q} + -'-' {-Q(c)" + p(c)'+' 1 - , 

(c)IK - 1 (c)" - 1 

Defining : 

Then a, can be stated as: 

where; c = (alb) 

By simdar rnethod G, is solved for. 



factoring out b "" and b 'K-' from the denorninator 

-2K l d K  Multiplying top and bottom terms by: b a 

- p ( , ) - 1 - K  (4"' 

(a)'" (b )  -2K - 1 



Defining: 

Then a, can be stated as: 

With knowledge of the stress distribution, the displacements of the cyiinder are 

found. From equation (4.14), and knowing that F is a function of r only: 

From equation (4.9) 

where; ( I ) defuies the length of the cylindncal section. 

The radial displacement is found by expanding (4.27) 

Since the problem of interest is a lamhated onhotropic cylinder constructed of 

many distinct layers, it is appropnate to introduce additional notation when carrying 

towards a general solution. With reference to Figure 4.5, the superscnpt and subscript trnj 



denotes the successive layers (orthotropic units) from the inside to the outermost layer p i .  

Specific rad5 or sdaces upon which a pressure is acting are denoted by a and q with 

subscript ci . Because there exîsts one more definable surface than the actual number of 

layers (n), the innermost surface is defhed at radius QO and consequently al1 successive 

surfaces are defined at the outer lirnit of each layer up to a,, , the vesse1 extenor. 

(m) = 0,1,2,3 ,... n 

a = a,, ; inside surface 

h =a,  ; outside surface 

The boundary conditions at the inside and outside of the cylinder are: 

Since adjacent la- are bonded, the foUowing conditions mua be fùifilled: 

Furthermoo we d e h e  q(,.l, and q(,, as the normal forces acting on intemal and extemal 

surfaces of the rn& layer. 



Cylindrical Wall , q n  
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Edarged View d the Cross Section 

Figure 4.5 Cylindrical cross-section definitions Adapted tiom [95].  

The messes and displacements for each layer can be expressed as: 





On the right hand side of the equation is the force due to the endcap and Fis an 

applied extemal force. 

Equation (4.34) can be expanded by substituting &om (4.32) and integrating 

appropriately. The result d be an expression for C as a function of the interface 

pressures "q,  ". First substituthg (4.30) and (43 1) into (4.32) expresses aim' as: 

Equation (4.34) can be restated as: 

Expansion of the summation term above, using a:,'"' as expressed in (4.35), now yieids: 



The integrals in (4.36) are developed. The first integral is: 

The second integral is: 

The summation appiied to (4.36) can now be written out. The first part expands to: 



The tail end of the above equation can be simplified to: 

The summation in (4.3 8) is revised to: 

The second part of the summation term in (4.36) can be written as: 

The last part of the above equation can be simplified to: 

The second part of the summation in (4.36) can be revised to: 

-(air' + Km ag') (a,) (am - '2  am-, ) + 

K,+l 

sa Kw 

( c m  a m )  (am c m  -am-, 
(a;;) - Km a!,"') 

1 4 ,  

And the last tems of (4.36) are: 



Defining 6, as expresssion (4.39) with the multiplier q(,i, removed and defining X, as 

expression (4.40) with the multiplier q,,, rernoved, equation (4.34) can be recast: 

(4.4 1) 
Solving for C, we have: 



The constant axial strain C cannot be deterrnined until the interface pressures q, 

are known. The condition of equal radial displacement u at the boundary between any two 

adjacent layers pennits additional equations allowing a determination of the interface 

pressures. 

The boundary displacement, equation (4.43), can be expanded by substituting (4.33) and 

puning r = a,,, . This yields the following: 

The terms can be re-grouped: 



Redefining some of the coefficient tems is necessary. Using the substitutions 

- the following form can be attained. aml = cr la rn  and a, = cm a,, 



where: C has been dehed by (4.42). 

Re-arranging and combining tems yields: 

(4.44) 
The two t e n s  with coefficients q, in (4.44) can be rew&en as: 

rearrangement gives: 

1  
=m q m  [(1 + c? )Km pE' + (1 - c l  )pi;))] i 

[I - c2 
1 

[ ( l + c Z r 1 ) ~  ~ y )  -1 - l) Pirl]] 1 - cEr1 1 - + (cm1 





equality for all the interfaces and henceforth solving the equat io ns simultaneo usly . 

Redefining some of the above quantities aiiows manipulation of the system into a rnatrix 

format. This provides a clearer view of the problem and renders solution via 

implementation of cornputer algorithm easier. The solution procedure used is outhed. 

Lett hg: 

Step 1: 

L and A can be evaiuated directly without knowledge of interface pressures, and 

thus becorne constants for any &en problern 

Step 2: 

With L and A k n o m  two column matrices are defhed: 

The above 2 column rnatrk values are defbed for each interface, the nurnber of interfaces 

king (ml) the number of layers (n). 

Step 3: 

The balance of equation (4.46) can also be broken into rnatrix format. 



Defining : [QI a CO lumn matrix with (n + 1) terms 

[Dl arnatrixofdimension(n-1) (n+1) 

[El  amatrixofdimension(n-l)(n+l) 

The [QI matrix defhes the pressures at each surface or interface. 

where: q, ; m =  O,l,2,3 ... n 

Each summation for [& q,.~ + X ,  q, ] represents a separate but 

identical row in the [Dl matrix. The number of rows corresponds to the (n-1) inrerfaces. 

wherefor: 6,.y, ; m =1.2.3 ,... n : n =numberoflayers 

where for: a, , a, , y, ; rn = 1,2,3 .... n ; n = number of layers 

The foregoing definitions permit writing equation (1.46) in a matrix form which 

reduces as follows. 



[a[Q] and ( [ u [ D ] }  [QI each produce (ml) equations with (n- 1) terms. Thus the 

lefl hand side (LHS) cm be combined and represented by the matrix [Pl. In [QI; 4, and q, 

are hown (intemal and external pressure) hence when [Pl@] is multiplied out the first 

and last columns of the LHS result in knowns that cm be subtracted fiom the matrix [F]  

(consihg entirely of knowns). The matrices resulting from this subtraction are 

represented by [P*],[Q1] and [FI]. Since [P*] is square (dimension (n- l)(n- 1)) and each 

of column matrices [Q*] and [Pl is size (ml), the system becomes amenable to solution. 

The "Super Pressure Vesse1 Designer" program uses LU decomposition with 

partial pivoting (ref [164]) to soive for the interface pressures represented by [Q*]. The 

program then employs equaîïon (4.42) to compute the constant axial displacement C and 

thereafter calculates the individual layer stresses via equations (4.30), (4.3 1 ), (4.32) for or 

, and 4 respectively . 



Chapter 5 

Generalized Plane Strain and Closed-Form Variable Property Solutions 

5.0 Generalized Plane Strain Cylindrical Relations 

This chapter explores the cyhdncal elasticity relations with the aim of bringing 

some clarity to ongins of the equations, impiicit assumptions and details not found in any 

of the texts or papers cited in the teferences. To this aim the results are constmcted fiom 

basics. It is felt that many researchers have neglected such a tedious task and thereby also 

fallen victirn to either typographie errors as present in Lekhnitskii's work Anisozropic 

Bodies [88] or misappiied / misinterpreted the equations, especially as concerns the 

undetermined constants of integration. In virtually aii cases, because of the sirnpldjmg 

assumptions made (though perhaps not necessarily understood) the outcome is unaected. 

As we wili see, a true layer by layer solution is far more cornplex as it involves shear 

stresses and twisthg effects that m u a  be solved simultaneous with axial contractions. This 

is a daunting endeavor for a multilayered vessel. Here the equations are presented in fidi 

for only one such layer. 

Elasticity relations in cybdrical coordinates are usuaiiy stated without c o n s i d e ~ g  

fully the possibilïty of deformations in the axial coordinate direction z. -4 definition of the 

generalized plane strain condition is that it entails lateral forces to act in planes normal to 

the axis (generators) and not to Vary dong the lenu& of the assumed infinite body. -4 



primary consequence is that stresses and strains (but not necessarily displacements) must 

show no variation in r. This eliminates % fkom the equiliirium equation (4.10). 

If'there are planes of elastic syrnmetry normal to the generators, the cross-sections 

remain plane under loading, the case of pure plane grain. If however there are planes of 

elastic symmetry but none of them lie pardel to the r-8 plane, and particularly in the case 

of anisotropy, the deformation is no longer plane strain. In this case it is not possible to 

satise all equations and conditions of the theory of elasticity with the assumption that 

axial displacernent w = O ; the cross-sections will warp and / or twist but all identically. 

This kind of deformation is described as generalizedplme strain, in distinction with pure 

plane arain. In generalized plane main the restriction w = O is loosened to E, = */, = 

constunt This implies that w = Dz + FV&e). -Gai  displacement is thus pemiined as a 

function of ,- and as a more generai function of r and 0 . For a body of finite length, the 

deformation is not strictiy generalized plane main since the displacements will depend on z 

unless the forces acting over the ends are distributed in a manner identical to the intemal 

stresses r,, T,, 6, present within a cross-section of the infinite body. 

Figure 5.1 depicts resultant stresses, forces and moments acting over the ends of a 

long cylinder. However on the basis of Saint-Venant's principle, it is known that the exact 

stress distribution over the ends present in a finite body will assume those of an infinite 

body at some characteristic distance fiom a local abnormaiity. In composites this distance 

is much greater because stresses are channeled dong the fibers, nevertheless it exias, and 

for a -pical graphite-epoxy such as T300/5308 it is approximately 4 times greater than the 

chamteristic thickness dimension that would nonndy associated with an isotropic case of 



the same geometry [104]. If the ends of a fmite body are fiee fiom forces and are not 

hed ,  the following exact conditions mut be met at the ends: T, = r, = t, = 0 .  

Altemately these conditions may be replaced by appropriate ones requiring that the 

resultant force vector and resultant moment of the forces at the ends equal zero. If there 

exist resulting moments or forces acting over the ends of a finite body, then solutions for 

the infinite case can be u t k d  (excluding local end regions) by equating the extemal 

resultants with the undeterrnined constants of integration entering the solution for 

disp lacements to be presented subsequent ly. 

Fi-me 5.1 End conditions for cylindrical body 



Equations (4.9) and (4.1 1) combine to give: 

as such, a, cm be expressed separately: 

- 

6, =-- 
-(%~or +%Qe + a35r + ajj 'n + a,,?,) 

a55 a33 

Defining the reduced coefficient P , , 
where: p, = a, - - - - Pji 

aï3 



Similariy, the same substitutions can be applied to the entire syaern and (5.1) is 

transformed to: 

CU a1 5 - = BIIur + P l l ~ a  + P 1 4 + . . . . + P 1 6 ~ d  +-D 
êr a,, 

5.1 Rigid Body Rotations 

Before proceeding we must consider rigîd body displacements and rotations. With 

reference to Figure 5.2 ; o , , a,, o , represent muII rotations of the body (in radians) 

about directions r, 0, z respectively. Let iî,, v, , w, De translations. The following 

relations can be written for point O representing an arbitrary location on the cyiinder. The 

components of motion resolved to u', v', w' cm be stated as: 



Figure 5.2 Rigid body motion nomenclature 



With reference to Figure 5.2, ngid body motion in equation (5.4) for direction u' has both 

translation and rotation components. The translation components for point O constitute 

the horizontal components from normal displacement vectors v, and uo 

( u ,  cos0 and v,, sin 8 respectively). The body can dso be rotating, and this rotation is 

described by components w , , o 2 ,  o , . These too can be resolved into their trigonometric 

components dong the rio and vo directions as indicated by the circular arrows on the 

diagram. Taking the body's center of rotation at arbitrary point O and imagining a point 

displaced fiom this location by a distance 2 at location Or, the rotation components about 

the v' axis would constitute of two parts: (0 cos 0 and - a, sin 0) . Since the rotations 

and displacements are restricted to being small quantities in this analysis, the 

corresponding movement in the u' direction is simply the ann z multiplied by the net 

rotation (0 cuse -O, sine) . The other ternis for v' and w ' are constituted similady, with 

the addition that a point cm also be ha-gined as being displaced from location O by a 

distance along the r direction to O' . 

We can now define more generai functions for displacements (u,, &, & Y,) dowing 

both strains and ngid body rotation / translation. With the concept of generalized plane 

strain introduced earlier, position along the z direction is not a factor and we can exclude 

from (5.4) the terms uivolvhg z. Adding to these yet undeterrnined generd functions of 

displacement we attain the form 

u, (r.0) = U(r .0 )  + iio COS 8 + vo sin 0 

Y, ( r . ê )=  Y ( r . û ) + o j  r +v0  COS^-U, sine 



W, t;G.e) = W(r.0) - r(o cos 0 - a, sin 8) + w, 
(5 - 5 )  

Here U ( r . û ) ,  V ( r . 9 ) .  W(r.0) indicate displacements other than those introduced due to 

rigid body movements and these do not involve =. it will later become evident they arise 

fiom internai strains. The objective is to extract an encompassing form for D and further 

to  arrive at equations describing in a general sense the displacements of a cylindncai body. 

cw 
From (5. l), = D , so we integrate 

Ct 

w = D: + y(r.e) where: ( )  takes its fonn frorn (5 -5 ) .  

The fourth of (5.3) can be stated as: 

ov a,, 1 aW - = p 4 p r  + pqo8 +Pli?% + P l l ~ ~  + P J n  +-D--- 
2z a;: ri% 

Where: Pl is the integation constant. (5.6) 
The fifth of (5.3) can be stated as: 

Where: Cr, is the uitegration constant. (5-7) 



Substituthg the above expression into the first of (5.3) and equating terms: 

Since z + 0, the terms multiplied by z and z' must themselves = 0. 

hence: 

and 

so: 

Similady for the second of (5 3) 

Equating z and z' coefficients we l e m  that 



û ( O )  U (r.0) 
& L -  - B 2 p r  + P,JF~+ - . .  +-D 

rXl r 0 3 3  

From the 6' of (5.3) we have 

equating coefficients 2' we see that 

equating coefficients with 2 we have 

The remaining terms are: 

(5.14) 

One mus solve for ail possible forms of D. From the expressions in (5.Q (5.10) and 

( 5 . 13 ,  the following 3 conditions m u t  be satisfied: 



Beginning with the 3" condition, it c m  be cast as: 

Figure 5.3 Polar to rectanguiar conversions 



With the help of Figure 5.3 we recognke thatrd8 = dv and the second condition of (5.15) 

is cast in rectangular as: 

since: cos' 8 = 0 , 

Integrating with respect to (Y) gives: 

Integrating wrt (x) oves: 

Since the order of differentiation inun be immatenal, we can state that: 

hegrating wrt. (x) gives: 



Integrating wrt. (y) gives: 

(5.17) 
The &si condition of (5.15) is examined and cast into rectangular coordinates. 

cos' 0 = O 

integrating wrt. (x) gives: 

integating again wrt.(x) gives: 

(5.18) 

Comparing equations (5.1 6), (5.1 7) and (5.1 8), each expressing possible solutions for D, 

we note that the coefficients C,, - C: - and C, mua equal zero since they are unique and 

have no counterpart amongst the various expressions. 

Further, similarity requires that C, = Cl = Cg = C . 

Cp = Cj f (x) = C p  only if f (.) = x and 

also 



C, f(Y) = Cla y = C7 f .(y) only if f(~) = f0(.) = y  and Cl* =C, =C7 = B  

If one does not impose the conditions above for both the unspecified functions of (1) , @) 

and the coefficients, only a trivial sohtion results. 

We conclude that the oniy possible fonn is: 

D =  A x + B y + C  

reverting back to polar 

Finally the 3" condition of (5.15) cm be used to check die solution above for possibly 

being restrictive. 

One must conclude that the solution found for D is not restrictive. 

(5.8) can be stated as: 

The above can be expressed as 



integration then yields 

Where C* is an integration constant. 

(5.10) c m  be expressed as 

From Figure 5.3 one can use the substitutions 

and the second part of the RHS can be transformed to 

since this derivative evaluates to zero we have 

and by integration 

Where: Ca is an integration constant. ( 5  .Z) 



Substituting (5.20) and (5.72) into (5.13) 

reduced to: 

and we know that f (O) must be a penodic fùnction otherwise we wouid have multi-vaiued 

displacements. Dserentiation will not make it disappear thus the only possible solution 

becomes 

Cœ=O , f ( e ) = O  and f@=k9r 

Since C'is immatenaf to the outcorne, we set it equal zero. From (5.21) 

and 



1 a2w 
Two equivalent forms of -7 can be written. From (5 .25)  

r am 

however 

a r a w  a - ( -- ) = T ( ~ i l ~ r  t PaoB +....+P *T*) + - ( A M s ~  +   sin 0) - 9 
d r r a  or '733 

substituthg (5.26) and (5.29) into (5 .18)  



equating (5.27) and (5.30), separating differential terms to one side 

A relation to combine u and v is sou&tt. The first, second and sixth relations in (4.9) are 

restated below. 

The approach taken is to solve for y, as a combination of E, and E,. We take a 

derivative 8/m upon y, and attempt to subaitute derivatives of E ,  and E, to establish 



The first term above is sirnply 

for the second term of (5.3 2) 

multiply by r 

but 

hence 

Substituting ( 5  -33) and (5.3 5) into (5.32) yields: 

which is recast as: 



fiom (5.1) relations for E,,E,,~, are put h to  (5.36). 

Expansion and separation of differential ternis to one side gives: 

For displacements using (5.5) we have: 

w = D : + q  =:(~rcosû+~rsin8+C)+W(~.e)-r(o.cosû-o,sin8)+w, 

w = I ( A ~  cos0 + Br sin 8 + C) + W(r.a) + rf 

where; w' = rigid body motion &in to (5.4) 

From (5.7) using ( 5  .zO) and (5.5) 

-=' 5 
u=-- ( ~ r  cos0 + l3r sin 8 i C) + ~ ( r . e )  + u, cos0 + v, sin û i 

2 Cr 



- *' 
U = ~ ( A C O ~ ~ + B S ~ ~ ~ ) + C I ( ~ . ) + ~ '  

7 
d 

where; ut = rigid body motion akin to (5.4) 

From ( 5  -6)  using (5 .??) and (5.5) 

-:' S v=-- ( ~ r c o s 0 +  B r s i n 0 + C ) + ~ ( ~ . e ) + o , r  +vo CO&-uo sine + 
- 7 r8l 

a34 3 P,,a, + P 4 2 ~ e + . . . . + - ~ - - ( ~  -r(co2  COS^ - O ,  
a,, rOe 

- 2  3 - v=-- ( ~ r  cos8 + Br sin 0 i C) + bV(r.e) + o ,r + v,, COS 0 - u,, sin 0 + 
2 rt3 

where; v' = ri$! body motion akin to (5.4) 



5.1.1 Examination of Constants 

Apart h m  rigid body translations and rotations, the cylinder's intemal 

displacements (defomations) are described Ma u. v and W .  The four constants 

A, B, C, 9 describe global deformations arising h m  the intemal strains. By inspection it 

is evident that 9 represents twist. A and B bending defomations in mutually perpendicular 

directions and C represents axial displacement. Additionally one can see that for a finite 

length cylinder under bending, the coordinate z = O is to be taken at the middle of its 

length for the displacement equations to apply comectly. 

If we assume from syrnmetry considerations that there is no variation in 

displacement wrt. 0 ,  then the angular variation of circumferential distortion (va), 

warpage charactenstic of bending (b-/,) and radial distortion characteristic of squashing 

(aV/,) disappear. From equation (5.40) we note that lengthwise taper (y&) does not exist 

since ad denvatives on the RHS equate to zero except for deformations resulting fiorn 

constants A and B dependent on angle 0 which simply reflect gross bending. The direct 

radial defornation charactenstic of pressure (y*) and &ai deformation characteriaic of 

end loading (a-/,) exias. AJso warpage charactenstic of axial shear ("Ar), distortion of 

the radii characteristic of twisting (hi/,), and lengththwise twist ( ~ 4 )  remah. 

Examinhg a single filament wound layer, and using Figure (4.2b) dong with the 

stress hnction introduced for (4.19, we note that only remaining shear stress is T, . 

However a,, .... a,, and aI6 .-..a* = O, thus y, = y, = O . This leads to the conclusion that 



% = O and (y$ - $) = O . Therefore % * O and distortion of the radii characteristic of 

twisting takes place. Lengthwise twist is present, a direct result of % t O . 

A more practical view takes into consideration that fïiament wound layers do not 

generally exist in isolation but as intenvoven t angle pairs. In effect the lay-up is 

symmetrical both about the midplane and wrt. the generators. This elirninates a,, . . . .a, 

and lengthwise twisting (%) effectively ceases. It is with this assumption that the 

methods of Chapter 4 are quite justifiable, however a complete understanding does require 

a look at the general case. 

5.2 Extraction of "Ln Terms 

The dEerentia.1 equations (5.3 1) and (5.38) can be solved using the mess functions 

presented in Chapter 4. For clarity they are repeated below. 

The LHS of (5.38) can be expressed in tems of the stress fùnction. 



The 1' term in (5.42) expands to: 

The 2' term in (5.42) expands to: 

8 Y  1 8Y 1 S2Y 2 dF 1 8 F  
P I 4  7 - 815 -- 1 a ' ~  

+ P I S  - P , 6  -7z+ Pis -- 1 t ? ~  --- -- 
~ r -  r 2  r' +a + P M  p +a PM *la 

The 3" term of (5.42) expands to: 



The 4" term of (5.42) expands to: 

Grouping terrns for F & Y : 

Dividing the whole expression by ? we can express it as LLF + &Y = RHS . 

where: Li Represents al1 differentiais wrt. F 

Represents ail dserentials wrt. Y 

Equation (5.3 1)  can be treated equally. Expansion gives: 



(5 -44) 
Further expansion yields: 

Grouping texms: 

(5.45) 
The equation can be expressed as: 

G , F + L ~ = R H S  
where: represents d the differentials with respect to F 

L, represents d the differentials with respect to Y 



In summq, the system of diffwential equations to be solved is: 

3 - cos0 2 sin î3 
L4F + Gy = - [A(Q~: - a3) + Ba36] - + - [ B ( = ~ ~  - a,) + Aa,,] - 

a33 a53 r 

5.3 Variable Material Coeflicients 

We examine nexz the case for variable materiai coefficients in a pressure vesse1 

conmaed of a set of off-axis orthotropic layers. Recalling previous discussion 

concemine - the possibility of bending deformations, and since in this case there are no 

extemally applied bending moments to react, we note that the arbitrary constants of 

integration A & B = O . 

For this case (5.3 1 ) and (5 -3 8) Unmediately sirnpli& to: 

and 



Seeing that filament wound construction aiso entails rotational symmetry, we can set 

We are left with: 

symmetnc counterparts equal zero. 

The synem (5.46) is now: 

and 

If the material coefficients arefixed the fust part is: 

which simplifies to 

and the second part is: 



rewriting, 

3~ a2y z2y 
r 2 P 2 2  z- ' P Z 4  7 - rpZ4  -- 2'3.' 

dr- art 
r2PI4 7 = RHS 

ar 07 

(5.49) 

lf the matenal coefficients are variable and expressible as a fùnction of (r)  they are then 

subject to differentiation. A simple yet powerfùl variation c m  be set using power fùnctions 

(though any other suitable fùnctions could be utiiized for this purpose). Applying the 

power fùnction form to the generai case: 

ay = a!, r-" 

Pli  = Y 
Then (5.47) can be stated as: 

Dividing both sides by r-" we can write 



similarly (5.3 8) becomes 

a Divide both sides of (5.5 1 ) by r - and we have 
ûr 

-- a a,, - c-&c] 
a 3 3  

Collecting terms: 

r "-' 
Multiplying both sides by - 

Y22 



Making the substitution: 
CF 2Y 
-=k - = c P  Cr (3- 

The equations (5.50a) and (5.52a) c m  be reduced by 1 order of magnitude: 

(5 .53)  
Recognize that: 

Therefore: 

d Ca,, 2% y ( r ' - n c p )  = - - - a2m ( ~ ~ ~ + ( l - n ) ~ 2 J *  Y , . , ~ - ~ - , ~  
i r  1-n Y 2 4  , +r-" --- 

cr Y&;3 Y U  Y U  5- Y= ôr y, 



Substitutkg the expression for cp back into (5.53) 



(5.54) 

The systern (5.46) has now been coilapsed into the single Euler equation above. Next we 

mua find solution to the homogeneous pan in (5.54). 

let: 

The LHS of (5.54) becomes 

Since r "--' * O 



n f , / n 2  +4yn 
where; y ,  = Y , , h  -Y:, - ~ ( Y , , Y ,  -Y,,Y,) 

1 x 2  = 9 2 
L ' P u Y t r  - 7 2 4  

The solution is: 41 = C,r4 + C,r 

aitematelyif I ,  = s ,  A 2 = t  

The RHS terms of (5.54) dictate the panicular solution: 

the Wronskian: n = y, yf - y;y, 





Cr "' --. gn 
Y* - a,, lin-y, 



using 

therefore 



- (y14 -'YU) PI, - 2(n + 2)(y,y, - Y ; ) + ~ ( Y , ~ Y ~ ~  -Y~,Y+J-(Y,~L -y:) 

yn = Spl,rb2 + C3 

The complete solution is: 



- a,, + ((n + l)Y 24 + Y ,,)XI, 
1 :  X I , - [ ;  Y* 1 

(5 .55)  

The numerator above can be expanded: 

further expansion gives 

canceling tems and grouping 

with simplification 

- [ Y I ~ + ( I I + ~ ) Y U ] ( ~ ~ ~  -aZi )+naj4(~2  - Y ~ Z ) + ~ ~ J ( Y =  -ytI) X?, - 
[ ( ? l + l ) ( ~ . i ~ ~  - ~ i r ) + n ( ~ I r ~ 2 4 - ~ i 2 ~ u ) - ( ~ l l ~ a  -Y;)] 

For the term p, -, 



with expansion 

further expansion 

-2ny,y, - 4 y 2 Z ~ w  +2nyi4 + 4 ~ :  +jvpy14 - 2 " ~ :  + 2 ~ ? 4 ~ 1 4  +L+ + 

The solution for rp is: 

The stresses are: 



From previous discussion, we know that in the absence of extemally applied bending 

moments, the coefficients A & B = O. Essentially this irnplies no variation with 0. Of the 

original 4, two unknown integration constants (C and 9 ) remain to be determined. From 

(5.1) and (5.19) 

If material coefficients can be defined by a single ftnction of (r), we have: 

Displacements simplfi to: 



Equating the above expressions for displacement (u): 

substituting for the stresses 

cl rs-n-l[~ll  +SYl2 - g s y , 4  -(s-n)(y12 +SY, -g,y,)]+ 

Substituting for each term of (5.59) in brackets, we have: (1' term) 

which expands to 

The numerator above is 

2 
Y i i Y 0  -YL  +SI(Y;~ - Y ~ Y M ) -  J( 7 2 4  -~Z!Y&)+~(Y~~Y, -yI,y24) 



and can be expressed as 

recall: y = 7 

YzYu -Y& 

the numerator of the fûst term in equation (5.59) becomes 

Hence al tenns came1 and the numerator = O. No conmaints aise.  

For the second term in equation (5 .59) ,  replacing s by t in the above equation: 

similarly we conciude that the numerator = O; no constraints arise. 

For the 3" term of (5.59), with rearrangement 



substitution for stresses yields 

Expansion of the numerator yields: 

canceling and regrouping ternis 

with fùrther rearrangement and grouping, the 3d term can be set to 

-(al; -az):(n+1)(~2Z~U - ~ : 4 ) +  n ( ~ 1 4 ~ 2 4  - Y I ~ Y + < ) - ( ~  -7: )- a 
( " + 9 ( ~ 2 2 ~ ,  -~ i , )+n(~ , ,y2 ,  -Y~,Y,)-(Y,,Y+% -y:) 

which reduces to 

= -(al3 - ag) 

Thus the 3" terrn satisfies the RHS of (5 .59) .  

For the 4" term of (5.59), the numerator is: 

[(~ii + n ~ 1 2  - z ( ~ + ~ ) Y ~ ) c I , , ,  + ( Z Y ? ~  - ~ i d ) ~ z . ]  

restated as 

[(YU -~Y&OE -%)]km +@Y,, - Y W ) P ~ ]  

expandhg, the entire texm can be written as 



The numerator however works out as 

No constraints are imposed due to this term. 

The 5" term of (5.59) would then require the condition 

Since the y 's are not zero, we must set the integration constant C3 = O 

The h a 1  solution c m  be summarized as: 

C 1 
Q: = - r n  - -(a,,o, + a 3 2 ~ 8  +a, r,) 

a33 a33 

(5 -60) 
Making additional simplifications 



1 
a, = CO? --(a,p, +a,a, +a, r,) 

a33 

5.4 Soiving for the Constants CO and 9 

With hnctionall y dependent mat enal properties in a rotated ort hotropic lamina 

two equations for two unknowns C and 9 must be soived. Fira however Cl and C, can 

be soived in terrns of the known stresses: 

Applying boundary conditions for intemal and extemal surface 

r = a ,  o r = - P  
@ in opposition to extemal pressure which is defined as (+) 

r = b ,  O , = +  

w here: P = intemal pressure 

Q = extemal pressure 



The above constants C, , C2 can each be expressed as a sum of 3 constituents denoted by 

subscripts such that: 

These tenns above can be expressed as: 

by factoring out 6'-' , 6'-' 

Sirnilarly for the other terms 



and 

,bn-las-1 + a*lbs-l 

a'" a '-' 

Solving for stresses 

expressed bener as 



where: (i) = p 

Sidarly for o, : 

[ " 

[sp.-l(." - c;]  + l p f - l ( c a n  - c ;bn )]] + 

Co X i  r n  + XI, 
cf -C cJ - C 

also 

Solving for the constants Co and 9 

Fira boundary 

p(b2 - a 2 ) x  = 

condition (net axial pressure load): 

Second boundaq condition (lack of extemal twisting moment): 



For the first integral: 

Essentidy there are ody 4 integrds to evaluate, since they repeat throughout the 

equations for or,  a,, t, . 

a 
where: c = - 

b 



The above equation is written out as: 

Separating out Co and S , the above is recast. 



a, 
X i ,  
a 3 3  a 3 3  

(1 - cn* j  

9{ n.3 ' [ ~ ~ l m + ~ ~ 3 *  2 2 5  a33 PZ, I + 

This last form can be expressed as: 

A, = Co A~ +3 A~ w here: A, represents the LHS, 
A, bracket terms multiplying Co , 

bracket terms multiplyhg 9 . 

For the second boundary condition 

The integds to solve are: 



using these integrds we can write 

The above can be expressed as: 

r, = C, & + 9 rj where: r, represents the LHS, (first term above with P and Q)  

r, bracket terms multiplying Co, 

T3 bracket terms multiplying 9 . 
(5.67) 

The solution to the constants Co and 3 is found by Cramer's nile applied to the system 



5.4.1 Subset of Variable Property Solution Using n = O 

It is usehl dso to compare this equation set with the work presented by 

Lekhnitskii [88], the later which is plagued by a few typographie errors. The simplest case, 

that of an off-axis orthotropic layer, is solved for fked material coefficients. 

Equation (5.47) is restated for clarity. 

LI 
Dividing by r 7 

C r  

wfüch works out as 

Gathering terms 



simp lifymg 

Using the substitutions: 

also, restating (5.48) for clarity 

reducing the differentials an order of ma-enitude by substitution 

Another form is 

ù j 29' PB "4 + P u  9 -(q,) = --- +-r-+(  Pu ) 
or Pua,, Pi, P u  Cr' 5r 



Integrating 

Ca, 29r2 P 2 4  3 P M  rq ,= - r - -+ -7 -+ -4  
Pua33 Wu Ba IL 

Substituting (5.70) back into (5.69) results in a single equation: 

Expanding : 



Dividing both sides by P A  - Pi.%- 
P A  

For purposes of ciarity, we define the bracketed terms above as: 

Solving the homogeneous part of this Euler equation 

then the LHS of ( 5  -7 1 ) becornes 



where: 

The final form is 

41 = C,rh +c,ri = C,rK +C,r-" 
(5.72) 

In solving for the particular solution, we note that the homogeneous part takes the fom: 

yh = C l ~ i  ( l )  c 2 ~ 2  ('1 

The particular solution can thus be determined as: 

Substituthg f%st the dl term 

-A- 
- Y ,  --- 2K a,, 2K a,, 

where: 

-K  y r yt = r  

' (Wronskian) 23 = Y11'2 - YlY ,  

a = r K  (-K)~- ' - '  - 

(PJIS) = RHS of eqn. (5.71) 



- Cd, r 2K+1-1 Y" ---( aj, 2K (K + 1) (-K + 1) 

- - Cd, r 
q j ( - ~ 2  - K + K + ~ )  

Cd, r 

but: 

where: 

The second portion of the RHS is solved in the sarne manner. 



but: 

substituting for dz 

substituting for ( 4 - K' ) 

where: 
- - 

CL, = 
(-2BM + P,,) 

- - - - - - - - -  ~(P,,P, - PL) - @,,PU - - - - -  - PL) 

The complete solution for 4 is: 

Solvhg for cp , ffom (5 JO) 



expansion 

p 14 P l 4  i Pl4 r-i Pir Cxi + P i 4  plr g + -CIrL-L+-C,r- +-- 
P a  P44 - P, (s: Bu r P a  

c3 

(5 -74) 
collecting terms: 

also 

- (a,, - .,)(Pl4 + P,) +a&, - P l , )  
X 2  - (P,P, - P:,) - ( ~ , 1 ~ 4 4  -PL) 



lastly, de fining 

1 ~ ~ ( P Z P U  - piJ)+ (PA - PL) + (% + Pli)(-2Pzlf P i r  ) 
" =CL  PA - PL) - (P, ,PU - PL) 

-4P22B44 + 4Bh + PI IBU - Pt4  - 4Pi.4 - 2 P 1 4 P 2 4  + ~ B I J P N  + P t 4  
CL, =- 

P u  ~(P,,P, - PL) - ( ~ , ,pu  - PL) 1 

Applying the definitions derived for coefficient quantities, (5.74) becomes 

To find expressions for the stresses, the stress functions are applied. R e c d  

1 
hence or =-4 

r 



Substitution of (5.73) and (5.79) into the above expressions yields: 

The above is a simple case ( I I  = O) of the more general solution derived previously. It 

should be evident that application of the expressions for displacements , as was done in the 

procedure leading fYom equations (5.58) to (5.60) wiU also result with C3 = 0. 

5.4.2 Evaluating the Constants for the Case of n = O 

The general solution for an off-axis orthotropic layer, present withh a cylinder, 

requires the evduation of two constants C and S . The seemingiy complete solutions 

presented in advanced works by most authors (for example: Adali,Verijenko et al. [165]) 

are correct oniy for the situation where a layer of the cylinder or vesse1 is preve~i~ed from 

hvisting (yet not restrained axiaily). Generally only the constant C is solved for without 

regard to S . Setthg 9 = O means that no twist is present, however this condition is a 

consuaint (similar to fked ends so as to d o w  no axial displacement) which is not natural 

to a single layer. The condition 9 = O is upproxxmately held true with the condition that 

adjacent layers are onented opposite and cancel out net twist. This is never exactly mie 



since the individual oppositely onented plies have their mean at slightly different radial 

locations. For a filament wound construction with multiple circuits per path the Iay-up is 

interwoven so on a whole the twist is more likely to cancel compietely, however on a local 

basis (between sections where fibers cross-over) the twist and additional stress it causes 

remain. The condition of 9 = O would ako be applicable to a case with entirely k e d  ends. 

In the strictest sense, evaluation of these constants requires sirnultaneous application of 

two boundary conditions and solwig a system with two unknowns. 

If setting 9 = O (by whatever justification) only the more familjar axial boundary 

condition is required. 

where: L = axial load 

Substituthg the relations for stresses: 

L Cb2(1 -c2 )  -=- or +-me a,, 
2x  a,, - 7 

Evaluating ternis of the htegration, one must £irst subaitute the stresses. 

Expressions for the stresses are obtained by a procedure d o g o u s  to the steps followed 

in amiving at equations (5.62), (5.63) and (5.64), the result being: 



Essentially there are ody 2 integrais to evaiuate: 

and 



Substitution of these integals into (5.8 1) gïves 

b 2 ( l - c K - ' )  (PC'-'-Q) 
(a, i Ka, - a,sK ) + -K+1  K +1 (1 -c2') 

rearranged as 

~ O X I ~ '  l-CK'l (I-C'~') cPXlb2 
(-a,, - Ka, + a,,&) - 

( 1 - c L K )  K t 1  (-a,, + Ka, - g-,aj4) 
0 3 3  % 



The axial extension constant is: 

Thus fiom (5 .5  7) 

(5.87) 

Solution for or,  cr,, r ,  follow simply by substituting the expression for Co in (5.86) into 

(5.81) through (5.83). 

The more general case with fîxed materiai coefficients puts no restriction on 

twisting so the constant 9 is detemiined with the help of the additional boundary 

condition set below. 



Drawing fiom (5.84) and (5.64) the shear is: 

Solving for the integrais: 



Using the integrals we write: (ld of system) 

For the condition of axial force: 

b 
axiai load = laoz - 2m & 

The individuai tenns derived fkom (5.82), (5.83), (5.84) and (5.62), (5.63), (5.64) are as 

follow: 



The integds required in (5.90), solved previously, are restated for clarity 

Substituthg back gives: 



Separating Co and 9 fiom the above expression 



Solution methodology is easier when t e m  are grouped. For equation (5.94) 

Letting: A; = LHS of (5.94) containing the tems P and Q. 

A; = term multiplying CO 

A; = term multiplying 9 

A compact form of (5.94) is 

A; = Co A; +s A; 

For equation (5.89): 

Lening: C = LHS of equation (5.89) containing the tems P and Q. 

= term multiplying Co 

= term multiplying 9 

A compact form of (S. 89) is 

r; = cor: + sr; 

Solution of the system (5.95) & (5.96) by determinants yields: 

Back-substitution into the equations for the stresses completes the solution. 

The main cases involvuig a single layer have been solved in the preceding 

derivations. In summary the general case is described by equation (5.67) for radially 

variable materid properties. Given fixed matenal properties, the case with unrestrained 

t w i s ~ g  and suDa1 extension is (5.97) while the simpler case devoid of twist has solutions 

presented in (5.8 l), (5.82), (5.83), (5.84) & (5.87). 



Obviously ifthe materials are on-axis orthotropic or presumed to behave as such 

macroscopically due to a balanced pair k lay-up, the tems a,, , a,, a,, drop out. As a 

consequence the system of differential equations in (5 -67) becomes uncoupled. An 

enormous collapse of compiexity resdts, eliminating the terms g, , g-, , p," , p," and greatly 

simphfjmg x,",  xrm , )Cl.?. This case has already been analyzed in Chapter 4. 

A further case, more cornplex, can be built as an extension upon the generai 

solution denved in (5.67) for radially variable properties. This is the topic of the next 

chapter. 



Chapter 6 

Numerical Solution Method for Variable Properties 

6.0 Introduction 

Building on the Chapter 5 derivations, which are founded on first principles and 

presented the problem in its simplest variable property form, this section deals with the 

topic at a practical level required for design. 

Chapter 5 presented solutions for discrete layer analysis where off-axis orthotropic 

layer behavior was anaiyzed. For this case the twisting term in concert with the axial 

displacement term was calculated without neglecting either the contribution to the overall 

stress state or the interdependence among these terms. Some omissions, as with supposed 

complete analysis pubiished eariier [166][74][165], violate the mathematical foundations 

in subtle ways. They do not address the twisting phenornena and employ s i m p l ~ g  

assumptions without exposing which effects are being neglected or why there might be 

justification for doing so. 

6.1 Identifj4ng the Coostraints 

Though challen-ging in the mathematical sense and usefd for analyzing Sawed 

designs or othenvise special purpose constmctions, unbalanced anisotropic constituents 

are not mainstream building blocks in vesse1 design. The problem of designing for optimal 

stress distributions in wnventiond balanced lay-ups was not looked at fiom a practical 



perspective in the last chapter. The elegant closed form solution for radial property 

variations has a fundamental flaw. No materials known have properties that can follow 

these variation rates for each of the independent elastic "constants" that describe behavior. 

In fact the micromechanics models used to interpolate properties for fiber composites 

actualiy disallow this condition simply by the form of the equations themselves. 

To look at matters logically, one can perform a simple thought experirnent: The 

near perfea carbon / graphite fiber can be viewed as constituted f?om many sheets of 

graphite, each highly wrinkled and then the assembly rolled up into a scroll. For more 

crystalline sheets axial alignment is improved, there are effectively fewer %bonds" across 

the basal planes of adjacent sheets hence fiber transverse modulus f d s  to a minimum as 

axial modulus approaches the theoretical maximum of 1060 GPa. Clearly the transverse 

and shear moduii behave in opposition to the axial modulus. A matnx will dampen the 

eEect but cannot make it go away. A single equal and monotonie variation rate for al1 

moduli cannot account for nor mode1 this behavior. 

The above "experirnent" iimits itself to current technology working with fiber 

composites of one base constituent. Future engineering might allow one to build cunom 

materiais atom by atom, inking different constituents in a fashion that permits tailoring to 

virtuaüy any mathematical prescnied variation and limited only by atomic bonding rules. 



6.2 Examination of Real Materials 

For the present, being restricted to properties exhibited by comrnon materials of 

construction, it is necessary to adapt mathematicdy the solutions for stress distribution so 

as to munit property variations achizvable. This complicates the math and dilutes the 

cl- of the effects on-@~ating fiom an individual property on the overall. Most important 

however is i d e n m g  the major pIayer(s) so as to proceed in establishing criteria for them 

to assert greater control over the final stress distribution. Contributions to the stress 

pattern renilting from less influentid material properties would then he of diminished 

consequence. Another method of extracthg some information on this topic is to sinplifi 

the boundary conditions from those of a pressure vessel to that of a pipe. This eliminates 

one physical dimension in the mathematical sense and ïeduces the problem Frorn 6 to 3 

rates of property variation. 

In the mathematics that follow, various situations are considered and a finite 

dzerence numencal technique is used to solve the generd case. 

6.2.1 Modeling the Materid 

One of the complications discovered during the programming of these methods has 

liale to do with resolving the difTerentid equations but is perhaps jua as challenging. This 

hidden riddle is that of modeling a multi-layer vessel as a continuum. Mer a multi- 

dimensionai minimization algorithm [164] (Procedure Ameoba in unit Compmath-pas) was 



implemented to best-fit discrete ply properties to individual power tùnctions, smoothness 

of fit became exceedingiy elusive. For any continuum method to refiect what can be 

achieved in physical construction with today's technology of discrete layer construction, 

the mathematical fit of the parameters one might assume to be goveming has to be 

reasonably good. 

As an engineer, it is customary to work with the concept of material stiffnesses and 

afier many years of practicing the art one can get a rather good feel for such quantities. 

Composites are quite complex and contain many mutudy influencing stifhess quantities, 

some of which are rather difncult to visuaiize and attach physicai significance to. The 

mathematics used require translating these quantities to compliances 'a, ' and 

mathematical groupings of compliances 'P, '. Such terms share less physical feel for their 

magnitudes. Further, because fiber composites are mainly used in off-axis orientations, 

fourth order tensor transformations are needed to describe their characteristics under these 

circurnstances. Such transforms are near impossible for the mind to foilow. 

Imagine one st-g out on a design, the objective being to Vary smoothly a 

specific quantity that one can attach some physical si@cance to (say .4, ). A particular 

radial variation rate is thought to be beneficid. Drawing fiom experience the engineer can 

synthesize a collection of layers constituting dflerent materials, winding angles, fiber 

concentrations and thicknesses. The choices are not random but directed by some 

knowledge of the governhg parameten that control circumferentid stitniess A22. Inverting 

the quantities to establish a2 it is quickly found that the smooth variation so carefully 

designed has deteriorated enormously. Further when the equivalent cylindncal cornpliance 



variation P'is computed not oniy is the smûoth variation gone, but also the rate of change 

sought might have become contrary to the sense actually desired. To corne up wiîh a 

design that follows a prescribed mathematical variation for the Pz quantity has now 

become exceedingly difficult because it is impossible to foresee the mathematical 

interactions from start to finish. The diiemma is that no mathematical technique is known 

to work the problem backwards. The situation is compounded by the fact that one might 

be required to fit as many as 6 properties simultaneously. 

6.2.2 Program Features 

How then cm such a problem be tackled? The key to the enigma is to _Ove the 

designer a tool to assess instantly if an alteration made will help or hinder his objective. 

For this purpose the "Super Pressure - Vesse1 Designer" program is equipped with an 

interactive graphic design screen that aliows perturbations in constituent properties of the 

building layers. These are driven by the arrow keys where one can switch material, fiber 

angles, volume &action and Iayer thicknesses and see the outcome in real tirne, saving 

results ifdesired. Smooth fits can be achieved in a matter of minutes. Fitting multiple 

properiies simultaneously is aiso possible but requîres compromising between the 

goodness of fit among many possibilities. Obviously this can take longer. Examples are 

forthcoming in Chapter 8. 



6.3 Closed Form Solutions 

Another aspect to consider in practical design is along the Iine of idenwng which 

properties are infiuential, which are controllable, and flagging the ones that do not matter. 

Unfominately the closed form mathematicai solutions existent for differential equations of 

the Cauchy-Euler type or its close relatives are quite limited. Of the nearly 5000 closed 

solutions catalogued in a landmark work by Polyanim & Zatsev [167] only a handfùl are 

similar to the Cauchy-Euler form. in {x2 y" + f ( ~ ) y  'x + &)y = r(s)) some have simple 

polynomials for f (=) and &), others constitute Bessel or modified Bessel forms and yield 

to senes solutions. For moa polynornial variants, the terms in f (x) and g(=) are forcibiy 

related, unless the tems are exceedingly simple. Finding an encompassing closed form that 

models that which is possible to achieve, at least approximately, with discrete l a y e ~ g  is 

difficult and perhaps not quite attainable. 

6.4 Micromechanics Issues 

An item inferred in previous sections but not addressed directly is how one can 

effectively manipulate material properties of the constituents. The Iiterature holds an 

assortment of basic data on planar constituent ply properties but few studies give complete 

characterizations for 3-dimensional material constants. In fact such measurements are 

quite complex and usually rely on a combination of mechanical and ultrasonic tests. 

TypicaUy some of the more ditncult to mesure properties are infened by back-calculating 



tems. The calculations oflen origùiate from diEerent types of tests in an effort to bracket 

the tems more closely. This is done because individual test methods are not precise 

enough to bound the values closely. Because of the cornplexity involved in getting a fuii 

and accurate set of data for any one matenal, the designer cannot hope to corne up with 

the property data required in designing a vessel simply by Iooking into a handbook. One 

way to overcome this impasse is to synthesize the properties using accurate 

micromechanical models. These same models cari also be used to dissect the more 

commonly available unidirectional ply data and quant* the intnnsically difficult to 

measure 3-D fiber properties. The vessel design p rogm implernents a mode1 put fonvard 

by Hashin [168], Christensen [169] and others known as the Composite Cylinders Mode1 

( C o .  Here unidirectional ply data from 3-D tests are input dong with neat matrix 

properties. The program extracts the fiber properties and saves them for later use in a 

synthesis operation where new elastic constants for composites composed of dinerent 

fiber/rnauix %actions and type are computed. These computations are knplemented 

autornaticdy and transparently as one directs the synthesis through the interactive 

interface of the vessel design program described in the previous section. More on the 

development of this technique is presented in Chapter 7. 

6.5 Individuaüy Variable Properties - Off-axis Orthotropic Case 

Radial variations in each constituent matenal property can be described by power 

fùnctions as foIIows: 



Let: 
- h  a, =a,t 
-k 

a 3 3  = = 3 3 r  

= aI3r'l 

ay = Q ~ T - ~  

Let: 

The fira of (5.17) becomes: 

which expands to 

and rearranges to 

Dividing by r-P 

reducing 1 order of magaitude by substitutions 



and 
rn 

The second of (5.47) translates to: 

Equation (6.2) can equdy be reduced one order of magnitude and by multiplying both 

a3 d-u-l - (1 - v)- 
ajj?'r 1 

R e c o w n g  that the last term on the LHS o f  equation (6.1) can be expressed as: 

so (6.1) cm be cast as 

r-P+t 

multiplying by - 
Y44 



int egrating 

Ca,  r-*' 29r2 y =---- + a ~ ( ~ - p l 3 + ( ~  -p)r-p&Jd + : j ( r - s 2 - f l - ~ - 1 4 ) d  

Yua33 pe) a, y, *= 24 & 

which evaluates to 

C a ,  r -e+1 
y 2 4  1-p 3 + y14 r -s+  rl-qcp = -- - - +-r 

yua,, (1-e) Y, Y, 5 Y, 

Ca, r-''q 9r q'l y24 4 - ~ - + _  Y ,4 r q-$4 + 
O=-P--+-~ 

y ( - )  Y, Y44 Y44 

Substituthg (6.4) into (6.3) yields a single dserential equation for the system. 

coilecting terms 



(6.5) 

Considering the case of a filament wound composite pressure vessel, the terms 

pl,, BZ4 are effectively zero since the layers consist of plies with a balanced number of (+) 

and (-) direction lamina. It is thus more practicd to consider first solving such a case 

where pl, and PZl do not play a role. Namely for any layer build-up with a large number 

of intermingled and balanced set of plies. 

This restriction simplifies the difFerentia1 equation to: 



Resolving the above is not straight-forward for two reasons. 

1 ) The powers of r are not whole, rather real numbers. 

2) A particular solution is required because of the boundary condition that defines C. 

From previous solutions we know that the RHS arises from the axial boundary 

condition when movement in this direction is free. For the case of fked axial boundaries 

the LHS equates to zero and we have the thick pipe problem (pure plane strain). This 

simpler case is tackled fira. 

Before proceedings it is imponant to examine the exponents of the power 

fùnctions. For the case when d radial variations occur at the same rate "n" the expression 

of the B, ' s in terms of their y, r-" equivalents is straight forward. However when 

individuai rate variations are assigned to each a,, replacement of reduced cornpliance 

p, ' s by singe power fùnction equivalents based on the a, ' s powers is not possible. 

This is illustrated below. 

Case of all properties varying equaliy: 

generd case: 

Case of each property varying separately: 

(shown for y,, , other cases similar) 

a,, = a,, r-" 
- t a,; = a,, r 

a,, = a,, rAk 



Such complications can be addressed in two ways. Either reformulate the 

differential equation in tenns of the a, ' s, which cornpiicates the syrnbolic mathematics, 

or compute a new y r-" type representations for each P, . The later method can be 

carried out using the individual ply data, computing a sirnilar least squares approximation 

to the power function as was done with a, = a, r-" . This is the method foliowed in the 

subsequent denvations. For either approach it must be remembered that the power 

function representation of the material properties serve only an approximation to real 

constrxtions (which are discreetly layered). The mathematical purpose of the power 

representation is to affect the character of the stress function 4 .  This is in tum descriptive 

of the stress distributions developed in the pressurized thick cylinder. To restate, the 

design objective is to bracket the principal power function(s) influencing the stress 

function 4 and d o w  the minor variables to f d  as they will. A real vessel, no matter how 

precisely constnicted, can ody ever approach the situation as modeled. However one will 

anain a clearer objective of what is desirable. 

The fundamentai fiaw of design techniques previous to this analysis has been the 

lack of a modeling equation that bridges fiom individuai layer stresses to the whole. 

However now there is an emerging mathematical objective, narnely massaging the stress 

function into a shape that distributes the circuderential stress more uniformly. Control 

parameters are the rate functions linked to the material properties. The distribution of 

stresses required is aiso dependent on the material's strength. Because strength depends 

on state of stress, changes in the stress function 4 will have a secondary influence on the 



strength itself. Iteration wiil always be required because there are no direct mles linking 

strength to stifiess as one progresses ffom one matenal to the next. A treatment for 

laminate stifbesses and strengths, taken from a rnicromechanicai prediction to a laminate 

within the vessel, is a subject deferred to Chapter 7. 

.Mso it mua be noted that the differential equation for the stress fùnctione in 

equation (6.6) has no known closed fom solution. Numencd methods can be used to find 

a solution fore . The complete differential equation (6.6) can be classified as a two point 

boundary value problem with an additionai integrai boundary constraint. 

6.6 Numerical Methods Solution 

An approach to the solution of equation (6.6) is to employ numerical techniques. 

For boundary value problems various (almost standard) algorithms exist. These methods 

can in a broad sense be classified as "shooting" or "relaxation" [164]. For equations where 

the objective is to minimize a specific variational properiy, Rayleigh-Ritz algont hms are 

useful. No single technique is universal for ail problems and somehes cunom adaptations 

are necessary. Further classification of algorithms distinguishes between linear and 

nonlinear foms of the dserentid equation to be solved [160]. The shooting methods 

require breaking d o m  higher order dinerentiai equations to a syaem of coupled fist 

order equations but generally show an advantage in speed of convergence and inherent 

s m d  error provided they converge. Relaxation techniques are simple in concept. These 

replace the diierentiais by finite difrence formulations and set up a mesh of points over 

the interval of interest. The objective is to adjust the values on the mesh via iteration 



(called relaxation) bringing the values into successively closer agreement with the finite 

difference equations and simultaneously with the boundary conditions. Convergence is 

relatively slow but stable. Relaxation works better than shooting when the boundary 

conditions are especially delicate or subtle, or where they involve compiicated algebraic 

relations that cannot easily be solved in closed form. 

For the problem at hand a finite dflerence approach was chosen. Because the boundary 

conditions also involve an integrai relation for a, when the RHS of the equation is 

considered, the technique l a d s  itselfwell. An outline of the algorithm used, some 

cus toht icns  and details for iteraîion on the O, boundary condition are presented 

below. 

6.7 Finite Dimerence Algonthm 

A linear finite dserence technique was employed, outlined in a text by Burdeq 

Faires and Reynolds [160]. The core of the method utilizes center difference formulas 

derived from 3rd degree Taylor polynomial expansions to replace the denvatives. 

Truncation error for these estirnates is a srnail fraction of the aep size squared, considered 

adequate for the purpose. Equation (6.6) can be written (with two of its boundary 

conditions) in the fom 

y " = p ( x ) y ' + q ( x ) y + r ( x ) ,  a < x < b ,  &)=a, ~ ( b ) = p  

where: 



The interval of interest can be divided up into sufficiently small parts by picking an 

integer N which represents the number of interior meshpoints. The surface boundary 

conditions represent 2 additional points. With this scheme N+1 subintervals result, whose 

endpoints are the known boundary rneshpoints. 

(b  - 4 x i = a + i h ,  for i=071,2,3 ,... N+1,  where h=- 
N + l  

for the intenor meshpoints x, = 1,2,3.. . N the differential equation to be approximated is 

v"(x l )  = p ( x l ) y t ( x , )  + 4 ( x , ) y ( x r ) + r ( x , )  

The Taylor expansion gives estimates for the derivatives as 

Equation (6.7) can be rewritten as 

L 

(6.1 O )  

letting M I ,  represent the solution points, the endpoint conditions can be represented by 

w0 = a, IV,_, = P, 

and for each intenor meshpoint one can write 



For solution a re-arranged form is needed 

(6.11) 

Written out for each interior meshpoint, (6.1 1 )  takes the form of an N x N tridiagonal 

matrix. 

Given that p,q,r are continuous on the interval and &) 2 O on [a, b ] ,  then the 

tndiagonal linear system (6.12) has a unique solution provided h < 2/ L where 

L = ma%, l&)( D 601- 



The "Super Pressure - Vesse1 Designer" program implernents a solution to the 

above set of equations using Crout's reduction method [160] which is specifically efficient 

for tridiagonal linear systems. Even with N = 100, execution times on an i80486 based 

machine take under 1 second. Typicdy 10-20 subintervds provide more than enough 

accuracy. Procedure FiniteD under unit compmath-pas contains the code. 

Solution however consists not sirnply of solving the 3bibove matri. but also of 

fitting the 3d boundary condition. This is achieved by first setting the constant C in (6.6) 

to zero (Le.: r ( x )  = 0 )  and soIWig the system. Next the o. stress is calculated via 

numencal integration over the entire interval. 

b 

axial force = 1o:21~& = (P - Q)M' 
0 

From equation (5.58) and the definitions for variable properties found in Section 6.5 

Since the stress function $ contains the stresses via 

Using these expressions with (6.13) and the axial conaraint above, we have 



integrating partidly 

solving for C 

(6.14) 

The remaining integral in equation (6.14) can be evaluated numerically using results fiom 

the solution to the matrix system (6.12). -4t the interior mesh points +=y and derivatives 

can be evaluated for the texm (x)  uutilizing equation (6.8). However at the exterior 

meshpoints one-sided difference formulas are required. For the imer and outer surfaces 

respectiveiy the following expressions were used. 

1 
wol  = -[-3wo + 4(w, + h) - (w, + 2h)] 

3h 

and 

(inside) 

(outside) 

The integration is then carried forth using the trapezoidal rule 

a n=a - 
Having done this dows estimation of the constant C according to (6.14) and establishes a 

non-zero value for r(x) . This estimate of C, (rather than zero) is subsequently used within 

system (6.12) and the finite diEerence equations are re-computed. This form of fixed point 



iteration continues until a tolerance for successive evaluations of C is met. Practice shows 

that setting the tolerance to 104 (1 microstrain) achieves convergence in about 2 or 3 

iterations. 

The vessels design program implements the above caiculations transparentiy via a 

graphitai user interface. Pressing the arrow keys allows alterations to any of 12 

parameters (two to describe each of the 6 variable material power fùnctions) and 

cornputes the 3 principle stresses. These are updated and displayed instantly. Examples 

are forthcoming in Chapter 8. 



Chapter 7 

Micromechanics, Damage and Post FPF Design 

7.0 Micromechanics 

The concept of using micromechanical based predictions to estimate composite 

lamina characteristics has k e n  established for many years. Rarely however û it used for 

design purposes, rather engineen stiU rely on test data, especiaüy in applications where 

certification to a standard or acceptance by a goveming body is requisite. Much of this 

stems fiom a h t e d  ability to predict strengths via micromechanics, and thereby also 

Mure. But inadequate strength predictions alone should not discount the utility of 

micromechanics. rather be seen as an area where a much deeper understanding re& to 

be gained. A second point, expanded upon in a subsequent section is that the polynomiai 

failure theorv(s) in broadest use (i.e. : Tsai- Wu) appear to be based on a fundamental mis- 

interpretation of HU'S work [170][259]. Although controversiai, to say the least. fornard 

thinking authors have brought out failure criteria more in h e  with physical reality [112] 

[ 1 141 [ 1 1 71. The combination of weak men_& predictions coupled to inadequate failure 

theories have contributed to a mali+@ng of micromechanics in the eyes of engineers and 

designers. Aiso, the variety of micromecbanics taught in many texts [17 1][172][173] 

[174][173][176] is empincal in nature, contnbutuig an appearance that it lacks good 

theoret ical fo undation. 

Practical application of micromechanics is made in this work, not so much for 

strength but rather for the close estimation of elastic properties it allows. Reference [171] 



gives a short history of efforts up to about 1968 wbich lead to the now renowned Halpin- 

Tsai relations. For completeness, and also for contrast with more current methods this 

ail1 popular form is presented brîefly bel0 W. Essentidy HaIpin and Tsai showed that a 

good approximation of the many modek presented to that date could be reduced to an 

approximate empirical relation for design. 

E, P E p f +  Emu, (nileofmimes) 

where: subscripts / = fiber 
VI2 = V -U + V m U m  1 f m = matrix 

and 

where: 

.m= composite modulus Ez . G12. vZ3 

Mf = corresponding fiber rnodulus Ef. G,. v,- 

Mm = corresponding ma& modulus E,,,, G,, v, 

(7.2) 

and 5 is a measure of fiber reinforcement of the composite that depends on the nber 

eeometry. packing geometry, and loading conditions. The values of are obtained by 
C 

comparing equatioas (7.1 ) and (7.2) with exact elasticity solutions and assib@ng a value 

of, or function for, by curve fitthg. 

The ciifZculty in using these equations is determination of a suitable factor for 5 . 

Expenence has shown that i = 2 gives reasonable predictions of transverse moduii E2 



and 5 = 1 for the calculation of shear modulus G,, . The accuracy of the predictions vary 

mildly w i t h  a reasonable range of the fiber volume fractions and the fiber packing array 

assumed. More difliculty is encountered with shear modulus predictions and the 

approximation 6 = 1 + 40u: can be used with some success. 

Some physical insight into the Halpin-Tsai equations c m  be gained by exarnining 

their behavior for a range of values of < and q . When 5 = 0, 

which is the senes comected model generaliy associated with the lower bound of a 

composite modulus. When 6 = a, 

M = u, M ,  i u,M, 

which is the parailei-co~ected model, known as the mie of mixtures, generally associated 

with the upper bound of a composite modulus. Thus 6 is a rneasure of the reinforcement 

of the composite by the fiber. For srnail values of , the fibers are not very effective, 

whereas for large values of 5 ,  the fibers are extremely effective in increasing the 

composite stifhess above the matruc stifiess. The lirniting values for q can be show to 

be q = 1 for rigid inclusions, q = O for homogeneous matenai, and for voids, q = - 1/5 . 

The tem quf in equation (7.1) can be interpreted as a "reduced fiber volume fiaction", 

since q 5 1 . Practicd values of qu , are Iess than 0.6, and curves for various 

combinations of "reduced fiber volume f?action" quf versus relative "fiber to matrix 

sifhess ratios" MIM, are plotted for a range of 5 in Figure 7.1 below [173] . 



Figure 7.1 Influence of rnatrix stifihess upon transverse propenies [ 1731. 

Alternative semi-analyticai predictions were furthered somewhat more recently by 

Tsai [174][175][176] and others. The essentials are ntll based on back-calcuiating "stress 

partitioning parameters" q, , q, , q, , q, for in plane shear, in plane transverse, transverse 

bulk, and transverse shear moduli, respectively. The results appear to @ve fair estirnates. 

Advantages of these formulations being m d y  their relative ease of use. However, 

considering the proliferation of desktop computational power, fewer constraints now exist 

towards employing results of deeply analytical solutions. 

The method of choice for the present endeavor is based on formulations published 

by Z. Hashin [168]. Expressions for bounds on the 5 effective (transversely isotropic) 

elastic moduü of a unidirectional fiber composite, consisting of transversely isotropic 



fibers and rnatrix can be derived. A review on the topic, published by RM. Christensen is 

followed, and further details c m  be sought elsewhere [169]. The composite cylinders 

geometric mode1 initially introduced by Hashin and Rosen consists of isotropic fibers 

represented by infinitely long circular cylinders embedded in a continuous matrix phase. 

With each individuai fiber of radius "a" there is associated an annulus of matrix material 

of radius 3". Each individual cylinder combination of this type is referred to as a 

composite cylinder, and the absolute values of radii "a" and "6" Vary with each composite 

cylinder such that a volume filling combination is obtained. The ratio ofad is however 

required to be constant for al1 composite cylinders. Naturally the absolute sire of 

individual cylinders mufi Vary down to infinitesimal. A displacement type problem can be 

posed to determine the upper bound and a stress type problem to establish the lower 

bound of each of the moduii. The utility of this model results fiom the fact that anaiysis of 

an individual cylinder suffices to detennine exactiy 4 of the 5 effective transversely 

isotropic elastic moduli for the representative volume element. A solution is exact when 

the upper and lower bounds coincide. The most di5cult property to determine is G, and 

it is found that except for very smdl or very large fiber volume 6actions the bounds do 

not coincide. No concise solution for G, has yet been found for the Composite Cylinders 

Assemblage (CCA) , also referred to as the Composite Cyhders Model. A way around 

this problem has been to  solve a closely related model, the 3 phase cylinder model, known 

ais0 as the Generalized Self Consistent Scheme (GSCS). Here all but a single composite 

cyhder is replaced by an equivalent homogeneous media. This aliows a concise, thou@ 

cornplex, determination for G, . It is not known whether G, so detennhed is or is not 



the solution for the C C 4  but it is an exact result for G, of the 3 phase model. For 

practical purposes one cm take the 4 exact solutions for the CCA ( G,, v , ~ ,  G,,, K, ) 

dong with the 3 phase model result for G, . Evaluations of possible alternative forms for 

G, using the Generalized SeKConsistent Scheme point to the conclusion that results 

fiom the above methods yield physically possible results at the extremums whilst other 

cornpetitive methods break d o m  [116]. The body of work by Hashin, Christensen and 

others dso evaluates the practical application of results to single size fiber composites, 

with cornparisons to numencal soiutions of hexagonal mzys and also indicating which 

bound of the CCA is most appropriate under specific circumstances should one choose to 

avoid the cornpiex equations compiising the closed fom solutions to G, fiom the 3 phase 

model. 

Without digressing further, to synthesize the 3-dimensional material properties 

requisite for analysis in a thick-wded vessel, the formulations that follow were coded into 

the "Super Pressure - Vesse1 Desigeer" program. This particular equation set (the work of 

2. Hashin [168]) was chosen because it appears to be one of the most advanced models at 

present and extends the standard CCA rnodel using a replacement scheme under plane 

strain conditions for bulk modulus k and shear rnodulus G, rnodifying the equations to 

allow for the fact that the phase comtituents are ofien ~mtsversely isoiropzc themselves. 

Here, because of the assumption of transverse isotropy for the constituents al1 directional 

properties cm be described in tems of two directions, axial (A) and transverse m. 



In keeping with the notation in use by the aforementioned authors, the stress-strain 

relations of a transversely isotropie lmntna akin to the system in (4.1) can be presented in 

the following fom [168]: 

G,, = ml, +& +el3) 

0t2 = k,, + (kT f + ( k ~  - 
O,, = k,,  f (kT -G,)E, (kr 
T~ = 2GTyu 

K,, = 2 6 , ~  55 

T66 = 2 G A ~  66 

Note: Tensorial shear strain is being used in this section. 

where: kT = transverse bulk rnodulus ( K, ) 

Gr = transverse shear modulus (G,) 

GA = axial shear modulus (G,,) 

n = axial modulus ( A,, ) 

1 = Poisson moduli ( A,,, A,, ) 

ûther important elaaic moduli are: 

E, = axial Young' modulus ( El, ) 

v, = axial Poisson7s ratio ( v12 ) 

ET = transverse Young's modulus ( E,, - ) 

v, = transverse Poisson's ratio ( v, ) 

These are related to the moduli in (7.3) by relations: 

E, = n - 4.v: 

vA = 1/2kr 



where: m 

Using additional subscnpts V) & (m) to denote respectively fiber and rnatrix properties, 

u to denote volume fraction, solution of the Composite Cylinders Assembly gives [168] 

G.dmum + GA,(' + u,) =G,, + uf 
GA = G A ,  

L ( 1  + q) +GA 1 +- 4, 
G,, - GA, %* 



(7.1 2) 
where: 

Equations (7.11) and (7.12) represent the lower and upper bounds of the 

transverse shear modulus. The 3 phase mode1 discussed earlier provides a solution for G, 

slightly closer to the lower bound and can be found in references [169] [ 1 1 61. The careful 

reader will note that the formulation above differ slightiy from their isotropic counterparts 

found in the above references, due to the replacement scheme used by Hashin whereby: 

3km - 2Gm 
Gr =Gf , therefore: krrn = G m  +Gm = k m  +- 

3 3 

Where: kv = plane main bulk modulus of fiber 

kTm = plane strain buk modulus of matrix 

kf , km = conventional bulk modulusy fiber or ma& 

G, = transverse shear modulus 

Gf = isotropic shear modulus 

h. = Lamé's constant 



Using values representative of a graphite epoxy composite, the upper and lower 

bounds for the transverse shear modulus tum out to be very close to one another ( = 5%). 

Andysis by the aforementioned authors has shown that when the fibers are stiffer than the 

matrix ( kf > km and Gf > Gm ) the bounds are as given, however it should be noted that 

signs on the bounds are reversed in the case where the rnatrix st f iess  exceeds the 

transverse aifniess of the nbers. This cm be the case for some organic fibers, for example 

spectraa 900. 

For practical applications, the formulations as presented above are of no direct 

value since most of the quantities required are immeasurable, especially as concems the 

6ber properties. But without accurate 3-D composite properties input. the pressure vessel 

elanicity equations derived in previous chapters would hardiy be wonh the exercise. To 

synthesize a design requires a fkn  handle on ail elastic properties of constituent layers, not 

jua approximations or values randomiy extracted îkom diverse studies which are unWtely 

to meet the property relations underlying the transverse isotropy irnpiicit to laminates used 

in calculating the vessel messes. 

What is redy requûed amounts to a database offiber properties. Reverse 

micromechanics was the method used to achieve the resuit in the present work. Equations 

(7.7)-(7.12) can be refomulated to extract fiber properties fiom uniaxial composite test 

data. In this way many diverse test results available in the literature can be examined? 

constituted of dEerent mat& fiber volume fractions and preparation rnethods. Provided 

the matrix properties are known or can be ciosely estirnated and the test methods 

employed extract accurate data for lamina characteristics, fiber properties cm be denved 



fiom a broad basis. In theory, the back-caiculated fiber properties should converge to 

specific values for each type, class or grade of fiber. The reverse formulations are derived: 

From (7.7) 

The transverse plane main buk modulus of the fiber is 

From (7 -8) 

(l/kTm - l;kTf)umu 
et: R = [ 

u,;kTf +uJikh +l,GTm 

. f i a l  Poisson ratio of the fiber is 



From (7.1 0) 

Axial shear modulus of the fiber is 

From the lower bound (7.1 1 )  

km + ZGTm 
let: Q = 

2 ~ , ( k ,  + G,,) Um 

The transverse shear modulus of the fiber (lower bound) is 

(7.17) 

The upper bound of the transverse shear modulus is rather complicated and involves 

solution to a quadratic form. Equation (7.12) is formulated as 



G y  -- 1 = (1 + BJu f  

G, p - u f ( l +  35u:) 
au, + 1 

let: X= (1 + PJU, 
9 Y = 3p:u: 

P - U ( l +  au, : + 1  )=x 

subaitute for p and expanding tems 



Solving for y 

p , C + D + A - B  
let: b = Y C =  

B m D + '  

(C - 4 ( C - 4  

the solution for y is 



(use positive value) 

and hence the transverse fiber modulus is 

The "Super Pressure - Vessel Designer" program makes use of the foregoing 

rnicromechanics equation sets to build a database of constituent materials. The software 

runs in either direction at a keystroke, enabling the user both to break down mechanical 

test data, extracthg fiber properties? and rebuilding laminate values fiom the 

aforementioned extracted properties. Much of the code that handles these tasks can be 

found in unit compmath-pas, procedure GenerateMatProp and in unit failure.pas, 

procedure Calculate - Prop. The utility cornes about fiom the fact that diverse test results 

fiom samples using the same fiber type can be compared. Additionaiiy, if matrix properties 

are undereairnated, during decomposition certain transverse moduli wiU corne out 

nesative. This is also tme when improper (theoreticdy impossible) combinations of 

moduli are input for decomposition. It is not obvious, but rather experience in working 

with this segment of code has shown that a very considerable proportion of 3-D material 

property combinations found in the titerature does not degenerate properly, resulting in 

some negative transverse moduli. Usually the problem is related to a slight over estimation 

of in plane transverse tende moduli or a mismatched transverse shear moduli. The most 

~ O ~ O ~ O U S  aspect however is that mon data sets available for a particular material are 

incomplete. Either they lack the basic strength data (axial tensile & compressive, 



transverse tensile & compressive, in plane shear) or are rnissing at least one of the 5 

fundamental independent properties. Additionally it must be noted that vaiues of bulk 

modulus k, are not habitually published, v, is also rarely measured. Nevertheless 

techniques have been developed to skirt these difficulties. Firstly relations (7.4)-(7.7) are 

made use of to handle input of rnatenal property combinations different from the ones 

( k, , v, , E, , G, , GA ) required by the rnicrornechanics formulas. Namely the program 

accepts the first 5 non-blank entries out of a possible 7 (E, , , v,, , G,2, &, v,, G2,, K, ) 

laminate measurements, and automaticaily converts to the required quantities intemally. -4 

choice can be made between the case of isotropic or transversely isotropic fiber propenies 

and the transverse bound wili automaticdy be chosen according to relative stiffhess of 

matrix as compared to fiber. Another feanire is that for cases where the input data is over- 

determined, in that values specified for EZ2 and GZ3 cannot both be reconstituted Eom 

fiber-matrix properties, an iterative procedure can be invoked that will select k, to 

mùiimize the relative error between the computed El,, G, respective to the values 

specified initidy. The decomposition / reconstitution procedure can be invoked as often 

as desired and the vaiues obtained edited at either the laminate or decomposed state. A 

very short example outlining the basics is presented in Chapter 8. Naturdy, fiber volume 

fiaction and mavix properties cm be altered and their effects determined. Larninate tensile 

strengths X are handled by a mle of mumires approach, while a slightly modifieci formula, 

taken fiom Tsaî [174], is used for compressive mength X' . The forrn for this is 

Where: Superscript ( O ) descnies the initial. 

(7.19) 



Transverse and shear strength are assurned to rely solely on the matnx and remain 

independent of fiber volume fraction. 

Use of the Composites Cyiinders Assembly as a representative volume element for 

unidirectional fiber composites, even when the interface is rather imperfect, has been 

studied by G.P. Tandon [177]. It was concluded that volume fiactions as high as 80% can 

be modeled and so long as the fibers are not in contact, the actual location of the fibers has 

little significant effect on the moduli. 

With a littie practice, 3-D laminate data can usudy be decomposed and 

reconshtuted within 4-6 attempts, yielding both theoretically acceptable fiber properties 

and reconstituted results very close to the test data inputs. It should be noted that the 

formulas for decomposition are very semilive to the inputs whereas in working the 

micromechanics equations in the forward direction the opposite is tme. Such a 

characteristic makes it easy to predict material elastic characteristics fYom constituents, but 

not vice-versa. M. Battley [l78] has published some discussion of the back-caiculation 

method using various models and correctly concluded that this is a difficult task. 

Table 7.1 is a summary of results for 18 different materials analyzed in this study, 

the results of which are available to other components of the "Super Pressure - Vesse1 

Designer" program. The data presented in the figure represents a compilation of test 

results gathered from a wide range of sources. Result for any single matenal represented 

cannot be amibuted exclusively to the findings in any particular paper, book or technical 

data sheet, but rather were chosen to represent the median of values being used in the 

literature. For some popular materials the results are compiled from 5-6 dEerent 



publications, for others there was barely enough information available to make up one data 

set. References [3 71 [45] [5  51 [65] [74] [94] [IO81 [ 1241 [184][19 11 [2 1 51 [[23 4-2441 dong 

with mandacturers data sheets comprise the rnajority of this data. It mua at the same time 

be noted that in many instances laminate values have seen some alterations because the 

quoted literature vaiues gave impossible decornposition results. This does not necessarily 

indicate that the experimentaUy measured results are entirely inaccurate, rather test 

methods may be biasing the data, or the presence of voids, fiber waviness, 

inhomogeneities and other factors unaccounted in the CGA mode1 are responsible. Rifts 

between the ideal mathematically determined transversely isotropie character and reality 

are ever present. There is subjectivity involved in forward I back calculation of the 

micromechanics equations since the user has to judge what balance of properties at the 

fiber level are reasonable whenever the input combination chosen shows that negative 

moduli wouid be required to achieve the result. Obviously to do this well requires a large 

and precise lot of input data. Diversity in test methods, fiom ultrasound and mechanical 

coupon tests to single fiber studies, are beneficiai because each has their bias and the 

difEering points of view cm serve as a reaiity cross-check. The micromechanics 

formulations however provide a point of reference at a very basic level. Table 7.1 is 

unique in the sense that the values tabulated conform to the assumptions inherent in 

transverse isotropy at both fiber and laminate level, something not likely to be found 

elsewhere, especidy when adopting vaiues either randornly fiom the literature or talüns 

mechanical test results at face value. 



Table 7.1 Micromechanics database 



7.1 Structurai Properties of Fibers 

The structurai properties of reinforcing fibers present a large subject matter. Since 

the carbon / graphite variety is of exceeding importance a very bnef discussion foilows. 

Diamond is isotropie with a modulus of 1200 GPa and represents the tightest packed form 

of carbon and the hardest material known. Unfortunately it is metastable and converts to 

graphite when heated to about 1500" C in a vacuum. In the process it decreases in density 

fiom 3.300 g/cm3 to 2.265 g/cm3 and if the resulting graphite has no preferred orientation 

the Young's modulus drops to only 7 GPa. However if there is a preferred orientation 

imparted, a value nea. the modulus of diamond can be recovered dong the basai plane. 

Figure 7.2 shows the unit ceil of a graphite crystal and Figure 7.3 attaches numericd 

values to the elastic constants associated with such a crystalline nnicture. 

Fi-we 7.2 The structure of graphite and its unit ceil [179]. 



There are essentially 2 possible stacking sequences, the form illustrated in Figure 7.2 

where successive basal planes SM + one bond length resulting in ababab stacking and 

another forrn whereby basal planes dways shift + one bond length giving abcabc stacking. 

There is also another less ordered form known as turbostractic carbon whereby the 

graphite layer planes may be rotated individually around the c axis to form a "crystal" in 

which the layer planes, while still parallel, are not ordered with respect to each other. In 

commercial fiber production the precursors are Polyacrylonitrile fibers (PAN) and 

mesophase pitch (MP). In both cases the processing usually involves hot stretching and 

heat treatrnent techniques to improve the orientation and intemal structure of the product. 

Studies have show a great possîble variety in the intemal structures, however the 

common goal is always improved orientation of the crystallites and decreasing crystaiiite 

imperfections, especiaiiy on the fiber surface. No property improvernent over arnorphous 

graphite is seen uniess layer orientation is less than 20' away fkom the tensile axis. A very 

eood product will show alignment on the order of 5" mis-orientation. Most of this 
C 

ordering takes place on the surface of the fiber, the intenor being less so. 
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Figure 7.3 Graphite single cqaal elastic constants [ 1 791. 

Typicdy such a structure, as shown in Figure 7.4, constitutes many highiy curved 

interlochg sheets of layer planes and in the case of very high processing temperatures 

may be sheathed by a circderentiaily oriented jacket of larger and more highly onented 

crystallites. The crystallites are mainly turbostractic. The interior folded layer orientation 



can be considered either random or perhaps somewhat radial in nature for cextain cases. It 

is this structure obviously that controk bath the transverse and axial elastic properties. 
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Figue 7.4 Graphite fiber intemal structure [ 1 791. 

Other transversely isotropie materials, some polyrner based like aramid fibers 

(~evlarQ? and crystalline polyethylene (~pectra?, have their own particular intemal 

structures that likewise determine their elastic moduli. As with carbon fibers many vaiants 



exist and similarly trade-offs between axial and transverse elastic moduli (and strengths) 

need to be considered. 

The reference book Stmng Fibers [ 1 791 present s data from many researchers, 

dealing mainly with the crystaiiographic structures responsible for elastic moduli and 

strengths of advanced fibers. Figure 7.2, 7.3, 7.4 and Table 7.2 are drawn fiom this text. 

Table 7.2 Calculated and observed preferred orientation 
parameters for carbon fibers [ 1791. 

Nominai F i k r  Young's Torsional Caiculated Calculated Observeci 
k a t  treatment type moddus modulus SU mean ag ies  
temperature 'C ( G W  (GP~)- '  angle +O 1 2 3  

It is interesthg to compare briefly Table 7.1 computations with some values on 

fiber moduli obtained by independent sources. What should become evident is that the 

micromechanical predictions are of the ri@ order. Tests have shown that when PAN 

fibers are carbonized and heat treated the torsional rnodulus increases sharply tiom 1.5 

GPa to 18 GPa f i e r  heating to 1000°C. Heating the fibers between 1000°C - 2500°C, 

corresponding to temperatures at which Type 3, Type 2 and Type 1 carbon/graphite are 

produced, the torsional modulus remained almost constant. Subsequent heating to 2800°C 

makes it fa11 to 15 GPa. Other researchers approaching the problem differently appear to 

be coming up with similar results, for exampie Tsai's [174] predictions for the transverse 



modulus of T-300 fiber which are based on a semi-analytic variant of the Halpin-Tsai 

fonnuhtions, back-calculate a value of 1 8.7 GPa for this materiai. 

Another set of pubiished values can be found in Carbon Fibers [180]. Some of this 

data is recompiled in Table 7.3 below. The test rnethods arc varied. 

Table 7.3 Properties of polyacrylonitrile and mesophase 
pitch based carbon fibers [180]. 

Fiber Tensile Shear Transverse 
Manufacturer Designation Modulus Modulus M d u i u s  

( G W  (GPa) 
PAN Fibers 
Hercules 
Toray 
Toray 
Toray 
MP Fibers 
Amoco 
Amoc0 
A m m  
DuPont 
DuPont 
DuPont 

The Poisson's ratio of three different high stren_mh carbon fibers has also ken  

measured with a laser diffiaction technique [180]. The average values are in the range of 

0.26 - 0.28 with a claimed accuracy of 5.7%. For dog-bone shaped fiber cross-sections the 

Poisson's ratio is anisotropic around the fiber perimeter. The Poisson's ratio for Toray 

T-300 and Amoco P-55 were found to be 0.12 and 0.10 respectiveiy as measured by 

photographie techniques. Table 7.4, aiso drawn fiom reference [180] was computed Eom 

dymnic mechanical measurements on iaminates. Despite the great diEculties in art* 



Table 7.4 Computed properties of some Amoco carbon fibers [180]. 

Notes: H = high m i n  volumt fraction; t = low rcsin volumt fraction; T-300X = heat 
tmatcd T-300; two sarnples o f  T-30; the highcr modulus PAN-type fibers hmt trcatcd 
at a higher temperaiun relative to the lowcr modulus PAN-type fibcn. Ea, Et, Young's 
mdulus in the axial and transverse direction; G, shcar moduius; n, Poisson's ratio; a, 
coefficient of t h m a l  expansion. 

any sort of accuracy in such measurements, the similarity with previous results should be 

noted. To date the ody properties directiy measurable by mechanical means are single 

fiber axial tensile modulus EAf ,  and axîai shear modulus G,, by torsion pendulum. 

Diametricd compression teas cm also be done to rneasure transverse response. Such 

mechanical tests, as done by Kawabata [18 11, arnong others appear to give iower moduii 

than results computed on the bais of ultrasonic techniques (combined with analytic 

modeis) as with the work of Smith [182], Dean and Turner [183], or Vong and Verchery 

[184]. 

It cannot be stated with any certainty that the values in Table 7.1 denved on the 

basis of reverse micrornechanics are correct, however we can be reasonably certain that 

they are representative on the overall. The key point to comprehend is that although 

transverse fiber properties can change greatly, the continuous phase (tnwversely) is the 



rnatrix and t exerts the strongest iduence overd on shear and through thickness 

response. In terms of pressure vesse] design one important point is that a hi& fiber 

volume fkaction and a stinmatrix are cmcial factors towards the goal of attaining a higher 

through-thickness stifniess. necessary for efficient Ioad transmission towards the outer 

layers. This yieids strong innuence over the factor K (chapter 4). When this is not 

attainable, then an increasing rate of change in the circumferential st f iess  is required to 

enforce a more level stress distribution. Of course no material is infjnitely stitfhence the 

thickness lirnit to a prescribed optimal stress distribution is reached sooner for transversely 

c o r n p h i  material. It should also be noted f?om the above figures and tables that axial 

fiber nifniess generaily varies inversely with transverse fiber nifhess within a given 

material when various intemal structures are possible. 

The employment of micromechanics for the program "Super Pressure - Vessel 

Designer" bas the greater goal of encompassing the ' ~ h a t  if' questions arising when in 

search of new. better. hypothetical materials. or cornparisons with or possible 

modifications of parameters associated with existent materiais. the goal of achieving 

a smooth variation in properties demanded by the continuum theory, the micromechanics 

module is in place to facilitate that effort. 

A discussion of rnicromechanics inevitabiy raises the question of strengths. Being 

there are as of yet few practical means of going fiom fiber rnorphology to single fiber 

strengths to lamina characteristics, it is better to resort to standard uniaxial lamina tests 

and thereon devise fdure criteria for a laminate. This leads to the subject of the next 

section. 



7.2 Failure Theories 

Application of proper failure theones to composite stmctures is a subject of 

endless debate. Critical reviews are widespread and the reader is encouraged to seek out 

publications by Hart-Smith [170][185][186][187] as an eye-opener to the many shonfalls 

presented by the classic quadratic interaction form, which is widely taught in texts and 

repeatedly examined in experimental studies. The later are slated to extract the al1 elusive 

interaction parameters. A review of classic theones and their experimental correlation is 

covered by R.E. Rowlands within a book cnapter [188]. Moreover numerous studies and 

theones have been fonvarded over the years, only a few of which can be rnentioned in this 

space. 

.ei important concept in composites is that failure cannot be defined as only one 

thing, rather it is a sequence of events and modes. Some of these are progressive sub- 

critical failures like matrix microcracking, in contrast with gross delamination at interfaces 

which mua be recognized as an independent mode. These facts are plainly stated in an 

early publication by Tsai and Hahn [189] so it appears somewhat far reaching to see their 

quadratic interaction criterion now being extended weiI past the firn ply failure predictions 

it was origindy intended for by applying alterations to interaction terms and assigning 

ma& degradation's without evduating how these changes affect the 3-dimensional 

character of a laminate's behavior. Although the concept appears warranted in principle, 

the details and underlying assumptions need to be examined and understood if extensions 

and refinement of the basic method are to proceed. 



Quoted from reference [189]: 'More work is needed in the effects of the first ply 

failure on the subsequent stnicturai behavior under various loading and environmental 

conditions". ... 'Delamination, which is unique to composite laminates should be 

recognked as an independent failure mode and treated accordingly". 

"On the whole, more effort should be directed toward the investigation of 

formation and propagation of sub-criticaf failures in composite laminates. Much study 

remains to be done for effects of these sub-critical failures on the overall structural 

performance. This understanding is essential to a full utilization of composites because 

composite usage will be Limited mostly by the matrix and i or interface failures rather than 

by fiber failure". 

Without doubt, the quadratic interaction theorem, like any other failure theory is 

an exercise in curve fitting to experimental data. The anchor points to one such plot are 

deduced fiom uniaxid, shear and biaxial tests. Typically these involve the quantitjes 

( X,X',Y,Y',S, FE). Because the tensor form is tmncated to second order terms, the 

resulting curve in 2 dimensional space is an ellipse shified fiom the on-gin. The terms 

above represent strengths obtained from, axial tensile, axial compressive, transverse 

tensile, transverse compressive, in plane shear and an interaction parameter evaluated from 

a biaxial test, respectively. 

Obviousiy with more anchor points and inclusion of higher order tems a 

mathematical curve can always be made to fit the data a lot better. This essentidy is the 

case for the cubic tensor polynomial form as presented by RC.  Tennyson et. al. [120]. 

Namrally, attaining closure for the failure envelope becomes a complex process and the 



evaluation requires, in addition to the anchor points mentioned above, 2 more biaxial load 

tests. Altematively closure conditions cm be invoked to reduce the number of biaxial load 

tests however this only serves to bracket the interaction terms between limits [121]. 

With due regard for the efforts placed in t qhg  to descnbe laminate failure by a 

single equation with interactions between the various possible modes, one must still 

consider the probing question posed by Hart-Smith, "Should Fiberous Composite Failure 

Modes be hteracted or Superimposed?' [170]. A key to the applicabiiity of any 

mathematical mode1 is that it reflects accurately underlying physical phenomenon. One 

mua then ask oneseifwhere does the tensor polyaomial form corne fiorn, why was it 

selected? Hill's classical work on the plasticity of slightly orthotropic metais is at the root 

[259]. Hiii was able to use smooth continuous envelopes only because he was dealing with 

homogeneous material for which the mechanism of yield was the s m e  regardless of the 

state of combined stresses. Fiber composites, on the other hand, are heterogeneous and 

the mode of failure varies greatly with the nature of the apptied stresses. Composite 

materials may legitimately be homogenized into an equivaient substance for the purpose of 

calculating the elastic constants (because these are seen macroscopically), but this 

represents a physically unrealistic oversimplification in regard to predicting strength (a 

microscopie phenornena). The application of W's theory to a heterogeneous material 

should have required separate failure envelopes for every possible mode of failure for each 

of the constituents. These envelopes should then have been superimposed with the 

governing failure envelope defined by the minimum common area. If we are to foilow 

W ' s  inspiration, one can separate the fdures into two subgroups, one for each 



mechanism at work (fibers = brittle fiacture; mat& = ductile yielding) and draw a tensor 

polynornial based curve through the different measured strengths yet still considering each 

of the constituents separately. 

The above should not be seen as a very radical departure fiom past practices, but 

as a more precisely directed approach aimed at rnodeling the mechanisms underlying, 

rather than forcefully curve fitting with an ever greater nuinber of parameters. 

Only recently have senous attempts been made along this line of thought. Firstly it 

must be reaiized that the maximum stress and maximum strain cnteria are an elementary 

fonn of "non-interactive" criteria. Hart- Smith has extended these forms to arrive at 

truncated envelopes that encompass shear and biaxial loading. These envelopes do not use 

a polynornid form, but rely on the superposition of many separate failure modes. The 

underlying assumption however is nrongiy based on the discussion of Hiil's work above. 

A higher level of analysis has been carried out by W. W. Feng [ 1 1 71 [ 1 191 and R.M. 

Chriaensen [ i  12][113] 1 i4][169][19O]. These authors, among others Ike T.R. Guess 

[IN], S.R Swanson and AP. Christoforou [19 1 1, have recognized the need to separate 

failure dong lines marked by matrix and fiber efTects. Each has devised means to separate 

out the contribution of matrix and fibers with regard to the failure of a single 

unidirectionai lamina. Common to Feng's and Christensen's formulations is use of two 

quadratic envelopes, one each for fiber and matrix. Fens's approach is suain based, while 

Christemen's mon recent is stress based. A brief surnmary of each is presented below. 

Feng's fdure critenon [117] is based upon the strain invariants of finite elasticity, 

Le. srnail mains. The criterion assumes that the material is transversely isotropic and that 



failure occurs when the main energy density reaches its maximum value. The fiber and 

matrix failure modes cm be decoupled provided one assumes that the single interaction 

term Rs present in the failure surface is negligible. The fom for the failure surface based 

on the 5 invariants is: 

Where: 4 = Cauchy strain invariants (defined in Feng's paper [117]) 

Aij = Unknown strength (quantities to be detennined) 

Decoupling is then possible since the invariants I,, I,, I, are not iùnctions of fiber 

orientations while 1, ,& are fùnctions of fiber orientation. 

Therefore for the matrix mode the criterion is 

and the fiber criterion is 

A , ( I ~  - 1) + ~ ~ ~ ( 1 ~  - + ~ ~ ( 1 ~  - 1) - 1 = 0 

(7.2 1) 
Using infinitesimal mains to approximate the Cauchy strains, the equivdent invariants are 

The strain invariants I are related to J by 



Substihiting these, the failure cntenon for infinitesimal nrains can be written as 

A,J, +A,,J,? +A, -  +AJ, +AJ, +A,,J:, + A,,.J,J, = 1 

(7.21) 
Ag* neglecting interaction, matrk dominated failure for infinitesimal strains is 

and fiber dominated failure is 

(7.23) 

To evaiuate the -4 terms for a unidirectional composite six quantities, the axial 

tensile and compressive failure grains X,, X: , the transverse tensile and compressive 

failure mains Y,, Y:, and the axial and transverse shear failure strains Sc, Si are required. 

Substituthg these strains one at a tirne into the faiiure criterion yields 6 equations. 

For Equation 
U U 



The fkst 3 equations above are associated with the mat* fdure mode, the second 3 

equations relate to the fiber fdure mode. For infinitesimal strains S: = SE so that 

A2 = A4 , and the unknowns reduce to 5. The equations above can be solved in sets of 

two (7.25 & 7.26), (7.28 & 7.29) to yield al1 the unknown coefficients explicitly. 

There is physical meanhg attached to each term. The A?, A4 terms represent 

energy ternis that govern the distonional fadure criterion. The -4, , . .4,, terms are the 

energy terms that govem the dilational faiure criterion. The '4,. A, ternis consider the 

dif3erence between the tende and compressive menk& of the material. These are zero 

when tende and compressive failure strains are equal. 

The two resulting ellipses for faiiure are superposed, with the overlapping region 

descniing the intact condition whiln a damaged but yet not completely fded lamina 

might exist within a laminate for the intermediate region between the matrix failure and the 

fiber fracture envelope. 

Christensen's work is motivated fiom dEerent reasonhg but leads to a remarkably 

s idar  form. He addresses the issues in two ways. One approach is somewhat similar in 

principle to Hart-Smith's premiçe in where it is argued that the number of (strength) 

parameters necessary to descni M u r e  is related to the number of independent material 



propedes necessary to fully descnbe the elastic properties of the system [113]. More 

specifically, the five elastic properties of idealized transverse isotropy are actually an 

approximation to the nine properties form for orthotropy. These average macro-properties 

are in tum an approximation to the micro-scale properties which control behavior. The 

idealwtion of transverse isotropy can be taken one step fûrther by reducing the 5 elastic 

constants to 4, for a sub-class of transverse isotropy still applicable to typical polymenc 

composite fiber 1 matrix composites. There exist six distinct sub-classes of transverse 

isotropy which can occur on the possible path to isotropy (described by 2 independent 

constants). A reduction to isotropy requires: 

These cm be subdivided into: 

(i) Isotropy of extensionai effects 

(ü) Isotropy of Poisson's ratio effects 

(iü) Isotropy of shear effects 

(iv) Combinations of the above 

Total isotropy is confirmed when the first 3 conditions of (7.30) are met. The case of 

importance for typical fiber composites is the isotropy of Poisson's ratios effects. 

Ln practical terms, the outcome of Christensen's analysis provides the following 

expressions which are extremely helph1 in estimating out of plane properties for cases 

where no fiirther data is available. 



(7.23) 
Other forms of the same relation are obtained by employing the identities bmeen  

propenies for general transverse isotropy (7.4147.7). Such alternate forms are given by 

Chnstensen is by no means alone in postulating that for most practical cases 4 

independent properties suffice. T.P. Philippidis and P. S. Theocaris [23 91 examined a novel 

thermal method for extracthg v, and compared Chriaensen's formulation to their own 

earlier results based on spectral decomposition of the cornpliance tensor, dong with the 

new thermal method they developed. Each of these 3 approaches yielded similar results. 

Interestin&, this phenornena is not restricted to composites. Lekhnitskü [88] reporting on 

the work of Russian researchers S.A. Bani-sjn and R K  Nuenburg (circa 1972) who 

examined anisotropic rocks, presented a simiiar type of relation with 4 independent 

constants that applied itself rather accurateiy in 45 out of the 47 cases examined. 



Parallels can be drawn between the failure characterization of isotropic materials 

and transversely isotropic ones. Taking for the isotropic matenai a polynomial expansion 

of second degree on the stress tensor gives the possible failure form as 

apU i aloi  + a,o,o, = 1 

where a, is the stress tensor and the a 's are the failure parameters. Eiiminating the 

possibility of failure by hydrostatic compression, this cm be reduced to 

ao, +ps,s, = 1 

where a > 0, > O and s, is the deviatoric stress tensor. Thus failure c m  be described by 

2 parameters; this associates and coordinates with the 2 elastic properties form of 

isotropic materials. (Le.: For each distinct elastic property there is an associated strengh.) 

Similarly in the case of transverse isotropy, the expansion into a polynomial form of 

second degree is composed of the foilowing 7 terrns. 

QI 1 7 ° 1 , 7  r O: YQIIO. 9 ~ ~ l ~ i l  7  Q ~ G ,  i, j = 2,3 

This is the well known form of the Tsai-Wu critenon. With arguments taken 6om the 

second viewpoint described below, the 7 parameters forrn can be divided into two modes 

of failure under conditions of strong anisotropy. These are matrix dominated (Mode 1) and 

fiber dorninated (Mode II). Grouping the terms we have 4 containhg the index O), and 3 

containhg the index (ij). The associate parameter count, totaling 7 is: 

Mode 1 : 4 parameters 

Mode II: 3 parameters 



Taking an imposing physical condition of allowing failure under states of hydrostatic 

tension, but disallowing failure under states of hydrostatic compression reduces the 

parameter count for each mode by 1, leaving: 

Mode 1 : 3 parameters 

Mode II: 2 parameters 

Thus there are 5 failure parameters, the sarne as the nurnber of elastic propenies, 

anaiogous to the case of isotropy. wth reference to the approximations presented for a 4 

independent constants description of the matenal where we have isotropy of Poisson's 

ratio effects, ai andogous simplification to the faiiure cnteria should be possible whereby: 

Mode 1 : 2 parameters 

Mode II: 2 parameters 

A second viewpoint takes a micromechanical approach to discriminate between 

stresses that are, and those that are not interactive with cr,, on a rnicro-de. Here it is 

pointed out with the help of the Generaiked Self-Consistent Scheme that there is a very 

large stress concentration effect (30-40 times) in the matrix phase for the longitudinal and 

transverse shear cases, not present in longitudinal extension or contraction. In a relative 

sense there is a very energetic and non-uniform state in the matrk phase in axial or 

transverse shear (or transverse extension or contraction) whereas in the case of uni-axial 

stress in the fiber direction, there is a low energy state in the matrix. Consequently it is 

appropriate to adopt the hypothesis that the state in the mauix due to macro-stress a,, is 

of innifficient magnitude to interact with the state in the ma& due to the other 

components of the macro-mess, even though the macro-stress a,, is very large due to the 



fiber contribution. Christensen takes this to motivate the broader point of view which 

distinguishes the modes of yield that involve stress component O,, with other modes of 

yield involving the other components of stress which themselves are not interactive with 

a,, on the micro-scale. Without digressing into derivations that are presented elsewhere 

[113][114] the applicable formulas are: Matrix dorninated cnterion, Mode I (2 

p aramet ers): 

where: 

I) 

and 

The fiber dominated critenon, Mode II (2 parameters) is: 

where: 

and 

The 4 parameter failure form given above contains the restriction in (7.26) that 



This restriction relating axial shear Ness at fahre to transverse normal mess in 

compressive failure can be relaxed by including another parameter in the matrix dominateci 

form giving 

where: 

(7.33) 

Both Feng's (7.22 & 7.23) and Christensen's (7.29 & 7.32) criteria were coded 

into "Super Pressure - Vesse1 Designer" (dong with Tsai-Wu) for comparative purposes. 

To make practicd use of the formulas seen above, the classic safety factor concept 

was applied to each equation set prior to translating into code. This perrnits the program 

to display failure in graphical fonn as a relative quantity. The screen shows minianire 

c'tthermometers" that climb up and eventudy change shade as they surpass fira ply Mure. 

To illustrate the safety factor concept, Mode 1 faiiure in Christensen's theory is 

given, Feng's equations were treated in an identical marner. Let: R = Safety factor by 

which applied loading c m  be multiplied before causing faiiure. 

Assurning a linear response: 

where: o' represents an actual stress within the lamina 



Equation (7.32) can be expressed as 

a,k,(a, + a;,) + (1 + 2a1)b ~'(o;, - + R~G:] + R~P,(G;: + O;:)  = k; 

recast as 

where: 

M e r  some examination of computed results and further review of the iiteranire, a 

subjective evaiuation was made. Computed laminate safety factors fiom a pressure vesse1 

design (drawn from the example case gtcntkl.ves presented in Chapter 8) are gven in 

Table 7.5 and Table 7.6. The intemal pressure applied is 60 MPa. Predictions from the 

two foregoing theories are compared with other popular critena. 

Table 7.5 Cornparison of safety factor predictions from difTerent failure criteria. 

C 

Layer Materid Angle Christensen Christensen Feng Feng Tsai-Wu Tsai 
No. file k Fiber Matrix Fiber Matrix FPF Matrix 

1 T-1000 50 8-13 2.35 5.30 2.45 1.93 5.60 



Table 7.6 Safety factors based on maximum strain and maximum stress. 

Layer Material Angle M. Strain M. Strain M Strain 
No. file - +O Ex Ey '. G 

1 T-1000 50 8.58 5.98 5.11 

M. Stress M. Stress M. Stress 
- a, - a, * -  0, 

8.96 -14.5i 5.4 1 

5.59 -1.45 7.98 

4.40 -14.63 4.79 

6.2 1 -154.05 6.05 

Clearly for this loading case Feng's theory appears less capable of anticipating 

rnatrix failure. A part of this is due to the fact that the formulation is essentiaily 7- 

dimensional. In computation, layer strains are determined from layer stresses. These 

strains are then resolved into locai materiai coordinates fiom which lamina stresses are 

cornputed via the material niffness math. Compressive radial strain (out of plane) c m  

yield a dominating intluence over transverse in plane strain in the matenal coordinates 

(acting through the stifniess mauix) causing a reversal in sign of the in plane stress 

transverse to the fiber axis. This is evidenced in the foregoing table with the dEereoce in 

sign seen on some of the safety factors as measured via maximum stress as opposed to the 

maximum strain criteria. V.K. Choo and D. Huil [193] have found that this compressive 

stress influence can delay the onset of matrix "plastic" deformation. 

Feng's theory negieas out of plane main entirely whereas the stress based theones 

account for it partiaily since the s a e s s  maaix used to determine the stress mixes in a 

contribution fkom the out of plane component. Feng's criteria also give some rather Iow 



fiber failure predictions relative to the maximum strain theory. Experimental work with 

regard to using either Feng's envelope, Tsai-Wu, Tsai-Hill, maximum stress or maximum 

strain under 3-dimensional loading using pressurized tubes under combinations of axial 

load and torsion have been canied out by M.A. Zocher et al. [119]. In this study, ultimate 

fdure predictions of aii theories (with the exception of maximum fiber strain theory upon 

ignoring + y failures in non-critical directions) is notoriousiy bad. The *de discrepancies 

found between experiment and the mathematical envelopes are quite notewonhy and 

should be a sobering reminder to au who put excessive faith into the numben king 

eenerated. 
LI 

Chnaensen's equations for fiber failure gives results close to the maximum fiber 

main E, . or maximum fiber stress a, y a good indicator. Experimentai studies on pressure 

vessels have long show this to be approximately the case [194][174] [124]. Mat* failure 

predictions with Christensen's criteria are generaliy less cornervative than the Tsai-Wu 

envelope but do not stray unduly far ftom either maximum shear strain or maximum 

transverse strain predictions. S .R Swanson and A.P. Chrino for ou [194] [ 1 9 11 have 

experimented with biaxial test ing using tubular specimens and Iay-ups typical of filament 

wound pressure vessels. Their results are in part reproduced in Figure 7.5 showing las  ply 

failure (LPF) as predicted by Tsai-Wu. a maximum fiber strain envelope, and a maximum 

fiber arain envelope incorporating a non-linear shear estimate analogous to equation 

(7.88): section 7.3. Fibgure 7.6 presents Swanson's replot of data complied by T.R. Guess 

[124] showing the approxhate correlation with maximum fiber strain theory [191], and 

Fi-me 7.7 shows the apparent insensitivity of the biaxial stress ratio upon fiber failure. 
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Figure 7.5 Cornparison of measured biaxial failure stresses with 
failure theones for [90/k45/0], AS4/3 50 1-6. [ 1941 

Figure 7.6 Expenmentai men-gth data for [k30/90]. laminates [191]. 



Figure 7.7 Measured failure strain of [90/k45/0]s 
AS4/3 50 1-6 under biaxial loading [ 1941. 

Judging by the above figures, quadratic interaction fails to capture the essence. It is 

perhaps a good predictor of Uiitiai failures but even this is unclear since it has also been 

suggested by none other than HT. Hahn, J.B. Enkson and S.W. Tsai [195] that a better 

predictor of rnatrk failure is 

f 40; f & 6 ~ h  = 1  

Where: c, are the standard Tsai-Wu theory strength parameters. 

This equation is the basis for the ri@-most column in Table 7.5. The results appear not 

too dissimilar from Christensen's mauDt failure predictions in many cases. 

Swanson and CO-authors have gained a c h e r  understanding and sum their 

experience: "On the whole one mua dserentiate between laminates and t ea  conditions 

where matrix failure coincides or Ieads to ulthate laminate failure, and those conditions 

where ma& failure merely tends to redistniute the stresses within the plies. The latter 



case is ofien referred to as fiber dorninated. In general, tests in which matrix failure 

coincides with ultimate failure appear to be reasonably well modeled by the Tsai-Wu 

polynomial or perhaps modifications suggested to it by Hahn, Erikson and Tsai." .... "On 

the other hand previous results also seem to suggest that laminate failure due to fiber 

failure is not weii modeled by the Tsai-Wu quadratic formula." They give rnany exarnples 

&om studies other than their own to support these conclusions. 

In this author's opinion the method put forth by Christensen may be a better 

predictor both for the onset of matnx cracking and fiber fracture. It should ais0 be pointed 

out that the "Super Pressure - Vesse1 Designer" source code contains the Tsai-Wu fadure 

envelope equations, as well as Feng's and Christensen's. Results from al1 three c m  and 

have been used to evaluate failures but Christensen's may weil be the most representative. 

Such a determination remains a subject for experirnental studies of the future. .As a 

measure of simplicity, the analysis in Chapter 8 is based on the Christensen criteria, but a 

change in compiler directives c m  invoke Feng's or Tsai-Wu since the procedures remain 

present in the code. 

To recap the forgoing discussions, it should be made clear that this design program 

rnakes an attempt to go beyond a linear analysis into the murky region of gradual rnatrix 

failure. For hi& pressure vessel designs, proof testing takes place, ofien far past the realm 

of first ply failure. To this end the matrix failure cnteria mark the beginnùig of a highly 

nonfinear process that persists with further pressurization until a Mode II failure (fiber 

fracture) occurs. Although dependent on vessel wd construction, the event of matrix 

damage is uniikely to precipitate catastrophic fdure, but it will certainly Iead to a 



substantial change in the internai stress distribution of the wall layers, something one 

cannot anticipate fiom linear elastic design. Upon unloading the darnage remains and the 

elastic response in subsequent loading cycles is affected. It would be desirable to have 

tmstworthy and proven failure criteria, especially equations derived ffom a full 3- 

dimensional perspective. Unfominately the art is not well enough advanced presently to 

encompass these wishes so one can at best proceed on the basis of the most recent 

hdings. 

The nea section describes in fùrther detail the experirnental I theoretical 

background and equations used to assess laminate damage level as a hnction of loading 

past initial failure. 

7.3 Damage ModeIing 

The quest to ascertain what is happening inside a "fâiled" lamina and how it affects 

the continued existence or catastrophic destmction of the whole laminate is a continuing 

one. Few subjects are as confusing and complex. The search for answers has Iead to 

voluminous publications, few ifany definitive methods usehl to the designer exist as of 

yet. 

Exploitation of laminates past the onset of matrUc fdure cm be quite rewarding. 

TypicaIIy as iïttle as one-thkd the arain potentiai is being used for the case of designs 

based on first ply failure theory. Early on it was recognized that the reduction in stiffhess 

of laminated composites containing failed layers was a gradua1 process. Failure however is 

a subjective tem. While matrix cracking may be an important event in the structural 



integrity of the laminatey it is stiU quite different than fiber failure. It is ultimately for the 

designer to decide what Ievel of failure can be talerated. Researchers H.T. Hahn and S.W. 

Tsai [196], midying the behavior of laminates &er initial failure, proposed a simple 

bilinear theory whereby stifiess reductions were modeled on the basis of a mie of 

mixtures approach to failed and yet un-failed portions of the lamina. Effons in the field 

have since seen a multiplicity of approaches from fracture mechanics studies to intensive 

computer methods including simulation of crack initiation and growth in larninates with 

specified layups. Nonetheless it must be remembered that much modeling is based on 

linear assumptions, although the post damage behavior of the constituent materials is often 

highly non-hear. 

A particular case in point, and a fact often questioned by the uninitiated, is that at 

first glance containment of pressures exceeding the uniaxial transverse compressive failure 

stress of a lamina appears patently impossible. Obviously this is enoneous, for in 

reviewing the development work presented in Chapter 2 there have been many well 

documented cases of ultra-high pressure composite vessels far exceeding this ima-@ned 

limit. The stress-strain behavior of angle ply ~ e v l a r ~  laminates in compression dong the 

thichess direction, documented by k A .  Fahmy [197], reveals how this is possible. For 

I r  

his study 1 O00 ply thick (5" -5$ or 250 -275 mm) k angle larninates were constructed, 

cut into rectangular specimens and subjected to compressive tests. One such result is 

shown in Figure 7.8. Although unimial compression tests produced a matnx dorninated 

shear fdure in expectation with uniaxial lamina strength predictions, a highiy non-hear 



Figure 7.8 Through-thickness compressive properties 
of angle ply ~evlar' Iay-ups [ 1971. 

behavior emerges whereby the mode of failure shifts fiom matrix to fiber dominated as the 

lamination angle progresses from unidirectional to cross-ply. 

In fact, for the cross-ply failing at ûn incredible 154,000 psi (1 062 ma), 

destruction was explosive with sideways ejection of plies. Undoubtedly had the test 

specimen taken the form of a cylinder, higher pressures aiil would have been achieved. 

The micrograaphic evidence showed a transverse collapse of the fibers into a ribbon like 

state, with modulus loss and ultirnately a gain in transverse stifkess highly dependent on 

the laminate's orientation angle. From Figure 7.8 and the experiences related in building 

50,000 psi containment vessels found in reference [45], it is evident that in exercising 

construction techniques aimed at Limiting fiber rotations which instigate the drastic loss of 

through-thickness moduli, stable "radial compaction" cm place in the 20,000 to 35,000 



psi (138-241 MPa) range. Clearly such behavior is important and adds yet more confusion 

to the picture emerging for damage o c c h g  as result of simple in-plane loading. 

Present three dimensional constitutive theones are based on linear elasticity [190] 

and hence have no ability to model effects such as the one descnid above. The bea one 

can hope to achieve at this point is to draw as ITN.UAI knowledge as possible from (tensile) 

in-plane darnage theories and appiy it. To this end it is pertinent to review briefly some of 

the studies that have k e n  considered while broaching the subject of modeling damage. 

Discussion of particular model details is beyond the scope of the present treatise however 

a qualitative feel for the ground that has k e n  covered is deemed important in iight of the 

po st 6rst ply fdure analysis presented subsequent ly. 

The major darnage that develops in laminates under static or cyclic loading is in the 

fonn of interlaminar and intralarninar crack. The former develop in between plies rnainiy 

duruig the finai destruction phase of the laminate. The latter appear earlier on and quite 

suddenly, in large numbers within plies where the stresses have reached a critical value. 

defined perhaps by the first ply failure criteria of the ply. These are families of cracks in the 

fiber direction (but usuaily transverse or inciined to the principal load direction) and their 

macroscopic effect û a reduction of the in-plane stiffness of the laminate. The analysis of 

stfiess reduction has seen repeated attention, but the complexity of the matter has in 

large part limited the analyticd treatments to cross-ply laminates of the [Om/9OnIs 

configuration in which only the 90 degree plies are cracked. The main methods of analysis 

employ some variant of shear lag theory (1-2-3 dimensional), self-consistent 

approximation schemes to assess ply stifniess reductions in conjunction with classical 



laminate analysis, or variational (energy) methods. Other approaches are classic fracture 

mechanics, non-linear viscoelastic analysis, internai state variables (thermodynamic basis), 

or general boundary value problern solutions for special crack geometries (both andytical 

and via finite elements). The methods used overlap but each have be shown to coincide at 

some level with experimental data. 

2. Hashin [KU] used a variational approach to show how transverse laminate 

m e s s  and Poisson's ratio varies with increasing crack density for combinations of 

transverse and longitudinal cracks in two different cross-ply layups for giass and graphite 

epoxies. The solutions are lower bound. His derivations also provide numerical estimates 

on the magnitudes and distribution of out of plane and interlarninar shear stresses 

(a=, s,, r,=) which is unique to this rnethod. Unfortunately, as with many techniques, 

crack density is a requisite input parameter and the solution derived is limited to the [0/90] 

layups exarnined. 

G. Devorak and N. Laws [199] favor a fracture mechanics approach. Their studies 

brought forth that the mechanism of cracking between thin and thick plies is dserent. 

Thin plies tend to propagate transverse cracks which are parailel to the fiber axis and grow 

through the thickness (0 direction of the lamina, whereas thick plies also show crack 

growth on planes that are perpendicular to the midplane of the ply and can be described as 

runnhg longitudinal (L) siit type cracks fo l iodg  the fiber axis. Clearly a crack cm extend 

either in the (7) or (L) direction or simultaneously in both. The correspondhg energy 

release rate or alternately toughness can be expressed as GJT), and GJL)  with criticai 

crack widths 6 ,(T), G ,(L) , etc. It is estîmated that the Mode II (Iongitudinul shem) to 



Mode I (trmerse tende) fYacture toughness ratio is K$,c E 5 in typical laminates. For 

mixed mode fracture, as takes place within a lamina, the difFerence in toughness values for 

both (L)  and (T)  type cracks is not as severe between each mode, and it is estimated that 

6 , ( n  < 6,(L)  by about a factor of mo.  Therefore, because it is eneqeticdy favorable? 

first ply failure in thick piies occurs as a result of type (7) cracking followed by type (L) 

cracking. In thin piies the through thickness dimension falls below the critical value and 

hence the strength becomes related ody to the onset of unstable type (L) cracking, much 

as the strength of a thick ply was related to type (7) cracking. The transition was found to 

occur at 0.5 mm ply thickness for an E-giasdepoxy material with G,=(L) = 250 J /  M' . 

Additiondy it was found that the angle of lay-ups constraining the 90" piies did not have 

any great influence on the transition of strengths between thin and thick piies. Figure 7.9, 

reproduced f?om reference [199], illustrates the limiting lower strength as ply thickness 

increases. A consequent conclusion was that initial surface flaws present either due to 

rnachining, impact or intemal flaws as a by-product of manufacturing can provide seed 

points for type (T) cracks and substantially lower or dtogether eliminate any advantages 

that t h  ply construction may have in raising the initial matrix failure stress. Unfominmely 

neither the absolute or even relative quantities of the eacture toughness parameters are 

documented well enough to make any real design oriented use of such approaches. These 

studies however do lead to an understanding of why a transition occurs between the 

apparent stren-gh of fineiy dispersed plies as opposed to thicker lamina lay-ups. 

An earlier study by D. Fiaggs and M. Kural[209] found a weak relation between 

the orientation angle of the 5 constraining Iayers and the strength enhancement effect 



these layers lent to the transverse plies. The [O1901 type layups showed the greatest 

enhancement effect while [S0/90] and [M0/90] constructions had somewhat milder 

enhancement effects respectively for any @ven transverse ply thickness. However as 

expected, with transverse ply thicknesses progressing from one to 8 layers (1 mm), the in 

situ strengths dropped by approxirnately a factor of two, and for the eight layer case were 

only 13% higher than for a unidirectional sample. 
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Figure 7.9 Strength vs. ply thickness [199]. 

Further anaiysis and testing by Flaggs [192] looked at mixed mode fractures in 

laminates of the [02/kû]. variety where lamination angle 0 took values of 70, 80 and 90 

degrees. It was pointed out that one-point stress failure theory such as the Tsai-Wu 



critenon and others were underestimating and entirely inadequate in modelhg the faiiure 

process responsible for tende matrix failure, especially in the finely interspersed lay-ups 

examined. 

Quite earfy on investigators had reaiized that crack spacing tended to be quite 

uniform but also strongiy dependent on the thickness of the transverse layers undergohg 

this damage [201]. For instance in glass laminates (which are easier to shidy because of 

their transparency) crack initiation occurs at about 0.4% strain, whilst at 0.8% strain it 

was found that the crack patterns stabilized to a remarkable uniformity, and ais0 that 

initiation sites concentrated where fibers were nearly or actuaily in contact or in areas 

fiaught with voids. These same investigations correlated the onset of acoustic emissions 

with transverse microcraclring and also showed that just prior to delamination and 

complete failure, the transverse cracks were beginning to penetrate the adjacent plies and 

starting to branch out at W5O fiom ply interfaces, following the fiber directions in adjacent 

plies. It was also detennined that the crack spacing approaches an apparent lower lirnit 

cornmensurate with the thickness of the constrained ply. The crack spacing saturates as 

the interfacial shear strength across the layers is broached which leads to extensive 

delamination and hence an dtogether new mode of failure, generdy catastrophic. 

Concernhg acoustic emissions, it should be emphasized that there does not yet 

appear to be any great success in differentiating between intralaminar and interlamina 

cracking with acoustic techniques, however recent studies have shown it is capable of 

assessing quite conclusively whether prior impact damage exists within pressure vessels 

(using a proof test depressurization cycle) and specific test guideluies have been published. 



Low frequency 'Ykiction" wavefonn signatures have been identified that cm be correlated 

to the presence of impact damage in such tests [202][203]. 

The concept of a Characteristic Damage State (CDS) was introduced by K.L. 

Reifsnider and CO-authors. This effect is now recognized widely and researchers have 

accepted that damaged laminates will always tend towards a lower bound of the transverse 

crack spacing, characteristic of the material and lay-up. 

Over the years rnany closed f o m  solutions to the crack spacing in terms of applied 

load and lamina properties have been denved. This in tum allows the prediction of 

reductions in transverse NfTness. Many of the models are based in one form or another on 

shear-lag theory with additional parameters iike probabiiity density fùnctions for strength 

or assumed stress distributions between adjacent cracks determinhg the onset of 

subsequent cracks. Simpler solutions employ ody specimen geometry and shear rnoduli 

rather than a full fkacture mechanics approach to the '%st ply failure stress" so they do 

not depend on evaluations of the energy release rate of the lamina [204]. Although such 

approaches are helpfid, the analysis tend to be geometry specific and the procedures 

requires an integration for every load increment. A useful feature of at lest one such 

simplified method, presented in reference [204], is that it could lend itseif'to modeling 

fatigue darnage accumulation @ven S-N c w e s  for the constituent plies as input. 

A concept analo~ous with classical fracture mechanics is the use of a resistance 

curve (R-curve) where the curve represents the composite's resistance to transverse crack 

initiation, multiplication and growth [205][206]. It was found that such curves are 

basicaiiy independent of the m e s s  of the constraining layers, especially if the thickness 



ratio of the 90" layers to the constraining layers remains constant. Such approaches have 

been apphed to predict crack growth and stifiess reductions [206]. 

One advantage of hcture mechanics based models is that the matrix toughness 

effects cm be seen reflected upon predictions of the stress levels necessary to cause 

changes in transverse propenies such as Poisson's ratio for damaged laminates, and that 

tbis limit is far higher for the toughened matrk material [208]. 

Some mode1 refinements that have proven useiùl to the shear-lag type analysis are 

inclusion of a separate interlarninar shear layer (resin rich area) [209] and accounting for 

the effects of built in thermo-elastic stresses resulting tiom the cure process, especially as 

concems graphite-epoxy laminates. Useful test methods for estirnahg themai stresses 

experimentaliy are via antisymetric lamina curvature changes during cooling and such 

measurements cm be used in conjunction with these models. Details descnbing one 

technique are available in reference [Zog]. N. Takeda and S. Ogihara [2 1 O] have emplo yed 

a novel method to test for residud thermal curing strains in laminates without resorting 

to special layups. They c d  the technique the "ply separation methodY7. A sample cut ffom 

the symrnetrk laminate is ground on one face to remove a layer and the resulting 

curvature is measured in order to back-calculate the residud strains. With either method it 

m s  out that the suain values are only about one haif those predicted using published 

thermal expansion coefficients and curing temperatures. This is expected since the resin 

gelation point is a key factor determinhg the zero stress temperature, however in practice 

difncult to determine other than by actual testing. 



P. Gudmunson and S.  Ostiund [211] have shown results pertaining to both thin 

and thick laminates under a dilute crack density assumption (crack stress fields do not 

interact with another). Their calculations, derived on the basis of elasticity theory, are 

formulated using the change in elastic energy of a laminate with the appearance of a crack 

to arrive at a stifiesses reduction matrix descnied by a dimensionless crack density q, . 

The resulting nifniess reduction rnatrix constituted of a, 's is solved for. Solutions to the 

cracked geometry stiffness have ais0 been obtained by finite element modeling of 

laminates with layups [(8,-0)~] typical of filment winding. One of the rnost interesting 

revelations being that for both the @ass/epoxy and AS413 502 graphite materials studied, 

the f lay-up angle played littfe role in the relative stifiess change due to cracking when 

normalized agaha a cross-ply arrangement undergoing the same cracking. Fipure 7.10 is 

reproduced f?om reference [2 1 11 to illustrate this hding.  



Figure 7.10 Normaiized coefficients ü, as functions of the ply angle 8 for an intemal 

rnatrix crack in a GFRP (a) and 0 @) [(8,-8)n] laminate [211]. 

The relatively small variations in a, lead to the conclusion that if an average value 

is chose& the maximum error in e e s s  reduction predictions is on the order of 15% for 

any angle. This certallily simplifies predictions where hi@ accuracy is not needed. Even 

though a dilute approximation was made, applyhg up to about $ q, maif the saturation 



crack density), a non-dilute analysis using a finite element caiculation for each individual 

crack was also performed and showed s i d a r  results. 

S.R Swanson and B.C. Trask [212] c h e d  out expenments on quasi-isotropie 

tubular specimens in measuring and modeling the develo pment of ma* cracks in the 

absence of the fiee edge effect. They also noted that in their tubular laminates, delivered 

fiber strains at failure were very close to fiber mains at failure in unidirectional coupon 

tests where no transverse matrix cracks existe& 

R.J. Numiser and S.C. Tan [213] developed a model for a cracked composite 

lamina subjected to general in plane loading (as opposed to uniaxial loading) and their 

elasticity formulations showed that the cracked lamina cornpliances were dependent on the 

laminate w i t h  which the damaged ply is contained. The effects were more noticeable for 

shear moduli when compared to a self-consistent (laminate independent) model. This 

p d y  contradicts other researchers who clah the dependence on the constraining iayers is 

weak. 

Many mauut cracking models are based on some type of shear-lag theory. 

Unfortunately one must then assume an adjustable shear-Iag parameter. Laws and 

Devorak [2 141 proposed a method for extradg this parameter given the fracture 

toughness G,, first ply faiiure stress, thermal curing stress, elastic rnoduli and some 

geometric parameters defining the layup. 

.An Internai State Variable (ISQ approach is described by J.W. Lee and co-authors 

[215] to arrive at a damaged dfbess matrk for cross-ply Iayups. Essentially the (ISV) is a 

quantity which represents the contribution of the crack opening displacement to the 



observable strain which cm be measured f?om a specimen with matrix cracks under 

uniâuial tende loading. The equations however need crack spacing as an input parameter, 

a quantity not readily available kom a design point of view. 

From an experimental perspective, J. W. Hoover et al. [2 1 61 perfomed a 

remarkably detailed study of crack development under slow loading for glas  fiber 

composites of varied lay-ups. They identified 3 distinct stages of m e s s  reduction. The 

first stage occurred befoe any transverse cracks appeared and was unexpected because 

stiflhess degradation was thought to result fiom transverse cracks. The effects were 

attributed to presence of residual strains which may relax and subcritical darnage that 

occurs at around 0.2% to 0.3% grain. The subcritical damage was postuiated to occur in 

two forrns: Microcrackhg and microdebonding. Microcracks are small cracks in the 

matrix that consolidate at higher strains to produce transverse cracks, microdebonding is 

the separation of the fibers and matrix. The first observable damage occurred in stage 2 

where there was a region of linear m e s s  reduction that continued und the crack density 

reached values of 0.5 cracks mm''. This feature of the stiffness reduction curve occurred 

over the geatest range of crack densities and continued up until reaching the 

Characteristic Damage State (CDS) providing such a state was attained. For some 

laminates this was not fully achieved. The stage 3 reduction is identified by a large 

decrease in stieness at a hi& crack density. The effect is evident with laminates having 

S 5 "  and M5O constraining layers where for very s m d  changes in crack density there 

occurs a tremendous mtniess reduction. Consequently there develops constraining ply 

cracking, delamination and fiber failure. In this region transverse cracking is not the ody 



damage mode and the transverse crack density does not represent the amount of 

accumulated damage therefore s h d d  not be used to mode1 a stiffhess reduction. It can be 

labeled the final (catastrophic) failure region. 

A recent experirnental study on crack growth in quasi-isotropie laminates by J. 

Tong et al. [217] followed crack development in all the plies. It was noted in tbis m d y  

that with ply thicknesses greater than 0.5 mm the transverse ply failure strain appears to be 

approximately constant for laminates of difTerent lay-ups and similar to the transverse 

failure strain of a unidirectional Iay-up, after the thermal cunng strains had been taken intc 

account. Although the exact initiation point for transverse cracking was siightly dflerent 

between cross-piy and quasi-isotropie Iay-ups, the fom of the curves plotting crack 

density with main show remarkably sirnilar character. This important concept will be 

revisited Iater. Figures 7.1 1 and 7.12, reproduced fiom 121 71 illustrate some detail. 
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Figure 7.1 1 Crack growth process fiom transverse to off-ais plies [2 171. 



Figure 7.12 Crack density vs. applied strain for cross-ply & quasi-isotropie Iay-ups [2 1 71. 

The existence of a crack saturation effect or Characteristic Darnage State (CDS) 

has long been seen to exist, however it is not dways fully developed before the laminate 

demct s  due to fiber breakage or massive delamination. The precise mechanism 

underlying its development has been the subject of debate. One explanation, put forward 

by J.F. Caron and A. Ehiacher [218] is that s m d  delaminations begin to appear at the tips 

of cracks between the plies at high stress levels. This stops al1 new load transfer by slow 

interface destruction and hence brings about a damage saturation phenornena. They have 

photographed evidence that leads to such a conclusion. 

S.E. Groves et al. [2 191 recorded two different types of transverse ma& cracks. 

These are straight cracks and curved cracks including partial angled cracks. It was 

determined that these appeared in a particular order (straight fkst) and subsequently the 

straight cracks were flanked by the curved variety. The saaight cracks appeared suddeniy 

(brittle type ffacture) wMe the angled cracks came about later and were always located 



nearby. A curved crack is a matrix crack that initially forms as a partial angled crack and 

grows towards the straight crack often joinhg up at the rniddle with ânother to fonn a 

curved crack. Because the growth rate of these partial angled cracks is much slower than 

that of the straight crack, a ductile f?a-e mode is suggested. The authors explained the 

process fiom the point of view of local stress distibutions in the vicinity of the straight 

cracks and used finite elements to ver& However the saturation effect may also be 

related to a phenornena whereby the fracture mode appears to be slowly changing to one 

with a siïghtly more ductile character as the strain level increases. The appearance of 

curved cracks was very pronounced for thick transverse plies yet practically non-existent 

for he ly  laminated lay-ups. Figure 7.13 illustrates schematically. 

Schemitic of the matrir crack pattern in a 
[OIS&], laminate 

Crack Distribution 

Figure 7.13 Crack patterns and distribution with increasing ply thichess [2 191. 
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V. Kominar and H.D. Wagner [220] studied the effects of using flexibilized resuis 

to elevate the strain levels seen at first cracking. An interesting fact reported is that 

chang ing the resin flexibility fiom 2% to 70% (3 5X) results in an increase of first damage 

strain fiom 2% to 1% (5X) for a unidirectional glas laminate. However for a complex 

lay-up the translation into improved laminate strains is far greater than what would be 

expected on the basis of uniaxial tests. Conversely the interfacial bond strength suffers 

greatly with flexibitized resins and results in an eariier appearance of non-linearïty in the 

stress-strain curve along with stress-whitening. This lowers the transverse stress at which 

debonding begins and there is also more debnding prior to cracking and failing. Naturdiy 

such resins are aiso limited to a lower senice temperature. 

Most of the modehg to date has concentrated on transverse aitniess predictions. 

and some authors have noted that few if any reliable experirnental data appears available to 

test predictiom for shear modulus reductions due to transverse ply cracking [300]. 

The mon primitive of modeling techniques for laminates having experienced fira 

ply Mures is the 'ply discount method". Obviously, and with reference to the studies 

mentioned above. this approach is very conservative. and can at best predict the sequence 

offirst pi'y failures in the laminate. however is near useless to estimate ultimate properties. 

S. W. Tsai in his composite design series texts [174] [176] advanced the notion of using a 

matrix and fiber degradation factor along with a modified forrn of the quadratic interaction 

criterion to enable an estimation of the sequence of events leading to fdure and also the 

final faim load. The concept of the matrix degradation factor is based on the CDS 

desmkd earlier and can be taken as meaning that macroscopically approximately 15% of 



the rnatrix moduli is retained in the damaged state. With fiber breakage in a layer, only 1% 

of fiber stiffiiess is retained. These matrix and fiber factors are then entered into semi- 

empirical micromechanics equations to result with transverse stiffness predictions for 

composite rnoduli E,, G12, in plane Poisson's ratio v12 and so fonh. Axial compressive 

strength is also modified on the basis that the fiber looses support fTom the surrounding 

rnatrix and diis is temed "loss of the foundation shear modulus". The bea fitting matrLv 

degradation factors Vary with the Iay-up and materials of construction and optimal vaiues 

range from 0.03 to 0.30. Table 7.7, a summary of matrix degradation values taken from 

S.W. Tsai's design text [176], shows that these empirical factors encompass a wide range. 

Table 7.7 Matrix degradation factors [176]. 

T-300/5 208 [0/90] 0.0 - 0.10 II 
T-300/5208 [0/902 ] 0.0 - 0.40 avg: 0.20 
T-300/5208 WI 0.07 - 0.34 
T-300/5208 [O -/i4 5 ] 0.16 - 0.47 fl 
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The post fia ply faiiure evaluations can take place in an iterative loop or directly 

in a singe s e p  provided one is willing to forego some detail on the sequence of events 

leading to rupture. The concept is simple enough to use but also sufEers in many regards, 

not Ieast of which is the fadure criterion. Hart-Smith [185] was very critical, but rightiy 

noted that the interaction criterion being used for this progressive failure analysis 



effectively eliminates the interaction tem16~ once the m a t e  "degrades". Also failure plot 

anchor points are afEected by this process. To paraphrase his concems: Effectively the 

criteria becomes non-interactive and the contribution of matrix dominated terms is 

suppressed in order to accentuate the fiber contribution. The technique is a wbtle path 

towards applying sepuate failure envelopes, one matrix dominated, the other fiber 

dominated and in the k t  this approaches maximum stress ! maximum strain theory. 

Nonetheless the present author believes that the overall degradation modeling 

advanced by S.W. Tsai et al. is well enough founded to warrant building a second 

generation approach for 3 reasons: Firstly, separate failure envelope theones already exist 

hence there is no need to employ something that needs heavy modification in the face of 

matrix damage. Secondly, Tsai's design approach to assigning a mauUt degradation factor 

was drawn in part from early (1 980) fatigue tests conducted by A.L. Highsmith and K.L. 

Reifsnider [221]. Later it was updated by work drawn from his (1992) Ph.D. student who 

was modeling the damage process and Characteristic Damage State lirnit properties. It is 

documented that crack patterns resulting 6om fatigue damage show a different character 

than those obtained under monotonic tende loading [2 171. More recent models have been 

proposed which q u a n e  the expected state of damage developed at any point durhg the 

damage process without knowledge of the crack spacing apnori, so there is a stong 

incentive to move past earlier techniques. Thirdly, fully analytical rnicromechanics models 

are weii developed and have been shown to sjve accurate predictions of 3-dimensional 

properties. There is littie need to go through an intermediate step of assigning a "degaded 



matrix property" whiln the damage modeis are predicting some of the lamùiate s t f iess  

reduct ions direct ly. 

From this rationale a revised post fint ply fdure computation was developed for 

predicting the laminate response and the results incorporated into the code of "Super 

Pressure - Vesse1 Designer". Details are presented in the following section. 

7.1 Post First PIy Failure 

Much of the information that has ken gained in the area of damage modeling 

rernains disconnected. Few models ex& that predict crack density fiom loading and 

thereby estirnate the damaged moduli, rather most techniques rely on an input of crack 

densiry to estabikh the damaged moduli. Full 3-dimensional damaged property 

characteristics are even harder to ascertain. One facet the research has brought fonh is 

that within a class of lay-ups and material the development of transverse cracks and the 

commenmrate sofiening of certain moduii follows a dehed pattern which is not sensitive 

to details in construction The postdated Characteristic Damage State (CDS) is in part 

evidence of such a trait. One particular researcher who has tned to draw together certain 

aspects, in a marner of norrnabg such data, is Luo-Yu Xu. In a series of papers 

[222] [223] [Di] [2Z] 12261 [227] presented over the past few yems an attempt has been 

made at cornpressing his own data and that of other researchers into an "equivaience" 

fonn mch that a wide range of teas fiom disparate sources can be treated. This author 

calis the normalized resultant quantity an "equivalent residual lamina stifhess", which is in 



tm based on the concept of "equivdent crack density" and "equivalent applied loading". 

Amongst aii the models and techniques reviewed, the above method with some 

adaptations was chosen for implernentation. Key reasons for this choice are: 

1) The concept is general and does not rely entirely on specific lamina lay-ups or 

materials although it can be refined by including crack growth data f?om particular 

laminates and rnay aiso use fiacnire toughness results to irnprove accuracy. 

2) Crack spacing needs not be known apriori, since their formation c m  be 

estimated directly fiom the loading. 

3) The equivalence concept allows use of data from many published sources. 

4) A small  database of test results ushg various materiais and laminate 

constructions bas already been analyzed and compressed into useable form. 

5) Application is through a one-aep process, requiring no stepwise intemation to 

rn on a crack by crack basis, so computational t h e  becomes insignifiant. 

The concept is developed bnefly below. 

It is assumed that the growth of transverse rnatrix cracks is related not only to the 

cracking stress state but rather govemed by distriiutive initial defecu. Therefore strictly 

analyt ical models are insuflicient and pro babilist ic methods are emplo y d  instead. For 

simplicity we asnune that in a brittle matrix the initiation of transverse cracks can be 

simulated by some distniution of effective flaws. The size or len-gth of these effective 

flaws is of an unknown distribution and their maximum and minimum value are a, and 



a- . A non-dimensional variable, the "equivalent crack length " atq is defined to describe 

the range of possible values. 

- a - a ,  
aeq - 

amur - a 

From linear elastic fracture mechanics we have an equation of the form 

where G,C represents the intralaminar fracture toughness (transverse rnatrk cracking), 

& is a geometry parameter and O the applied stress. The equation cm be caa in terms of 

applied strain E rather than stress, whereby the cntical flaw length a is expressed in the 

Here <, represents a material parameter, 5 ,  is a stnicturai parameter. The material 

parameter stays constant for diferent laminates constructed of the sarne material under the 

same cure process and can be considered a property just as Young's modulus? etc. The 

structural parameter can Vary f?om one cracking state to another in the sarne laminate. 

Substituting the form (7.37) into equation (7.3 5) yields 



As the loading is increased a small population of large pre-existent flaws fom the first 

cracks. As these initiation sites are consumed smaller remaining flaws subsequentiy 

become the origin of fùrther matrix cracks, cornmensurate with increasing load. 

The , and , notation stands for crack initiation and crack saturation respectively. 

Therefore a- represents attainment of the saturated crack state and a,, is related to 

pre-existent defect density at crack initiation. A rearrangement and canceling of terms 

reduces the above to 

where: 

Km=-, and K m = -  S: 
Cs Cs 

Here ceq is defined as "equivufeni applied loading '*. hother  form is 

(7.10) 

In view of the fact that many studies have s h o w  the sauctural effects to be secondary 

(insensitivity to constraining layer arrangement and exact location of transverse plies 

within laminate) one can aiso extend this interpretation as rneaning that the variation in the 

stmcturai parameter is smallf?om initiation to saturation aates. Hence K, z Km, z 1 . 

Equation (7.30) simplifies to 



(7.4 1)  

Considering a length of lamina L in which mavDr cracks will appear, containing a total of 

NT effective flaws. At an applied loading level E,, , the number of effective flaws that will 

have formed into matrix cracks is: 

(7.42) 

where f (a,) is the probability densityfunction describing the equivalent crack length. 

Normalinng (7.42) with respect to lamina length L defines the rnatrix crack density and 

thesatura~ioncrackdensz~ as D =  NIL,  D, = N J L  and theequation may be reaated 

Introducing a non-dimensional parameter, the quivalent crack densip D, = D/D, 

where F, ( E  eq ) represents the distributionfirnction expressed in terms of the equivalent 

applied loading (instead of equivalent crack length) which can be exnaaed by curve-fitting 

to experimental data. For example: Figure 7.14 shows a plot of equivalent loading E b 

against the equivalent crack density D, . 



Fipre 7.14 Parameter transformation relationship between the 
equivalent loading and equivalent crack density. 
Values are for a [9O3/0Is glasdepoxy laminate [222]. 

The data plots out wel  using a semi-log scale, and directly fiom the figure we get 

therefore the equivalent crack density is 

(7.44) 
Labelhg the proponionality constant 0.659 as a (materid cracking) parameter E: and 

applying this quantity to (7.43) the distribution fiinction is determined 



This is essentially a Rayleigh cumulative distribution function [26 11, a single operative 

variable case of the more encompassing 2 parameter Weibuii distribution. Equation (7.44) 

cm be cast into the more general two parameter form 

where the two Weibuil cuve fitting parameters and CK are extracted from 

expenmental data in a fashion sirnilar to that presented in Figure 7.11. 

Reviewing some data taken fiom reference [222], Figure 7.15(a) compares 

"chmocteristic curves" g enerated using crack densities g athered from both cross-ply and 

quasi-isotropic AS4 graphite fiber based laminates. It is evident that there is a slightly 

different response between these two classes of lay-ups however they both follow the 

basic trend rather closely. Figures 7.15@) -7. i 5(d) are for cross-ply lay-ups, each with a 

dEerent matriu. The curve fits appear reasonably good and expenence has show that it 

remains so provided one does not stray too far in the type of fiber and lay-up. Some data 

for glas  epoxies is ploned in Figure 7.16. Compiling the test results of many researchers, 

Luo-Yu Xu has put into evidence that although the saturation crack density in different 

laminates m@~t Vary widely, and that the mat& crack growth processes can be quite 

different as a result of loading hiaory (fatigue vs. static) and / or the lay-up sequence, the 

ha1 residual laminate stdfnesses seem insensitive to such differences. Generally the thin 

90" layer laminates had the high initiation loading and ma& crack gowth rate and the 

big b a l  saturation crack density. However the final m e s s  reductions were about equal 



regardless if there were several separate thin layers or only a unitary one. Once the loading 

and crack density parameters are nomalized and transformed into non-dimensional 

quantities, the plots appear as a family of curves. The fitting parameters or "characteristic 

parameters" will provide an accurate prediction for the same material / under the same 

cure process, allowing some estimation for sirnilar materials and lay-ups under similar 

processing. 

Figure 7.1 5 Characteristic curves for graphite epoxy with dflerent resin systems [222]. 
For Figure (a) Laminates: KI = [0/90],s ; K2 = [01/90& 
Kj = [45/90/-45/90/45/90/-45/90]s ; K4 = [60/90/-60/90/60/90/-60/90]s 
For Figures @) through (d) laminates are aH [02/90& 



A secondary feature in evidence fkom the above figures is the fact that the cuve resulting 

f?om a highly rubberized rnatrix Tactix 695 withG, = 1250 J /m2  shows less difference 

than one might expect in cornparison to a conventional resin 350 1-6 with 

G, = 220.I/rn2 [208]. The G ,  value is 343 J /m2 for the Tactix 556 ?stem 

Figure 7.1 6 Characteristic curves for (a): [0/902/02/90]s and (b) : [O3/90Is glass-epoxy 
laminates [222]. 

Fitting parameters for ditrerent materials evaluated in reference [222] are preseded in 

Table 7.8. For Rayleigh curves the "characteristic equivalenr loading" E: varies ffom 

0.4 - 0.8 for difTerent materials. The correlation between this parameter and other matenal 

constants such as the transverse tende strength or fkacture toughness is not yet clear. 



Table 7.8 Fitting pararneters for characteristic curves [222]. 

In an effort to expand somewhat on the meaning Luo-Yu Xu's pararneters 

consider the shape of Weibuli curves and the equation of this density funcrion presented in 

the Figure 7.17 below. 

Weibull Distribution 
0-1 -Qxa f(x)= ap x e 

l 

Fi-mire 7.17 Probabdity distribution fundons for a random variable [229]. 
Rayleigh distribution when B = 2, 
Exponential dimibution for P = 1, 
Weibull dimibution when a and P are fiee parameters. 



Probability of failure (occurrence of damage) c m  be computed as follows. The definition 

of a WeibuU density distribution, with E, as the fùnctional parameter, is: 

The probability of a crack forming depends on the integral of this function over the load 

range in question. For a relatively small load, assurning P = 2 , a = 1, this integral wouid 

represent the shaded area in Figure 7.17. Here it mua be remembered that large values of 

srs represent srnall loads, sirnilar to large values of a, representing the small loads 

necessary to propagate cracks from large initial flaws. The probability for faiiure or 

damage occumng is thus represented by the integral 

(7.18) 

We note that any probability function integrated over the entire range ( 0  + s ) yields 

unity. Thus if we plot D, as a function of the lower lirnit of integration e ,  one can expect 

to get a reverse "S" shaped curve with D, = 1 as the Ioad increases to the breaking point 

A variation of parameters c m  be used to simpw the integral, 

let: y = sCq then 4V = P E ~ & ~  



Further, to examine the implication of parameters a and P one must start with the 

definition of a probability density function. 

f(zq) = Z(E~).R(%J where: Z is a rate fùnction 

R is a reliability function 

The reliability function is defined as 

(7.5 1) 

where the inregration limits reflect the reliability side rather than the failure side of the 

For a Weibull probability density fùnction the rare fùnction Z is defined as 

Essentidy this is a smoothly increasing / decreasing type of power finction with P as the 

major shape controlline parameter while a acts as a scaling parameter. Figure 7.18 plots 

the rate fùnction for various values of B with a = 1 , (B and a in the Figure 7.18) . 



CRACK RATE CURVES 
a= 1 

Figure 7.18 Crack rate curves for fitting parameter B ('l3 in figure) when a = 1 . 

Comparing equation (7.46) with (7.49) it is obvious that P = CK and looking back to 

Table 7.8 we note that CK > 1 ,  so one cm nate ouvight that the rate of crack generation 

tends to zero as the equivalent loading increases to the breaking point (E, -+ O ). A high 

value of B implies that an increased arnount of cracking takes place at lower loads while a 

lower value indicates the crack generation rate is slow early on, reachhg saturation at a 

Pace that begins dropping to zero only at a ioad close to rupture, and then very quickly. 

Scaiing parameter a serves to rotate these curves CCW with increasing values. We note 

also that putthg p = 2 sets a hear decrease to the crack generation rate and we recover 

the Rayleigh form, equation (7.44). In terms of the probability density shown in Figure 



7.17, increasing p skews the cunies to the right, meaning more crack generation at 

relatively low strains above FPF with respect to the ultimate strain capability of the 

Luo-Yu Xu's parameters 

Table 7.8 also gives a, and a, 

1 -- 1 - - 
and E: are actually a and a respectively. 

which are values of a back-calculateci fiom Luo-Yu's 

fitting parameters above for the Weibull and Rayleigh Cumes. The Rayleigh curve impties 

a linear decrease in the crack generation rate so the n fitting parameter is the best fit 

approximation to this dope. A higher value meaning that the rate decreases faster per unit 

loading. This rate is also approximately inversely proportional to Luo-Yu Xu's 

r q  and e: terms, so a low value of Luo-Yu Xu's parameters means that the overall 

steepness of the characteristic curve is more pronounced. 

The characteristic curves should be read from nght to lefi. The presence of a hi& 

E, value indicates cracks are being initiated at a relatively low load. Using a toughened 

matrix suppresses the onset of cracking and E, is thereby smaller when cracking does 

commence. In tum the crack developrnent phase is then quite abrupt making the 

D, vs. E~ curve rather steep. This results in commensurably lower values for E: or 

a 7  shce this constant is related to the inverse of the dope. It appears that materials and 

lay-ups which show a great strain range over which damage can occur before final fracture 

such as dass-epoxîes (because the main limit for glas is high) or multidirectional lay-ups 

which degade rather gradudy and commence cracking early on will tend towards a hi& 



value of E:. High strength type graphite epoxies appear to occupy the middle to hi& 

range values indicating that as they fail the damage develops gradually. For the Weibull 

fitting parameters the effect of E:: is analogous to as it descnbes the overd 

steepness of the center portion of the curve, and the parameter CK modifies the curl of 

these reverse "S" curves near the extremities, with higher values causing greater 

roundness. Thus the combination of a high CK value coupled with low would 

indicate a situation where crack gowth rate is extremely high at some intermediate value 

of equivalent load, for example the Tactix 696 system. 

Certainly more work needs to be done in this area to quanti@ which fitting 

pararneters are moa appropriate and relate bea to the types of laminates under mdy. The 

"Super Pressure - Vesse1 Designer" code uses one set of Weibull curve fining pararneters 

throughout. The ones chosen were those obtained for quasi-isotropie AS4/3 502 lay-ups. 

The rnaterial behavior is shown in Figure 7.15(a) and listed under the e s t  row of Table 

7.8. Ideally if' more extensive data were available, fitting pararneters for darnage 

development could be included as part of the database and applied individually to each 

material. Numerical methods for extracting Weibuil parameters are available in reference 

There are however st i l l  two other factors that need to be determined, namely crack 

initiation and saturation mains, before the method discussed above can be applied. Crack 

initiation strauis are optimdy determined fiom a tiacture mechanics approach. From linear 

elastic f iaare  mechanics the critical main energy release rate is equal to the intralarninar 

fiacture toughness at crack initiation. 



(7.53) 

Where U is the strain energy for the laminate with the matnx crack, oflen expressed as a 

function of the matrix crack density or the flaw length. The maximum strength approach 

assumes that the stress of the off-axis lamina attains its critical strength value when the 

matrix crack initiates. However due to the in situ strength effect in a laminate, this critical 

strength of the lamina is nof a material constant. Another view considers strength as a 

probabilistic phenornena. These theones are available in the literature [Z O] [23 1 1. 

However fiom a simpler standpoint the mat& crack initiation can ni11 be predicted weil 

enough by anaiytical models. Shear-lag approaches are followed by many analyns, 

including the work of N. Laws and G. Dvorak [2 141, J.W. Lee and LM. Daniel [204], 

and Luo-Yu Xu [223]. Ultimately they corne up with an equation descnbing the relation 

between the matrk crack initiation arain and the shear-lag parameter K, (dong with 

material constants and geometry). For cross-ply laminates the form used by Luo-Yu Xu 

[222], adapted £tom [214] can be expressed as 

where EL is the residual main of the 90" plies in the applied lcad direction, t defines 

lamina thicknesses and Kt is given by 



Here GZ3, El,, E2? are elastic moduli and a is the assumed shape index of the crack 

opening displacement, which varies arnong models due to different assumptions for 

longitudinal displacements [223]. P.A. Smith and J.R. Wood [232] concur, indicating that 

for a paraboiic distribution a = 3, for a linear variation of displacement a = 1. In the case 

of in plane shear loading the shear-lag parameter takes a similar form 

where G: zqd G:: are in plane shear moduli of the 0" and 90" layers respectively. For 

[OJ90,]s laminates the value of a may range from 0.5 to 2.5 but moa ofien takes on a 

value of 0.9- 1.1 [2 141. Such equations are useable provided intralarninar ftacture 

toughness data is available. However for designers this is ofien not the case. Moreover 

how to treat lay-ups with arbitrq orientations remains unanswered. 

Y.M. Han, H.T. Hahn and RB. Croman [205] note that such kacture based FPF 

predictions tend to deviate fiom experimental results as the ply thickness increases. This 

observation indicates that the mode of transverse piy cracking is therefore also chan-ghg. 

When the 90' ply is thin, the assumption of the inherent flaw being a through-thickness 

type is reasonable. However as the 90' ply becomes thicker, the sarne assumption is not 

ke ly  to hoid me. Shce the analytical modeis are based on the presence of a through-the- 

thickness flaw, their predictions are expected to become worse as the 90' ply thickness 

Uicreases. For typical prepreg thiclnesses the transition starts to occur when the number 



of plies n is about 3. For thick plies, one may use an inherent flaw that is neither through- 

the-thickness nor through-the-width. 

Considering that for pressure vessels of thick waii construction it would be highiy 

unusual fiom a manufacturing standpoint to emplo y a very thin ply layehg sequence 

which would require the calculation of in situ strength rnagnification effects, we are then 

back to strength based failure criterion's to define FPF. The "Super Pressure - Vesse1 

Designer" software uses only standard uniaxial strength values, rather than requiring ply 

tiacture toughness input. At worst this makes the FPF predictions siightly conservative in 

relation to hcture rnechanics predictions, not necessarily a bad thing fkom a design or 

d e t y  perspective. 

The last undetermined factor concerns evaiuating the crack saturation nrain. When 

the first transverse matrVr crack appears in the 90" (or O ther O ff-axis) layer. given the 

coordinate origin is located at the fist matrix crack, the total normal or in-plane shear 

stress of the 90" layer can be obtained by dyt ical  models. Generally it can be written in 

a form 

- - 
a, = O$ - mi) where for: x = O , o(x) = 1 ; x + m , O(=) + O 

(7.57) 

Here 5; is the far-field stress of the 90' Iayer and a(x) represents an undetermined stress 

fùnction over distance (x) with the behavioral characteristics given above. Although there 

are numerous approaches to solving the pro Hem, by far the most common is based on 

shear-hg theory. With this approach the solution takes the form 



where K, is the so-called shear-lag parameter (also known as 5. in some literature) of the 

laminate. Determination of such ha been given earlier in equations (7.54 & 7.55). 

Physically the parameter K, represents the recovery "rate" of the stress near a crack. See 

Figure 7.19. Some researchers such as K.L. Reifsnider irnply that the "saturation crack 

spacing7' is the shortest distance fiom the original crack to the position at which the stress 

reaches its original undisturbed level. -4 refined view of this concept mua extend to 

include the flaw distribution w i t h  the cracking lamina. When cracking first occurs, the 

most severe initiai flaws will control the process, but since these large flaws represent only 

a very small proportion (21%) of the total they are quickly consumed. The load needs to 

be steadily higher to propagate the ever more numerous smaller flaws into cracks and the 

cracking rate is heightened becruse the density of these s m d  flaws is much greater. At 

some point the influence of the shear lag zone becomes the rate controliing parameter. 

Figure 7.19 Characteristic damage state development. 
Adapted in part tiom [223]. 



Consider two fiaws as depicted in Figure 7- 19, their lengths are considered to be 

approximately the same, one exists inside the shear lag zone, the other outside. For a given 

applied stress the flaw outside is likely to propagate a crack whilst the flaw inside is 

effectiveiy shielded due to the lower stress in that region. Eventually as flaws of a given 

size are consumed there is levehg-offeffect with load because further crack propagation 

requires reaching deeper and deeper inside the shear lag zone. The characteristic spacing 

establishes itself when a disproportionately high load increase is requisite to project 

sufficient stress w i t h  the shear-lag zone to reach the ever smaller remaining flaws. 

Based on equation (7.58) the final saturation spacing of matrix cracks Lm can be 

determined by (crack density D, = i /L, ) 

1 - e-Kr" = 1 - D, where: D, a 0.1 5 (from expenments) 
(7.59) 

D, is a materiai constant 4 t h  probabilistic meaning, which represents the total effect of 

distributive defects which are able to forrn matrix cracks. It should be a constant for 

laminates of the same matenal undergoing the same cure process. Because D, is taken as 

a constant, the effective longitudinal modulus of each cracked 90" layer will reach the 

sarne vaiue. This value is dependent on the matenal property but independent of the 

laminate lay-up, especially the constraining effect of the adjacent plies. Furthemore, the 

effective longitudinal moduius of each cracked 90" ply will have a lower boundary value. 

This lower boundary seems to be independent of the matenal property and it has been 



verified by many experimentai results, moreover this concept extends to the effective 

Poisson's ratio and shea. modulus. 

Therefore in the lirnit as the saturation crack density is approached 

D, = -Kt /In DE 

For a cross-ply laminate with rnatrk cracks within the 90" iayer, the ratio of the 

longitudinal moduli of the laminates with and without matrix cracks cm be given by a 

shear-lag analysis, or sirnilarly by other techniques [206][2 141 [2O4] [223] [23 21. With 

derivation details deferred to reference [223][225][226] an approximate solution to the 

problem can be expressed as 

where ET&) -- represents the damaged transverse modulus. Two non-dimensional 

parameters, the "equivalent crack density" D, = DID, and the equivalent residual 

lamina m e s s  RStq = E,,(D)/&, -- - can be introduced. 

When the rnatrix crack density attains the saturation value Dm,, then D, = 1 and we 

have 



Figure 7.20 plots the generic shape of these residual s t ~ e s s  curves wirh difTering values 

of material constant O,. It can be seen that in the limit, residual srifbess ranges fiom about 

20% - 40% the initial values depending on the choice of D, . 

Figure 7.20 Characteristic curves for aifhess degradation 
expressed by the equivalent residual n f i e s s  
and the equivalent crack density for a range of D, [224]. 

Similarly shear moduli reductions follow an identical form except that K, would 

be used in the equations. Figure 7.21 presents results fkom a few sources in the literature. 

re-plotted using the residual stitniess concept. Considering the diversity of the data, these 

plots reinforce the predictive power of the method. Table 7.9 gives a summary of 

predicted lower b o n d  (superscript LB) values for a selection of cross-ply laminates at 

their characteristic damage state. The agreement with measured final (superscrift F) 

longihidinai Young's moduhis values is excellent [224]. The 'Super Pressure - Vesse1 



Designer" code uses equation (7.62) to e s h a t e  residual stiffness beyond first ply failure 

and sets D, at 0.1 5 to be conservative. 

Figure 7.2 1 The characteristic curves of stifniess degradation for various laminates [224]. 
(a)  GA: [Oe /go3 Is , GC: [0/902 /O2 
@) AS 1 : [0/903 Is , AS21 [0/902 Is , AS3 : [O2 /9O2Is 
(c) KFI : [o/902 Is , KF2: [0/90Is 
(d) AG: [O/F/9O4 Is , AH: [O/F/904 /F/ûIs where: F = film adhesive layer 



Table 7.9 Predicted fdure (F) and measured lower boundary (LB) 
values of the longitudinal Young's modulus ratio [224]. 

103 1903) s 
[O3 /go2 IO] 
[O2 /go3 /O1 /WlS 
[O, /904]s 
[O1904 101s 
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[O/F/904 /FI01 

[0/902 13 

[0/90ls 
w903 1s 
~0/9021s 
[O2 1% 1s 
E0/90ls 
PI903 1s 
[0/90ls 
[903 101s 
[0/9Ols 

-4lthough we have a good idea of what the limit state represents in terms of 

property retention, the crack saturation strain has not yet been quantified. To this end one 

must look at experimental data and use some intuitive knowiedge. Luo-Yu Xu notes that 

for moa glass fiber and graphite fiber based composites the saturation strain value is in 

excess of 1.4%. In fact to measure the saturation main in graphite epoxies it is suggested 

that the 90' lamina be constrained in a hybrid composite for the test since this value is 

generaily bigger than the ultimate strain of the 0' graphite fibers that control the final 

eacture. In practice the saturation crack spacing in giass based laminates can be achieved 

and one need not look far, for example AL. Highsmith and K.L. Reif'sneider [221] or the 



collection of literature results cornpiled by ho-Yu Xu [223]. Saturation is attained 

because the ultimate fiber failure strain is high relative to the (constrained) strain capability 

of the resin systems employed. Graphite epoxy composites, constituted fiom the same 

resin systems as their giass counterparts usually suffer "premahire" failure prior to 

developing a fully saturated crack state, perhaps with exception of expensive high strength 

fibers as Torayca Tl 000. The crack saturation strains seern to have a high correlation with 

the mauix toughness. For exarnple, cornparhg with a quite different system, crack 

saturation of a ceramic matrix composite SiC/CAS is easily attained at only about 0.5% 

strain. One must be mindfil that the saturation strain represents more of a property related 

to the ma& / fiber combination than any innuence attributable to lay-up. Figures 7.22 - 

7.25, drawn from the iiteranire, each show curves exhibiting the main levels necessary to 

anain a saturated damage state. Ofien the limit aate is not fblly attained but visually 

projecting the piots enables some estimation. Clearly the response is a strong fùnction of 

the rnatrix / fiber combination. For the purpose of comparative design evaluations the 

"Super Pressure - Vesse1 Designer" code presently fixes the saturation strain at 3 times the 

initiation strain. The main reason for diis approximation is that it appears approximately 

correct for intermediate strength graphite fibers (AS4, T300, etc.) which constitute main 

building blocks for commercial hi& performance pressure vessels. An assumption of 5X 

or 7X FPF main might be deemed more applicable to glass and ~evla?  based laminates 

respectively, however it mua be stated that an absolute value of main, rather than one 

linked to the failure initiation point might be just as good. Too little is known at this point. 

Obviously since this quantity is a material parameter, it would best be read into the 



program as part of the material file (dong with the "characteristic curve" fitting 

pararneters). Clearly such hard data is still lacking and better correlation's with the matrix 

fracture toughness and bond strength would be very desirable. Only test data fiom more 

material samples can refine the predictions any fiirther. 

Figure 7.27 Stifhess decrease and crack density vs. stress or strain level for a 
[0/9031s laminate. Adapted £tom Highsmith and Reifsnider [22 11. 

Simulation K 
Stress (MPa) 

Figure 7.23 Transverse cracking for a T300/N174 graphite epoxy [&/go2] 
laminate. Adapted fiom Caron and Ehrlacher [2 1 81. 



Figure 7.24 Transverse cracks attaining a saturation level in Scotchply 
1003 (glass-epoxy) laminates. Adapted fiom J.W. Hoover et al. [2 161. 

Fi-me 7-25 Density of the transverse microcracks in the 90" layer plotted against axial 
strain. Saturated aate is approached but never deveiops fblly before the 0' 
fibers anain their strain limit. A more bride matrix would be expected to 
exhibit the saturated state more clearly pnor to laminate destruction. Source 
R Talreja et al. [208]. 



7.5 Elastic Moduli Reductions 

The final topic concems extension of the laminate transverse moduli degadation 

determined in the previous section for application in a more general sense to the 

3-dimensional elasticity theory upon which the composite pressure vesse1 analysis is 

based. This is by no means an easy task. It essentidly involves bndging fiom an empincal 

formulation to a strictly mathematicai form. However there exias a body of research that 

cm guide in this regard. Namely, effects on axial moduli, shear moduli and in-plane 

Poisson's ratio due to transverse matrix cracking have been studied in conjunction with 

the transverse stiffiess reductions discussed earlier. P.A. Smith and J.R. Wood for 

instance suggested using changes in Poisson's ratio to quant@ the m e s s  reductions in 

cross-ply laminates since it cm be measured by a strain gage rather than requinng means 

of measuruig crack densities [233]. It is hown or at l em strongly suspected that shear 

moduli and Poisson's ratio reductions are cornmensurate with transverse moduii 

reductions. In fact the equations developed often take the same form [206][224] and 

dEer mainly by a constant such as the shear-lag parameter ( K, or Kt ) to reflect upon 

the loading condition imposed. Y.M. Han and H.T. Hahn [206] note that very few 

models exist to predict crack initiation under shear or generd in plane loading. Data to 

subaantiate theory is even more scarce. Figure 7.26 and Figure 7.27, bomowed from 

Han and Hahn [206], depict Poisson ratio and shear moduli reductions denved from a 

shear-lag mode1 applicable to generalized in-plane loading. The equations used are 

essentiaiiy identical to Luo-Yu Xu's. 
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Figure 7.26 Poisson's ratio reduction in AS4i3501-6 [0/90Is 
with transverse cracking [206]. 

Figure 7.27 Shear moduii reduction vs. crack density. 
Laminate: A S 4 3  502 [O2 /go2 Is 
Adapted from Han & Hahn [206]. 

Many other authors have shown similar trends. Accepting for the moment that the 

expected shear modulus and Poisson's ratio reductions resulting fiom matrix cracking are 

of the sarne order as the transverse rnoduli, we now look at through thickness properties. 

Obviously for the case of a pressure vesse1 the through-thickness stresses are 



compressive and any flaws present wodd close up rather than grow. Intuition tells us that 

the elastic response in this direction shodd be Wtually independent of the transverse 

crack density. Figure 7.28 makes this more clear. As far as the out-of plane stress is 

concemed, there is no discontinuity and the cracks ody serve to channel yet do not cause 

any effective decrease in area nor force a detour path into another layer as happens with 

the transverse stress. 

Figure 7.28 Cracked laminate schematic for lamina stiffness degradation scheme. 
Effect of stress a, is magnified. 

One big problem with mechanical experiments on composites is that they indicate 

ei~gineefing mfl~ess propemes. These are not the components of stifniess requisite in 

elasticity formulations. Furthemore there are two other factors. The idealkation of 



transverse isotropy mut  be entirely eradicated under cases of matrut cracking and 

because the effects of crack opening are felt only for tensile loads the m e s s  constants 

lose ifidependence fiom the sign on stress (bilinear behavior). Thus the starting point for 

stiffhess equations must be the orthotropic equation set (4.3) and that which is derived 

below is applicable forernost (but not exclusively) to tende in plane and compressive out 

of plane loading. 

For an undamaged transversely isotropie medium the generalized Hooke's law 

reduces io 5 elartic moduli ( A,, , A,z, A,, .4,, A,, ) which designate the 5 independent 

effective properties of the media [88]. In the case of a non-homogeneous body these 

coefficients are fiinetions of position and can be named elastic characrerisrics. 

Specificaliy these relations, using the tensorial shear strain convention of Section 7.1 are 

expressed in a lamina reference fiame as 

where: A11 = A13 
A, = A,, 

A matrix inversion of this equation set yields relations between the stiffhess moduli 4j 

and the cornpliance components a, used in equation (4.4) and more generally throughout 

the denvations in Chapters 4-6. 



Consider a uniaxial state of stress specified by G,, I O and 

- - un = u jj - q2 - T~ = T ~ ,  = O typical of a mechanical tende test. Using these 

conditions irnposed on (7.64) it is readily found that 

2 A,', where: &, = A , ,  - 
A= + A, 

Modulus El, is called the uiziaxiai rnodulus, and it is this quantity that is directly 

measurable by the mechanical test. The lateral contraction that accompanies the state of 

uniaxial stress is used to dehe  Poisson's ratio through 

where in the convention v, , the k a  index i refers to the coordinate of the imposed 

stress or arain and the second index j refers to the response direction. Solution to the 

system (7.64) aiso yields 

Next consider the state specified by 

E ~ ,  = O and - E, - Ejj = E 

Let 

Under these conditions (7.64) yields 



where 

Modulus K, is designated the plane struzn buik rnodulus. The directly measurable shear 

moduli are defmed as 

Relation (7.65) - (7.69) cm be inverted to _Ove 

K, = k, = transverse bulk modulus 

These relations are identical to the definitions presented in (7.3)-(7.5). 

By no means are the propenies dehed above the oniy measurable ones. For 

exarnple in a transverse tende test the condition imposed is 

- aZ2 t O , O,, = oj, - o,, = G, = a ,, = 0 . From (7.64) it is found that 

= EEG2 

where: 

Defining Poisson's ratios 



system (7.64) 

and 

yields 

and 

From transverse isotropy (2 and 3 directional properties are equal) it follows that 

However v,, t v,, but the relation 

cm be verified by substitution. 

Tuming to the orthotropic equivalent of (7.4) and most specificaily examining the 

case of a uniformly tranwenely cracked lamina confined between plies which are able to 

transmit tensile stress across the shear interface between these lamine, a procedure 

outlining an equivalence between engineering property changes and elastic moduii 

reductions will be followed. The lessons are interesting. 

For the orthotropic material the elasticity equation set is as per Table 7.10. 

Table 7.10 Orthotropic sMhess components 



Referring back to Figure 7.28, and remernbering the intnnsic meaning attached to 

the index of each stiffness component (more accurately narned Ntjltence coeflcieni by 

the Russian terminology [88]), one must envision the folowing. A uniformly distributed 

stress appiied in the (1) fiber direction or through thickness direction (3) should see no 

significant impediment since the cracks only channel these stresses dong theu onginai 

path. The oniy way the transversely cracked layer can resist a stress in the (2) direction is 

by channeiing and then bridging this stress across the shear interface into the constraining 

layer and back again as ùidicated by the arrows on the diapram. Consequently one cm 

take stiffhess A.,, to reflect the degradation directly whilst 4, and A,, should reflect 

their original vaiue. Now with regard to stiffhesses of mixed index, careful reasoning is 

requisite. Take A,, for exarnple. By definition it is the stiffness in the (2) direction, or the 

response direction, due to an appiied stress in the (1) or imposed direction. Looking at 

Figure 7.28 one cm envision that each broken segment receives its portion of the 

unifomly disuibuted mess directly and that the response in the (2) direction, due to the 

interna1 Poisson action within that segment, must be transmitted outward across the shear 

interface for its actions to be felt giobally. A2, represents a minor action, it is a niffness 

contribution arking fiom a stress imposed in the (2) direction. However to get this stress 

to exkt within a segment of broken lamina it rnust first be diverted across the shear 

interface f?om the constrainhg layer before acting via a Poisson effect which causes an 

action in the response direction (1). This action is show magnified in Figure 7.28. 

Clearly Nfniess 4, is degraded. Sirnilarly A, indicates the through-thichess response 

resulting tiom a stress imposed in the (2) direction. The sarne torturous path for the 



stress input to the broken segment must be followed before the Poisson effect can result 

an out-of-plane response. This is also true of A,, since the uniformly distributed stress in 

the (3) direction feeds each broken lamina segment directly and the (2) response occurs 

but can only be felt globally ifits action is transmitted across the shear interface to the 

undarnaged constraining layer. (If the Poisson response remained in plane then its action 

would be lon to altering the crack opening displacement). In sum the lesson is that only 

stiffhess components with an imposed or response index of (2) should be affected by the 

presence of these transverse matrix cracks. Logically, stiajnesses involving combinations 

of direction index (1) and (3) would be immune to the effect of cracks since neither their 

imposed or response paths are aitered. 

Consider next the action of direct stress in direction (2). First, for a broken 

element to see such stress it must be transmitted via shear fiorn the adjacent constraining 

layer into the element. Secondly the element's resistance to dimensional change must be 

reflected back across the s m e  boundary for its effect to be felt globally. This path d8ers 

fiom the Poisson effects descnbed eariier where the shear boundary is used once to 

create the tensile stress in the broken eiement but no? reIied on to make its contribution to 

the Poisson effect felt, or conversely, where the stress rnight be applied directly and the 

resultant Poisson action of the broken element then transmitted once across the shear 

interface. The Merence being that when both imposed and response direction are (2), 

the shear interface is exploited to perfom ~o actions simu1taneously rather than one. It 

wouid therefore be logical to expect a monger degradation of the tensile innuence 

coefficient in cornparison with Poisson coefficients. 



Lastly, looking at shear, one can visualize the broken segments with the cracked 

surfaces sliding past another when the imposed stresses are either cr,, or o, . This does 

not happen for stress O,, since the angular deformation on each cracked face should be 

equal and in the same sense provided that the shear applied to each segment is identical 

(which it should be since the loads are assumed to be u n i f o d y  distributed). In another 

way of looking, shear c,, can be resolved into a combination of imposed stresses 

constituted from a,, and a,, . There is no involvement of stress from the (2) direction, 

unlike what occurs when shears a,? and o, are synthesized fiom tensile stresses. Ii 

foiiows that A, and A,, should be degraded but not A,, . 

in testing the above reasoning, values cornputed for the engineering constants of 

darnaged laminates (physically measurable quantities) should agree with expected 

behavior. For instance the changes in the various Poisson's ratios should follow what is 

known Corn experiment, and obvious results like vimial independence of axial modulus 

E,, and Ejj fiom matrix cracking must never be violated. Also the engineering moduli 

cannot be seen to be increasing with the onset of darnage. 

With a littie thought, the conclusions reached above can be extended to the case 

of subsequent fiber breakage where a shear transfer to adjacent layers becomes requisite 

to bridge the point of fiachire. In this case the direct stifihess component with an 

imposed and response stress index of (1) can be set to a Iow value, typically the reduction 

ought to be at a level cornmensurate with the &ess of the surrounding damaged 

matrix. In addition, with fiber breakage, the Poisson related stiffnesses containing the (1) 

direction would also need to resort to a shear transfer to the constraining material and 



consequently their contribution to the laminate would be expected to drop by 

approxirnately the sarne factor as for the case when either the imposed or response 

direction is (2). 

The effect of assighg stifniess reduaions to the matrix terms in Table 7.10 as 

postulated can easily be exarnined by assigning actual values for a damaged laminate and 

then comparing the resulting engineering constants to those of an undamaged laminate. 

Also trends with Poisson's ratios can be considered in view with available expenmental 

evidence. If the results meet with physical expectations the method can be deemed 

successful, othewise it must be rejected. 

For the purpose of exarnple, engineering matenal values for unidirectional 

T300 - 5208 at 60% volume fiaction were taken fiom the material database of Table 7.1. 

The "Super Pressure - Vesse1 Designer" program's facility for calling up the stifiess and 

cornpliance mat* at any orientation angle was used to generate the vir-ein stiffhess 

values. These are presented in Table 7.1 1 below. The en-gheenng properties associated 

with this unidirectional lamina are given in Table 7.12. 

Table 7.11 Vigh stîfkess matrix T300-5208 (GPa) 



Table 7.1 2 Engineering properîies T3 00 - 5208 (GPa) 

The engineering properties for the composite are generated by applying the tems 

in Table 7.11 to equations (7.65)-(7.73). Similarly for the damaged lamina the effective 

engineering constants can be determined, however the equations carry extra tems since 

there are now more than 5 independent constants. For illustration purposes let us assume 

2 distinct, sequential stages of damage. The first is a condition at or near the saturation 

crack density, and from Figure 7.20 let us assign an engineering stiffness degradation 

amounting to a 35% retention of the onginai value. A second and more severe 

subsequent darnage condition to model is that when fiber breakage occurs d e r  the 

mathv m e s s  degradation phase. The moduli reductions to choose for this event is not 

weii researched but one does know it must be very severe and reduction of the principal 

moduii to the effective level of the surrounding damaged matrix seems reasonable. 

The relations between the engineering properties and the elastic moduii for the 

orthotropic form (7.76) can be determined. For an imposed uniaxial state of mess 

Property 
E, , 

Composite 
136.17 

Matrk 
3 -80 



equations are: 

the second and third equations of (7.76) reduce to 

solving for s Ï  and s,, ghes 

and 



substituthg into the first of (7.78) 

S" 01, = %A where: 

from the definition of Poisson's ratio we rearrange (7.78) and (7.79) to get 

technique to the above we fuid 



(7.84) 

Finally using imposed stress state O,, t O ,  o,, = o, = o, = a,, = O,, = 0, the 

engineering constants compute as 

The engineering constants, equations (7.79)-(7.87) can be solved in our example 

case with various moduli reduction schemes imposed upon the A,, terms. To this end a 

considerable amount of time was spent ûymg to find proponionate values one could use 

to alter the respective moduli and not violate the basic premises discussed earlier. This 

turns out to be a lot more ditficult than one would assume. Mer many unsatisfactory 

trials by manual means, two routines were coded, one to generate the en-@neering 

constants from the stiffnesses via equations (7.79)-(7.87) and an inverse procedure to 

generate the stiffnesses &om en-gineering constants (adapted fiom R.M. Jones [173]). 



These shori routines are called procedure stifiess and niffinv, and can be found in unit 

failure.pas. The code was mn repeatedly using a range of inputs deemed reasonable. The 

quest to attain a valid m e s s  reduction scheme would be trivial provided one knew the 

shltaneous behavior of all engineering constants under transverse cracking, but such 

data was not found in any of the iiterature reviewed. M e r  examining the parameters at 

play the foilowing guideluies were set forth: 

1) Engineering moduli in undamaged directions must not change. 

2) Principle stifbess rnoduii in undamaged directions must not change. 

3)  Poisson's ratios not involving damaged directions must remah constant. 

4) Poisson related stiffness moduli cm only decrease but must remain positive. 

5) Individual lamina Poisson's ratios cannot becorne negative. 

6) The nifniess matrk remains symrnetric (Forces are conservative, path independent). 

7) mected Poisson's moduli should be decreased, preferably by a cornmon factor. 

In practice these criteria are easily violated, especiaiiy the firn three. Initially aii 

reduction schemes tested failed because principle moduli Eïj and / or El, always ended 

up increasing, something deemed impossible. These early schemes were based on using 

the sarne reduction factor for both principle moduli E,, - and the associated Poisson 

related moduli. There were many other short comings such as reversais in the trends on 

the resulting Poisson's ratios depending on the level of stiffness reduction being modeled 

in the transverse direction. Also it was impossible to keep Poisson ratios 

v , ~  and vj, constant (condition 3) and simultaneously not violating other factors. With 



some clues provided by the inverse code that generated stiffhess matrk values fiom 

assumed degraded engineering properties, a reduction scheme emerged that rnanaged to 

meet conditions (1 -7). The reduction factors and correspondhg moduli for various levels 

of damage are presented in Table 7.13 for the T300-5208 material. 

Table 7.13 Proposed moduli reductions for progressive matrix Mure, T500-5208. 

The reduction factors utilized above were only set to the second decimal place. 

however Wtually perfect matches to the criteria cm be achieved by fùrther refinement. 

Shown in Table 7.14 for contras is an example of a failed moduli reduction scheme 

whereby aii conditions are identicai to those in Table 7.13 except that the factor 0.25 was 

used throughout. in this case moduli E,, and E,, have exceeded the undamaged values, 

and the various Poisson's ratios are all chan-eing quite unpredictably. 

Table 7.14 Failed moduli reduction scheme for matrix damage, T300-5208. 



The bigger test involves selecting randody different materiais, applying this same 

scheme and seeing whether it was speciflc only to the T300 - 5208 data set or if it can be 

appiied rather wversally. Table 7.15 applies the same moduli reduction scheme to 

iM7 - 9772, Kev-49 and Eglass. Base material properties for these are available in Table 

7.1. Obviously the conditions (1-7) are entirely fulfiiled, and we mua conclude that the 

scheme shows merit. It stands to reason that other moduii reduction combinations may 

work equally or better however it is iikely that expenments will be needed to confirm 

behavior to a level more precise than currently postulated. At minimum., one can have 

confidence that the with the present simple predicùcn scheme, violations tiom actuai 

behavior should not be too severe. 

Table 7.15 Effect of proposed stifniess reduction scheme on various materiais. 

-- 

Material: IM7-9772 @ 58% fiber volume 

Material: E-Glas @ 60% fier volume 1 
p r )  

faclCr 

1-00 
0.75 
0.50 
0-25 

r' Uaterial: Kev 49 @, 66% fier volume 

q=n 
fàtœ 

1-00 
0.75 

4, 
173.00 

172.99 

172.99 

173.0 

Es, 

7.585 

7.569 

7.571 

7.585 

p l 2 2 3  

f- 
1.00 
0.87 

y=az 
f- 
1-00 
0.87 
0.71 
0.50 

v21 

0.0127 

0.0111 

0.0090 

0.0063 

Z 

7.585 

5.681 

3.793 

1.905 

'12 

0.290 

0.337 

0.413 

0.580 
0.50 1 0.71 
0.25 1 0.50 

4, 
45.00 

44.99 

45.00 

4 5 . 0  

'32 

1 

0.426 

0.494 

0.605 

0.851 

E22 

13.91 

10.47 

7.02 

3.56 

'23 

0.426 

0.369 

0.300 

0.208 

"13 

0.290 

0.289 

0.289 

0.290 

'51 

0.0127 

0.0126 

0.0126 

0.0127 

'53 

13.94 

13.92 

13.93 

13.94 

"12 

0.265 

0.307 

0.376 

0.529 

v21 

0.082 

0.071 

0.058 

0.041 

- 

"13 

0.265 

0.264 

0.264 

0.265 

'51 

0.082 

0.082 

0.082 

0.082 

' 2 3  

0.335 

0.286 

0.225 
0.144 

'32 

I 

0.335 

0.389 

0.476 

0.671 



Some experimental data exists to compare changes in a laminate's Poisson ratio 

as a finction of darnage accumulation. Figures 7.26 and 7.27 indicate that a significant 

reduction is expected, dong with the shear modulus. It c m  be seen that since v2, is 

steadily decreasing with damage its effect will be transferred to the laminate as a whole. 

For example: Using properties from T300-5208 for a [0/90], laminate and adding up the 

stifiess matrices of two layers, one virgin and the other at saturation darnage, one gets 

the laminate response. By inverting this stifiess matrk it can be verified that the overall 

vI2 value of die laminate will decrease fiom 0.040 to 0.030 (for crack saturation). 

Experimcn: ;Smith C Wood ] 

Q . 6 P b  I 1 1 1 
O 5 1 O 1 5  i O 25 

Figure 7.29 Poisson's ratio reduction as a function of crack density. 
-4dapted fiom Ihang, Fan & Soutis [ZOO], data £tom Smith & 
Wood [232]. 

This 25% reduction compares favorably with similar materials experimented upon 

by others as evidenced in Figures 7.26 and 7.29. Also £kom these sarne figures one would 



expect shear moduli reduaions on the order of the Poisson related stiffiess moduli and 

hence such a factor was assigned to shear nifniess tems A, and 4,, . 

Luo-Yu Xu [324], Smith and Wood [232], Han and Hahn [206] and others indicate that 

v,, is dependent on matrix cracking in a manner similar to the transverse stiffiiess 

reduction and G,, is expected to behave identicaily with the exception of using a 

different shear-lag parameter. The majority of expenments however find Poisson rnoduli 

reductions to exceed theoreticai predictions. In fact Smith and Wood [232] discovered 

cases where the reductions exceeded 50%, the maximum reduction possible according to 

ply-discount. They noted si@cant damage parallel to the longitudinal plies in the form 

of slits and splas. This type of damage can account for the remaining 50% reduction 

possible until the splitting develops unifody and Poisson's ratio drops to zero. The 

values for v,, and v3, would no1 be expected to change with transverse cracking since 

they involve stresses that act in a direct line on each broken element and thereby 

circumvent a shear transfer mechanism aitogether. 

-4 fûrther rehement to the scheme was necessary to establish the effective 

properties of a laminate after fiber f iaare.  It turns out that assigning a s t f iess  

reduction factor on the remaining Poisson tems contaking the (1) direction dong with 

reducing the principle moduli 4, to a value near that of the çurrounding damaged m a t h  

achieves a steady E,, value. Expenence has shown that reducing .4,, to exactly the 

ssiffness of the surroundhg ma& may cause various negative Poisson's ratios and 

significant deviations in G3. Multiplier values on the degraded matrix modulus ran-@ng 

between 1 -0 - 1.3 give an effective principle stifniess Al, that results in a through- 



thickness engineering modulus E3, that remains vimially unchanged. The higher the 

multiplier, the greater the residual value of E,, - and El, ,  and also the difference between 

them. Table 7.16 presents the computed engineering constants for 4 different materials at 

maximum matrix degradation coupled with fiber failure. The additional degradation's 

assigned to moduli associated with the (1) direction are indicated and were chosen for 

good fit. 

Table 7.16 Moduii degradation factors for fully darnagrd matrix + broken fiber. 

Methods presented above to estimate the j-D property variations that aise fiom 

transverse cracking phenornena were coded into "Super Pressure - Vesse1 Designer". The 

program calculates the degraded properties within an iterative loop that computes the 

stresses acting on the entire vessel. As a laminate begins to fail, the current overload 

factor (defined as Y,  in equation (7.34)) is compared to the load of £irst ply failure (R = 

1) according to the failure criterion. The dEerence between this quantity and the crack 

saturation limit sets the "cequivalent loading" for equation (7.4 1) which in combination 

with the fitting parameters of Table 7.8 and equation (7.46) enables determination of the 



"equivalent residual stiffness" as defïned by (7.63). Effectively equation (7 -4 1 ) is 

transformed to: 

Where: E, =;(sa) and = R = I  

(7.88) 

Knowing this reduction factor aiiows implementation of the stifiess redudon scheme 

described above and subsequently a re-evaluation of the 3-D rnatenai properties for each 

constituent Iayer experiencing some level of damage. The vessel stresses are then re- 

cornputed and the new "overloa2" in each layer is compared to that of the previous 

iteration. Lf the Merence in the overload factor compared with the previous computation 

meets a relative tolerance (0.1%) the solution is considered converged for that layer, 

othenvise a midpoint çtrain between the newly computed and previous iteration is used in 

subsequent re-calculations for darnaged matenal parameters. This rnidpouit approach to 

estirnating the degradation for subsequent iterations provides added stability and has 

elirninated oscillation about 2 solution points. If the faiiure criterion indicates that fiber 

breakage occurs, then the appropriate stiffness reductions (indicated in Table 7.16 and 

Figure 7.30) are incorporated. Evaluation continues u n d  ail layers have met the relative 

tolerance. Screen graphics showing the stresses and relative safèty factors throughout the 

vessel wall are updated and displayed with each iteration. Examples are given in Chapter 

8. 

Practice has show the alsorithm operates in stable fashion and usually requires 5- 

7 iterations before converging on a solution for cases where there is severe rnatrix 



darnage and / or layes containhg broken fibers. More normal situations are usually 

resolved in 1-3 iterations, on the whoie a matter of a fcw seconds for modest desktop 

cornputers such as those based on an id86 - series processor. 

Figure 7.30 Moduii reduction scheme for matrix damage. 
Program uses the cunte-fit equation given in the diagram to 
adjust Poisson related moduh dong with the condition 
4 = 1.1 ( A ? ~ ~ )  after fiber breakage. 

As a final item, it is well known that unidirectional composite laminates under test 

essentiaily exhibit a non-linear shear behavior. (Note: The effect is rrot related to 

transverse cracking in any regard). This topic was investigated by S . R  Swanson and co- 

authors [233][194], both for devising a test to quantify the effect and in relation to 

modehg the response of laminates under bianal stress. DSerent empirical relations were 



presented, one of which was adapted to the current work. These researchers found that 

such approximations improved the correlation with fdure theories in biaxidly loaded 

tubes and that the analytical relations were indeed able to mimic the actual stress-strain 

curves quite closely. In lieu of such evidence the formulation 

where: actual non-linear shear modulus 
initial shear modulus 
ultimate shear strength 
actual shear strain 

(7.89) 

was used as a correction factor to the initial shear moduius. A more complete form of this 

equation utilizing the actual strain at failure is also available [233]. This correction 

presenrs itselfin the same loop descnied earlier for re-calculating moduli on the basis of 

damage due to transverse crack formation. The correction is invoked only pnor to a ply's 

matrix failure iriitiation point, thereafter moduli reductions are govemed by the damage 

parameter. For this reason at least one iteration occurs in aII stress cornputations using a 

non-iinear shear approximation regardless of whether damage due to cracking has begun 

at any point. This effect can play a noticeable role in raising the load required for the 

onset of matrix cracking, (E 10%) but has no action upon the cornputed burst pressure. 

The software allows evaluations with or without inclusion of this correction factor so one 

can see the dEerence it causes. 



To surnrnarize, each topic presented throughout this work has been incorporated 

into the design software. Computation of stress distributions as per Chapters 4 - 6, or the 

winding parameters as per Chapter 3, are by themselves insufficient in providing guidance 

through to building a performant pressure vessel. To close the circle one needs to look at 

strength. But strength is a dependent phenornenon, related to loading hinory and damage 

accumulation. This damage affects the elastic characteristics which in turn alters the 

stress distributions. By combining the different elements of Chapter 7 one can estimate 

the ievel to which elastic properties are affected. In tum, the elasticity solutions described 

in the eariier chapters can be re-invoked to assess these new and altered stress 

distributions and dso used to predict remairing strength. The design software written 

executes these computations automaticdy every time the load is incremented. Its 

capabilities are presented next. 



Chapter 8 

Description of Software with Eramples 

8.0 Super Pressure - Vesse1 Designer 

In this section we devote Our attention to the pressure vessel design process 

insofar as describing how the various segments of software operate and interconnect as a 

system to implement the various topics discussed in the foregoing chapters. A hypothetical 

vessel design is used as an example and followed through to demonstrate features of the 

program. 

The software to assin in pressure vessel design has been developed over a number 

ofyears and has evolved and existed in many incarnations. Each new version was labeled 

sequentidy, ves - 1. ve-2 .  ... eventually there were so many generations of code that 

ves - 9.exe (the present filename) was fixed and the name "Super Pressure-Vesse1 

Designer" was coined. The source code (Appendix B) continues to be updated, seeing 

improvement and changes on a regular basis. The code in Appendix B was created with 

Borland's Turbo pascale 5.5 and constitutes a compilation of approximately 1 1 thousand 

lines of executable code. Considerably more was written for the project. Not every 

element coded is active for the compiled version in the included diskette. Elernents seeing 

continued development or used for code verification and auxillary routines related to 

dEerent failure envelopes and degradation schemes have been commented out making 

these portions invisible to the compiler. The version on diskette is a f'unctional package 

which can be run directiy &om the MS DOS" prompt or an MS DOS' window under the 



MS ~indows' environment. Because of memory requirements and organizationai 

concems the code is subdivided into diflierent "overlays", each containing multiple "units", 

with each of these in turn holding an assortment of procedures (subroutines) and / or 

hc t ion  calls. Generally the procedures are grouped into categories with the name of the 

unit somewhat indicative of the procedures contained wi th .  The main program loads the 

overlay manager first (which initiates EMS memory if present) and subsequently Ioads the 

interface section of each unit. The code required for execution is then transparently made 

available wMst not wasting rnemory by loading unnecessary portions. The source code 

has limited commentary within, sufficient to jog the programmer's memory, but not meant 

for the casual reader who is tqing to foliow execution without the code tracing ability of 

the integrated debugger environment (IDE) used during development. 

The program is designed to handle 15 distinct k angle pair layers (referred to 

sirnply as layers hencefonh), a practical number considering that construction techniques 

essentially limit high quality lay-ups to an outerhner diameter ratio of around 1.25. This 

translates to on average 1.67% of the vessel's inner radü per Iayer, about 0.067" (1.7 mm) 

for an 8" (200 mm) inside diameter unit. Practically speaking, on a typical s m d  filament 

winder using a 0.Sf'(13 mm) bandwidth with about 5-10 fiber tows such dimensions are 

on the order of two layer pairs. This is a reasonable value. Another point to consider is 

that the diameter to waii thickness ratio ( d ~ )  of such a layer is z 120: 1 and well into the 

range where thin wall approximations (constant stress through the layer) are the accepted 

nom. But in no place are we using thin-wall approximations, ody the full solution. 

Finding the optimal number of layers is esentiaiiy a question related to how one subdivides 



the naturai stress gradient into a sufficient number of layers to limit the maximums at the 

inner face of each. Because these gradients are steepest at the inner d a c e  of any vessel, 

one would simply assign thinner dimensions to the innermost layer(s) in an attempt to 

lessen the difference between the stresses at the radial extremities of each of these. The 

requirernent for a large number of layers is not actual fiom a stress analysis point of view 

but rather the benefit could corne about via considerations of stable radial compaction and 

limitations arising fiom the manufacturing techniques where one must cope with winding 

around the dome enclosures. 

The magnitude of the stress gradients can be evaluated by exarnining some of the 

forthcorning figures and taking note for instance of the difference between the maximum 

and minimum hoop stress. To illustrate we can mornentarily f ip  fonvard to an example 

case presented subsequently. We have in Figure 8.30 an 8 layer vessel Ioaded to near 

failure at 150 MPa intemal pressure. The Iayer stresses for this loading are given in Table 

8.4. The data shows the hoop stress (si-ma 8) variation to be about 2.6% of the average 

stress in one lamina. The overall stress reduction achievable through flattening this 

variation by subdividing any one layer into sub-layers and optiminng for exarnple the 

winding angles could only reduce the inner surface stress by at moa half this arnount 

(1 -3%). This is not very consequential. The through-thickness stress gradients of ob 

aithough sigdcant on the large sale because they are continuous (30-50% reductions 

through the wd), are not very contributory individudy once they are subdivided into 

smder elements and staggered appropnately. So the need for a vast number of layers to 

more evenly distribute the Ioad throu& the wail is thus essentidy a fallacy. 



The mathematical portion of the code is not restricted to 15 layer designs. The 

maximum number of layers is defined by a global constant in the code. Fifieen layer pairs 

is an ar t i f id  constraint based on the 640 x 480 pixel resolution of one graphics screen 

and its ability to clearly display the results whde providing space for interactive editing. 

Scroüing and zoorning graphics or a ~indows' implementation could be employed to 

overcome this limitation and rnay be addressed in the tüture. 

Program operation is quite simple and it can be run fkom nearly any persona1 

cornputer with an Intel" 8086 based processor or better (803 86, 80486, Pentium ... ). 640 

KB memory is sufficient and no math coprocessor is required on the very early generation 

PC's because the software is set to emulate its presence. Numeric data types are 6 bit real 

with 1 1 - 12 significant digits, covering the range to 1 JE3'. Extended memory is a 

benefit but not required. From the DOS prompt cding the batch file "SPIZ)" starts the 

program, which flashes an opening screen and then defaults to the main menu. The 

available selections are at screen bottom, invoked by highlighted <ALT-letter> 

combinations. Other active keys used to navigate through the program are highlighted 

with a red background at the top of the screen whenever these keys are active. A chan 

showing branches of the menu tree can be studied in Figure 8.1. From this chart the 

sequence of operations necessary for program operation is not yet imediately evident 

however before getting deeper into the detds of the program an overview of the stmcture 

and description of the main functions are in order. More concise insrnidons for operation 

folIows afterwards. 



The code is subdivided into diserent modules, each to handle or enable study of 

difrent aspects related the pressure vessel design. The various elements communicate 

with one another by creating and modifjnng text files which are wntten to disk and 
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Figure 8 . 1  Menu chart for "Super Pressure -Vesse1 Designef' 

subsequently read by other se-ments of the program. The basic idea is to first create al1 

the necessary building blocb, in this case the support files, needed to analyse cases. For 

example: Material property mes {.mat), vessel wail lay-up files {.wal), dimensions and 

loading files (.prs}. Once this has been done the case to be anaiysed is synthesized by 

combining a wall lay-up, within which matenal files are embedded, and the loading 1 

dimensions into a master file that contains ail the information necessary to define the 



construction (. ves). From this point 3 different modules are available, each of which bas 

the capability both to analyse and also to m o d e  the matenal and construction parameters 

of the case under examination. The 3 modules are (Vari-wall), (Fit-mat) and (Multi-layer). 

8.1 Description of Progrrm Modules 

Dserent approaches to vessel design are possible. One possibility is the desire to 

achieve a pmicular stress distniution through a wail. (Vari-wail) has 4 difEerent 

mathematical solutions that d e h e  a wd as a continuum (rather than individual layers). 

Here stress distributions are depicted for such hypothetical variable materid property 

waiis. The power functions describing these hypotheticd material parameters c m  be 

varied (via cursor keys) and the resulting stress distributions are given (graphically). 

Having fiom the above gained an idea of the property variation rates necessary to achieve 

a particular stress distribution another module (Fit-mat) is used to bridge between the 

hywthetical contiuum and the discrete materiai iay-ups constituting real vessels. 

In (Fit-mat) mathematical cuve-fits are generated showing how well the elastic 

properties of discrete materials în the chosen lay-up conform to the ideal variation rates 

responsible for desirabie stress dinniutions determined eariier. Here the w d  construction 

file can be edited incrementally (via the cursor keys) to approach the elastic parameter 

variations required. Once a satisfactory combination is found, the 3d module (Multi-layer) 

cm be invoked to check how closeiy the stresses in a real vessel would follow the 

theoretical distriiution initia@ sought. 



Within the (Multi-layer) module there a h  exkts an extensive editing fêcility for 

the materials / lay-up and a depiction of the relative failure load of the rnavix and fiber 

within each layer. Here again the design can be altered to adjust the stresses in individual 

layers or through sucessive perturbations one can arrive at other situations. These would 

encompass simultaneous fiber fiacture in ali layers. minimization of ma& b g e  or fail- 

safe design whereby pressure overloads would result in highly visible fiacnired exienor 

d a c e  whilst maintainhg enough structural integrity to avert rupture. The (Multi-layer) 

module can also simulate loading increments I decrements and can mimic proof tests, 

maintainhg degraded material properties in rnemory to compute changes in stress 

distri'butions cornensurate with the occurance of damage. 

Now. to look at the individual program elements more closely. it is bea to have 

the progam ninning dongside the fonhcomeing descriptions and foUow dong while 

ninning through the individu4 se-ments. 

The (Edit) menu selection branches to a variety of file management tasks, 

ïncluding setting up the input files, a prerequisite to running the calculations under the 

(Cakulate) menu. AU input and output files are text format, therefore contents utithin can 

be viewed using any text editor or the file viewer availabie under the (Utility) menu. 

The iess signincant menu items will be discussed firt and some are remnant fiom 

earlier work and are usefùi as toois to analye specific aspects of laminate behavior in test 

cases. Bnefly. under the main menu. the (1 Layer) option is meant to give a feel for how 

materials behave in isolation. The option p e d s  input of a t lay-up angle for a set of plies 

thereby allowing a view of the effective s t f iess  and comphce  matrices of the angle-piy 



pair. Figure 8.2 illustrates the above being used to study a f 59" lamination angle on 

IM7 - 9772 graphite epoxy. To do this, select the 1 layer menu by typing <ALT-L> (hold 

down N t  key and then press L). A new menu appears from which one selects <ALT-C> 

to calculate the propenies of a layer. This sarne screen will then automatically show a lia 

of d available files that one can choose fiorn. Using <PgUp> <PgDn> allows scrolling 

through ail the available iles. The file under consideration is highlighted and pressing 

< M S  copies this file to the entry location. Once satisfied with the selection, hitting 

<Enter> prompts the program to corne up with a screen similar to Figure 8.2. This screen 

rrives the stiffhess and cornpliance matrices for a unidirectional ply of the material selected. 
C 

Further, the matrices can be computed for any f 0 lamination angle as would be typicai of 

a filament wound layer pair. For this select <ALT-R> (Rotate layer) to enter the rotation 

angle and hit <Enter> when done. A new set of stifThess matrices will appear 

representing the + 0 sub-laminate. Lastly, supposing one were to design a filament wound 

vessel using only this one particular _+ 0 Iay-up angle then the resulting stresses and 

displacements of such a vessel can be computed by fiirther selecting < ALT-Ls (Load 

layer) and entering dimensions and pressure loads to define such a vessel. Figure 8.3 

shows the result after the 4 input parameters (Outside diameter, inside diameter, intemal 

pressure, extemal pressure) have been typed in and <Enter> has been hit to invoke the 

calculations. The example shown in Figure 8.3. is for a i 59" lamination angle on 

IM7-9772 material. The equations being solved by the computer are contained within 

(4.3 0) - (4 .4)  and the radial displacernent is made available via (4.29). 

cLAvoidancey' (bottom of screen) is a name which has been coined to descriie the 



parameter K (used throughout Chapters 4 & 5) .  Defined in tems of the global stiffness 

coordinates of the layer pair, we have: 

Substituthg engmeering quantities Uito the definition, it becornes clear that ttiis 

parameter is efectively related to the circumferential to radial stiffhess ratio. It cm be 

viewed as a measure of the effectiveness of any laminate in suppressing transfer of stress 

ont0 the outer Iayers. Thus it defines the ability of any sub-laminate or even the whole 

laminate to avoid the through-thickness transmission of in-plane loads resulting fiom 

pressure upon laminations beneath or above. A hi& value of K indicates that the layer is 

relatively compressible radially. The innermoa fibers of such a layer wiU be absorbing a 

high proportion of the Ioad (since they Iack support 6orn behind) and thus the stress 

gradient withh such a Iayer will be steep. The laminations providing s u p p o ~  fiom behind 

wüi be effectively isolated h m  load leadmg to inefficiency in wall construction. The value 

of K depends on the winding ande and it increases fiom unity up to a maximum for the 

material as the winding angles progresses fkom O" (polar) to 90' (hoop). This points to 

the theory that for an efficient single matenai vesse1 one must arrange the winding angles 

in a fashion so as not to cause a discontinuity in the rate at which the radial Ioad is being 

absorbed through the wail. Othenvise the layer(s) behind can never be f U y  stressed. This 

facet will be exarnined fùrther via an example at the end of the chapter. 

For dEerent materials the maximum value of K ranges widely. Table 8.1 presents 

examples at various * a lamination angles. 



Table 8.1 Value of 'K' in various materials as a function of lamination angle 

Loo king bac k upon C hapters 4-5 one can see t hat K is the primary variable 

goveming the rate at which stresses diminishes with radiai distance through a single layer. 

Isotropic material have K = 1, obviously the planar dominated stifniess of composites, 

graphite epoxy in particuiar, wili exhibit much greater decay rates since Er is 

comparat ively srnail. 
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Figure 8.3 Stress distribution in single layer vessel upon loading 

Under the (Edit) menu are contained operations for setting up the files requisite for 

the design of a pressure vessel. A key aspect involves establishg a materiais database, 

which presently contains about 20 laminate varieties. (Edit) contains two program 

elements that perfonn exactly each other's inverse fiction. These are (Lam+Mat) and 

(Mat+Larn). The idea here is to extract and accumulate data on 3-dimensional fiber 

properties by decomposing via micromechanical formulations the properties of a 

unidirectional lamina. (Lam+Mat) performs such a task. Once this objective is achieved 

new materials can be synthesized, either with difiierent resin properties, volume hctions 

or even imagined fiber properties not currently available. The program eiement 

(Mat-Lam) c d e s  out this reconstitution. For sorne more popular fibers, for instance T- 

300, dEerent data sets are available and as such each can be used to estimate the fiber 

properties via the micromechanical back-cakulation and conversely also investigate the 
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Figure 8.6 Material N e  generated with the command <ALT-L>. Values 
here can be adjusted if so desired and then changes to laminate 
properties may be reexamined by invoking the (MatjLam) option. 

If one wishes to create an entirely new material entry, the first step is to also create 

a new filename. For this one must switch to the (Utility) menu cALT-U> and then select 

(New) <ALTO N>. Existing filenames, sorted by Be extension are listed auto matically. 

This helps avoid overwriting old files. When the List of existing files is longer than the 

space on the screen the keys <PgDn> <PgUp> will scroll through the entries. For 

example one could combine data for AS13 50 1 -5 fiom Masters and Reifsnider [245], 

Highsmith and Reifsnider 12461 and adapt strengths from Tsai [ 1 741, to create a file 

named AS350 1-5 .lam. One must type in the filename with its appropriate extension, in 

this case (.lam) since it is unidirectional laminate data that will be entered. Hitting 

<Enter> registers the filename. Next one must navigate back to the (Edit) menu via 



<ALT-X> and then CALT-E>. To view or edit a laminate, selecting (LarnjMat) <ALTO 

L> will bring forth an entry screen as appears in Figure 8.4. The filename just created 

(AS3 50 M l m )  can now be selected fkom the Iist that appears automaticaily on the 

bottom of the screen. Fiename selection is via <PgUp> <PgDn>. Using the <INS> key 

copies the highlighted selection to the curser location, <Enter> then invokes action. A 

new screen wiii apear as per Figure 8.5. 

M e r  keying in or modifjmg the data (using keys <t Tl-+> and -ab 1 Shift- 

Tab> to navigate) and entering "T-iso" for fiber type, selecting (Lam-+Mat) for a second 

tirne invokes computation of the extracted fiber propefiies via the micromechanics 

equations of Section 7.2 (equations 7.14 - 7.17). Hitting <Enter> or any of the <At> + 

letter combinations WU automatically Save the entries, while <Est> aborts and <Ah-X> 

returns a higher level menu. Figures 8.6 illuarates the screen one would see going fiom 

the laminate test data just entered (or modified) to the fiber properties that have been 

back-calculated. The fiber data, or rnatrix vdues cm then dso be edited ifdesired. 

Subsequently selecting the inverse operation (Mat+Larn) reconstitutes laminate 

properties 6orn the fiberlmatrix data and retums one back to the entry screen for laminate 

quantities. 

Once satisfied with the contents of the materiai database, the next step consists of 

designing a prototype vesse1 (Wd) lay-up by selecting this menu item. .411 layers 

constitute (k ande) pairs with O" i n d i c a h  axial ali_ment and 90" indicating hoop 

windin~s. Existing wall construction filenames are shown immediately. If a new wall is 

being developed it must first be created using (New) under the (Utility) menu and typing 



in a filename using a .wal extension. Existing files are best selected by navigating through 

available files using the active keys (indicated in red background on the top screen 

corners). As noted before, the list of available files can be scrolled with <Home> and 

<End> should they exceed the display capacity of the screen. <PgUp> and <PgDn> 

moves the selection curser and hitting <hs> copies the selected file to the entry location. 

Subsequently hitting <Enter> invokes action. Alternately a desired filename c m  aiways be 

typed in. This is a comrnon file entry feature used throughout the program. 

Under the (Wall) option the materiais avaiiable for construction are listed on the 

bonom of the screen once a valid .wd filename has been entered. Figure 8.7 is rypicai of 

such an entry screen. Navigation between fields within this screen is identical to that of 

other edit screens (CTab / Shift-Tab> and <c? &-+> keys). Again, action keys are 

indicated in red background at the top of the screen. Filenames for the available materials 

can be selected and pasted to the entry location without typing them. A prototype vesse1 

wail cm thus easily be designed with a minimum of keystrokes. The design parameters 

chosen need not be too exact but some general guidelines would be to select a sufticient 

number of layers, putthg the Iower stiffiess / high strength materiais on the inside (layer 

#1) and attempting to graduate subsequent layers stifniesses with the aim of putting the 

highest aitniess (usudy lowest stren-@) materid as the last (outer) layer. Thicknesses 

can be entered at will and are not interpreted literally but scaled relative to one another in 

order to confom to a desired overd wail thickness (defined Iater). Wmding angles are 

always taken as r e f e ~ g  to a layer pair. When unsure of where to nart, 55' is a good 

reference point, more interspersed winding angles will tikely be necessary due to 
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Figure 8.7 Format of a *.wal file. The available materials in the database 
cm be viewed and selected fkom the lower half of the screen and 
pasted to the curser location with c l n e .  

rnanufacturing considerations or the stable radial compaction phenornena descnid in 

Section 7.3. F ~ k r  volume fiactions must also be specified. Since al1 these parameters 

including the insertion or deletion of layers are adjustable Iater on, any reasonable guess 

will suffice at this point. Hitting <Enter> cornpletes the procedure. 

Under the (Edit) menu, the (Press) <ALTOP> menu item edits a .prs fle which 

stores the pressure loading and vesse1 dimensions. Again, ifa file does not yet exist it must 

fkst be created using (New) or (Rename) or c m  be purged with (Del) ifso desired under 

the (Utility) menu. Units used throughout the program are metric and indicated where 

applicable. A pressure loading of 10 MPa (4,450 psi) or some tiaction or multiple 

thereof is often a good starting point. Extemal pressure can be appiied if applicable, and 

the thic knea entered here will govern calculations, over- riding individual iayer t hic knesses 
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Figure 8.8 Loading file under creation. 

entered in the. wall file by scaiing them to the value specified in the .prs Fie. Figure 8.8 

depicts the entry screen for such a loading file. 

Finally, selecting (Build) creates a vessel loading case which becomes the basis for 

subsequent analysis. The user is prompted to enter a combination of. wall and .prs Hes to 

be assigned a new name with extension. ves. Once these preliminary file management tasks 

are complete the vessel wall design features mentioned earlier cm be utilized. These are 

described in Section 8.7, forthcornming. 

Finally, a small additional feature, Born the main menu selection of the (Calculate) 

option brings up the screen s h o w  in Figure 8.9. 
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Figure 8.9 Options under the (Calculate) menu. 



Selection of (Stiff-Mtx) <Ah-S> bMgs forth a list of available ( .ves ) files. Upon 

entering the desired file narne the global stifniess (combined stiffhess matrix) and 

compliance of an entire vessel laminate can be viewed. The computation is performed on 

the bais of laminated plate theory. Results are presented in a cylindrical reference fiame. 

Its purpose is mainly to get a feel for the numbers involved in describing the laminate as a 

whole in cornparison with the stfiess rnaticies of individual layer pairs. Figure 8.10 

shows the stiffhess and compliance matrix of the 5 layer vessel design given in Figure 8.7. 
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Figure 8.10 Global stifniess and compliance matrices for newl-ves file of Figure 8.7. 



8.2 Variable Property Design 

The core feature of the vessel design program revolves around the 3 selections 

named (Var - wall), (Fit-mat) and (Multi-layer). Each choice demands input of a vesse1 

filename (.ves), available seiections appearing at the bonom of the screen. -4 graphics 

mode screen appears and interactive editing of variables is made available via <t?&+ >, 

<PgUp>, <PgDn>, <uis>, <Del>, -ab>, <Est> and other hot keys moa of which are 

Iisted at the screen bottom. 

The selection (Fit-mat) +Ut-Fz plots out a series of curves which are generated 

by a multi-parameter curve-fitting algorithm {amoeba.pas}, each being a bea fit 

approximation to the ideai of smoothiy varying matenal properties based on the individual 

layer values. Such a plot can be viewed by looking at Figure 8.1 1. Each s t f iess  or 

compliance property is represented by a different color, liaed in the legend at bottom left. 

The thickness dimension through the vessel waii is represented by the graph abscissa, the 

ordinate plots moduli, compliance or reduced compliance. The top of the g a p h  has tick 

marks indicating the boundary of individual layers which are listed numerically on the nght 

hand side of the screen. The first layer (lefi-most on the graph) is defined as the imer-most 

(# 1). Parameters such as material type, winding angle, thickness and fiber volume fiaction 

(cyan colored) cm be edited for each layer. A Iight-blue cursor moves with the arrow keys 

and values can be incremented / decremented via.<Up-arrow / Dn-arrow? When the 

desired changes have been made hitting <hs> will update the calculations and refiesh the 

screen. The nurnericdy determined fitting parameters for any one graph are 
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Figure 8.1 1 Prehinary property variations plot. 

wn at top right. The initial screen defaults to the best fit for A,, and a box surrounds 

value in the kgend. A small white cursor next to this box is controlied by <PgUp 1 

ln>, and rnoving it serves to indicate which plot one wishes to see. Pressing <Iris> 

rcts the plot <DeD de-selects the plot. AU selected plots are surrounded by a colored 

b. 

The fitthg parameters shown are aiways those for the b'boxeB' parameter next to 

white cursor. Multiple plots can be sekcted, and the ordinate will automaticaily scale 



itself to the highest value amongst these. The <Tab> key cycles the graphs through 

stiffness (4 ) , cornpliance (a,) and reduced cornpliance (P,) values. 

With this tool the designer cm check to see how weU the wall construction 

confonns to an idealized variable property form. Naturally it is difficult to corne up with a 

"perfect" wwall, especialiy f?om the outset, however this not a probiern. It is only necessary 

to remember that good fitting is requisite for a controlling parameter (Iike P, ) and that 

the less influentid or uncontrollable ones can be left to fdl as they will. For example (A, ,), 

the radial stfiess, is invariant with winding angle and depends mostly on the transverse 

rnoduli of fiber, resin selection and volume fraction. One could choose to optimize this 

quantity but it would lead to seleaing composite laminas with nicely progressive through- 

thickness moduli, tikely incompatible with a desired circumferentid nifmess variation rate 

that may be exhibiting the opposite tendency. 

In the remaining set of figures example cases are put forth and sucessively 

modified. To am, a preiiminary vessel wall cm be proposed. For illustration the wail 

construction file strongwal will be used in what foilows. A corresponding loading case 

(biglds) describing a 200 mm diameter by 25 mm thick wall with 60 MPa intemal 

pressure was joined to it using the (Build) menu option as shown in Figure 8.12 to define 

a new vessel file @mk.ves). Figure 8.13 indicates the initial choices for this wall 

constmction. This is the lay-up upon which the curve-fitting seen in Figure 8.1 1 was 



perfomed. Ordinarily it would be wusual to proceed with so many different materials, 

thicknesses and fiber volume fractions, however this is an illustratory case so there is no 

+------------------------------------------------------------------------------+ 
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Figure S. 12 Entry screen under (Build) option to combine appropriate fies. 
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Figure 8.1 3 Initial choice of ky-up for wall construction. File: snong. wal. 



From Figure 8.1 1 one can see that some of the desired effect of having a smoothly 

varying circumferential stiffness is king achieved but obviously the fit to the curve is far 

fiom as good as it could be. That however can easily be fixed by adjusting the layer 

parameters on the right of the screen. The easiest way to progress is by starting with the 

layer deviating most from the cuve and making a small perturbation in winding angle or 

volume fiaction and then hitting <Iras> to inspect the result . Within a few minutes the 

modikations shown in Figure 8.14 can be obtained. Here, for illustration, the principal 

reduced cornpliance P22 has k e n  ploned rather than the stiniiesses (use a a b >  key to 

scaling fàctor for 
thicknesses 

kxponent of best 6t 
I 

jq multiplier h 

Figure 8.1 4 Goodness of fit for reduced circumferential stiflhess p, after some 
manipulation of the material parameters. 



page screens and <PgUp I PgDn> & <Del> key to him off the plots not required). The 

average complimce vaiue for every curve plotted is marked on the left inside of the graph, 

and the wd scaling factor (over the relative thicknesses input) is s h o w  at the top left 

corner. 

Once satisfied with the results, a file can be saved under a new name. In this case 

the name gtankl. ves was created by pressing <Nt-S> which prompts for a filename. This 

file wili fonn the basis of Our example case. 

Till now we have implicitiy assumed that the curve to fit is the one show on the 

screen. This is not the case, the cuwe being plotted is merely the one calculated as a best 

fit to the individual layer quantities entered (via the layer parameters). In other words, the 

curve foiîows the layer data, it does not lead it. The acniai rate being sought wiil be 

discussed later under the (Var-wall) option. The exponent describing this variation rate is 

shown in the top nght corner of the figure above. At any time the 2 fitting parameters 

describing the curve being considered (marked by the white cursor and boxed in the 

legend) are displayed at the top ri& of the screen. The exponent d e t e d e s  the slope of 

the curve, while the a, multiplier is simply the stifiess or cornpliance value at the outside 

of the vesse1 where the relative radius p = 1. The specific variation rate sought must be 

miided by these values. The rnost effective method for siyficantiy alterins these fining - 
parameters is by making changes first to the inner and outer Iayen to direct the dope of 

the curve. (Use arrow keys to select and increment or decrement parameters of the 

highiïghted value). Subsequently the intermediate layer parameters c m  be adjusted to 

better the fit. The user will quickly note the high sensitivity to wuidhg angle variations 



and to a lesser extent that of fiber volume kaction The individual layer thicknesses or 

material selection can be altered by moWig the Light-blue background cursor under these 

parameters also. The user can then scro il (arrow keys) through al1 the available materiais 

in the database and select a new one. Such further options are not explored here but their 

actions should be obvious. 

Up to this point no mention has been made as how to determine what a potentidy 

desirable elastic property variation rate might actually be. For this one must turn to the 

(Var-wd) menu option discussed next . 

8.2.2 Solu tiona Types 

The (Var-wal) option <Ait-V> presents a submenu as per Figure 8.15 allowing a 

choice of variable properties type solut ions. 

Figure 8.15 Four solutions available under (Var-Mat) option. 



In ail cases solved below 9 = O as twist is not a factor for f angle ply-pairs. The choices 

are: { 1 ) Closed form solution with al1 properties varying at rate "11" as presented in 

Chapter 5 equations (5.6 1) with Co = O, (restrained boundary). (2) Solution via equations 

(5.61) with Co computed from the axial force boundary condition (5.65) applied to o.. 

{ 3 } Finite difference approach using 3 individually variable elasticities (power functions) 

with fixed end condition C = O .  The solution is obtained by soiving the systern (6.23). {4) 

Finite difference method with 6 variable material properties coupled to an iterative 

solution for the free ends with the addition of equations (6.24)-(6.26). 

Each solution is based on a dEerent set of assumptions hence one shouid not 

expect to see the same outcome. The methods are ail based on modeling the cyiinder wali 

as a continuously variable elastic matenal. Realisticdly, only the finite difference methods 

permit modeling property variation rates that can be achieved in actual constructions, 

neverrheiess it is interesting to see how these solutions dser from those of previous 

researchers and we can note the limitations of these earlier efforts. 

The mon coarse assumption is being able to Vary dl properties at the same rate 

"n". This case can be examined with the menu selection <ALT-R> or +Wï-F>, the 

dserence be iq  whether the cylinder ends are (Restrained) or (Free) to move. Turning 

bac k to our example case gankl. ves, the stress distrihtion expected within a vesse! 

constructed of such hypothetical material would be as shown in Figures 8.16 and 8.17 

respenively . 



Figure 8.1 6 Expected stress distribution with a l  eiastic constants varying 
at the sarne rate n. The end conditions are as per a pipe 
constrained between rigid wds. 

By contrast, Figure 8.1 8 shows the plot of a thick vesse1 constructed fiom a single 

material, in this case T300-5208, with constant properties ( n = O )  through the thickness. 

Obviously the stress distribution and even the goveming stress between the fùst 

two cases is vastly different due to the end constraint. The global variation rate "n" plotted 

for each anaiysis is by default taken to be that of the curve fitted to the reduced 

cornpliance P, under the <Plot> option. Using the <orrow keys>, <PgUp / PgDn> the 

exponent of this power function can be altered and hitting <In@ wili recompute the stress 

distniution. With a few trials one can easily arrive at an elastic property variation rate that 

provides a Mmially constant circderential stress through the thic kness. 



Figure 8.17 Stress distriiution for example case using %ee ends". 
Axial constraint is removed allowing movement as in a 
pressure vessel. Stress distributions change remarkably. 

This may not be anywhere near optunal for a final design but might provide some idea of a 

starting point. The numencal parameters show as "Stress ratio" are a relative measure for 

gaging the difTerence between the minimum and maximum stress with respect to the 

average stress at the endpoints for o. and a, . For or the percentage shown is a measure 

of deviation f?om linearity of the centerpoint, with negative values indicating concavity of 

the c w e ,  whiist positive values result when the a, c w e  is convex and the wd retains 

its greatest stress away fiom the k i d e  surfiace. 
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igue 8.18 Stress distribution in a single material vessel built fiom f 60' T300-52t 
with fixed properties. The end conditions affect d y  a, but not the 
distniution of aee. Axial stress is about 113 lower given restrained ends. 

In Figure 8.1 8 the T30O-5208 material shown is one with a relatively low 

4'avoid~ce" factor K for a given lamination angle and hence is nomindy considered to 

be superior at canying stress to the outer portions of the wali. Clearly, fkom the figure the 

ability even of a "good" composite is quite poor as approxhately 1/3 of the hoop stress is 

lost through a 1" (25 mm) thick wali. The real aim in designing a multi-layer vessel is to 

ward off a composite's natural "avoidance" in transmitting stress in the tbrough-thickness 



direction. From these couse first approximations it should now be more apparent that 

carefùl consideration is requisite in the design of any rnulti-layer / multi-material vessel. 

8.2.3 Individually Variable Property Solutions 

To exempla and expand on the above. stress distributions have been found to be 

rather sensitive to some of the elastic constants and the individuai variation rates assigned 

to them. This fact becornes evident when we examine the resuks of a numerical solution. 

Figure 8.19 presents a 3 variable properties numencal solution to our exarnple case. The 

gaph  shown in Figure 8.19 can be invoked by selecting <Ait-N > under the (Calculate) 

sub-menu. The results are so dserent from Figures 8.16 and 8.17 that one first hardly 

reco-&es it to be a solution to the same problem @ankl.ves). 

In fact the validity of the numerical solutions was in question and to resolve this 

dilemma test cases were mn to parailel the method with the closed form solution for 

common variation rate "n" to ensure identical results. These test case value alterations are 

stiU in the numericd methods code but commented out. In turn, the code for the cornmon 

variation rate LLn'' was tested against code for constant material properties "n' wrinen 

specificaily for one layer (as seen in Fi-we 8.3) and also compared to the results of the 

code for multilayer solutions (Full eqns & Partial eqns, discussed in the next section) when 

reduced to solving for the single iayer case. In ail, 7 independent segments of code using 

both Wee-ends" and 'Yixed ends" boundaries were run to cross-check results. The 

numerical solution was accurate to the 2" decimal place or better for the stresses 



Figure 8.19 Numerical solution to gtankl. ves using Gxed boundary conditions. 
Restrained ends are not of drastic consequence, serving most iy to 
&ect an increase in the circumferential stress near the outside surfac 

(measured in MPa) when compared to the closed form equations. Further the multi-layer 

solution was laboriously hand checked for 1,2 and 3 layer cases in pardel with the source 

code debugger through every step of execution. 

Considering the above results. one will note that the numerical solution with 3 

individual property variation rates, namely those on the L HS of differential equation (6.6) 

(Figure 8.1 9), falls somewhere within the extremes of when the pro blem was solved with 

ail properties obeying the sarne variation rate "n" both with (Figure 8.1 6) and without 

(Figure 8.17) an end co~l~tfaint. The 3 variable properties solution above shouid also be 

contrasted to the weii hown constant material properties case (Figure 8.18). Comparing 



arnongst these figures one may note that a. sees the most drastic change in magnitude 

and tendency. This ought be expected since o, is controlled mauily by the end constraint 

and Poisson related stiffnesses which are in tum dependent on winding angle and other 

factors unrelated to the specific cucderential moduli variation rates sought eariier. By 

contrast the numerical solution approxirnating aii 6 material constants in variable property 

form (Figure 8.20), including those on the RHS of equation (6.6) d E e e  little fkom the 

simpler "3 variable" homogeneous solution given in (8.19). The influence of the kee 

boundary is present but now ody moderately so. 

Figure 8.20 Numerical variable properties solution to gtankI.ves with fixe end conditions. 



In each of the foregoing variable properties solutions the power fùnctions 

describing the material can be edited via the cursor keys <t?J+> to select either the 

exponent or mantissa and increment / decrement the values, and then pressing <Iris> to 

recompute the distribution. <Home> and <End> serve respectively to reset either al1 

parameters or the currently edited one to its original value. In this way one can quickly 

search out the parameters which carry the moa influence upon the design of a desirable 

stress distribution and aim to mod@ these to conform when designing a lay-up under the 

(Plot) option. 

An explanation of the most prominent effects resulting fkom pemirbations upon 

each parameter is liaed in Table 8.2. It helpful to remember that the form of the property 

variation given in the graphs is P, = y ,p " . Since the value of p (normalized radius) 

ranges tiom c = a b  + 1 , negative values of the exponent xx serve to increase the 

propeny at the inside of the cylinder wall relative to the outside. The reverse is true for 

positive exponents. Because we are effectively looking at cornpliances, large negative 

exponents hply less &ess on the inside relative to the outside. The mantissa (y,) for 

each reduced stiffiess term (P,) has a s i p  (either positive or negative) and essentidy 

this sign wiu not change with aiterations to the winding angle, material, etc., only the 

ma-pitude of the term is affected. For the cornpliance term (a,3) the sign is dependent on 

winding angle so one mua be careful when making interpretations. 

The fonn of the dinerential equation for the stress function 4 is quite sirnilar given 

the case of all properties expressed as UidividualIy variable quantities and for the situation 



where they are all taken to Vary at the same radial rate. The main dinerence is that an 

anaIytica1 solution exias for the later but only a numerical one for the more general case. 

Table 8.2 Efect of cornpliance variation on stress distribution for '%ee ends". 

Sign - 
+ 

Mantissa (yij) 
Lowen pc~sible value k t .  Law values help stress 
tranani outward and minimite curvaaire in 

plot. Lou values here aIso dmand a les  

negative expunent for & m mult in a flat ,-J, plot - 
MC(I &V~INI. in ae plot. Hi& nqaticc valua 

lower inncr hoop arcs. Ractically this value is 
always a malt negativc quantify and not rully a 
major plaver. 
Moderaie influena upon circurnfcnntial svcss 
disai'bution L a w  values can pomolr i n c r d  
cunanirc in the œmcr of the 0, plot and promotc a 

Ioweinp of the racs in that location 
Strong influence on a- plot. Large negative values 

ncar inside surhx lower mm thcrc at expense of 
increascd axial mes on outa mhcc (common 
m). For m m  matainl. winding angles in the 
range of 14" - 42' m l t  in a positive mantissa 
Very mono infiucnce on 0, plot Luge ncgativc 

valus decreax on ourside surface and infiuencc " a simi1a.r thou@ lessa f;istiion Winding 

r n ~ l a  can exton radical influence. 
Somc &'a on ovcrall axial srrcss lcvel (shifki 0: 

plot vmically). h g e  influence on sbap of b= 

curvc. Big valua usually und 10 I o w a  bofh hoop 
and axial mcss on outside suhcc. 

-- -- 

Exponent (mc) 
Effect k v a y  wcak. For hi* value of the mantissa 
large cxponcnts raise hoop sbess rnarginally on 
outsidr surhce. 

E K i  is w u k .  Large negaiive expnenls çin 
lower inside surface hoop stress. 

.- -- 

Main conmlling influencc upon =O plot Luge 

nepative values shifi hoop stress ounvard. Values 
in the range -1.6 to -1.0 give a ncarly lcvel nrss 
dimibution for cornmon Iay-ups. 
Large exponcnts of eithcr sign may rcsult due to 
arve  fining sincc winding angic daennina sig 
of manrissa in each laya. Low winding angles can 
cormibutc to unusually large 0- duc to this f g c t  

Large positive exponcnis mapi& axial mess on 
outside surfice 

Exponcnt valua nau zno flanen out cumturc in 
al1 plots. Large neprive values promote a hi@ 
a- mess on the oulsidc sufice. 

Since all stress computations stem fiom the stress fûnction it is weii to understand 

how the variation rates &ect its shape. Looking back to equations (5.54) and (6.6) and 

eliminating the terms containing the index 4 and the twist coefficient 9 in the former we 

can simpI.@ and place the nvo equations side by side. 



Solution for 4 in the first takes the form 

For the second equation the solution is unknown however the shape of 4 shouid show 

similarity given the equations are so close. 

Aiso remembe~g that 

it is easier to comprehend the influence derived from each tem.  Basicaily if we desire a 

constant hoop stress, integation of 4 leads to the form or = A + B/r . This indicates that 

the correspondhg a, mua plot as a hyperbola and that the rate at which radial pressure is 

absorbed wili Vary inversely with the radiai position. If we desire uniform absorbtion of the 

radial pressure across the thickness (o, plots as a straight iine) then it works out that a, 

mua have a positive siope of twice the magnitude by which radial pressure is being 

absorbed per unit thickness. (ie: a, is higher on the outside of the cyiinder). The group of 

ternis a,, , a,, a,, affect mainly a, because they reside on the RKS of the differentid 

equation and dictate the particular solution. The d exponent and y, term have direct 



influence on the first derivative (G ,  ) and a secondary effect on ail the other terms where 

they mix with other factors. The term y,, raised to its exponent Z multiplies 4 so a heavy 

iduence upon the radiai stress should be expected. y,, tends to be of s m d  magnitude, its 

effects air subtle but act mainly on G, . If the hoop stress is constant, then the second 

denvative wili be zero. For the free boundary situation, as in any vessel, interactions 

always occur due to the fact that the particular solution (RH3 must be satisfied. 

Cornpliance a,, plays a sigdcant roll because the numerator constituting tems a,,, a, 

are of different magnitudes and these quantities do not cancel except under rare 

circumstance. The RHS then extends some influence over a, since the second derivative 

must play a role in satisfjmg these tems and it wili only manifest itself when curvature 

exists in thec, plot. This is why aitering the RHS tems causes a secondary change in 

the O, curvature. 

Even without this mathematical insight niaking alterations to the stress distribution 

is not a difficult matter, rather a little bit of experimentation goes a long way towards 

attaining a feei for what is possible. 

8.3 Discrete Multi-layer Design 

The final and rnoa revealing function of "Super Pressure - Vessel Designer" is 

found under the (Multi-layer) sub-menu seiection. The idea behind this program segment 

is not only to solve for the resultant static stress disuibution at a given pressure but also to 

render an idea of how a pressure vessel's stress distribution will change under the 



innuence of damage resulting fiom an accumulation of matrix micro-cracking which 

becomes incipient at some level of loading. Naturaily the accuracy of such predictions are 

dependent wholly on the underlying failure criterions, damage and stifhess reduction 

models. None of these are well proven, yet they are among the better ones cmently 

available. Taken together they are expected to provide more insight than anythmg short of 

lengthy Uicremental finite element approaches incorporating fiacture mechanics 

(CODSTRAN) as with some of the impact damage assessment studies, typical of those 

carried out by Minnetyan and Charnis [260] on behalf of NASA for thin wded vessels. 

A choice of three solution methods is avdable, each of which soives the layer by 

layer problem The k t  two choices labeled (Fuil eqns) and (Partial eqns) differentiate as 

to the completeness of the elasticity equations used to render a solution. (Partial) refers to 

the approxirnate method presented by Roy and Tsai [56] where the constant 2- in (4.23) 

was assigned a value of zero, rather than assumllig the correct value of XC as with the 

(Full) implementation. Ail three options carry forth via solution to the matrix system 

(4.46) and implement Christensen's separate failure criteria for matrix and fibers upon 

l Supor Prm8murr - Vommol Damignmr I 

I------------------,,,, Discrete Method Selection Menu ------------------------! 

Roy and Tsai 1 ~Chapter 4 solution Chapter4solution/ : 1 : lcquaticm (4.46) tqequatim set . . ! ' h t h  non-bar 
1 

l 1 / shear correction 1 , 
1 

Figure 8.2 1 Menu selections under the multi-layer solution option. 



each layer as described in (7.34). Thereupon Luo-Yu Xu's damage modehg is Uivoked as 

presented in Section 7.4 and elastic moduli reductions are computed via Tables 7.13 and 

Figure 7.30. The third option (Non-linear shear) caries forward with the addition of 

equation (7.88) and is coupled with the (Full) anaiytical method. Because the damage 

effects are highly non-linear the elasticity solution has to be solved in an iterative loop. 

With each iteration and for every layer the error between the rnatrix safety factor R 

(rnatrix overload indicator) af€er matrix failure initiation is compared to the overload 

factor fkom the previous cycle. A new rnatrix safety factor is eaimated and the damage 

level and consequent stress distribution is re-computed until the relative error between 

successive iterations in the computed over-load factor matches to within O. 1% for aii 

layers. Both the intemediate and b a l  solutions are output in graphical format during this 

process. 

For (Non-linear shear) the shear corrections are invoked in each layer up until 

matrix failure is reached, thereon this correction stays constant and M e r  reductions 

depend on the residual equivalent niffhess coupled with the moduh reduction scheme. 

Figure 8.22 illustrates the gaphical output format. The screen plots the three principal 

stresses. dserentiated by color, for each layer. An observant reader should note the 

simkity in trend between this plot and those of Fi-wes 8.19 and 8.20. The vertical 

dotted lines mark the individual layers and each layer is flanked by a set of smaii 

'rhermometers" color coded for m a t k  and fiber, as per the legend. The height of these 

'rhermometeno' at the middle and layer extremities represent the inverse of the safety 

factor R determined via equation (7.34). The lower horizontal yellow doned line across 
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Figure 8.22 Plot of the discrete layer stress distribution using the (Partial eqns) option. 

the plot marks a safety factor of unity. Imposed pressure is at the top right corner and can 

be incremented / decremented (t 0.1 MPa) via <PgUp>/<PgDn> or (f 1 .O MPa) via 

<Home /End>. The plot is regenerated upon pressing <En ter>. 

Parameters descnbing the waii construction can be edited just as under the (Plot) 

option described earlier. Ln addition layers can be inserted or deleted ushg <Ait+ (to 

inset below cursor) or <In@ (to insert above cursor) and cDeb to deiete at the cursor 

location. Proof pressure at the top of the screen records the highest pressure attained, as 

the damaged conditions within each layer are retained when one unloads the vessel. The 



nurnber of iterations and error between successive estimates (red background) can be 

followed during execution at the top of the screen. The error pertaining to the non-linear 

shear correction, denoted by ers operates only when the option <AL-N> is selected. Wall 

thicknesses are always scaled ffom values given in the . wal file to the overall thickness 

defined in the .lds file f%om which the .ves file stems. This is to ensure that when editing 

individual wd thicknesses that one will not waste tirne adding and subtracting fiom 

dEerent layers to maintain constant net thickness. It is important in order to ensure one is 

comparing designs with the same relative thickness ratio "c". The applicable scaling factor 

is at top left on the screen. 

An estimate of £kit matrix damage appears in yellow next to the R = 1 Line. As the 

load is increased via the <PgUp / Hom# keys. the thermometers rise and the vertical axis 

is re-scaled every t h e  one hits <Enter> to re-cornpute. Should either rnatrix failure or 

fiber fracture occur, the height of the therrnometer(s) will extend beyond the R = 1 line 

and light up to a hi&er intensity. remahhg lit even if the pressure is later lowered in order 

to remind one of the damage state present. The height of each matrix thermometer once it 

reaches beyond the matrix damage initiation h e  represents the inverse of the damage 

parameter as measured by the residual equivalent niffness RS, defined in equation (7.6 1). 

The upper dotted yellow line marks the attainment of the characteristic daniage state. This 

Ievel may or may not be reached by the rnatrix indicator since it requires that the fiber 

itself rernains intact. If the fadure cnterion predicts fiber fiacture at any point then both 

damage indicators (ma& and fiber) are sirnultaneousIy assigned to this level. Since 

damage is permanent and assumed to be equal throughout the layer. the themorneter 



indicators will all assume the same height at damage onset, which is different fiom the 

d e t y  factor display (un-lit) where elasticity equations assign dinering safety factors 

according to the radiai position within the layer. Once damage has b e y n  the program will 

iterate and flash intermediate "solutions" on screen until it settles. 

The progress to convergence c m  be monitored by watching itt. err and ers. The 

number of iterations depends on many factors, typicdy taking longer with large pressure 

increments and walls with many damaged Iayers. Rarely does it run more than 10 and the 

program will automatically hait at 30 iterations and display. If the initial pressure denoted 

in the .lds file is hi& enough to cause damage immediately, then the fïrst darnage e s t h t e  

will display "999.0" to w m  that no valid computation is possible. since this estimate 

requires a Iinear elasticity approach. This situation is easily rectified by lowering the 

pressure via <PgDn / End> and then saving under the same or a new nlenarne via <Alto 

SB. an action that would also be caiied upon to Save any other desirable changes made 

after editing the construction parameters. Should it be desired to restart the analysis at 

any loading point, pressing <Tab> will reset the material properties to their original 

undamaged values and revert to the last conditions saved to file. or simply the original file. 

This feature is convenient ifsome failure event was "missed" by havhg hcremented the 

load too quickly. 

For this particular example the solution option of (Full eqns) via <AM"> _nives 

virtually the same results. only that fint damage occurs at approximately 0.5 MPa higher 

than with the (Partial eqns) option This brings into evidence that in practical terms the 

sîmplified solution put fonvard by Roy and Tsai [9 11 appears d c i e n t .  



The exarnple case presented in Figure 8.22 is the same lay-up studied previously. 

This was designed purely on the merits of what was assumed to perhaps approximate a 

desirable variation rate based on the (Plot) curve-fitting module. More interesthg 

however is the fàct that although the stresses were relatively well balanced to begin with, 

the distribution begins to suffer greatly once the Ioading is suscient to cause damage. 

This progressive disronion of the distribution and eventuai unloading of some layers as 

they break can be studied via Figure 8.23. 

ligure 8.23 Example case loaded to the point where the two outer layers have broke 
Matrix failure is evident everywhere and appears to be causing a 
dispro portionate unloading of the ~evlar@ layer hoop stresses. 



Obviously in this case the two outer materiais were badly chosen f?om the fiber 

strength point of view. Aithough the matrix had begun to fail in both the b e r  and 

outermost layer, the P75S material fiactured !kst at 149 MPa, propagating to the adjacent 

P 100s ply, but the damage was computed to be non-fatal and halted by itself. As a 

consequence of this upset the inner layer has become the moa heavily loaded, whilst 

matrix damage has relieved the ~evlar"  layer fiom much of its load as well. Continuing 

with the loading one can predict that the T300 layer wiU fiacture next since already the 

fibers are much nearer fdure than the matrix, something almost expected for a layer 

wound near the 'hetting" 54.7O. Figure 8.24 below predicts the next stage. 

Figure 8.24 Vesse1 with a third layer fkactured. Breakage occuned at 179 MPa. 
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Surprisingly even with the third Iayer fiactured the failure is not yet catastrophic, 

but one c m  see clearly by the slope of the radial stress cuve that the fiaction of pressure 

king absorbed by the kst two layers is quite extreme. With just an increment in loading 

the ~evlar@ and AS4 layers approach tiber hcture almost simultaneously, and in tum 

precipitate catastrophic failure throughout. The thennometers then ail show mauimum 

degradation which corresponds to the upper yeiiow dotted line. At this point the prograrn 

halts as it has detected fiber faiure in ail layers and displays an estimated failure load, 

bracketing the last known pressure it sunived and the last increment which it did not. The 

end result is given in Figure 8.25, with the burst estimate s h o w  at the top. The stress 

distribution depicted at this point is meaningless since the prograrn has aborted . 

Figure 8.25 Pooriy designed vesse1 of exarnple case; burst at 195 MPa (28,300 psi). 
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Naturally the exact sequence and pressure level at which events occur depends on 

the accuracy of both the damage mode1 parameters and the constants entered into the 

materials database. To further exempw such sensitivity one need oniy consider what 

happens when we use the third option <AUON> which invokes the non-linear shear 

approximation Here the interesting part is that the estirnates for firn damage keep movhg 

to progressively higher levels (for the example case king studied) as one drives the 

program to calculate according to the initial estimate. EventuaUy damage does result but 

the level at which it occurs c m  be significantly higher than firn anticipated. For this 

particular case we end up seeing a t ks t  damage estirnate of 93.6 MPa an increase of 13% 

over the linear estimate (82.8 ma). To attain this esrimate one must not exceed the 

damaee c. load predicted on the previous iteration. Single iterations can also be forced at 

constant load by hitting <Enter> without incrementing the applied pressure. A h a 1  

damage prediction is recorded upon detection of matrix failure in any one layer. This is the 

value then displayed in yellow on the l ehos t  portion of the screen. 

In using the non-linear shear computations the eEect on the overail failure (burst) 

of the vesse1 is virtually ni1 since the shear correction is invoked only in the elastic 

response regime. From the standpoint of d e s i m g  a p o d  stress distriiution near but not 

beyond the fkt damage point, the non-linear calculations can help one optimize a design. 

For instance by comparing Fi-pre 8-26 with Figure 8.22 it can be seen that the outermost 

Iayer (P IOOS) m the case king studied has suffered a iittle doading due to non-linear 

shear. This could be rectified by altering material parameters slightly to compensate. 

It is as easy to adjust the wall lay-up in this screen as under the (Plot) menu and in 



ire 8.26 Initiation of matrix darnage king suppressed due to modeling the non-line 
shear response. Fracture sequence for the layers and final rupture is 
similar to the case modeled using linear response. 

fact a design problem cm be worked both ways in an effon to extract the property 

variation rates conducive to an optimai stress distribution. Additionally, at any stage of 

loading the numbers underlying the graphics can be saved to file or output directly to a 

printer with the keystroke <Ah-F) and <Ait-P> respectively. The data filenames 

generated for later inspection are numbered sequentially with the extension .d##. These 

flash up momentarily when nich an action is invo ked. For example with the source file 

gtankl.ves, recahg the 3rd saved-to-file loading state one would search for the filename 

gtankl .d3 and open it with any standard text editor, or select the file viewing option 

(View) under the (Utility) menu. The content of one such file, cornmensurate with the 



loading shown in Figure 8.23 (except that non-linear analysis was used) is presented in 

Tables 8.3 - 8.7 below. 

Table 8.3 Vessel construction, loading and degradation 

- - 

Lay 
No. 

I 

CI - 
3 
4 

a 
7 

a 

Super Pressure - Vessel Designer 
Vessel Filename: gzankl-ves 
Glcuiazion Method: NL Shear / Full ecuations 
Current Pressure (MPal : 150.0 
Procf P r e s s u r e  (MPa): 150.0 
- .  . "SC - -  Damage ( M P a ) :  93.6 
Ruprure : FALS f 
Wall Thickness (mm) : 25.0 
Inside Diameter (ml : 200 .O 
Wall Scaling Factor: 1.667 

Material Thick Fiber X a t r ~ x  Fiber Matzix Fiber Shear 
Name (mm) - 1  Percent Safety Safety Degrad. Deozad. aed. 

Table 8.4 Stresses and strains dong vesse1 primary a& 

La yer Sigma irl 
no. ~ n s i d e  a d .  ou t e r  

l Layer Zps~lon ;rl 5 
1 m. inside n d .  ouzer 



Table 8.5 Stresses in material coordinates 

Laye r Sigma ( 3 )  
no. ~nside nid. o u t e r  

r n s ~ d e  

18.7 
-6.3 
4 3 . 2  
El. 1 
36.8 
70.7 
20.4 
18.7 

i n s i d e  

-1.0 
-0.8 
-5.3 
-8.1 
- a . 5  

- 1 4 . 5  
- 7 . 3  
-0.0 

Table 8.6 Strains in materiai coordinates 

Loyer Zzsilcn ( 3 )  S 
na . i n s ~ d e  ,mid. oucer  



Table 8.7 Stfiess matrices 

Local S t ~ f f n e s s  Matrix [Cijl ( F f a i ,  L a y e r :  i 

L o c a l  Strffness H a t r i x  [ C i ] ]  (MPai ,  f a y e r :  3 

Local S:~ffness Matsix [CL ] !  (MPaj ,  L a y e r :  4 

Local S t l f  fnoss M a z z ~ x  [ C L  j ]  :YPa ) ,  Laye=: ô 

L o c a l  Sziffness xarzix [Cij] (MPai, I a y e r :  ? 

Local S t r f f n e s s  M a Z r l x  [CL;] iMPai,  Layer: 8 



As mentioned at the beginning of this chapter, the concept of equal stress desip is 

not necessarily the ided in most practical situations since in going fiom one material to the 

next strengths change, O ften drarnaticaiiy. There is no nile connecting materiai strenghs to 

their elastic properties. In such cases it is beaer to design in a mamer of equalizing failure 

initiation rather than strength. How to define the fadure is a rnatter of interpretation based 

on the design objective. Generally two situations arise. and a balance must be stmck 

between them. The k a  issue is that one may want to minimize the amount of rnatrix 

damage in the interest of good fatigue life characteristics, vo lwtr ic  expansion concems 

or simply out of prudence. The second objective. more o bvious, is to maximize the burn 

pressure. The means to achieve either are not via unique solutions. rather it has been fond  

that a good visual tool allowing for the effect of perturbations on basic des@ is fast and 

effective in earacting the necessary design parameters. Below. simple cases of achieving 

either of these objectives (rnaxirnize rnatrix damage initiation pressure / rnaximize burn 

pressure) are presented based on the Iay-up of the exarnple case followed throughout the 

chapter. 

For the purpose of showing what cm be achieved with a slightIy more optirnized 

design in terms of burst pressure, we can eliminate the 3 materiais that have low strengh 

and fiacture prematurely, t hen re-adjust the lay-up slightly to compensate the resultant 

stresses for differences in snength between layers, aiming for near shultaneous layer 

fracture rather than uniform stress. Such a vesse1 using the same relative thickness as 

before is shown in Figure 8.37 just prior to burst. 



matrix damage is pronounced and 
commenoes at a relatively Iow load 

'igure 8.27 Five layer vesse1 based on materials used in example case designed for 
higher burst pressure. Burst is predicted at 422 MPa (63,240 psi) but 
damage begins at relatively Iow load. 

Similarly vessels can as easily be designed to achieve a high pressure for the omet 

of first ply fdure (at the expense of lowered burst pressures) by shifiing stresses in a 

fashion to minimize rnatrix loading. There are no set d e s  for achieving this, it essentdly 

becornes a matter of trial and error, however the instant visual interpretation of any 

perturbations quickly directs one to achieving a situation whereby the matrix loading in 

each layer is lowered to the greatest extent possible. An example, using the same materials 

and layer thicknesses as in the above case, with this criteria in rnind is shown in Figure 

8.28 below. The trials to achieve this took less than 10 minutes. 



Figure 8.28 Five layer vessel designed with objective of raising the FPF pressure. 
Damage starts at 143 MPa (20,780 psi) and burst is predicted 
at 3 10 MPa, (42,840 psi). 

8.4 Practical Design Examples 

Let us consider the relatively simple problem of designing a pressure vessel : for 

which we limit ourselves to a single rnaterial. We can set the radius to thickness ratio at a 

practical limit for construction using b/a = 1.25, as Ui the previous examples. A very 

standard material of relatively low cost cm be selected, in this case AS4 - 3502. The design 

problem posed is to select a lay-up that will maxhize the burst pressure. We sW 



commence in the usual fashon by entering the construction parameters for a .wal t ' e  and 

combining it with a loading case (.lds) to create a . ves file. These steps, nor the keystrokes 

for what foiiows wi.U be detailed as it is assumed that the basics of progam operation are 

understood. To begin with, an 8 layer design following a conventional winding pattern 

that altemates hoop windings with heticai layers is examhed. At this point, to help 

evaluate the results. a few additional features within the propam have k e n  turned on. 

The top ri@ of the screen (Figure 8.29) presents two additional numbers. One denotes 

the predicted burst pressure based on the most highly loaded &r iayer (B:), the other is a 

factor named '%ber men& usage efficiency". It estimes how close the material 

throughout the entire waIl is to rupture. This factor (labeled E:) is effectively computed 

as: 

1 min. fiber safety factor 

1 C: (fiber sakty factors) / n 
* 100 and 1 expressed percentage. If the fibers every 

point were equally close to failure then the E factor would be 100%. Additionally the layer 

aithin which the fibers are most highly stressed "lights up" to a higher intensity in order to 

emphasize its location. Obviously, to attain the design goaL the strength usage efficiency 

should be as high as possible. This reflects upon the ultimate pressure capability of the 

vesse! but the two quantities are not linked directly. For some non-optimal designs there 

may exist margidy  higher burst pressures at the expense of lower strength usage 

efficiency however this is an exception and generally the hwo factors Vary in tandem. 

The design shom in Figure 8.79 has seen many iterations in an effort to balance 

the layer loadinp. As a result of experimenting with the progr- a few important 



Figure 8.29 Single material vesse1 using interspersed hoop and helical 
windings optirnized for maximum bunt pressure. 

observations have been made. It is always possible to balance the loadings in the two 

innermost layers (by altering the winding angles) but the problem thereafker is that the 

rernaining layers may be shielded fiom sufficient strain to maximize their usage efficiency. 

No amount of re-arrangement of the outer winding angles c m  then raise the usage 

efficiency or ultimate pressure capability further. Different configurations cm be attempted 

with interspersed hoop and helical windings. Another variation is shown in Figure 8.30. 

The situation descriid, visible both in Figures 8.29 and 8.30 appears to be a fundamental 

ümitation or at le& a major impediment when using alternathg heiical and hoop layers. 

' E s  may be overcome by switching to stiffer materials in the outer Iayers. However we 



notice that in the foregoing two quasi-optimized designs, the stresses a, and 

nevertheless follow a smooth trend when one considers the hoop and helical portions of 

the winding separately. This trend was not designed purposely but evolved through the 

iteration process which was aimed at maximizing burst pressure. 

Figure 8.30 An alternate arrangement of mixed helicd and hoop windings. 
Such arrangements when optimized result in local 
maxima for the burst pressure. 

This leads one to specuiate that a much more optimal solution may lie dong the 

Iine of a smooth and continuous variation in the winding angles. Investigating dong this 



line brings forth the lay-up show in Figure 8.3 1. Suddenly the pressure capability is vastly 

improved and material usage efficiency is about as high as one c m  get without resorting to 

Figure 8.3 1 Example of an optùnized winding angle arrangement foiiowing a 
progressive variation that leads to continuity in the hoop stress. 

an increased number of layers to cut down on the "step size" causing discontinuity. Both 

the hoop stress and axial stress follow a smooth trend. Other similar solutions are possible. 

where for example with ascending windhg angles both the axial and hoop stresses are 

varied by incremental steps. Such a situation is depicted in Figure 8.32. For the case 

sho wn there is a h  a raising of the initiation point for matrix damage (fkom 1 24.4 MPa to 



152.5 MPa) with some reduction in ultimate pressure capability (dom fkom 334 MPa to 

3 18 MPa). For both cases the fiber strength usage is around 96% indicating that the 

material throughout the w d  is loaded very near to its ultimate capability. 

Figure 8.32 Alternate arrangement, single material with ascending winding angles. 
Strength usage efficiency ( E )  is very high. 

In a manner of reverse analysis one c m  check whether the predictions of stress 

distniution arising fiom the 'tariable materiai" solutions employing smooth and 

continuous alterations in properties (monolithic wall construction) coincides with the 

optirnized discrete layer by layer solution for the w d  given above. Figure 8.3 3, derived 

fiom the 6 variable parameter finite daerence solution to the sarne problem clearly shows 



this to be the case. The accuracy of the numerical solution stems in part fiom the close 

modeiing of the individual layer properties by their power h c t i o n  equivafent s as depicted 

in Figure 8.34 for the principle reduced compiiances Pi,. Even though optimal stress 

distributions for Q and a, in relation to maximizing burst pressure cannot be derived 

eom the variable properties solution, the back-cakulated variation rates required to 

achieve optimal burst are of value since they enable easier reproduction or m e s i s  of 

other simiiar designs, using dinerent materials and dimensions yet based on the same 

winding pattern. In addition it shodd be noted by comparing Figures 8.29 through to 

Figure 8.34 that the radial stress a, for high efficiency designs may be concave, convex or 

Figure 8.33 Numerical solution for continuous property variation to the 
8 layer I single material vesse1 design of Figure 8.32. 



straight but always smooth. Thus one can speculate that a principle of muiimizing the net 

discontinuity stresses or stress gradient between layers appears to be operative. 

Figure 8.34 Modeling of the layer elastic characteristics by power functions. 
Goodness of fit is apparent and contributory to accurate variable 
properties solutions. 

Let us consider another example, this t h e  using two rnaterials. A situation that 

oflen arises concerns the need for a high containment pressure however the cost of extra 

strong fiber grades is prohibiting and it is desirable to minUnize such content. Using IM6 

as representative of an intermediate cost carbon fiber and Tl O00 as the fiber representing 



the premiurn material (where the cost factor may range upwards of 4X) it is clear fiom 

Figure 8.35 that a stress distriiution can be designed to take advantage of the T 1 000's 

higher strength. Strength usage in both materiais is above 95% and burst pressure is 

predicted to be appro.ximateIy 472 MPa (68,450 psi). 

Figure 8.35 Stress distniution in vessel consisting of 2 materials. 
Tl 000 fiber constitutes 25% of the wall thickness, 
the bdance is lower cost IM6. 

However considering the cost factor it is instructive to note that a vessel of 

valent dimension const ituted simply %om the lower cost material, when O ptimized, 

id burst at oniy z 7% (32 MPa) lower pressure. This situation is depicted in Figure 



8.36. Evidently one must be mindful that use of expensive high strength / high strain 

materiai is warranted only when no other method exists to raise the burst pressure for a 

given wail thickness ratio. The vessel, when constructed entirely of T 1 O00 using exactly 

the same winding angles at a wail thickness ratio b/a = 1.25, would burst at a p p r o h t e l y  

552.3 MPa (80,100 psi). This c m  be verified by calling up file TOPI-TI. VES. The 

increment in burst pressure using a mixture of 2 materials, when oprimized for hi& nber 

usage efficiency, cm therefore be considered linearly proportional to the difference 

between the ultimate pressure capability of the stronger and weaker materials multiplied 

by the fraction "reinforcement" present. In this case: 439.7 + 0.25(552.3 - 439.7) = 468.9 

Figure 8.36 Vesse1 constnicted entirely of IM6-SC1 material. Burst pressure is 
lower than configuration shown in Figure 8.35 by a factor proportion; 
to the reinforcement effect provided by the stronger fiber. 



z 47 1.9 MPa. A parailel equation could be set up relating to ta1 material cost to the 

ultimate pressure capability. Extending this concept under the assumption that laminates 

can always be designed with a hiçh material usage efficiency ( E )  one cm see that for any 

given burst pressure and relative thickness ratio ( b h )  a balance of dEerent materials might 

be used to produce the least costly structure (assuming that weaker materials are priced 

lo wer) . 

8.5 Summary 

The basic points pertaining to use of the software have k e n  covered. It has been 

showm how the program can be used to design a stress distniution (or failure distribution), 

either e m t k g  directly ffom the variable material elasticity approach or simply by 

varying the la-up parameters and watching the failure envelope safety parameter R for 

fiber or mat& As a aaning point. the concept of designing for constant stress through 

the wall thickness via the variable elasticity approach is helpful. It permits expioring the 

action of each rnaterid aif3hess. these are reviewed in Table 8.2. In practical situations, 

relatively flat stress distibutions dernand that the circumferential cornpliance P,, - follow a 

radial variation rate descnid by an exponent ranging - 1.6 to -2.0 on y . Material choice 

is a powerful means to intluence it. The axid stress distribution is strongly govemed 

by a ,, and a,, these t e m  king functions dependent mainly on the winding angle. The 

axial distribution must be looked upon in conjunction with the circumferentid stress 



distribution in the interest of eaabhhing a more level incipient failure level throughout the 

laminate. 

It must have become evident to the reader or user of the progarn by now that 

mathematical solutions entailing global stfiess changes according to only a single 

parameter 'n ' have no practical application due to the fact that stress distniions are 

governed chiefly by the ratio of circumferential to radial a f i e s s .  As a fia approximation, 

radial nianess can be thought of as an invariant in practical lay-ups since it is matrix 

dependent. Mathematical formulations which ignore thk fact end up giving a very 

rnisleading solution. Individual iùncti~ns can be used to descnâe the behavîor of each 

elastic constant when the cylinder is modeled as the ideal monolithic continuum This. 

when coupled to a numerical solution. results in a satisfactory mode1 descriiing stress 

distri'butions in real discrete lay-ups. 

The practical problem however centers on achieving more even fuilure 

distributions and these are not directly related to the sness disniburiom. rather they are 

material dependent. A level hoop stress dinniution may be used as the starting point for 

optimization but it must be anticipated that a flat stress distrubution is near impossible to 

achieve sirnultaneously in both axial and circumferential directions. The des@ pet more 

complicated when multiple materials, each with a different strength, are utilized. In this 

regard the problem is more easily tackled with a highly interactive visual tool. a feature 

par~icular to the 'Super Pressure - Vesse1 Designer?' program. 

.4 few simple yet pracrical examples have been @en in relation to obtaining 

efficient stress for both single and two material vesse1 walls. The concept of 



material strength usage and a proportionkg d e  to factor cos has been proposed for 

multi-material lay-ups. 

Some review of the history and experimental endeavors related to thk work and 

applications pertaining to the analysis of vessels actually built, both by the author and 

others. follow in the final chapter. 



Chapter 9 

Design Consideratioas, Validation and Contributions to Koowledge 

9.0 Design Program History 

The history of this project is a rather lengthy one and dates back circa 1984-85 

when a laboratory sized m e n t  winding machine was first king considered. The 

posçibility of such an acquisition was based on pnor involvement with a large commercial 

filament-winding operation specialiPng in vessels and piping for the chernical processing 

industry. CPF Dualam Inc. Having explored many options. ïncluding the design and 

building of a machine in-housc. which had advanced to the drawing board stage. a 

purchase deal was evennially made and aforementioned plans were dropped in favor of a 

custom "iaboratory sized machine". It represented the second of ody rwo such machines 

built ffom then the foremoa supplier Ui the USA. Maclean Anderson. This IWO-axis 

stepper motor dnven machinc was controllcd by an S-100 bus CPM bascd cornputcr 

.stem. The cquipment had numerous faults and shortcomuigs. nevertheless with some 

time and effort many of these were eventudy overcomc. It was uscd p ~ c i p d j '  to wind 

tubes. clliptical cross-sections and W y  cylindrical pressure vessels. In its ultimate 

incarnation it was fined with a heat-iamp enclosure and warmed resin bath and a 

mechanical weight dnven fiber tensionhg sysrea 

In the context of this work. winding patterns were practiced over wooden 

mandrels until d c i e n t  experience was gained to overwind a ghss-fiber (alumizlum lined) 



Figure 9.1 Vesse1 fitted with drah gages comected to data logger. Surface has 
k e n  sandblasted for adhesion in preparation for ovenvinding. 

fireman's breathing apparatus with Kevlar 49@. This vessel was then subjected to proof 

testing of 845 bars ( ~ 8 6  MPa) using a liquid nitrogen cyhder filling technique developed 

in-house, and operated in a laboratory environment at the 10,000 psi (69 MPa) level for a 

nurnber of years. It was fitted with a special neck capable of holding 4 cornputer peripheral 

connectors (serial port DB-9) for easy hook-up to a data acquisition system. During 

construction, fourteen strain gages were fitted. divided equdy  between the g l a s ~ e v l a r @  

interface and the outer surface, wired with 29 gage (0.01 1 ") enarneled mapet wire. A 

F7ukeB data acquisition system was used to record during test cycles. The filling technique 

to achieve the super-pressures was simple, in essence copied fkom commercial filling 

techniques for propane gas bonles. The empty vessel was set onto a scaie and a tare 

weight was recorded. To this was added the desired £ill weight and the balance beam set 

accordingly. Liquid nitrogen was pumped in rapidly until the desired 



weight was achieved and a sealing plug henceforth set in place with a pneumatic impact 

wrench. As the cryogenic fluid warmed the pressure rose to a desired equilibnum state, 

determined in advance with the help of cornputer generated extrapolations of published 

themdynamic tables. The test program was to establish if acceptable Limits were king 

respected with regard to the 10,000 psi operating pressure by going through a secondary 

proof test and some lower pressure cycles. The vessel was subsequently used in an 

exploratory study considering the direct injection of hydrogen and I or natural gas into 

internal combustion engines, underwritten by Bendix Avelex Inc. Some particulars 

pertaining to the: testing are published in an internal report [207][247]. Figures 9.1 through 

9.4 record some of this experimentation. The foregoing work did eventudy pave the way 

for a subsequent gant targeted at upgrading the winder to 4-axis servomotor control 

along with acquisition of an extensive custom software package (Compositrak's: - 

Operator - File Management - Bonlemaster - Pattern manipulation - Non-hem , etc.) that 

Figure 9.2 S-glas pressure vessel being over-wound with Kevlar 49@. 
Stepper motor dnven 2 4 s  winder configuration. 



Figure 9.3 Frost covered vessel. Baseiine strain data king gathered pnor to overwinding. 
Design criteria set forth is partiaiiy based on never exceeding the original 
nominal operating strains even at super-pressures. 

can be nin on a PC. With these the machine motion paths generated cm be uploaded to 

the winder's disk drive and stored for later execution. The system has enough open 

architecture to admit user generated motion files fkom other sources. 

The new software was run and also used by others, testing computer generated 

paths in relation to their own winding projects. A further examination of the fiber 

trajectories revealed that the "Bottlemaster" software uses an ellipsoidal dome shape to 

approximate a geodesic profile. Because the software was designed for constmcting thin- 

walled vessels it has no built-in tàcility for adjusting the winding pattern in a functional 

relation with the changing dome profiles emrnenating fkom the varyllig thickness of fiber 

buildup over the ends. 



Further it lacks any feature to check for the amount of "slip" (the path is already 

somewhat non-geodesic to begin with). On the O t her hand, Compositrack's Won-iinear" 

routine is very general and can compute slip given a mandrel description but is not set up 

to generate winding paths for any one particular purpose, but rather designed for winding 

odd shaped O bjects. 

Figure 9.4 ~evlar@ 49 overwind near completion. Srnall support tube at vesse1 bottom is 
used to prevent fiber slippage over top of dome and was removed at the end of 
the winding operation before the resin gelled. 

Upon return of the machine it was installed in a new facility complete with a larger 

fume enclosure. A new insulated and thermostatically controiied convection oven was 

built (Ue  a muffle), along with a more sophisticated resin hpregnation bath complete 

with closed loop temperature control. Further, a 1 2 creel tensionhg array using a remotely 

adjustable regulated power supply and individual DC motors acting as toque brakes was 

designed and fabricated along with an entirely new tailstock assembly d g  on linear 

bearings pennitting up to 24" diarneter by 48" long rnandreis (up fiom the original 14" x 



40") to be wound. Figures 9.5 and 9.6 illustrate this later configuration. Also a set of 

HUSM@ hydro-pneumatic intemifiers (capable of 100,000 psi or 6900 MPa) and a 

waterproof, reinforced concrete test-tank was added to the lab facilities. 

To this end it was reaiizd that a much more sophisticated analytical approach was 

required to generate mandrel shapes and the desired fiber angle at any point, at least on a 

single circuit level. Such information can be encapsulated in a file cded by "Non-linear" 

(TOFRONT) which when combined with other software tools k e  (TOPATH , 

ADVPATH and MOTION) wili generate the required machine movements to control the 

system More direct approaches are available including the generation of Compositrak 

source files but details of the system level comrnands are definitely outside the present 

scope and the interested reader is referred to the user rnanuals [248]. The fundamental 

purpose of the work presented in Chapter 3 was to attain the required M i c a 1  solutions 

to d o w  generation of mandrel shape and fiber angle data needed for the case when the 

lay-up becomes very thick. Interfacing the results presented by these equations to machine 

speciflc language commands represents a funher phase of the work. something not yet 

complete but hopefully soon to be broached in the funue. This will lend support to M e r  

experimental tasks envisioned. 

At the conception of this research work it was thought to build and analyze thick 

vessels via an experirnental program similar to earlier ones carried out by NASA space 

progams, air force missile. land-based ballistics or deep-sea submersible oriented effons 

using newer graphite fiber based materials like T-1000, XIM9, UHM and others dong 

with a later generation of fluropolymer based Liners whose potential in concert with 



Figure 9.5 4-Axis h e n t  winder in updated configuration Muffle and 
hydro- pneumat ic intensifier equipment in bac kground. added contro 1s 
for tensioners and heaters located at base of rnaster control panel. 

cryogenic Nling has never been investigated. 

A tuming point in emphasis was set in motion with the building and testing of the 

hydrogen / naturai gas tank for Bendix Avelex. Although (re)designed with a nominal 

safety factor of 2.5 and a design proof pressure of 14,700 psi. ( 1  000 bar), the testing 

showed that strain levels were higher than anticipated. To ensure staying within acceptable 

strain leveis a 850 bar (12,500 psi) absolute limit was set, adequate for the prornised 

minimum (690 bar) 10,000 psi operating pressure and the lirnited cyclic exposure in the 

laboratory. Realizing the inadequacy of current design methods despite the fact that some 

of the better predictive efforts then available had been employed it was slowly decided that 

embarking on an experimental program might offer no M e r  insight than many of the 

more arnbitious and weiî b d e d  programs of earlier times. The real problem entailed 



understanding fundamental p~c ip les  goveming intemal stress distributions and also 

havhg available adequate design tools. Manufacturing techniques and related areas were 

steadily king furthered by others since the field had gone commercial, but no one truly 

knew enough about governing parameters fiom the stress analysis point of view to help 

make a significant dzerence to the design philosophy itself. Inspiration came fiorn the 

work of Roy and Tsai [9 1 1, Foral [43], Gerstle and Moss [15] and many others who made 

contributions. From this point fonvard it was decided to halt further experimental work 

and seek first a far more complete theoretical foundation, which lead to the analysis 

descriid in Chapters 4-7. Much of this analytical effort was eventudy coded into "Super 

Pressure - Vesse1 Designer'' with the airn of creating a tool powerfil enough to act as a 

basis for fiiture experimentd efforts. The programming effort is now in a complete enough 

form to demonstrate its application. 

Figure 9.6 Cree1 holder / tensioner system riding on carriage complete with heated 
resin bath and dnp-pan 1 muffle base located inside fume enclosure. 



For clarity, work remabhg must also be stated. In order of importance, "Super 

Pressure -Vesse1 Designer' in its present incarnation stiu lacks a thermal residual and 

curing stress analysis, but the basic equat ions are avaiiable [13 11 [249] and should be 

considered in the fiiture. Also the behaviod effects of an elasto-plastic metaliic liner have 

not yet k e n  incorporated, but this too has successfidiy been modeled by others, for 

example [127][130][158] studying thin-wded vessels. and wiU eventuaily be adapted to 

advantage. The full generalized plane strair~ equations of Chapter 5 (layer by layer rather 

than ply-pair analysis) have not yet been irnplemented but do help one understand what is 

happening tiom a theoretical perspective and may eventuauy see thernseives written into 

the code as a final refinement. 

The subject of designing spherical vessels has not k e n  addressed in the present 

work in an effort to Mt the scope. It shouid be noted however that the full equation sets 

for such anaiysis have k e n  denved and in fact the variable property solutions brought 

forth in Chapters 5 and 6 were first derived for the sphencal case, preceding the 

developments put forth here within but are purposely not documented in this write-up in 

order to retain focus. 

The work done is nonetheless nifficient to bring forth better quantified design 

objectives? and the whole effort has been melded into a package that converts the numbers 

into graphics for a t d y  interactive des@ tool. Many past studies have noted that the 

po tential CO rnbinatio n of winding angles, lay-up sequence. materiais and individual layer 

thickness are innumerable. For example a recent study employing heuristic methods and 

optimization algonthms carried out by Arniouny and Hoa [ X O ]  noted that considering the 



possible combinations when selecting among 9 distinct winding angles (increments of 

1 O"), for a 50 layer vesse1 constituted entirely of the same rnaterial and equal layer 

thicknesses, it would require evaluating and ranking 1 06' difterent designs. CIearly this 

number would grow enormously with the addition of m e r  variables. Supposing a very 

fast cornputer could solve the entire elasticity equation set in 1/1000'~ second and it had 

ken working on the problem since the beginning of time (about 14 billion years) it would 

oniy have solved 4.4~10" cases to date. Obviously, ffom such a perspective, one faces an 

intractable problem regardless of the computational power employed. 

One strength of the present analysis is that it avoids any brute force approach but 

rather is govemed by a mathematical fhdamentai, that is coaxing out stifhess variation 

rates suitable to an objective nich as leveling the stresses. This can for instance mean 

holding the circderential (primary) stress to a more or less constant value dong with 

ensuring that the axial stress does not go to extremes. There are never any unique 

solutions and in the design sense one m u t  ultimately look upon the who le as a strengih 

problem rather than an exercise in optHniziag only the stresses via the material elasticity. 

To achieve favorable mess wbutions, materials can be selected and parameters 

nich as winding angle, thicknesses and fiber volume fiaction adjusted at the designer's 

discretion via smaii perturbations to fit the model's 'tariable propertf' ideal. The link to 

strength is via fdure criteria and damage modeling. At this point one must then iterate 

between stress distributions and stren_@h concerns to arrive at a comprehensive design 

solution. Chapter 8 has brought forth how the progam is run and what its capabilities are. 



We must now consider the scope of what is (and what is not) within reach presently and 

then look upon some examples based on vessels that were actually constnicted and tested. 

9.1 Design Considerations and Limitations. 

niis work is no t intended to be a "cookbook" givhg out design parameters and 

specifïcations to achieve reauirements for any particular vesse1 performance objective. 

Rather, the purpose is to advance a more detailed understanding of the factors at play and 

show how a design tool has been built around this knowledge together with demonstrating 

its effectiveness at achieving stated objectives. Cookbook solutions in the fom of tables 

giving "optimized" winding angles or similar pretentious results have purposely k e n  
c. 

avoided for a number of reasons: 

Fka there is linle economic motivation to publish pseudo "optimized" designs for 

the benefit of third parties. 

Second. there remain unanswered questions pertainllig to the transverse 

compressive behavior of laminates under extreme pressure and the magnitude of such 

influence is unknown. (See Fi-me 7.5) A mode1 is required to predict the elasto-plastic 

response in this regime and cunently none appears availabie. 

Third. neither elasto-plastic liner effects (metal liners) or thermal / cure stress 

considerations have yet k e n  impiemented both of which can affect the dety due to 

metal fatigue and or precipitate early rnatrix damage. It would be irnproper to state diat a 

design has k e n  optimized without inclusion of such effects. 



Fourth good accuracy wodd entail that a material's characteristic damage 

parameters as pei Table 7.6 be assigned individually upon each layer, rather than taken as 

a common factor. This too requires a lot more research and experimentation. iüthough 

this assumption bears little influence on static burst pressure, it may alter the sequence of 

damage events leading to failure, and shift a design's proof pressure point. This might then 

translate into long t e m  cyck endurance problems ifmatrix damage exists where none 

was predicted. 

Fifth failure criteria have long been and will rernain contentious issues. Although 

the one employed in this work has k e n  carefully selected among cornpetitive variants it 

should not be viewed as the final word on wch an unsure topic. 

These are not the only shortcominp to vesse1 design. Much must still be learned in 

regard CI to why the rnanufacntring favors hoop windings strength-wise, to what level and 

under what conditions. 1s the effect sensf ive to the material used and cm it be predicted 

analytically? This should in tum be factored into the suen-& parameters employed in the 

software. Further? the stress analysis done is purely on the design of a cylindrical cross- 

section without widening to encompass what happens over the end-domes. Here there 

exist ditncult manufacnving and design challenges to prevent void formation and stress 

concentrations. especially for thick cylinders. At this point finite element analysis might be 

brought into the pichire to heip optimize a design. Doubtless we can find many other 

topics that need M e r  midy. Such considerations will be deferred to Section 9.4. 



9.2 Some Cornparisons to Experiment 

The focus is to gain an understanding on the origins of stress distniutions and the 

building of an analytical tool to model then  Nevertheless iimited experimental data is 

avaiiable both fiom the Bendix Avelex project and korn the work of other reservchers. 

This enables one to veriSl some predictions. Three dierent data sets comprking a total of 

15 thick-walled  e es sels with burst pressures ranging appraximately 30,000 - 60,000 psi 

(207 - 413 MPa) are examined below. 

The test vessel shown in Figures 9.1 - 9.4, ovenuound in the laboratory, was 

pressurized to measure strains. This was done both before and afier ovenwiding with 

Kevlar 19". The vessel was fitted with 1 4 strain gages, 8 of which Iocated intemal to the 

structure. Figure 9.7 outhes the basic configuration while the exact gage positions are 

given in Table 9.2. This vessel based on a Structural Composite Industries (SCI) model 

Alt-295 fireman's breathing apparatus, was origindy designed to operate at 4500 psi (3 1 

MPa). Construction is Sî-glass filament winding over a relatively diick 6061 -T6 single 

piece spun aluminum liner, autoffettaged during proof tening / s k g  to operate 

throughq~i its full compressive - tende e h i c  range. Table 9.1 gives the lay-up sequence 

and thiç esses and Table 9.2 provides typical strain data at a few dinerent loadiags. M e r  P 
oveminding and testing the vessel was put into senice. circa 1990, in a laboratory 

enwonment at up to ; 680 bar (10,000 psi) pressure and utilized as a pressure source in 

an experimental paseous fùel injection systern. It remained in service for the duration of 

the project (about 2 yean). In 1998 the vessel was slit apart lengthwise for a post-mortem 

inspection Figures 9.8 - 9.9 illustrate some additional detail 



The overwhding was done in two stages with an intermediate cure d e r  hoop 

layer # I l .  An aluminurn filled epoxy was used to fil1 gaps in the dome region pnor to 

winding the second stage layers. Helical Iayer #10 was wound approximately 1 inch 

adjacent to the fiil neck in order to prevent excessive thickness build-up in this region. 

Similarly spaced winding patterns were found in the glas layers at post-mortem. 

Fi-me 9.7 Construction detail and nain gage locations 
for ovempped SC1 based test vessel. 

Strains were measured both during pressurization and depressurization. The 

cryogenic liquid (nitrogen) cylinder filling technique causes tremendous temperature dips 

and also strons Joule-Thompson cooling effects via throttling during depressurization. 

The main readings were only accurate after attainment of steady state conditions because 

the gages are temperature sensitive. About one dozen instmmented test cycles up to 

pressures of; 845 bar (12,425 psi) were run Only final conditions are liaed in the tables. 



'Instrumentation drift and moisture condensation at the data comector with the 

vesse1 caused difficdties however a number of relatively successful runs were achieved 

using petroleurn jeUy at the connections to seal out moisture. The best data resulted on the 

depressurization runs since the cooling effects were much reduced and steady state usuaiiy 

achieved within one hour. Quarter bridge 120 R foi1 gages with a gage Fdctor of 

approximately 2.0 were used. With 10 voit bridge excitation this translates to about 5 x 1 0 ~  

volts / p. The instnunentation drift. given the data recorder was left running 24 hours a 

&y and laboratory temperature was steady, could be held to about 1 ps per minute. There 

appears to be some change in the fuial strain readings as a result of material relaxation but 

these levels are dEcult to ver@ since they are on the order of the instrumentation drifi. 

Figure 9.8 Vesse1 cross-section at fill neck. Glass, Kevlar 49@ 
and duminum layers can be disthguished. 



Transverse matrix cracking can be seen on a cut cross-section with the naked eye 

in the hoop layers and also on some portions of the helical layers near the cylinder bottom 

where the cryogenic fluid impacted. Long interlaminar cracks also exist in this region and 

are predomuiant at the interface between the two stages of overwind in the Kevlar 49". 

Fikr wrinkling due to insufFcient tension and resin rich pockets are prevalent in the outer 

bands of the dome region especidy near the cylinder boaom X %" diameter pin was 

inserted at the center of the vessel bottom during winding to prevent fiber bands fiom 

siiding off the end. This was removed aller the first step of the overwind was cured and 

filied in with epoxy. During the second step of the o v e M d  an e x t e d y  held locating pin 

was used retracted shortly after winding while the resin was wet. ailowing the bands to 

.SM siightly and fïli the gap. The same approach appears to have been taken by SC1 

rxcept that they employed a larger pin (X") and neglected to fill the resulting void. The 

epoxy filer. voids and some dry spots. are identined in Figures 9.8 and 9.9. Due to the 

initial winding tension, especidy in the hoop iayers, resin flowed outwards bom the inner 

layers in the subsequent curing (while rotating). The vixosity became very low while 

heating under idiared lamps. The majority of üiis flow dripped off the vessel leaWig a 

hi& nber volume fiaction but the net effect of the tension appears also to cause an 

increase in fiber wrinkling on inner layers. probably working to a detriment overall. 



Figure 9.9 Test vesse1 d e r  king slit apart on m i h g  machine. 
Numinurn liner has been removed. Dry spots and voids 
cm be seen near the vesse1 ends as indicated. 

For analysis an isotropic material with twice the elastic strain range of 606 1 -T6 

aluminum was w d  to mode1 the innermost layer (liner). Since the vesse1 as received f?om 

the manufacturer was already auto fiettaged, and the design objectives were to stay within 

the compressive - tende elastic limits of the liner, elastic behavior modeling is expected to 

be sufficient up until Liner yielding. The modeling will deviate fiom reality beyond the liner 

yield point whereupon a nearly constant pressure differential wiU be seen across the liner 

and funher pressure increases will be transferred to and absorbed solely by the composite. 

It must be reaiized that the S2-glass ovenvind was already substantially stressed 

when the strain gages were instaled due to the autofiettage process, however this only 

serves to offset the zero point yet not the f'undarnental linearity of the system. 



Models of  the vessel as received fiom SCI, (file scives), and with the Kevlar 49" 

ovemind (scigr .  ves) were nin to compare program predictions with experiment. The 

material properties were not tested, however the values used for both S2-glass and Keviar 

49" are based on a publication originating fiom SCI [65]. These material property mes 

and the laminate properties they are based on, s2 scL Zorn and kev-xi. lam respectively, are - 

included on the diskette. 

Figure 9.10 Matrk cracking on lower portion of the vessel. 
The area worst af5ected is shown. 

Table 9.3 reviews the program predictions in cornparison with data gathered fiom 

the vessel. The consistency of the strain gage data is poor and dserences of 300 FE 

between ascending and descending nins are not uncornmon. Ofien because of 

condensation pro blems and the t ime periods involved for thermal stabhty the 

discrepancies are much higher. Additionally there were audible cracking sounds, 



presumably asçociated with layer movement and interna1 redistniutions that may have 

involved some connector vibration in the process. The individual factors were not 

measurable. For the intemal gages, the end-junction location gave a higher strain reading 

as expected, but for the d a c e  location only the mid-cylinder position (gage #IO) gave 

readings in line with predictions. M e r  cutting the vessel apart it becarne clear that the 

end-junction position chosen (gage #12) was past the end of the hoop winduigs on the 

inner layers so the data acquired could not be held representative. Strain dong the cylinder 

axis (gage # 7) was not adequately measured since the gage soon broke. Numerous eveniy 

spaced circumferential rnatrix cracks are visible both in cross-section and on the vessel 

surface. Figure 9.1 0 shows this under low power magdication. Gage #7 evidently fell 

victim to such. The average crack spacing ranges fiom less than 0.1 " near the bonom to 

0.1" close to the top of the vessel. Because of the peculiar crack spacing it is believed the 

effect originates fiom cooling to cryogenic temperatures. the thermal contractions king 

rnost pronounced where the CO ld üquid impinges and vaporizes. 

Although the data available is not too consistent and the material values were 

assumed, program predictions for arains both with the original and overwrapped vessel 

are within about 10-20% Zone discounts a few of the more obviously erroneous arain 

readings tyified by large shifts between the ascending and descendhg pressurization m. 

Data fiom depressurization nins is graphed in Figure 9.1 1 wMe Fibwe 9.12 shows the 

anticipated stress disuibution as computed fiom "Super Pressure - Vesse1 Designer". The 

Kevlar 19' ovenvrap sees a higher maximum stress level then the S2-glass and is closer 

to failure. The strength contriiution of the helical layers appears under-utilized. At the 



maximum pressures reached under testing, matrix damage initiation was predicted to just 

have begun occumng. The cornputed damage onset is @ 83.4 MPa while maximum test 

conditions were 85.7 MPa. Little if any damage cm be ascertained visudly on the giass 

lay-up except for some local whitening adjacent to the fil1 neck and possibly a few spots in 

the dome region. The same is tme of the Kevlar 49" except for what appear to be cracks 

of thermal ongin. Evidently the resin system used, Ciba Geigy LYS56 / KY91 7 i DY70, 

became too bnale under cryogenic conditions. The manufacturer claims 4-7% elongation 

at RT. It should be noted that low temperature curing / high strain resins have found some 

preference by others. The resh system used did not exhibit the necessary characteriaics, 

whereas the SC1 resin is a proprietary formulation and appeared to suffer less fiom the 

thermal excursions. Kevlar 49@ is a particularly difficult matenal to achieve good bonding 

with, transverse tende values have dways been oniy a fkaction (perhaps l i 3 )  of glass. The 

Ciba Geig resin properties were used in the analysis of the glass layers for lack of fùrther 

information. 

Table 9.1 Lamination sequence and layer thicknesses for test vesse1 

' Thickness (h): 
O. 183 
0.063 
0.085 
0.063 
0.056 
0.03 1 
0.023 
0.069 
0.068 
O .O75 
0.075 
0.135 
0.085 

m e r #  - ) - hWa7'aV 1 .* I h e  (9 .:' 
1 

1 
2 
j 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

.Ah.mhum 606 1 -T6 
S-giass 
S - d a ~ s  
S-$ass 
S-giass 
S-giass 
S-glass 

Kevlar 4 9 
K d â r  49 
Kevlar 49 
Kmlar 19 
KmIar 49 
Kevlar 19 

isotropic 
12 
90 
16 
90 
12 
90 
-- 7 7 

90 
22 
90 
25 
90 



Table 9.2 Gage positions and typical strain readings afier depressurization 

.4t interface between S-glass and 
Keviar (between layers #7 & #8) 

I fiber dir. 2.03 2.9 1 - 345 - 1560 - 20 19 
7 - transverse 2.03 2.9 1 + 117 - 804 - 780 
3 fiber dir. 4.13 3.69 - 548 - 3797 - 5755 
1 fiber dir. 1.61 2.44 - 621 - 1962 - 2307 
5 fiber dir. 2.68 3.41 - 265 - 1570 - 2 IO3 
6 fiber dir. 0.96 1 .41 - 1002 - 3697 - 3860 
7 transverse 11.76 3-56 propagated** propagated*~ propaga~ed*~ 
8 film dir. 11.76 3.56 + 197 - 2305 - 4428 

On vesse1 outer suhce  (layer #13) 
9 fiber dir. 2.00 3.3 1 + 476 - 256 - 859 
1 O fiber dir. 1 1-59 1.24 - 541 - 2660 - 5236 
11 fiber dir. 1 .O0 2.50 + 335 - 529 - 1135 
12 fiber dir. 2.62 4.12 + 100 - 1564 - 303 1 
13 fiber dir . 23.19 0.00 - 1011 - 2560 - 2895 
14 fiber dir. 23.31 3.00 - 689 propagated - 3025 

deka p r s s u r e  dqresmizniaa 
gage w d  opai ciruait 

Table 9.3 Measured arain in test vesse1 during different pressure cycles and predictions 



Inlerface Strain Outside Strain 

I 
. S  7 - 

eooc 1 - - 
I prediction 

L - I r, 3 ,ïf' - 
2 6000 a 5 7' 

4 gage iiS 

5 - - I O gage # a  
4300 \ C 7 

Figure 9.1 1 Measured strains vs. predictions for depressurization mns. 

The 606 1-T6 metal liner is expected to remain within its elastic range (i 40 ksi). 

(Note: UTS E 45 ksi. @ 1 7% elongation). .4ssurning that the autofrettage process 

succeeds at estabiishing a compressive liner stress close to the compressive yield point, the 

design proof pressure point would then be set at or near the tensile yield, which would put 

the operating pressure point of the duminum as low as possible in the tensile region 

(under normal operation) and thereby establish maximum fatigue life for the iiner. n e  

extenor hoop strain for the overwound vessel at 12,475 psi (85.7 MPa) was seen to 

correspond very closely with the strain of the original glas vessel at proof pressure which 

is 5/3 x 4500 = 7500 psi (5 1.7 MPa). This strain value is approximately 0.14%. We dso 

know that the sizing operation (autofrenage) takes place at 105% - 115% of proof 

pressure (yielding the iiner) so it would be expected that the liner remains elastic, but just 

barely so, on subsequent cycles to proof pressure strain. The program predicts a iiner 



tensile stress of +39.9 ksi based on a -40 ksi unioaded compressive maximum stress 

resulting fiom auto fiettage, quite with expectations. Since the program invo kes the Von- 

Mises cnteria for rnetal's yielding (whenever a material is identified as king rnetaiiic in the 

.mat file input, Figure 8.5) the iimit elastic behavior is then predicted to be at a liner hoop 

stress of G 6 17 MPa. This represents a total elastic range of f 44.7 ksi. (2 308 MPa) for 

the hoop stress in the üner. 

Figure 9.12 Predicted stress distribution in test vesse1 at 12,425 psi. (85.7 MPa). 



Grover and Ayler [45] reported on a series of cylindrical test vessels on behalfof 

Bninswick Corporation who were under contract fiom the US Navy in an exploratory 

study assessing the feasibility of using compressed helium to actuate pneumatic systems 

aboard air launched tacticai missiles. This work was done circa 1980-8 1. The design goal 

was to operate at 25,000 psi (172 MPa) and attain a 50,000 psi (345 MPa) burst pressure. 

Nineteen vessels were constmcted. The firçt three did not use a stepped boss 

construction for the Iiner and failure initiated within the liner, these test results were not 

published. Materials used were S-2 giass, Kevlar 49' and carbon fiber of undisclosed 

origin Judging from the properties listed in their publication, the carbon fiber was likely 

AS/3501 or similar. The vessels were approximately 3" inside diameter and filament 

wound upon a 0.050'' 6061 -T6 aluminurn Liner. This b e r  was constmcted Born two 

impact extrusions which were machined and welded together at the cyhder mid-section. 

Contributions f?om the b e r  appear to have k e n  neglected in the stress analysis 

performed. 

The last 5 vessels in the series had 24 layers to intersperse the plies finely, the final 

3 vessels of which employed carbon fiber at and near the outer d a c e .  One of these met 

the design goal and the others came close, but at the cost of a very thick wall with (b/u) a 

1.75. The remaining vessels had reiative wall thicknesses ranging fiom 1.35 - 1.62 and 

employed fewer layers. exhibithg burst pressures between 33.000 - 40,000 psi. None of 

these employed carbon fiber. Ody this later set of results is analyzed below. 

Afier re-creating their desi-gris uing "Super Pressure - Vesse1 Designer" it 

becomes evident that these vessels exhibit a quite inefficient distribution of the stresses 



through the wall with some layers cmying a very high load and others relatively little. The 

authors used a maximum fiber strain criterion and present figures that plot strain within 

each layer as a f iction of the thickness at pressures near the ultimate burst. Their 

computations are based on a layered plane stress analysis in conjunction with applying 

Newton's iteration method to soive for the axial strain. In essence the solution should be 

identicai to the (Partial eqns) option explained in Chapter 8, provided aU material inputs 

are identical, 

The interesting detail about these experiments is that the figures in the paper also 

give the actuai f ikr strain at burst recorded by strain gages placed at each vessel's outer 

surface. These grains, dong with the experirnental burst pressures can be compared to 

predictions. Unfortunately ail n a i n  values, dong with Grover and Ayler's predictions of 

fiber iimit strains have to be scaled ofTtheir figures as no tabuiar data is provided. Also the 

layer thicknesses have to be obtained in the same fashion however the winding angles and 

their lay-up sequence are given clearly. Some data for the larninate properties are tabulated 

at the winding angles of concem and one must presurne these are the outcome of classical 

lamination theory. As such, the unidirectional material data of Grover and Alyer was 

decomposed using the micromechanics features in "Super Pressure-Vesse1 Designer" and 

the files (brunnvick) b-2x1. /am and br_kv_49. Zorn were generated. Any missing data 

for moduii and strength was transferred f?om the S-glass.lam and Kev-49.lam files of the 

micromechanics database show in Table 8.1. No resin properties were given so a 

moderate value (3.6 GPa) was chosen to remain on the conservative side. A volume 

hct ion of 65% was assumed and fikr failure stresses were taken on the basis of the 



rnziximum strain dowables çcaled off theû figures. Grover and Ayler used slightly higher 

allowable fiber strains for the Kevlar 49" hoop windings as opposed to the helical. Since it 

is evident fiom their anaiysis that the limiting pressure is attributable to the Kevlar 49" 

hoop windings, strength data for Kevlar 49@ was based on this ultimate strain. A more 

refined analysis could have used a separate materiai with a difEerent strength to 

dserentiate ktween helical and hoop layers. It is not too clear whether thk enhanced 

strenph efect is real or basicdy the outcome of the natural denser fiber compaction that 

occurs with hoop windings, (Le.: higher fiber volume fiaction). There evidently appears to 

be some intrinsic ioss associated with crossed hetical lay-ups but this level is 

inde t erminat e . 

On the whole. the .mat files generated £iom these inputs were not very different 

6om S-glossmat and Key49.mat of the regular database except that the strenghs. 

Poisson's ratios and principle moduli were matched exactly with Grover and Ayler's 

inputs. The vesse1 files generated are SNOOb.ves, SNOO8. ves. SNO09. ves, SN01 1. ves. 

rnatching the designatiom used in [ l j ]  and are on the included diskette. 

Table 9.1 presents construction details and Table 9.5 some comparative 

predictions fiom Grover and Ayler. "Super Pressure - Vesse1 Designer" and the 

experimental values. 

The predicted burn and d a c e  strains for Grover and Ayler's results were 

carefully scaled off the fi-mes in their report [45]. Clearly these authors had the advantage 

of knowing more preciseiy the properties of the materials used, nevertheless their 



predictions for both surface strain and burst pressures appear less accurate than "Super 

Pressure -Vesse1 Designer" output. 

Table 9.4 Glass / Kevlar 49" vessels in Grover and Ayler expenments [45]. 

Table 9.5 Bura pressure and surface strain predictions compared to expenment. 
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Additionally predictions of damage onset with the current progarn ranged fkom a 

low of 5.903 psi (SNl006) to a high of 6,9 18 psi (SNI01 1) using the non-linear shear 

option. Discussion of damage is oomied in [45]. The vessel d e s i p  des ip ted  SN/009. 

SN/O 1 O & SN/O 1 1 were predicted by "Super Pressure -Vesse1 Designer" to have a non- 

catastrophic faiiure of the inner hoop layer at 35.7 and 47.7 ksi respectively. This may in 

part explain the relatively low experimental burst pressures seen, especidy if the 

maximum arain predictions used in SN/0 10 & SN/O 1 1 for the glas fiber were to be in 

slight error. The remahhg desigm were all predicted to initiate failure in the Kevlar 19" 

on the inner surface of the outemost hoop wrap. 

Mid-cylinder hoop suTface strains were published for 3 of the finely interspersed 

ply designs using carbon f3xr as mentioned earlier. Wbh these. either two gages were 

separated 180" or three gages at 130". The notable feature was that the strains dif3ered 

signifïcantly~ ranging as high as 40% difference. more typicaily 12 - 25%. The authors 

indicated that low average suface strains and large strain differences indicated possibiy 

defective constructions and were able to provide partial verification with X-rays on at least 

one such suspect vessel. It is not clear from the report ifthe d a c e  strains given in Table 

9.6 originated eom a single gage or Xthey were averaged fiom a geater nurnber. A 

similar large variance in measured surface mains is seen in T. R Guess's sphencal vessek 

where 8 gqes per unit were used to record data. In light of fth eevidence. the ditficulties 

in obtaining reliable strain readings off the SC1 based test vessel couid be expected. 



Considering the variables involved, it is reassuring that "Super Pressure -Vesse1 

Designer" on an initial attempt averages within 10% of actual burst pressures and 15% of 

surfiace strains in the set of 8 vessels examined above. Figure 9.13 gives an example of the 

computed stress distributions within one of these vessels. 

Figure 9.13 Stress distribution in SN/006 vesse1 of Grover and Ayler. 

L.P Gerstle and M. Moss [15] and T.R. Guess [16] were arnong a group of 

researchers operating either out of Sandia National Laboratories (New Mexico). A second 

group working in association with Brunswick Corporation (Nebraska) also spent 

numerous years develo ping ultra-high pressure composite vessels. Bo th these groups 



concentrated on development work centered around the building of smaii spheres of 

approximately 4" inside diameter, wound on cornputer controlled sphencal winding 

machines specidy built for that purpose. The winding patterns employed were both 

miaxial multiangular (polar) and the patented delta aui-symmetric arrangement, which 

showed some advantages. Details of the theoretical I analytical methods used in the design 

of these vessels is presented in by F.P. Gemle [log], T.R. Guess [ I  81, C.E. Knight [126], 

RF. Ford [127], RL. Grover 1171. M e r  more than a decade of effort. Guess [l6][18] 

eventuaily succeeded in building what are possibly the highest pressure composite vessels 

evcr designed and tested. The record burst pressure attained is 62.500 psi (430 MPa). 

W i t h  this program there was dso an effort IO surpass the eariier work of Grover and 

Ayler at Brunswick [45] who b d t  50.000 psi (345 MPa) cylindrical vessels which were 

rather stmcturaily inefficient. 

Guess and CO-workers developed a method of generating liners by electroformin~. - 

A t b  aiuminum mandrel was used into which a stainiess steel fil1 stem was flush fitted 

and the assembly slowly rotated while king copper plated to a thickness of 1 mm 

Atterwards the duminun mandrel was etched out with a sodium hydroxide solution 

leavhg a thin copper liner wRh a metallugicaily bonded stainless steel fill stem Finite 

element anaiysis was done to perfect the geometry of the fU stem and minimize stress 

concentrations to very low values. 

This same method was Iater used to form h e r s  for very s d  cylindrical vessels of 

2" inside diameter by 6.5" length. The cylindrical liner dome geornetw fill stem and the 

wind lay-up for these was designed by Hercules Incorporated using finite element andysis. 



The vesçels consisted of a single material (Kevlar 49") but with many different t angilar 

Iayers. Six vessels were constnicted, three each with relative thickness ratios (d) of 1.35 

and 1.5 1 respectively. The iay-up sequences were identical except that layer thicknesses 

were scaled up for the later 3 vessels. Vessel construction detail is presented in Figure 

9.14. Other parameters are given in Table 9.6 including the burst predictions fiom the 

finite element analysis, "Super Pressure - Vessel Designer" and the experhents. 

Figure 9.14 Schernatic of one end of cylindricai Kevlar 19" / epoxy 
pressure vessel. Other end of vessel is identical [16]. 

The input data for the Kevlar 49' properties used for the finite element analysis 

was not given however a good idea of the elastic properties king assumed for sphencal 

vessels by the same group of authors can be found in some of their other publications. 

Gernle [IO81 used a matrix stfiess of 450 ksi (3.10 GPa), Grover and Ford [17] indicate 

473-478 ksi (3 .X GPa). Estimates for Kedar 49" men& Vary widely Knight who 



Table 9.6 S u r n m q  of vesse1 test data and predictions. Adapted fiom [16]. 
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effort to closely match the available data. The balance of propenies were m a d y  the 

default quantities as presented in Table 7.1 for the generic Kev-49 matenal. This material 
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file narned Sa11 - Kev. Zorn is the one called within Sand-5Ok ves and Sand SSk ves (on - 

diskette) which d e h e  the two constructions given in Table 9.6. Liner contriiutions are 

agah neglected since the copper layer is very thin and yields at only 25 ksi. Within each 

goup the predictions shown are based on the average nber volume fiaction and the 

average vessel w d  thickness. 

One cm see that the analflical predictions of "Super Pressure - Vesse1 Designer" 

(SP-VD) corne very close to both the experimental data and FEM calculations. The high 

efficiency of these vessel designs is evident in the near uniform fiber fdure d e -  factors 

seen throughout the waii. These are visible in Figure 9.15 (fiber safety factor 

"thermometerso') and evidenced M e r  by the low (b/a) ratio for the given pressure. The 

results should be contrasted with the efforts of Grover and Ayler shown in Figure 9.13. 

Evidently the FEM d y s i s  lead the designers at Hercules close to an optimized ascending 

angular pattern as presented in Chapter 8. 

In summar)l, the tests examined should lend some confidence to the predictions 

k ing  put forth by the analysis technique devised for thick waiied vessel constmctions. 

Certainly there is stiI much to be learned. particularly in the area of damage development, 

quantification and modeling of these eEects. However aatic burst predictions and 

expected arain levels appear to be in h e  with experimental values. On that bais at least. 

a considerable step has been taken towards making anaiyticai predictions that will d o  w 

the modeling and design of more optimal stress distibutions within a thick composite 

c ylinder . 



Figure 9.15 Relatively unifonn fiber failure level in Sandia Labs / 
Hercules Inc. FEM vesse1 design. 

9.3 Contributions to Knowledge 

Apart 6om the self-criticism of Section 9.1 it is also important to point out the 

achievements and contributions of the present work and how they push the enveiope of 

understanding in analysis and design. 

1) The eksticity equations are derived in their complete form in Chapter 5. Solution is 

presented without resorting to arbitrary elimination of integration constants. This goes 

beyond the reknowned work of Roy and Tsai [91] and others, who made mathematically 

incorrect asmmptions by setting integration constant C, in (4.23) to zero. These authors 



ended up using a mixture of the plane strain formulations ( E. = O ) for the stresses or and 

a, and then superposing an axial strain E . without taking into account how this 

superposed axial drain alters the a, and o, stress distribution due to Poisson interactions. 

The apparent effect of this simplification was seen to be of low signiticance (r 1%) for 

lay-ups in pressure vessels, not possibly greater than 10Y0 as aserred by Witherell[74] 

who focused on the construction of cannon barreis. 

2) The ba i s  for the derivations in Chapter 5 are fiom Lekhnitskii [88] (originating in part 

fiom St-Venant { 18651, Voigt { 18861, Mitinsfi { 1936}), who set up the generaiized 

plane straui problem for one layer but ody solved the special cucumstances of pure plane- 

strain plane stress. axial force and twisting, each in isolation. These derivations were 

extended (Section 5.3 onwards) by including variable elastic properties and working out a 

simultaneous solution set for the generalized plane strain problem incorporating both axial 

displacement and individual layer twisthg effects. A practical subset of this variable 

property form accounting for axial extension was then fùrther generaiized to 

accommodate individual elastic moduli variation rates and solved mmexicaily in Chapter 

6. Lekhnitskü [88] (based in part on Plotnkov { 1959}, Soos { 1963 ) and Bert { 1963 1) 

also presented variable property solutions, but for the pure plane strain case while usine a 

comrnon variation rate for ail elastic properties. Verijenko et al. [166] solved the above 

simplified equations for multilayer constructions and made use of the elastic properties of 

cornrnon composites. However it was s h o w  in Chapter 7, with the help of 

micromechanics and details uncovered fkom studies of a fiber's intemal structure, that 

such comrnon elastic property variation rates are w t  admissible for fiber based 



composites. The results of Chapter 8 (Figures 8.16 - 8.17 vs. 8.19 - 8.20) indicate that 

solutions derived under either of these idealizations (plane strain & cornmon elastic 

property variation rates) are not representative of the stress distributions corresponding to 

individual elastic property variation rates that approximate red materials (as in Figure 

8.22) when the latter are manged in a graded fashion. The requirement for using the fuil 

equations with individual elastic property variation rates. as denved here within has been 

established and s h o w  to correspond closely to stress distributions based on discrete 

approximations thereof. Through these efforts it is now known that any lesser form of the 

elasticity equations are inadequate for the purpose of desi-gnhg a specified stress 

distribution, 

3) The present work establishes a clearer approach to solving the generalized plane strain 

elasticity equation set than used by Withereli [74] who carried out a curnbersome 3 step 

superposition procedure via cornputer to combine the plane strain. plane stress and axial 

force solutions presented by Lekhniski [88]. The solution given by Hoa and Mannarino 

[92] where the equation set is solved numerically &es Little insight upon what parameters 

combine to produce the M i n g ,  axial displacement or principle stresses. In this work it is 

show clearly how the twisthg term arises (equation (5.24)) and detailed under which 

circumstances twining and axial extension exists (Section 5.1 ). The resolution to this 

pro blem invo lving the solution of simultaneous equations is given in closed forrn for the 

variable property fonn (5.68), and for constant propenies (5.97). Neither solution is 

available eisewhere. The approach to solution is insightful becaw the Merential equation 



presented for the variable property form pardels the one later solved in Chapter 6 

(equation 6.6) via f i t e  differences for individual property variation rates. Experimenting 

with real lay-ups modeled as  a continuum leads to identfymg the terms that have the most 

sipficance in rnassaging the stress function to produce a suitable stress distribution This 

is key to designhg a discrete lay-up with a more uniform absorption of the load through 

t s  thickness. Understanding and quant@ng the relative contribution of each elastic 

constant's variation rate (Table 8.1) upon the resulting stress distribution covers new 

ground. 

4) The Chapter 4 multilayer solution is andogous in concept to the form presented by 

Adali et ai. [165], except that an equality of the radial displacement at layer interfaces was 

used to extract the axial dispiacement constant rather than employing an equivdence in the 

ckcumferentid strain at the interface as in [165]. The utility of the resultant elasticity 

equations in this work exceeds that of the aforementioned researchers since the? are 

embedded in a program that aiiows multiple materials, layer thicknesses. volume kactions 

and winding angles. Rather than king lirnited to searching for optimal winding angles 

given single thickness layers, d of identical material responding to simplistic fdure 

criteria the present work reflects r e m  more closely by using a truiy interactive design 

tool that modeis both elastic and damage-range response until rupture. Such software has 

not k e n  available until now and is a valuable tool for the generation of further knowledge. 

5) Variable elasticity goes beyond techniques employing search algorithrns to sifi through 

the innumerable possibilities for discrete lay-ups as performed for instance by Arniouny 



and Hoa [250] or Adali et al. [165]. Because the structure is modeled as continuum one is 

essentiaiiy dealing with a single dserential equation shaped by variable parameters rather 

than a system of equations with innumerable discrete solutions. It has also been noted in 

Chapter 8 discussions that the stresses are highlv sensitive to winding angle variations of 

as little a s  one degree. This important fact underlines the importance of carefully 

maintainhg these angles d u h g  manufacture. Bq' the same token, even relatively simple 

problems k i n g  soived by discrete methoh can pose an impossibly large field to search 

since one should cover aii winding angle combinations by s m d  increments, not to mention 

layer thicknesses, material choice and fiber vo 1me fiaction Ari incomplete search will 

result only in extractinp local minima. Variable elasticity cannot answer to questions of 

strength (nor can any discrete elasticity approach do so directly) but it Uuminates the 

elastic properties requisite to achieve a stress distribution. Two factors prescni the stress 

distniution in an object: {l ) Geometry, {2) Elastic property distribution Prior to this 

work only factor { 1 } coupled with a constant factor {2} had been seriousiy explored. 

Understanding, quantifjmg and so lvhg realist ic approximations (nurnencally) for the 

influence of the second factor has been a key accomplishment and contniution. 

6) Another contnïutions is having shown by example, how to arrange winding angles in 

an axending or descending sequence to niaximize the burst pressures and strength usage 

efficiency in single material vessels via a rninimization in stress discontinuities. In 

conjunction, having ais0 pointed out that the most efficient thick-wded cylindrical vessels 

ever designed and built (T.R. Guess) also arrived at a similar pattern indirectlv. exploithg 

the same principle, albeit these d e s i p  originated from FEM work. Additionally, on the 



çame subject, having demonstrated that that the 6 variable properties numerical solution 

accurately predicts the stress distniution resulting from such a lay-up and that the power 

functions employed effectively model the resulting variation of principle cornpliances. The 

importance of not interspershg layers with too high a circumferential s~ifniess lest they 

cause an abrupt gradient in the radial stress dktniution and thereby isolate remainuig 

layers fiom sufficient strain to fully utilize their strength has ken demonstrated. Lastly, ail 

things king e q d ,  the advantage of using lower strength materiais for al1 but the highest 

burst pressure requirements has k e n  put into evidence since the pressure increments 

possible are linear with the material strength but the material cost is not. 

7) The modeling of damage development via degradation factors and predicting the 

sequence of events leading to uitirnate or l a s  ply fdure has k e n  improved considerably 

over earlier effons advanced by Tsai et al. [ 1 741 [176]. A method of converting from 

degradation factors to a f i e s s  rnatrix reductions in 3-D has been developed and shown to 

adhere to physical expectarions (Section 7.5). In contrast to earlier effons by Tsai et al., 

the degradation effect is modeled as a variable quantity dependent on the relative loading 

level above matrii crack initiation rather than implemented as a aep function. The nber 

and matrix failure envelopes employed go beyond single quadratic interactive criteria and 

make good sense on both an intuitive and mathematicai level. Luo-You Xu's damage 

modeling bridges the gap between these envelopes and the "equivdent loading" concept 

has been extended by applying the matrix safety factor as a rneasure of the ioading state 

past damage initiation (Chapter 7- equation (7.34) & (7.88)). Further, closed-form 

micromechanics solutions to the CCA model are employed to get a self-consistent set of 



elastic properties for materials in the database. With these factors incorporated into the 

software, vessels can be optimized for FPF, highest burst pressure or pre-assigned a 

particular stress distribution. Such an encompassing approach airned at solving the 

composite pressure vessel problem has not been seen prior. 

8) The analysis and modeling equations presented have k e n  written into code and used 

to andyze stress distriiutions in actual vessels. For the cases examined the failure pressure 

and strain predictions appear to be in line with experirnental results, in general predicting 

the outcome with equal or greater accuracy than the original investigation. 

9) A derivation for computing fiber trajectory over geodesic dome enclosures presenting 

both the slip coefficient and change in fiber stresses over the vessel ends is not available 

wideiy and pubikhed work emanating fYom the aerospace induav presents only sketchy 

outlines [105]. To this end Chapter 3 was written to cl- details and in doing so reduces 

the need for numencal integrations and other computer stepwise methods commonly used 

to arrive at suitable fiber trajectories which will not siide over the face of the mandrel. The 

clarj. of method and presentation is contributory to the dissemination of kwwledge. 

10) A literature survey covering over 260 journal and conference papers, contract 

reports. standards or book sections reflecting a broad range of issues are discussed 

throughout Chapters 2 and 7 and to a lesser extent in other sections. Those mentioned 

specifically are listed in the references; in total nearly 400 publications were consulted. 

Such an encompassing combination of history, current art, theory and computer methods 

on the design and adysis of thick walled composite pressure vessels is unique. 



9.4 State of the Art, Considerations and Suggestions for Future Work 

The methods employed for the design of today's most advanced pressure vessels 

slated for, or currently in, active service are king further developed, proven and 

evaluated. Much of this work is now carried out within the Composite Ovenvrapped 

Pressure Vessel Program (COPW of the U.S. Airforce and Missile Systems Center. 

Wright Laboratories Space Wmg, and NASA Headquarters. Methods used by the above 

organization centers about a pre-processor (COSAP) written in conjunction for use with 

either COSMOS@ or ABACUS" finite element code. It has k e n  utîlked to design and 

ana@ carbon fiber based vessels for space fight vehicles, predorninantly in the 3.000 - 

10.000 psi operating range. The knowledge gained f?om the current research prograrns is 

due to be published in an updated and revised version of Mil Handbook 1522 [60]. Some 

representative vesse1 sizes. weights. operating / burst pressures for the above class of 

aerospace. military and NGV applications are listed in Appendk (A) [257]. These 

represent today's state of the art composite vessels. 

The detail design of composite pressure vessels is necessarily a topic for finite 

element methods since one must deal with geometry details and stress concentrations 

arising at the cylinder to head juncture and within the liner at transitional sections near the 

opening. Additionally, the complexi~ of cont indy changing fiber angles over the dome 

profile and the &op-off of plies in this region cannot be trcated adequately by any other 

means. This is where effons Wte COSAP and CODSTRAN show their greatest value. The 

current work with "Super Pressure - Vessel Designer" is not intended to replace finite 



element efforts, but only to complement prelimhary design by rapidly sifiing through a 

myriad of possibilities in construction and help bring forth the main effects at play and 

narrow the field. 

At various points limitations of the current analysis have already k e n  mentioned 

with the aim ofdserentiating factors that are, and those that are not yet king taken into 

consideration. Basically these can be divided into three groups: { 1 ) Those where the 

knowledge or mathematicai models accounting for the effect in consideration are clear and 

available but have not yet k e n  introduced into software. (2) Instances where the principle 

is well known but where M e r  derivations are required to apply the concept in its fullen 

f o m  (3  ) Areas where knowledge is scant and major investigations are needed to uncover 

the goveniing parameters. 

For the first p u p  it essentially boils down to the expenditure of sufficient time 

and effort to write the necessary code. An important example of such is the eiasto-plastic 

behavior of the liner. These effecn are most important for thin-wded convent ional 

pressure (< 5000 psi) vessels where the liner cm be absorbing a sigrilficant load. The basic 

theory and source code can be found in NASA's original (1 966) "Computer Program for 

the Anaipis of Filament-Reinforced Metal-Sheil Pressure Vesseis" [180] or adapted ffom 

other researcher's efforts [15] [ 1 271 [l28] [X 1 1. 

The second division coven aspects such as thermal and cure stress contractions 

and matters related to fiber tensionhg / resin flow. Equations descriiing such effects have 

been developed by a daerent group of researchers and incorporated into compter modeis 

to aid in the manufacturing processes [13 1][249][252-2531. From a stress analysis point of 



view. the thermal contraction effects are most significant and effort should be directed at 

developing a generalized plane strain solution to the problem and incorporating this hto 

the current software. The most compehg reason to complete such an analysk is that 

these superposed stresses cm shift the onset of rnatrix damage to a much 10 wer Ievel of 

applied stress. One important determination to be made is whether in the case of cryogenic 

Wig the thermal stress and its distribution cm by itself, or in combination with pressure 

load (a temperature function), cause damage affect in$ vesse1 performance. The long term 

efects of such cychg is an equally important question. 

For this second division one can aiso include investigations as to the effectiveness 

of the fdure criteria chosen and extension of such to a true 3-dirnensiod forrn, 

Moreover, the degradation modeiing and pararneters descniing the shape of the 

normalized aiflkess degradation c w e s  needs far broader investigation. Pinning dovm the 

fitting pararneters for & ply goups in isolation and in conjunction with interspersed hoop 

windings for dserent materials constitues a large undertaking, but necessary ifwe are to 

corne up with more accurate modeling of the degradation process in filament wound 

structures. Alternately. if some easier to apply M y  analytical models were to becorne 

available that couid be applied to general laminates under combined loadings, then the 

code might be reformed to subaitute this instead. 

The thkd category covers aspects such as exploring the 3-dimensionai elasticity 

eshiited during the through-thickness compaction of thick laminates in the absence of 

edp effects. Also this m u t  be evaluated in the case where the rnatrix has aiready suffered 

pnor damage due to vaosverse crack development. Little is yet known how laminates 



?low" under such circumsîances and to what degree this can be avoided by judicious 

choice of materials and winding angle sequences. The importance of non-linear behavior in 

this area must not be underestirnated. We have seen that the ratio of radial stfiess to the 

in plane nfiess is paramount to the stress distributions resulting throughout the wall. A 

good understanding of this effect and the associated "compaction wave" that likely 

progresses through the wall under such conditions is key ro designing with confidence for 

containment pressures that exceed the uniaxiai compressive failure strength of the matrix. 

Further investigations are dehitely warranted. 
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Appendix - A 

Pressure vessels rnanufactured by Lincoln Composites (Brunswick Inc.) 

I 
- 

;1 
1 1  Space Pressure Vessels 
:j Part i Minimum ; Diameter Maximum : Opeating 
i: Nurnber i Volume ! x Length 1 Weight ! Medium 
j/ 1 (in)) i (in) Pressure ! (Ibs) j 
; ] i 

4 i 1 

i j  ~ o o 1 4 a i  220 ; 5.76 x 14.33 /i 21.250 5.30 , W~ 
!* 

i 3.50 i N2 ; I  220130-1 1 260 1 5.0 X 18.03 I 3.750 / 11,700 ! 
I i I I 

!/ 220147-1 1 300 j 5.76 x 17.80 1 8.500 1 21,250 i 6.55 1 Silane 

! He. N2, Air 

' 220û69 i 541 , 10.66x11.82/ 4.074 1 8,148 6.80 - He.N2 I ' / 220111 i 880 i 13.7 x 12.8 1 5.075 1 10.150 19.00 , He. 9, Air 
1 I 

. i 220074 2550 ; 18.1 9 x 19.23 j 5.000 1 10.050 33.50 : He. N2, CO2 
1 - 1; UOl23-1 / 2650 ! 13.2 x 25.38 i 4.200 j 6.300 , 16.60 : He 

;! 220098 : 3010 ; 18.71 x 19.18 i 4.000 1 6.000 ! 20.05 He 
" 
/ j  220121-1 j 3010 1 3 . 0 2 ~  Y.5 i 4.000 16.000 17 05 1 He. Xenon 

i j  220134-1 4200 1 12.5 x 42.98 i 3,500 1 5.250 22.(4: He. Xenon - !! 220125-1 1 6000 i 13.3 x 52.88 i 4.500 ( 9.000 ' 1 48.20 He 

/ /  220086-11 1 7 ;  26.13 x 26.31 i 4.000 j 72.50 j He 

l i  220132-1 1 1 I S O O  i 20.0 x 47.60 11 6000 0 75.00 
l I I 1 N2 



il Aircraft and Missile Pressure Vessels 

~ Q ~ O O ~ W  i 175 -5.07; 9.337 i 7.5 
1; 1 ! ! 

N2 

1 1  UOlICI 198 1 5 . 2 ~ 1 5 1 5  20.00.0~) ! 3.97 He 

1 249 ]mrv! 8,900 
1 

1 7.85 N2 

liP006M31 261 1- 14.900 10.900 : 9.85 Y2 
~ ' 2 2 0 0 6 0 - ~ 2 ~ ~ 7 . 1 2 ~ 1 6 . 3 1  t 1 '5 .000 ! 11,100 10.98 , N2 

ii 2201 19-1 j MO 1 6 . 6 3 7 1 4 . 5  10,000 ! 4.25 He, N2, Air 
4. 

i1220131-1 1 390 17.06-15.5: 20,000 , 7.25 . Hz 
1 I t 1 / /  220007 j 435 

I 
; 6 N2 

I I ~ ;  451 -5.251 28.998.158 7.8 1 Air -. 
ii 220063 490 I 10.43 x 1 1 .02 3.200 1 7.150 , 
I l 

6 : I He. N2. Air 

il U O M ~  / 600 -8.24- : 3.435 9.4 Air 

I l  Part Minimum Diameter MEOP Minimum , Maximum Openting 

/! 220034 ( 775 7, 3,250 1 7.200 ! 16.2 
I I  I 

i! 220035 ' 775 8.50 x 21.90 : 3.080 i 7.700 i 1 
' 9.8 

II - N2 

775 1 8.64 x 21.41 / 3.250 1 7.200 ; 16.2 N2 
i I 

1/ 220068 / 1250 111.66 4.250 7 10.150 26.75 . Air 

i-71906 - (i 18.858 i 26.8 Air 
a 67.3 i N2 ~ Z E W T ~  46ô6 j i 3 . ~ o ~ ~ o . w ~ 3 , o 5 o  j 9.000 1 

f~urnber Volume x Length (psig) 
1 1 (in') F-F Pressure ; Weight (Ibs) ; Medium 
!l 
i I 1 (Wg)  ; 
/ (  220137-1 / 16 1 1.n x 16.05 ; 8.000 j 22.000 , 0.78 . N2 
t 



NGV Fuel Tanks 
(thennoplastic liner) 

Meets: ANSVAGA NGV and DOT FMVSS 304 and / or CAN B5 I 

1 3000 PSI / 207 BAR 
I 

* I Sire (O.D. x Length) ; Weight ,Water Volume ;Ga5 Capacity Gasoline Equivalent 
y--- 

; ~ i l l i m c t e ~  Lbs. ; Kg. ! Cu. In. ! Liters / SCF" Gallons"' Liters 
1 

I -1 3.7" x  35" '348 60 ~i 3362 1x1 504 O 4.1 15.5 
i13 . t1x40"~348x1016  3952.8 592 , 4.8 18.1 
/ 1 3 . 7 " ~ 4 5 " j 3 4 8 ~  1143 1 76 ~ I m ~ (  681 1 5.5 20.8 

ZaValve Port 

4 

I 3600 PSI 1248 BAR 
; Sue (O.D. x Length) / Weight 'Water Volume !Ga5 Capacity [Gasoline Equivalent 
; Inches $llirneters /Lbo. 1 Kg. 'C~.W' 'CF" ; Gallons"' Liters 

., Standard Cubic feet Nalunl gas up lc i ty  is based on a tank at service pressure filied with gas d 
a spcafic gnvity of 0.60 and a temperature of 70'F. 

9.2"x35" :234~889[38116T8;F-  

- Based on 124 SCF per equivalent gallon. 

224 1 2.0 7.5 
y-- 

, 9.2"x40" 234x1016 1 43 119.1 ' 1666 127.3 284 ; 2.3 8.7 



Appendix - B 

Source Code Listing 

Proqram Vessel; 
{sr+} 

uses 
~verlay, Ovrstart, crt , dos , g r a p h ,  a1t ~ i c k ,  ves u t i l ,  Estvideo, -- - 
r d i t o r ,  m e n u ,  glob--üar, 3 h i p 1 0 3  , compmàih, GXAodit, i a i i u r e ,  
a l t  f u t 1 , a l t  laye; 

A - 

! $ O  plotprop) 
{ $ O  compmath} 
{$O GRAeditj 
{ $ O  f a i l u r e )  
{ $0 menus) 
{ $ O  vzs m i l )  
{ $0 êditor) 
{ $0 :SC-~ideo} 
{$O gLon v a r )  
( $ 0  ~ 0 s ) -  
( $ 0  a l z  ~ i c k }  
{ $O ait-fut1 - 1 
{$O alt - l a y e }  

{My ovorlays a r e  ths following ( f o r  roferenco) : 

s d i t o r .  cpu: 
f s t v i d e o  

plotsrop.tpu: 
G2Aedit. tpu : 
F a i l u r e  . t p u  : 
alt _- 3 i c k . t p u :  
a l t  - Z u t i l .  t p u  
21;- laye . tpu:  

Procedure Microcalc; 

var 
keyknown, specialkey, notskip: Doolean; 



label 
f lag2,  jumpout2; 

begin 
keyknown: =f alse; 

Flag2 : 
clrscr; 
mainmenu ; 
repeat  
if not keyknown tnen  

czse key of 

AltE : 
begin 
*ut - E; 
goto f l a g 2 ;  
end; 

AI tC : 
begin 
A l t  C; - 
g o t o  f l a g 2 ;  
2nd; 

AltL: 
j e g i n  
-ILT - L; 
q o t o  f l a g 2 ;  
end; 

*rlLtü: 
Degin 
&UT U; 
g o G  f l a g 2 ;  
end; 

clrscr;  
goto jumpoxz2; 
end; 

end; {case) 

Inkey (specialkey, ch,  Y, 'si ) ; 

{Switcn t o  Edit menu) 

{Swircn ro  Calculate mênu} 

{switch t o  single l a y o r  menu) 

{switch to Utility Menu) 

{ e x i t  and quit program) 

If no t  (Key In [P_ltE,AltC,ALTL,AltX,AltU, esc ]  ) then 
8egin 
GotoXY (58,z) ; 
textbackground (cyan) ; 
' t ex t co lo r  ( red)  ; 



beep (600r150) ; 
Write('Error-Inadmissible Key'); 
delay  (2000) ; 
GotoXY (58,S)  ; 
Textbackground ( ~ l a c k )  ; 
Write ( ' 
gotoxy(3r4) ; 
t e x t c o l o r  (yellow) ; 
notsk ip := t ruo ;  
goto f l a g 2 ;  
end; {main menu s e l o c t i o n  h o p }  

until key = esc; 
jumpout2 : 
end; 

Segin 
Getscrîentype ( s t y p e )  ; 
curser - off (stype) ; 
currontfile:='Unknownl; 
backgroundchar:= 255; 
FT := ' y ;  
Degincurser := ' 5 ' ;  
lisence; 
delay (8000) ; 
{stif fnes s ;  } 
{stiffinv; ) 
{ the-mo; ) 

{ ~ e l o w  currently only f o r  IDZ use }  

t e x t c o l o r ( 1 i g h t g r a y ) ;  { s ê t s  ~ a c k  o r i g i n a l  DCS video c o l o r s )  
textbackground (b l -ck)  ; 
c l r s c r ;  
end. 



{ $O+, F+ } 
Unit OvrStart; 

Interface 
Uses Overlay; 

Implementation 

Begin 

If OvrResult= OvrNotFound then  
Begin 
Writeln ( ' F i l e  vessel.OVR nof found, ' ) ; 
Hal t ;  
end; 

end. 



(SL-1 
Unit fstvideo; 

i n t e r f a c e  

uses crt, dos, glob - var;  

Procedure GetScreenType(var s t ype  : c h a r ) ;  

Procedure Fastwrite (x,  y: byte ;  
S: string; 
fg, ~ g :  b y t e )  ; 

Csnter  ( y :  integer;~: string; fg, 

Procedure DrawScreen; 

3rocedure F3st3ox (xl, y1, x2, -2, fg, 0g:Dyte) ; 

?~ocedure GetScxeenTy-?e (var stype : c h a r )  ; 
V a r  

Regs : Regis ixrs ;  
3egin 
3egs..4H := $OF; 
I n t r  ($10, Regs) ; 
If Xegs .AL = 7 then 

stype := 'Mt 
else 

stype : = ' C f ;  
end; 

Procedure E'astwrite (x, y:byte; 
S: string; 
fg ,  bg: ~ y t e )  ; 

var 



w : word; 
i, Coiqtr:byte; 

3egin 
ColAtr: = (bg Shl 4 )  +fg; ('create atribute byte*) 
w:= ( (y-1) * B O +  (x-1)  ) '2; ( " c a l c u l a t e  o f f s e t * )  

For i:=l to length(s) do 
begin 
MemW[$B800:w]:=(Colatr Shl S)+ord(s[i]); 
inc(w,2); 
end; 

a d ;  

Center ( y :  integer;~: string; fg, 
bg: i n t o g e r ;  stype: char) ; 

v a r  
x:integer; 

begin 
x:=40-(length(s) div 2 ) ;  
Zzstwrit2 ( x ,  y, s, fg,Dg) ; 
enci ; 

?rocedure DrawScreen; 
V a r  

e :  int5ger; 
3egin 
TextColor (red) ; 
Text3ackground(black); 
ClrScr; 
For e : = 2  to 7 9  ào 

Segin 
GotoXY (e, 1) ;Write ( ' - '  ) ; 
GotoXY (e,25) ;Write ( ' - ' )  ; 
GotoXY(e, 3) ;Write ('4 ; 
GotoXY ( e t  2 3 }  ;Write('-') ; 

If e<25 Then 
Begin 
G o t o X Y  (1, e)  ;Write ( '  ) ; 
GotoXY(80,e);Write('('); 
End; 

End; 
GotoXY(1,I); Write(l+'); 
GotoXY(80,T) ; Writî('+') ; 



GotoXY(l,S5); W r i t e ( ' + ' ) ;  
GotoXY(I,3); WriteV l ' )  ; 
GotoXY(80,3); W r i t e ( ' l l ) ;  
GotoXY ( l , S 3 )  ; Write ( '  l ' )  ; 
GotoXY (8O,23) ; Write ( ' : ' ) ; 
Fzstwrite ( 8O ,S5 ,  # 1 8 8 ,  red,black)  ; { allowç + vithout 

scrolling } 
TextColor (whi te )  ; 
GotoXY ( 2 5 , z )  ; 
Write('Super Pressure - Vesse1 Designer1); 
Znd; 

Procedure FastBox(xl,yl,x2,y2,fg,bg:byte); 
var  

i: byt?; 
s:string[l] ; 

begin 
Textcolor ( f g )  ; 
Textaackground (bg) ; 
s:=  #205; {charactor  that g&s written} 
for i:=(xl+l) to (x2-1) do 
Degin 
f a s t w r i t e  (i, yl, s, fg,Dg) ; 
Fastwrit? (i, y2 ,  s r  fg,Dg) ; 
end; 

5:= #186; 
r o r  i:= ( y l i l )  to (y2-1) do 

Degin 
Fastwrite (xl, i, s, fg, jg) ; 
Fas twr i t e  ix2, i, s,  fg, bg) ; 
end; 

s :=  #201; 
Fas twr i t?  ( x l ,  yl, s r  f g , ~ g )  ; 
s : =  #187; 
Fascwrite (x2, yl, s, fg, jg) ; 
s : =  #200; 
Fastwrite(xl,y2,s,fgrbg); 
s : =  X188; 
F'astwrite (xz, y 2 ,  s, f g, bg) ; 
end; 



t SL- 1 
Unit Glob - var; 
( $ O + ,  r+} 

interface 

const 

mp= 3 ; 
NL=15; {no. of l ayers )  
nfe=19; {no. of f i n i t e  elements} 

T m e  
realarraylNL = array[l..NL] of real; 
integerarraylo = array [l. .16] of integer; 
IntegerarrayNL = array [l..NL] of integer; 
layerarrayNL =array[l..NL] of  string; 
realarrayNL3 = array[l..NL,l..NL,l..NL] of r a d ;  
asciiArray = array [ l  . -181 of  string; 
roalarrayNLby2by2 = array[l..NL,1..2,1..2] of real; 
realArrayNL = array [O. .NL] of  real; 
rcalQrayNL1 =array[O..NL+l] of real; 
~eal~LrrayNLDyNL = x r a y  [O. .NL, O. A L ]  of real; 
realArray6X6 = array [ 1. .&l. -61 of real; 
realarraylGX2 = array[O..l6,l..3] of r e a l ;  
roalarray9XSNL = array[l..9,1..2*NL] of roal; 
realarray2NL = array[l..2*NL] of real; 
réalarrayNP = array[l..np] of real; 
rcalarrayMP = array[l..mp] of  real; 
roalarrayMPbyN? = array[l..mp,l..npJ of r ea l ;  - ~nt?gerarray9 = urray[l..9] of integer; 
ary = array[l. .5,l.. 141 of string(261; 
a r y l  = array [l.. 6,l.. 61 of stringCl41 ; 
realarrayNLbym2 = array [l. .NL, 1. .NL, 1. .NL] of real; 
realarrayNlby3 = array[l..nl,l..3] of real; 
s t r i n g a r r a y 3  = array [l . .3] of string [7] ; 
StringP~raySbylo' = array[l. .5,1.. 161 of string[20] ; 
reaLZrayNLX6X6 = array [l . .NL, 1.. 6,1. .6l of real; 
realarray4 = array [1 . . 4  ] of real; 
realarray3 = o r r a y  [l . . 31 of real; 
roalârray8 = array [l . .8] of real; 
realarray2plusN = zrray[O..nfe+l] of real; 
realarray3NL = a r r a y  [l . .3*NL] of rêal; 
realarrayNL~y2 = array [l. .NL, 1. .SI of real; 
d i r  files = array11. . 200 ]  of string[l3]; 
mask names = array[l.. 8 1  of string[S] ; 
text-files = a r r a y  [l.. 31 of tex t ;  
filaïines = array[1..282] of string[80]; 



elasticcon = record El,Et, V l , V t ,  Gl,Gt, KK: rsa1;end; 
Econst = array[l..NL] of elasticCon; 
strength = record XT, XC, YT, YC, SS, GL: real; end; 
s t reng  = array (1. .NL] of strongth; 
approx = record l,m,d,i, j,k,Gll,Gl2,G22, 

a l 3 ,  a23, a33: rea1;end; 
datapoint = record symDol:string;xydata:roalarrayi6X2;ond; 
~uildup = record Matname, angle, ipercent, 

thickness:string;end; 
d t a p t s  = array Il.. 91 of datapoint; 
layormat = array[l. .NL] of builaup; 

-c - Xeys = (nullkcy, 21, f 2 ,  f3, f 4 ,  13, 2 6 ,  f7, f8, f9, f10, 
carriageReturn, tab, s h i f t T a b ,  bksp, uparrow, 
downArrow, rightArrow, lei *row, deleteKey, 
insertKey, homeKey, esc, endKey, textKey, 
NumberKey, space, PgUp, PgDn, alts, altx, altc, 
alte, altr, altm, altf, altnfA1td, altb, altv, 
alto, altl, altw, altj , altu, a l t i )  ; 

{global var iab l - s  ) 
Vstr  

BeginCurser, ZndCurser : cnar ; 
VX, QP, Delta, CV,XI, G,A, C, 3,  K, 3 r r ,  3rf, 3 f f ,  
Si,Vrf,Vfz,Azz,Arz,PPfzf Dt :%aIarrayNL; 
3:RzalarrayNLl; 
SEf, SEm, Sf i f  SE22: realarraylN1; 
ourer1ayer:integer; 
xx:integer; {for windows input call) 
Tiotal, FI, InsideFress, 0uteror2ssf ZxtForc2, 
Wallthick,insideDia,ouisidsDia: real; 
D i i t  store:rêalarzayNLDy3; 
~atrTx : realarrayNLbyNL; 
Iq, la, lstif: reaLUrayNLX6X6; 
Ib : realkrayNLby2by2 ; 
failR:realarray,hJLby2; 
graphdata:dtapts; 
strg: streng; 
Elconst:Econst; 
graph1abels:layerrnat; 
plotrfplota:realarray2NL; 
SmC,  Sund,  ymatrix, Q, CC: realarray6X6; 
cursx, cursy: integer; 
globalK, i n t  r0, int z0, int Î 0 ,  scalefactor : real; - 
holdstr: ~tryn~Array5b~l6; 
vs : word; 
windowlength,maxlength,x,y,backgroundcha~:integ~r; 
ft: char; 
s, currentfile, Ipress, scalef, Tilêspec: s ~ r i ~ ~ g ;  
if fc: integer; 



df:dir f i l e s ;  
key : keys; 
ch: char; 
s type  : char ;  
B f i t :  approx; 
graphstate:Soolean; 

implementation 

end. 



interface 

uses glob var; - 

procedure mainmenu; 
Procedure Lisence; 
procedure edi tmenu; 
procedure utilmenu; 
procedure calcmenu; 
procedure varplotmenu; 
procedure layermenu; 
Procedure discretemenu; 
procedure inputdescll (var desc : a r y )  ; 
procedure Fnputdesc3(var desc:ary); 
procedure inputdesc4(var desc:ary); 
Procedure 
IngutDescTable (ox, oy,  nx ,  ny , idx ,  sy, SC, wdx, sai t  c 2 b m  : i n ~ s g z r )  ; 
Procedure Rotdesc(var adesc:aryl ;var qdesc:aryl; v a r  
Amatrîx, Qmatrix: rea la r ray6x6)  ; 
ProcedureRotDescTabLe (ox, oy ,  nx, ny, wix,sy,  

s c , w d x ,  sci:int~qcr} ; 
P r o c e d u r e  MicroDesc (var Qmatdes, Cmafdes : a r y l )  ; 
?rocedurs 
OutputDescTable (ox, oy, nx, ny, wix, sy, SC, wdx, sdi: inzeger;var 

Qstor, Cstor: roalarrayOX6) ; 
Proceaure Micro2?sult; 

implernentation 
uses àos, crt, fstvideo, ves - util; 

begin 
Cl rSc r ;  
Drawscreen; 
fastbox (20,8,60, i3, white,blue) ; 
center (9, 'Development & Test Version', green, black, stype) ; 
center(l0, 'April, 1999',cyanrblack,stype) ; 
center (11, 'Losned to S .V. Hoa', green, black, stype) ; 
center (12, 'Copywrite 1999 Greg Rohrauer'  , cyan, black, stype) ; 
end; 



Procedure Mainmenu; 

Begin 
ClrScr; 
Drawscreen; 
center(3, ' Main Menu ',ll,O,stype) ; 
TextColor (yellow) ; 
GotoXY (4 ,24)  ; 
Write ( 'ALT+ Edit f i l e s  Calculate 

Utilities 
TextColor (wnite) ; 
GotoXY (4 ,24)  ; 
Write ( 'FLT+ l ) ; 
GotoXY (12,24) ; 
Write (T l )  ; 
GotoXY (29,24) ; 
Write ( l l )  ; 
GotoXY ( 2 8 , 2 4 )  ; 
Write('C1); 
gotoXY ( 4 4 , 3 4 1  ; 
Nrite ! l L f )  ; 
GotoXY (%,P l )  ; 
Write ( 'Ur ) ; 
GotoXY (73 ,24 )  ; 
write (lx1) ; 
Textbackground (lightblue) ; 
GotoXY ( 3 , 4 )  ; 
TextColor (yellow) ; 
end; 

Procedure  Utilmenu; 

Begin 
ClrScr; 
Drawscreen; 
c e n t e r  (3, ' Utility Menu ', 11, O, stype) ; 
TextGolor (yellow) ; 
GotoXY (4,24) ; 
Write ( 'ALT+ New De 1 Renme 

Vi ew exit1); 
TextColor (white) ; 
GotoXY (4,24) ; 
Write('ALT+') ; 
GotoXY (l5,24) ; 
Write ( 'NT ) ; 



GotoXY ( 2 8 , M )  ; 
W r i t e ( ' D 1 )  ; 
GotoXY (4l,24) ; 
Write ( ' R I  ) ; 
GotoXY (56,241 ; 
Write ( ' V '  ) ; 
GotoXY(71,24) ; 
write ('X' ) ; 
Textbackground (lightblue) ; 
GotoXY (3 ,4 )  ; 
TextColor (yellow) ; 
end; 

Procedure editmenu; 

Begin 
C l r S c r ;  
Drawscreen; 
cen te r  ( 3 ,  ' File E d i t o r  Menu ' , 11, O, stype) ; 
TextColor  ( y e l l o w )  ; 
GotoXY (3,34) ; 
Wri* ( (',nJ,T+ L m '  +char  ( 2 0 )  + ' M a t  

Wall Press 
TextCoior (wnite) ; 
GotoXY (3 ,24)  ; 
Write ( ',UT+ ' 1 ; 
GotoXY (12 ,24)  ; 
Write ( 'L') ; 
G o i o X Y  (25,241 ; 
Write ( 'M' ) ; 
G o t o X Y  (39,241 ; 
write('W1) ; 
GotoXY (49,34)  ; 
wrlte('P1) ; 
G o t o X Y  ( 6 0 , 2 4 )  ; 
m i t e  ( ' B '  j ; 
GotoXY (72,24) ; 
Write('Xr) ; 
Textbackground ( l i g h t b l u e )  ; 
GotoXY (3 ,4 )  ; 
TextColor (yellow) ; 
end; 

Procedure Calcmenu; 



C l r S c r ;  
Drawscreen; 
center (3, ' Main Calcula te  Menu ' , Il, O, stype) ; 
TextColor (yellow] ; 
GotoXY ( 4 , 2 4 )  ; 
Write ( lF.LT+ S t i f  f-Mtx Vari-wall Multi-layer 

Fit-mat exit') ; 
TexiColor (white) ; 
GotoXY (4,24) ; 
write ( 'ALT+ ) ; 
GotoXY (l3,24) ; 
Write('Sr); 
GotoXY ( S 8 , S 4 )  ; 
Writs ( 'V' ) ; 
GotoXY (43,24) ; 
Write ( ' M l  ) ; 
GotoXY ( 6 0 r 2 4 )  ; 
write('FV) ; 
GotoXY (73 ,24 )  ; 
Write ( 'X' ) ; 
Textbackground(lignrb1ue); 
GotoXY (3,4) ; 
TextColor (yellow) ; 
end; 

Begin 
ClrScr; 
Drawscrsen; 
center(3, ' Variable P r o p e n y  Models ',ll,O,stype); 
TextColor (yellow) ; 
GotoXY (4,24) ; 
Write ( ' F L T +  1V (A-Frre) IV (A-Restrain) 3V (N-Restrain) 

W ( N - F / C )  exit ' ) ; 
TextColor (white) ; 
GotoXY ( 4 , X )  ; 
Write ( 'FLT+' )  ; 
GotoXY ( l 8 , 2 4 )  ; 
Write ( ' F1 ) ; 
GotoXY (30r24) ; 
Write('Y) ; 
GotoXY ( 4 6 , X )  ; 
Write('N1); 
GotoXY ( 68 ,241  ; 
Write('C1) ; 
GotoXY (74,24) ; 
Write('X1) ; 



Textbackground ( l i g h t b l u e )  ; 
GotoXY ( 3 , 4 )  ; 
TextColor (yel low) ; 
end; 

Begin 
C l r S c r ;  
Drawscreen; 
conter ( 3 ,  ' Layer Calcula te  Menu ' ,il, O, s type )  ; 
TextColor (ye l low)  ; 
GotoXY ( 4 ,24 )  ; 
Write ( 'ALT+ Zotate l a y e r  Calculate l a y o r  Load 

l a y e r  ?Xi4 ' j ; 
TextColor ( w h i t e )  ; 

Write (',UT+') ; 

Write ( I R ' )  ; 
GotoXY (3Z,S4) ; 
Write ( ' C r  ) ; 
GotoXY ( 5 3 , 2 4 )  ; 

GotoXY ( 3 , 4 )  ; 

Procedure discretornenu; 

aegin  
ClrScr;  
Drawscreen; 
cen te r  ( 3 ,  ' Discrete Mothod Se lec t ion  Menu ' , 11, O ,  stype) ; 
TextColor (yel low) ; 
GotoXY (4 ,24 )  ; 
Write ( 'XT+ 3artial eqns F u l l  eTs 

linear Shear 
TextColor (white) ; 
GotoXY (4 ,24)  ; 
Write ( 'ALT+ ) ; 
GotoXY (l4,24) ; 

+ Non- 
e x i t  ' ) ;  



W r i t e ( ' P 1 )  ; 
GotoXY (32,24)  ; 
Write ('F') ; 
GotoXY ( 7 2 , 2 4 )  ; 
GotoXY (50,24)  ; 
Write('Nf) ; 
GotoXY ( 72 ,24 )  ; 
Write ( l x 1 )  ; 
Textbackground ( l i g h t b l u e )  ; 
GotoXY (3 ,4)  ; 
Tex tCo lo r fye l low) ;  
2nd; 

Procedure I n p u t D e s c l l ( v a r  desc :  ary); { f o r  . l a m  inpu t  f i l e }  

begin 

d e s c i l ,  11 := 'Modulus E l 1  (GPa)  '; 
d e s c [ 1 , 2 ]  := 'Poisson V12 ( r a t i o )  '; 
d e s c [ I , 3 ]  := 'Modulus G12 ( r a t i o )  ' ; 
d e s c [ l , 4 ] : =  l *  Modulus E32 * (GPa) '; 
desc  [1,5] := ' * Foisson V 2 3  ( r a t i o )  l ;  

a e s c [ l , 6 ] : =  ' *  Modulus G 3 3  * (GPa)  ' ; 
d e s c [ 1 , 7 ] : =  I f  Xodulus K 2 3  * (G-a) ' ; 
d e s c  cl, 8 1  : = 'Matr ix  Modulus 2 (GPa) ' ; 
d e s c  [l, 91 := 'Mzltrix Poisson V ( r a t i o )  ' ; 
d e s c [ 2 , 1 ] : =  'L. Tens. S t r eng th  (M-a)';  
d e s c [ 2 , 2 ]  := 'L. C o q .  S t rong tn  (MPa) ' ; 
desc  [ 2 , 3 ]  : = 'T. Tzns . Strength (MFa) ' ; 
d e s c [ 2 , 4 ] : =  'T. Comp. Strength (MPa) ' ;  
desc  [2 ,5]  := 'L. Shear Strength  (MPa) ' ; 
desc [z,  61 := 'F iber  V o l .  Fraction ( % )  ' ; 
desc [2 ,7 ]  := ' Fiber Mode1 <T-iso><iso>'  ; 
d e s c l ? ,  81 := 'Fit El2 & G 1 2  <Yes><No>' ; 
d e s c [ 3 , 9 ]  := 'Metal ? <Yes><No>'; 

end; 

Frocedure InputDescl2 (var &SC: a r y )  ; { f i be r  p r o p e r t i o s  in 
.mat 1 

begin 

desc[l,I] := 'E'ib. Modulus Z1 (GPa) ' ; 
d e s c [ 1 , 2 ] : =  ' F i b .  P o i s s o n V l  ( r a t i o ) ' ;  
d e s c [ l , 3 ] : =  'Fib.  Shear G1 (GPa) ' ; 



desc[1,4]:= ' *  F. Modulus Et * (GPa)?; 
desc[l, 53 := ' *  F. Poisson Vt * (ratio) '; 
desc[1,6]:= ' *  F. Shear Gt * (GPa) ' ;  
desc[1,7]:= ' *  F. ModulusKt * ( G P a ) ' ;  
desc [l, 81 := 'Matrix Modulus Em (GPa) ' ; 
desc [l, 91 := 'Matrix Poisson Vm (ratio) ' ; 
desc[2,1] := IL. Tens. Strength (MPa) ' ; 
desc[2,2] := 'L. Comp. Strength (MPa) ' ; 
desc [2,3] : = ' T. Tons. Strength (MPa} ' ; 
desc[2,4]:= 'T. Comp. St~ength ( M P a j f ;  
desc [2,5] : = ' Shear S t rong th  (MPa) ' ; 
desc [2, 61 := ' Fiber  Volume F r a c t i o n  [ a )  ' ; 
desc [ 2 , 7 ]  : = ' Fiber Mode1 <T-iso><iso> '  ; 
desc[2,8j := ' Fit E l 2  & G 1 2  <Yes><No>' ; 
desc[2,9] := 'Metal ? <Yes><No>'; 

end; 

Procedure InputDesc3 ( v a r  desc: arÿ) ; 

descil, l] := 'Layerf; 
aesc [l, 21 : = ' ( $ 1  ' ; 
d~sc[2, 11 := ' Xaterizl'; 
desc[2,2]:= ' (filename)'; 
desc[3,1] := ' .zlngLel ; 
aesc[3,2]:= ' (+ / - )  '-cnar ( 2 4 8 )  ; 
aesc[4,l]:= ' Thickncss'; 
desc[4,2]:= ' (mm) ' ; 
aesc[5 ,1 ]  := ' FiBer Volume'; 
desc [5,2] : = ' (percent) ' ; 
end; 

Procêdure InputDescl (var desc: a r y )  ; 

begin 

desc[l,l]:= 'Load (.Lis) input file:'; 
desc[l,2]:= 'Wall (.wal) input file:'; 
desc[l, 31 := 'Vcssel (.VIS) output file: ' ; 
end; 



Procedure InputDesc4 (va r  desc: a r y )  ; 

begin 
desc (1,1] := ' Inside diameter (mm) ' ; 
desc [l, 21 := 'Wall thickness (mm) ' ; 
desc [l, 31 : = ' Interna1 press. (MPa) ' ; 
d ~ s c  [l, 4 1  := 'Extcrnal  press. (MPa) ' ; 

end; 

Proc edu 
InputDescTable (ox, oy, nx, ny, wix, sy, SC, wdx, sdi, tabno: integor) ; 
{ ox = offset x , starting location 
oy = offset y , starting location 
nx = number o f  collums i n  x direction 
ny = number of rows in y direction 
wix = width of input in x direction 
sy  = spacing of rows in y direction 
SC = s p c e  betweon c o i l m s  
xdx = width  o f  description in x direction 
sdi = spacing between description and input collum 
tabno = input description table n u b e r )  

v a r  
x, y, w ,  o x x ,  oyy: i n t e g e r ;  
ciesc: ary; 
omit: boolean; 

begin 
oxx : =O ; 
oyy: = O ;  
omit:=fulse; 
case tabno of 

1 : ~ e g i n  
inputdescl (desc) ; 
snà; 

3 : begin 
inputdesc3 (desc) ; 
center (oy-3, 'Wall Construction', 10, O, s t y p e )  ; 
~mit:=true; 
snd; 

4 :Degin 
inputdesc4 (desc) ; 
center (oy-3, T r e s s u r e s  & Dimensions ' , 10, O, stype) ; 
end; 



11,12:begin 
inputdescll (desc) ; 
centor (oy-2, 'Lamina Properties ' , 10, O, s type )  ; 
end; 

1 3  :begin 
inputdescl2 (aesc)  ; 
center (oy-2, ' Fiber & Matrix P r o p e r t i e ç '  ,IO, 0, s type)  ; 
2nd; 

end {case); 
for x:=l to nx do 
Degin 
for y:=l to ny do 

begin  
if x=l  then oyy  :=oy; 
if y=l then oxx :=ox; 

if no t  omit then 
Degin 
textcolor (yellow) ; 
GotoXY(0xx-wk-sdi-wix-sc+x*(wd~ 

w i x i s d i i s c )  , oyy+ ( y 4  ) * s y )  ; 
write (&SC [ x ,  y] ) ; { i n p u t  descri-tion} 
2nd; {if not omit) 
if omit tnen 
begin 

i f  ( y  <= 2 )  and (x <= 5 )  t hen  
Degin 

Textcolor (yellow) ; 
Textbackground (Dlack) ; 
GotoXY (x*14-8, y+3)  ; 
wxite (àesc [x,  y ]  ) ; ( i n p u t  description} 

2nd; {if y less than  2 }  
, C 2nd; {ir omit} 

end; {y-loop) 
end; {x-loo?} 

cursx:=ox+w~+sdi; 
cursy: =oy; 

end; {procedure) 

Procedurê Rotdesc(var adesc:aryl ;var qdesc:aryl; var 
Amatrix, Qnatrix: realarray6x6) ; 
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adesc[l,l] := 'arrl; 
adesc [2,2] := ' al+char ( 2 3 3 )  ichar ( 2 3 3 )  ; 
adesc[3,3] := ' a z z ' ;  
adesc[4,4]:= 'a'+char(233)i1z'; 
adesc[5,5] := 'arzl; 
adesc[6,6] := 'ar1+char(233); 
aaesc[l,S] := 'a'+char(233)+'r1; 
adesc[l,3] := ' azrl; 
oaesc[2,3] := 'azf+char(233); 
adesc[2,1] := 'ar1+char(S33) ; 
adesc[3,1] := ' a n ' ;  
adesc[3,2] := 'al+char (233) + ' z l ;  

Proceaur? 
3otDescTable (ox, oy, nx, ny, wix, s y ,  SC, wdx, sdi: intêgêr) ; 

var 
x, y, w, oxx, oyy: i n t e g o r ;  
aàesc, qdesc: arqrl; 
d m :  string; 
t r a n s k x e a l ;  
.?matrix, Qmatrix : raalarray6X6; 

beçin 
oxx:=O; 
o y y :  =O; 
Rotdesc (adesc, qdescI19matrixI Qmatr ix)  ; 

f o r  x:=l to nx do 
f o r  y:=l to ny do 

begin 
if x=l thên oyy :=oy; 



if y=l  thon o x x  :=ox; 

oyy+ ( y - 1 )  " s y )  ; 
Textco lor  (blue) ; 
i f  abs (qmat r ix [y ,x]  ) > lE-10 then 

begin 
if (x=4) and (y<x) o r  (y=4) and (x<y) o r  (xiy=ll) then 
textbackground (Magenta) 
e l s r  
textbackground ( l i g h t g r a y )  ; 

writo (qdesc [x, y] ) ; { ro t a t ed  s t i f f n e s s  rnat r ix)  
end 

e l s e  
~ e g i n  
textbackground (black) ; 
write(' ' 1 ;  

end; { i f  thon e l s e )  

GotoXY (oxx-wix-sc+xt (sdi+wax+wix+sc) , oyy+ (y-1) * s y )  ; 
Textbackground (Dlock) ; 
Textcolor (ligntcyan) ; 
i f  a b s ( p a t r i x [ y , x ] )  > 1E-10 t hon  

begin 
writt (qrrLazrix [y, x] : 6 :  2 )  ; {siiffness} { p u t  qmat r i x  

when àono) 
end 

clse 
&gin 
write ( ' 
end; 

GotoXY (oxx-wck-sdi-wix-sc+x* (wdx+wix+sdi+sc) , 
O+oyy+ (y-1) ' s y )  ; 

Textcolor (Slue) ; 
TextBackground ( l i g h t g r a y )  ; 
if abs (amatrix[y,x] ) > 1E-10 then  

Degin 
if (x=4) and ( y < x )  or (y=4)  and (x<y) or (x+y=ll) rnen 
textbackground (Magenta) 
e l se  
textbackground(1ightgray); 

write (adosc [x, y] ) ; { r o t a t e d  cornpliance matrix) 
end 

else 
~ e g i n  
textbackground (black) ; 
wri te  ( '  Y ;  

end; { i f  then  e l se )  



GotoXY (oxx-wix-sc+x* (sdi+wdx+wix+sc) ,9+oyy+ (y-1) fsy)  ; 
Textbackground (black); 
Textcùlor(lightcyan); 
if abs (amatrix [y,x] ) > lEdIO then 
begin 
writo (1000*amatrix [ y , x ]  : 0 : 2 )  ; {cornpliance} 
end 

e l s e  
begin 
write ( ' ' 1 ;  

end; { i f  then e l s e )  
end; {for) 
c e n t e r  (5, ' 

', 9, O, s t y p e )  ; 
Center ( 5 ,  'Stifiness Matrix (GPa)  ', 9,0, s t y p e )  ; 
center (14, 

' r 9,0, s t ype)  ; 
Center ( 1 4 ,  Tompliance Matrix i l / T P a )  ' ,9, O, s t y p e !  ; 
curser off (stype) ; 
trans~T=sqrt ( (la [l, 1, l] - 

sqr(la[l, 1 / 3 1 )  / l a [ l , 3 , 3 1  / ( I a [ 1 1 2 t 2 ] -  
sqr ( l a [ 1 , 2 , 3 ]  / l a  [ 1 1  3 /  31 ) 1 ; 

str (transk:5:4,dum) ; 
center ( 2 2 ,  ' 

Center (22, "'Avoidance f a c t a r "  K is: 
textcolor (blue) ; 
textbackground (ligntg~ay) ; 

' / 3, O, s t j rpé)  ; 
' + d m ,  9,0, s type)  ; 

G o t o X Y  ( 6 6 , 2 )  ; 
write(char(24l)+'anglo p l i e s ' ) ;  
textbackground (black) ; 
textcolor(ligntcyan); 
Gotoxy ( 6 6 , 4 )  ; 
write ( ' r = r a d i a l  ' ) ; 
Gotoxy ( 6 6 , 5 )  ; 
wri te  (cnar(233) + '  = hoop ' )  ; 
gotoxy (66,6j ; 
write ( ' z = axial1 ) ; 

end; {procedure) 

"ocedure MicroDesc(var Qmaides,Cmatdes: a r y l ) ;  
var i,j:integer; 

begin 
f o r  i:=l to 6 do 
f o r  j:=l t o  6 do 
begin 
Qmatdes[i,jJ:= l 9 ;  



Cmatdeç[i,j]:= "; {makes sure that rnatrix is empty} 
end; 

Qmatdes[l,l]:= 'Arrl; 
Qmatdes [ Z r  11 := 'AI' +char ( 2 3 3 )  ; 
Qmatdes[3,1] := 'FJ-z'; 
Qmatdes[1,2]:= 'A'+char(233)+'r1; 
Qmatdes [2,2] := 'Af+char ( 2 3 3 )  +char (233) ; 
Qmatdes[3,2]:= 'A1+char(233)ifz'; 
Qmatdes[1,3] := l - k r f ;  
Qmatdes [ 2 , 3 ]  := 'Az '+char  (233) ; 
Qmatdes [3,3] := lAzzl; 
Qmatdes[4,4]:= 'A1+cnar(233)+'z'; 
Qmatdes [5,5] : = ','4rz ' ; 
Qmatdes [6,6f := 'AP+char ( 2 3 3 )  ; 

Cmatdes[l,l] := ' a r r ' ;  
Cmatdes [ Z r  11 := ' a r ' i -char  (233) ; 
Cmatdes[3,1] := 'arzl; 
Cmatdes[1,2] := 'ar+char(233) +'rf ; 
Cmatdes[2,2] := 'a1+char(233)+char(233); 
C~ataes[3,2]:= ' a ' + ~ h a r ( 2 3 3 ) + ~ ~ ~ ;  
Cmztc ies  [1,3] := 'szrl ; 
Cmatdes [2,3] := asf+chzr ( 3 3 3 )  ; 
C m a ~ d 2 ~ [ 3 ~ 3 ]  := 'azzl; 
Cmâtdes [4,4] := ' a'-cnar (233)+' z l ;  
Cmatdes[5,5]:= lx?; 
Cmatdes[c', 61 := arl+char (233) ; 

end; 

OutputDescTable (ox, o y r  ax, ny, wix, s y ,  SC, wdx, s d i  : integer;var 
Qstor, Cstor: re î la r ray6X6)  ; 
[ ox = offset x , starting location 

oy = offset y , starting l o c a t i o n  
r,x = n u b e r  of collums in x direction 
ny = number of rows in y direction 
w i x  = width of input in x direction 
s y  = spac ing  o f  rows i n  y direction 

w d x  = xidth of description in x direction 
sai = cpacing between description and input collunt } 

var 
X, y r  w, OXX, oyy,  i: integer; 
Qmatdes,Cmatdes: aryl; 



begin 

oyy:=o;  
microdesc (Qmatdes, Cmatdes) ; 

for x : = l  to nx do 
for y:=l to ny ào 
begin 
if x=l then oyy :=oy; 
if y=l then oxx :=ox; 
GotoXY(oxx-wdx-sdi-wix-sc+x*(wdx+wix+sai+sc),oyy+(y- 

L )  * sy )  ; 
Textcolor (blue) ; 
Textbackground (lightgray) ; 

write (Qmatdes [ x ,  y ]  ) ; { output d e s c r i p t i o n }  
GotoXY (oxx-wix-sc+x* (sdi+wdx+wix+scj , oyy+ (y-1) * s y )  ; 
Textbackground (black) ; 
Textcolor (lightcyan) ; 
if (x<4) and (y<4) or (x=y) then 
write (Qstor[y,xj : 6 : 2 )  ; 

GotoXY(oxx-wdx-sdi-wix-sc+xi(wdx+wix+sdi+sc),9+oyy+(y- 
1) " s y )  ; 

Text~ackground ( lightgray) ; 
Textcolor ( ~ l u l )  ; 
xrite (Cmatdss Lx, y ]  ) ; 

if (x<4) and (y<4) or (x=y) then 
Degin 
GotoXY (oxx-wix-scix*  (sai+wdx+wix+sc) , %oyy+ (y-1) * s y )  ; 
Textbackground (blzrck) ; 
T e x t c o l o r  (lighccyan) ; 

writo (1000*Cstor [ y , x ]  : 6 : 2 )  ; 
end; 
end; 
Center ( 5 ,  'Stiffness Matrix (GPa) ' ,9,0, s t y p e )  ; 
Cmter (14, Tompliance Matr ix  (l/TPa) ' ,  9 , 0 ,  s c ~ e )  ; 
Curse r  of r' ( s t y p e )  ; 
textbackground (black) ; 
~extcolor(ligntcyan); 
Gotoxy(66,4) ; 
write ( ' r  = radial' ) ; 
Gotoxy(60,5) ; 
write(cnar(233)iV = hoop'); 
gotoxy(60,0) ; 
write('z = axial'); 



Procedure Microliesult ;  

var 
Q s t o r ,  Cstor: r ~ a l a r r a y 6 X 6 ;  
i ,  j : i n t e g e r ;  
t ransk:  m a l ;  
d m :  s t r i n g ;  

begin 
f o r  i:=l to 8 do 
f o r  j : = l  t o  6 do 

bcgin 
Q s t o r [ i , j ] : = Q [ i ,  j ] ;  
Cstor[i, j ]  : = C C [ i ,  j ] ;  

end; 

Q s t o r  [l, l ]  := Q [ 3 , 3 ]  ; 
Q s t o r [ 3 , 3 ]  := Q [ 1 , 1 ] ;  
Q s t o r  [1,2] := Q [ 3 , 2 ]  ; 
Q s t o r [ 1 , 3 ] : =  Q [ 3 , 1 ] ;  
Qstor ( 2 , 3 ]  := Q [ 2 ,  1 1  ; 
Q s t o r  f 2 , 1 ]  := Q [ S ,  31 ; 
Ç s t o r  [3,1] := Q [ 1 , 3 ]  ; 
Q s t o r  [ 3 , 3 ]  := c [ l , 2 ]  ; 
Q s t o r [ 4 , 4 ] : =  Q [ 6 , 6 ] ;  
Q s t o r [ 6 , 6 ] : =  Q [ 4 , 4 ] ;  

C s t o x [ l , l ] : =  C C [ 3 , 3 ] ;  
C s t o r  [ 3 , 3 ]  := ZC[l,l]; 
C s t o r  [ 1 , 2 ]  := C C [ 3 , 2 ]  ; 
C s t o r [ 1 , 3 ] : =  C C [ 3 , 1 ] ;  
C s t o r [ 2 , 3 ] : =  C C [ 2 , 1 ] ;  
Cstor [ 2 , 1 ]  := C C [ &  31 ; 
C s t o r  [ 3 , 1 ]  := C C [ l ,  31 ; 
Cstor [ 3 , 2 ]  := C C [ l , 2 ]  ; 
C s t o r  f 4 , 4 ]  := C C [ 6 , 6 ]  ; 
C s t o r [ 6 , 6 ] : =  C C [ 4 , 4 ] ;  

Center(22,Tm,9voi~~nce f ac to r t1  K i s :  1 . 0 0 0 0 f , 9 , 0 , s t y p e ) ;  

end; 

end. (unit) 



Unit Editor; 
{$O+, F+) 

i n t e r f a c e  

uses glob var ;  - 

Procedure InputEQit(var s: string; 
v a r  rnaskmask - names; 
new: bool2an; 
s t y :  integer; 
var  n p i c k f ,  i p i c k f ,  iiln: intoger; 
var  abandon:Doolean; 
windowlength, 
maxlength, 
x, y :  i n t e g e r ;  
FT : char; 

backgroundchar, ox, oy, nx,ny, wix, sy, SC, wdx, sui: i n r e g - r )  ; 

Proceàure InputEdit(var s:string; 
var mask:mask - n a e s ;  
new:~oolean; 
sty: in teger ;  
var n p i c k f ,  l p i c k f ,  filn: i n t sge r ;  
var  a ~ a n d o n :  boolean; 
windowlength, 
maxlength, 
x, y :  in teger ;  
FT : char; 

jackgroundchar, ox, oy,nx, ~ y ,  wix, s c , w d x  , s d l  : i n t s g e r )  ; 

var 
xx, i, j ,p ,  fx, fy, tx,  ty: integer; 
ch: char;  





if (x=ox+wdx+sdi) and (y=oy)  then {makos an imported 
f i l e  immediately visible) 

begin 
f o r  tx:=l to nx do 

f o r  ty:= 1 to ny do 
begin 
ix: =x+ ( tx-1) (wix+sc+wdx+sdi) ; 
fy:=y+ (ty-1) % y ;  
s := holdstr [tx, ty] ; 
tempstr := copy(s,offset,i~indowlength); 
fastwrito E x ,  fy ,  tempstr, white,black) ; 
end; 

end; 

fx:=(x-ox+wix+sc)div(wdx+wix+sc+sdi); { x  & y a r t  
changed by arrow keys, other constants j u s t  

provide correct  offsets) 
fy: = (y -oy+sy)  div ( s y )  ; 
s:=holdstr [fx, fy] ; 

F f  mask[l] 0 ' o f f '  t n o n  
j eg in  

sorrciirlist (rnask, diri', fcount) ; 
displayfilos ( filename, filn, s i y I  npickr' ,  U k r f ,  fcounc) ; 

end; 

i , - =  . length ( s )  +l; 
f o r  i : = j  :O maxlength do 

s [ î ]  := cnar(backgroundchar); 
s [ O ]  : = char (rnaxlengch) ; 
Tempstr:= copy ( s r  1, windowlengch) ; 

repeat 
xx:= x + ( p - o f f s e t ) ;  {x-position is incremented) 
If (p-offset) = windowlength tnen 
x x :  =xx-1; 

if inserton then 
i nkey  (specialkey, ch, S ' , ' O 1  ) 

else 
inKey(specialksy,ch, 'B', 'Ot); 

If (FT = IN') tnen 
begin 



if (key  = t e x t k e y )  then 
begin 
bee? (100,250) ; 
key := nullkey; 
end 

else if (ch = '-')and((p>l)or(s[l] = ' - ' ) )  then 
begin 
beep ( 1 0 0 , 2 5 0 )  ; 
koy:= n u l l k y ;  
end 

olse if (ch = ' . ' ) then 
Segin 
if not((pos('.',s)=O) or (pos('.',s) = p ) )  t h e n  
begin 
beep (100,250) ; 
key:=nullksy; 
end . - 

else iI (~os('.',s) = p )  then 
delete ( s r - ,  1) ; 
end; 

end; 

case k e y  cf 

numberkoy, spac?, roxrkey :  
Degin 
if (longth(s) = Yaxlength) t h n  

&gin 
if r= maxlength ~ h e n  

bêgin 
5212te (s, maxlangCh, l); 
3:= s+cn; 
{Sesp (400,jO) ; ) . - 

p=wFndowlength+offsst rhen 
o f f s e t  := offsettl; 

r i rnps t r  := copy (s, o f f s s t ,  wLndow1engti-i) ; 
Eastwrite (x ,  y, tempsir, white, C l a c k )  ; 
snd 

i x e r t  (ch, s, p) ; 
if p=windowlength+offset t h e n  

0 f E ~ 2 t  := o f f s e t i l ;  

p:=  p + l ;  
rempstr:= cosy ( s ,  o f f s e t ,  windowlength) ; 
fastwrite (x,  y, tempstr, white, black) ; 



end 
else  ( *  overwrite * )  
begin 
delete(s,p, 1) ; 
i n se r t  (ch, s, p )  ; 
if p=windowlength + offset thin 

offset := offsetil; 
If pmaxlength thon 

?:=pl; 
Tempstr:= copy ( s ,  offset, windowlength) ; 
fostwrite (x ,  y, tempstr, whito, black) ; 
end; 

end; 
end 

else 
begin 
if inserton then 
begin 
i n s e r t  (ch, s , p )  ; 
2nd 

o l s 2  
jeg in  
&Let2 ( s ,  3,1) ; 
icszzt  (ch,  S, p )  ; 
end; 

if p=winàowlength+ofiset tnen 
offsec:=offsetil; . - ir p<rnaxlzngtn then 
? : = p l ;  

T q s t r :  = copy ( s r  o f f s e t  , windowlangih) ; 
fcstwrite (x, y, tempstr,xhite, black) ; 
end; 

end; 

begin 

s : =sicnar[backgroundchar) ; 
iE offset>l then 

offset :=offset-1; 
ternpstr: = copy ( s r  offset, windowlêngth) ; 
fastwrits (x, y ,  tunpstr, w n i t ê ,  black) ; 

1 1 .  
r 

end 

begin 



p:= 1; 
àelste ( s , p ,  1) ; 
s : =s+char (backgroundchar) ; 
if offsetX then 

offset:=offset-1; 
tempstr:= copy (s, of f se t ,  windowlength) ; 
f a s twr i t e  (x,  y, tempstr ,  white,  blâck) ; 
Decp (100,250)  ; 
ch:=' 1 -  

end; 
end; 

begin 
if p<maxlength then 
begin 
p:=p+1; 
if p= (windowlength+of f se t )  then  

begin 
o f f s o t  :=of f s&+l ;  
C ~empstr:= copy ( s ,  o f f s e r ,  winaowlength) ; 
f a s t w r i t z  (x ,  y, s r  white,  31ack) ; 
end; 

snd  
lise 

j e g i n  
Dee- ( 4 0 0 , j O )  ; 
p: =maxlength; 
end; 

end; 

l e f t o ~ r o w :  
D e g i n  
if 921 ihen 
Degin 
p:=p-1; 
if p < o f f s e t  then 

begin 
o f f s e t : = o f f s e t - l ;  
tempst r :=  copy ( s ,  o f f s e t ,  window1zngth) ; 
f a s t w r i t e  (x ,  y, s, whi te ,b i ack )  ; 
end; 

end 
e l s e  

begin 
beep (100,250) ; 
p:=l; 
end; 

2nd; 



DeleteKey: 
begin 
delete (s,pr 1) ; 
s : =s+char (backgroundchar) ; 
if ( ( i e n g t h  ( s )  +l )  -offset) >= windowlength then 
beyin 
tempstr :=copy ( s r  offset, windowlength) ; 
fastwrite (x, y, tampstr, white ,  b l ack )  ; 
end 

else 
begin 
tempstr := copy(s,offset,window1enqth~ ; 
fastwrite ( x ,  y, tompstr, white, black) ; 
end; 

end; 

InsertKey: 

Degin 
fastwrite ( x ,  y ,  ' ' , white,black) ; 
s : = f i l e n u n e ;  
f a s twr i t e  ( x ,  y, s, whi te ,  b l a c k )  ; 
end; 

ênakey:  
begin 
if mask[l] ' o f f '  then  

beg in  
i f  f coun t  > 5* (23-sty) +l 
begin 

=ilq:= ---. f i l n + l ;  

tnen 

if (filn > fcount-5*(23-sty)+lj t 2 o n  
filn:=fcount-5* (23-sty)+l; 

end; 
aisplayfiles (filename, fiinr 

s ty ,  npickf, dirf, Ecount) ; (scrolling d i s p l a y )  
end 

e l s e  
g o t o  f l a g  - out; 

end; 

homekey : 
begin 
if masK[I] <> ' o f f '  then 

begin 
filn:= filn-1; 
i f  filn < 1 then filn:=l; 
displayfiles ( filenamer f iin, 

sty, npickf, d i r f ,  fcount) ; {sc ro l l i ng  display} 
end 



else 
goto  f l a g  - out; 

end; 

PGDN: 
begin 
i f  mask[f ] ' o f f '  then 
begin 
npickf :  = l p i c k f + l ;  
i f  np ickf  > 5* (23-sty) thon npickf:  = 5* ( 2 3 - s t y )  ; 
if npickf > fcount then np ickf :=  fcount ;  
p i c k f i l e  (filename, n p i c k f ,  lpickf, 

f i l n ,  sty, airf, f c o u n t )  ; 
l p i c k f : = n p i c k f ;  
end 

else 
goto  f l a g  ou t ;  - 

srid; 

beg in  
i f  mask[1] <> 'off' then 

begin  
a p i c k f : =  l?ickf-1; . - 
iI npickf  < ? chan 

begin 
npickf:=l; 

end 
else 

goto  flag - ou t ;  

êlse if not (key In [ C a r r i a g e r e t u r n ,  upS~row,  
dowhUrow, PgDn, PgUp, homekey, endkey, 

Al tX,nul lkey,  esc,  tab,  s n i f t t a b ]  ) t h e n  
Sesp (100,250) ; 

end; 

until (key In [carriagaXeturn,tab,snifttab, 
esc, downarrow, uparrow, 

AltN,IUtM,P1tL,AltW,AltX,AltPfAlt3,AltD] ) ; 
f l a g  out: 

c u r s ê r s m a l l (  ' C f  ) ; 
i f  (kêy=esc) o r  (key=PLTX) then a3andon:= t r u ê ;  
setstring (ox, oy, nx, ny, wix, syr SC, wdx, sd i )  ; 



Procedure 
-lov~EditWindow(mask:mask - names;new:boolean;ft:char;sty,ox, 

oy, nx, ny, wix, s y ,  SC, wax, sdi : i n t e g e r ;  var  
n o t s k i p ,  abdon:boolean) ; 

var 
i, j ,  np i ck f ,  l p i c k f ,  fi1n: i n t e g e r ;  

s: e x t s t r ;  
d i r f  : d i r  f i l e s ;  
fcount : integer; 

label 
jumpoutl ,  f l a g l ;  

begin 
1: . = 1; 
npickf 
l p i c k f  - .  -. ~ d n :  = 
CI r l a q l :  

Inpu t Z d i t  (S, mas K, now, s t y ,  npi 
wi ndowl~ng tn  

ckf, l p i c k f ,  f iln, abdon, 
, maxlength, cu r sx ,  cursy ,  ft, 

backgroündchar, ox ,oy,nx,ny,  wix, sy ,  sc,wdx, sdi) ; 

downarrow : 
begin 
cursy : =cursÿ-sy; 
i f  cursy >= oy-sy+nyXsy then cursy:=oy-sy+nytsy; 
In-utEdit ( S, mask, new, s t y ,  npickf,lpicki,Eiln, abdofi, 

xinaowlength, maxlengrh, cursx, cu r sy ,  r't , 
backgroundchar, ox, oy ,  nx, ny, wix, sy, S C ,  wck, stii) ; 

end; 

uparrow: 
begin 
cursy :=cursy-sy; 
if cursy < oy t hen  cursy:=oy; 
InputEdit (S,mask, new, sty, npickf , Ipickf,filn, abdon, 

windowlength, maxlength, cu r sx ,  cu r sy ,  ft , 
Sackgroundchar, ox, oy,  nx, ny, wix, s y ,  SC, w d x ,  sdi) ; 

end; 



Tab: 
begin 
cursx := cursx + (wix+sc+wdx+sdi); 
if cursx >= nxf(wdx+sdi+sc+wix)+ox ihen 

cursx:= nx* (wdx+sdiisc+wix)+ox-wix-W~X-SC; 
InputEdit (S,mask, new, sty, npickf , lpickf,filn, ab do^, 

windowlength, maxlengthr cursx, cursyI f t, 
backgroundchar, ox, oy, nx, ny, wix, sy, SC, wdx, sdi) ; 

end; 

Shir ' tTab: 
begin 
cursx : = cursx - (sdi+wdx+sc+wix) ; 
if cursx < ox+wdx+sdi t hen  cursx:= ox+wdxisdi; 
InputEdit (S, mas k, newf s t y ,  npickf, lpickf,:iln, abdon! 

windowlength, maxlength, cursx, cursy, f t , 
~ackgroundchar, ox, o y f  n x ,  ny, wix, sy ,sc ,  wdx, sdi} ; 

end; 

t u r n :  
Degin 

notskip:=false; 
goco j umpout 1; 

begin 
notskip:=false; 
Goto S~mpoutl; 
2nd; 

end; {case}  

until key = esc; 
jumpoutl: 
Gotoxy (3,4) ; 

end; 

end. {unit) 



Unit Ves Util; 
{$O+, ,+}- 

i n t e r f ace  

DirList (mask  I n :  s t r i n g ;  var  N a m e  1 - 
var file - countor: intogêr) 

ist : dir files; - 
? 

Procedure C a l l a i r ;  

Procedure Curser - OfI(stype :char); 

Procsdure Curser - s m a l l ( s t ~ e  :char); 

Proceàure Curser - big(stype : cha r ) ;  

3roced~rs Inkey(v=r functionKey : boolean; 
var  cn :char;bigincurser, rndcx r s s r :  char); 

Procedur- Roypressed(var &:char;  var fk:~ooloan); 

?rocedure R e n m o f i l e ( v a r  succ~ss :boo lean ;va r  
nwname: s t r i n g )  ; 

Procedure getfilepar(ext1:mask names;var f namcs t r i ng ;  
va r  q~~~~Tint2~er;new:bool-an; 
v a r  acrcss ,  abort : boolean) ; 

Procedure d i s p l a y f i l ê s ( v a r  fname:string;var f i l n ,  
sty, npicf: in teger ;va r  a i r f :  
dir - files;var fcount: i n t ege r )  ; 

P r o c t à ~ r s  pickfile(var fname:string;var 
npicf, I p i c f ,  filn, sty: integer;  
var  d i r f :  dir - f i l e s ;  var fcount :  integor) ; 

Procxiure  SortDirList(var mask1ist:mask names; -. var r l l e 1 i s t : d i r  - fi1eT;var coun t : in teger ) ;  



Procedure Join (var a~andon: boolean) ; 

Procedure getnewfnme (var  suîccss : boolean) ; 

implementation 

uses crt, dos, editor,menus; 

Procedure DirLisc(mask in:string; v a r  Name-1ist:dir files; - 
var ?ils counttr: i n t e g e r )  ; - 

var 

rogs:registers; 
DTAsag, DTAofs : word; 
Filename: string [ 2 0 ]  ; 

Degin 
fillcnar ( regs,  sizeof(rogs) ,0) ; 
file - counte1:=0; 

r e g .  A.2 : =$2 F; 
MsDos (regs) ; 
with regs do 
Degin 
DTAseg:= ES; 
DTAofs:= 9X; 
2nd; 

Fillchar (Regs, Sizeoi(regs) , O )  ; 
MasK in:= mask - in+#O; 
~ i t h - ~ e ~ s  do 

begin 
0 ï * =  --.. $4E; 
DS : = Seg (mask Fn) ; 
Dx : = O f s  ( ~ a s k i n )  - +l; 
CL:= $00; 
end; 

MsDos (regs) ; 



If Regs.PJ, <> O then exit; 

i:=l; 
repeat 
Filename [il := Chr (mern [DTAseg :  3TAofs+29+i] ) ; 
F:= i+i; 
u n t i l  (Filenme[i-11 < # 3 2 )  or ( i X 2 )  ; 

F i l m a m e  [O] := Chr (i-1) ; 
F i l e  - counter:= 1; 
N a m e  - list [fil? - counter] : = Filmame; 

repeat 
FillChar (regs, sizeof(r2gs), O )  ; 
with regs do 

beg in  
JX:= $4F; 
CL:= $00; 
end; 

MsDos ( regs )  ; 

If Regs .FL=O t h o n  
beg in  

repeat 
Filename[i]:= Chr(Xem[DT,9seg:DTAofs+29+i]); 
i * =  i+l;  - .  
Until (filmame [i-l] < #32)  or (i>12) ; 

Inc  ( f i l e  countc, 1) ; 
~iltnameT01 := Chr(i-1) ; 
fuma-list [ f i l e  - counter ]  : = Fi lênm?;  
end; 

end; {procedure) 

Procedure Curser - Off(Stype x n a r ) ;  
v a r  

Xegs: regist2r.s; 
gegin 
With regs do 

begin 
,AH :=SOI;  
CH :=$20; 
CL :=$20; 



end; 
intr ($10, regs)  ; 
end; 

Procedure Cur se r  - srnall(stypc :char); 
var 

reçs : Registors; 

Case stype 02 
'!!Ir : 
Begin 
With Regs ao 

begin 
FH := $01;  
C 3  := $12; 
Cl := $13; 
end; 

end; 
' C '  : 

sna;  
i n t r  ($10, regs) ; 

end; 

Procedure Cursor - Dig ( s t y p e  : char )  ; 
var 

r e g s  : Xegist2rs; 

Begin 
Case stype of 
'MY : 

Segin 
With Regs do 

begin 
*4H := $01; 
CH := 0; 
Cl := $13; 
end; 



end; 
' C '  : 

3egin 
W i t n  regs do 

begin 
A 3  := S o i ;  
CH := 0; 
CL := 7 ;  
end; 

end; 
end; 
i n t r  ($10, regs) ; 

end; 

Procedure Beep ( F r s q ,  Time: i n t e g e r )  ; 

Degin 
sound ( f req) ; 
& l a y  (time) ; 
nosound; 

erid; 

Procodure I n k y ( v a r  5.mctionRey : Doolean; 

var 
Col : char; 

Degin 
Col := ' C F ;  

case begincursx o f  
'3' : C u r s e r  big (Col) ; 
'SI : ~urser-small(Col); - 
' 0 '  : Curser zff(Co1) ; 
end; 

FunctionKey := fa l se ;  
cn : = readkey; 
if (ch = #O) r 5 e n  

Degin 
functionkey :=truc; 
cn:= readkey; 
end; 

If functionkey t h s n  



case ord(ch) of 
15: key:=shiftTab; 
7 2 : key : =upArrow; 
80: k e y :  =downPzrow; 
75: key:=left&row; 
7 7  : key : =rightarrow;  
73: key:=PgUp;  
81: key:=PgDn; 
7 1 : key : =HomeKey; 
7 9 : key : =endKey; 
83:  k e y : = d d e t r K e y ;  
8: : koy : =insertK-y; 
59: key:=fl; 
50: key:=f2; 
61: key:=f3; 
62: k e y : = f 4 ;  
63 :  key:=f5; 
64:  k e y : = f 6 ;  
65: key:=f7; 
6 6 :  k e y : = f 8 ;  
6 7 :  key:=f9;  
68:  k e y : = f l O ;  
23 :  ksy:=Altl; 
31: key:=AltS; 
45: k e y : = M t X ;  
4 6: key: =ALiC; 
1 8 :  k e y : = ? J t S ;  
19: key:=Alt2; 
50 : koy: =J.l-,M; 
3 3 :  key: =Alti?; 
4 8 :  k e y : = A l t 3 ;  
47:  Key:=.A.lrV; 
38 :  koy:=AltL; 
17  : key: = . . . l t W ;  
3 8 :  kêy:=.%ltJ;  
LI - O: key:=Alt?; 
22  : key: =Altu; 
3 2 :  k e y :  =AltD; 
49: key:=AltN; 
2 4  : key:=,nltO; 
2nd 

e lse  
case crd (ch) o f  
8 :  key := bksp; 
9 :  key := tab ;  
13: key:= carriagereturn; 
2 7 :  k e y : =  osc; 
32: Key:= s2ace; 
33. .44,47,58..254: Key:=textkey; 
45,46,48..57: Key:= n d e r k e y ;  



end; 

case endcurser of  
'3' : curser b ig(Co1) ;  
' S I  : curser-small  (Col) ; 
' 0 '  : c u r s e r o f f  - (col) ; 
2nd; 

end; 

Procedure C a l l d i r ;  

var 
n, r , m ,  f L f  1, lc,  u: i n t e g e r ;  
spec ia lkey :  boolean; 

label flag2; 

begin 
f lag2 : 
t e x t c o l o r ( l i g n t g r a y ) ;  
t sxrbacKground(9 lack) ;  
GotoXY ( 5 7 , 1 4 )  ; 
write ( '  

2or i:= 1 t o  7 do 
&gin  
gocoxy(4, E+i) ; 
K l t e  ( ' 
end; 
GotoXY ( 4 , 1 4 )  ; 
Write ( ' E n t e r  DOS f i lespec;  
t o x t c o l o r  (yel low) ; 
gotoxy ( 2 8 , l o )  ; 
w r i t e ( ' * .  wal mat lm'); 
t s x t c o l o r ( l i g h t g r a y ) ;  
Gotoxy (30,141 ; 
write('<'); 
f o r  i:= O t o  1 do 

begin 
go toxy  (34+i*4,14) ; 
write('/'); 
end; 

gotoxy ( 4 6 , 1 4 1  ; 
r ead ln  ( f i l e s p e c )  ; 
c u r s e r  o f f  ( ' c i ) ;  

' ) ;  {erases previous input 
if y o g r a m  loops} 

i f  f i l e s p e c  = " then f i l e s p e c : = ' * . * ' ;  
DirList ( filespec, df S c )  ; 
if fc > 35  then 



begin 
gotoxy(35,23) ; 
write(' PgDn / PgUp l); 
end; 

r n : = O ;  
L:= fc div 3 5 ;  
fi,:= fc inod 3 5 ;  
if L = O then u:=fl; 
if L -O O then u:=35; 

f o r  i:= O to u-1 do 
begin 
n:=i div 7; 
r:=i mod 7; 
gotoxy(4+n*15, r + l 6 )  ; 
writeln (df  [ i+l] ) ; 
end; 

Repeat 
Inkey (specialkey, ch, 'sr, '0' ) ; 

case key o f  

PgDn: 3eg in  
m:=rn+35; 
u:=rn+35; 
if m > 1 * 3 5  tnen m:= 1*35;  
if u > fc then u : =  fc; 
f o r  i:= 1 t o  7 do 
begin 
gotoxy(4, E+i) ; 
m i t e  ( ' 
end; 
for i : = m  to u-1 do 

begin  
n:=i d i v  7;  
r:=i mod 7; 
if n > 4 then 
n:= n mod 5 ;  
gotoxy (4+ni15, r+N) ; 
writeln (df [ i+l] ) ; 
end; 

end; 

PgUp: begin 
m:= rn-35; 
if rn < O then m:= O; 
u:= rn+35; 
if (u=35) and (1=0) then u:= fl; 
for 3 : =  1 to 7 do 



begin 
gotoxy (4,15+i) ; 
write ( 
end; 
for i:= m to u-1 do 

bogin 
n:=i div 7; 
r:=i mod 7; 
if n > 4 then 
n:= n mod 5; 
gotoxy (4+n*l5, r + E j  ; 
writêln(df [i+lj) ; 
end; 

end; 
end;{casz) 

if n o t  (key in [F2,AltX,ALtN,AltDIAqItZ, 
A1tPrA1tJ,-AltC, AltF,AItL,AltM, 
Ll tW, , 2 d t U r  d q l t V ,  -Al tS, AltR, PgDn, PgUp j ) 

then  beep (150,250) ; 
i f  key = F2 thon goto flag2; 

until key in ( [ ? l t X , P L t N , A l r D , A l t " A l t ? ,  
AltJ,_nltC,AltF,AltL,AltV, 

AliW,AltU,AltV A - l i S , A l t E i ]  ) ; 
cu rse r  small( ' c '  ) ; - 

end; 

?rocsàuro Keyprosssd (var ch: char ;  v a r  f k: boolean) ; 

~ e g i n  
fk:= false; 
ch:= readkey; 
if cn = #O thzn 

begin 
fk:= t rue;  
ch : = readkey; 
end; 

end; 

Procxiure  Deletefile(var success:~oolean); 
var 
f i l  ex: file; 
ercd:integer; 



assign (filex, currentfile} ; 
erase (filex) ; 
ercd:= IOresult; 
if IOresult <> O then 

success:= t r u e ;  
{SI+) 
end; 

Procedure Renarnefile(var success:boolean;var 
newname:string); 
var 
filex: file; 
npicf, lpicf, filn: integer; 
mask:mask names; 
new:boole%; 
d: dirstr; 
n:namestr; 
P, ne: ~xtstr; 

begin 
fsplit (currentfile, df n, s) ; 
gotoxy(4,5) ; 
textcolor (white) ; 
xriîs ( ' 
gotoxy (4 ,s )  ; 
wriie ( ' Renme as ( ' + e + ' )  : ' )  ; 
textcolor (yellow) ; 

write ( '  II; 
cursx: =3O; 
cursy: =5; 
rna sk [ l ]  :='*.lm1; 
mask[2] :='*.matr; 
mask[3] :=t*.wall; 
mask[4] :='*.Idsl; 
mask[5] :='* . p r s t  ; 
mask[6] := '*  .vest ; 
ma~k[7]:=~'; 
npicf:=l; 
lpicf :=l; 
filn:=l; 
new:=irue; 
n o l d s t r  [l, l] :=' ' ; 
InputEdit (newname,mask, new, 6, npicf, lpicf, filn, success, 12,12, 

cursx, cursy, 'TV, 255, cursx, cursy, 0,0,0,1,1,0,0) ; 
MI-) 



curser off (s type )  ; 
assignTfiie~, c u r r e n t i i l e  ; 
f s p l i t  (nemame, d, nt n d  ; 
rename (filex, n+e) ; 
if IOresult O O ihen 

fastwrit~ ( 4 , 5 ,  ' [ '+currontfile+' ] has been r ~ n m e d  
[ ' + m e +  ' ] ' , yellow, red) ; 

currentfile:=n+o; 
beep ( 1 6 0 0 f 6 0 0 )  ; 
delay ( 2 5 0 0 0 )  ; 

end; 
{SI+) 
end; 

v a r  
i, j,IOcode: i n t l g e r ;  
f :  Texc; 
e :  extstr; 
2:patns"L; 
d: airsrr; 
x n a m e s t r ;  
qx, qy: i n t ege r ;  
~ C T O S S : D O O ~ ~ G ~ ;  

begin 
across : =false; (de fau l t -dom,  ie; collums r î ~ h e r  chan r o w s }  
F s p l i t  (currentf il?, d m )  ; 
assign ( f, currentfilê) ; 
rewrite (f) ; 

if (e='.WPfir) or (e='.wal') then 
begin 

qx:=5; 
qy:=13; 

across:=true; 
f o r  i:= 1 t o  oy do 

Deqin 
f s p l i t  ( h o l d s t r  [ 2 ,  i] , d ,  n, e )  ; 
holdstr [ 2 ,  il :=ni 

{strips extension) 

end; 
end; 



if (e= '  .MATq) 
begin 

qx:=2; 
q y : = 9 ;  

end; 
if ( e = ' . W f )  

Degin 
qx:=2; 
a y : = 9 ;  

end; 
if (e=' .LDS' ) 

begin 
qx:=l; 
qy: =O; 

end; 

if across  then 
begin 

f o r  j := 1 to qy 
f o r  i:= 1 t o  qx 
wxiteln (f, n o l d s t r  lit j J ) ; 

end 
d s e  

begin 
f o r  i:= 1 to qx do 
for j :=  1 to q y a o  

writeln (f, holdstr [ i d  ) ; 
2nd; 

c lose  (f) ; 

f l a g 3  : 
end; 

?roceduro J o i n  (var abanàon: ~oolean) ; 

var 
f: t e x t  - Eiles; 
i,jrfcl,fc3,fc3,w,r: i n t e g e r ;  
p: string; 

m a s k m a s k  names; - 
d :  dirstr; 

e :  e x t s t r ;  

label  
f l a g l ,  f lag2;  



begin 
abandon: =f alse; 
nskp: = t r u e ;  
t e x t c o l o r  ( l i g h t g r a y )  ; 
textbackground(b1ack); 

holdstr[l,l] := "; 
holdstr [l, 21 := "; 
n o l d s t r  [l, 31 := ' ' ; 

{cures curser c o l o r  bug} f o r  i:=32 to 39 do 
f o r  j:=5 to 7 do 
begin 

f a s t w r i t e  (i, j ,  # X S f  whitef Dlack) ; 
end; 

Inputdesctable(4,5,1,3,8, 1, If 2 6 m )  ; 
fastwrite (l1,5, ' (.LDSJ',wnite,black) ; 
f astwritz ( l l , 6 ,  ' ( . W-AL) l ,white, black)  ; 
fastwrite (11,7, ' ( . E S )  ',white, Dlack) ; 

windowlsngth:=12; 
rnaxlength: =12; 
f l a g l  : 
MoveZditwindow(rnask,r'a1set 'Tl, 4 , S f  1, 3J2, 1, 1, 

2 6 , 2 ,  nskp, abandon) ; 

abandon 

f o r  i:= 1 t o  3 90 
begin 
f s p l i t  (noldstr [l, i] , d, n f  s )  ; 

if (i = 1) and ( e  ='.LDS1 
assign (f [il, h o l d s t r  [l,i 

if (i = 2) and ( e  ='.WFL1 
assign (f [il, holdstr [l, i 

if (i = 3) and ( e  ='.VZS1 
assign (f [il, holds t r  [l, i 

Ids 

wal 

ves 

{SI-) 
if i < 3 then 

reset (f [il ) 
elss 

rewrite (f [il ) ; 



if IOresult 0 O t h e n  
begin 
gotoxy ( 4 , U  ; 
write ( '  
gotoxy(4,4) ; 
textcolor ( l i g h t g r a y )  ; 
beep (6OO,lOO) ; 
writeln ( 'Filename [ '+holdstr [l, il + '  ] 

contains bad syntax.'); 
textcolor (whito) ; 
gotoxy(l4,4) ; 
writeln (holdstr [l, il) ; 
Goto f l a g l ;  
end; 

end; 
{$r i - )  
for i:= 7 to 4 do 
Degin 

readln(f [l],?); 
w r i t d n ( f  [3],p); 

end; 
f o r  1 := 1 to N l f 5  do 
j e g i n  

readln(f [ 2 ]  ,p) ; 
writeln ( f  [3] , p l  ; 

end; 
close ( f i l ]  ) ; 
clcs2 (f [ 2 ]  ) ; 
close (f [ 3 ]  ) ; 

gotoxy  (4,4 ) ; 
write ( ' 
gotoxy(4,4) ; 
textcolor (lightgray) ; 
Write ( '  F i l e  '+holdstr [l, 31 + '  createdf ) ; 
goroxy ( 9 , 4 )  ; 
textcolor (white) ; 
write (holdstr [l, 33 ) ; 
delay(15000) ; 

f l a g 2  : 
end; 

Procedure getfilepar(ext1:mask names;var f n m e : s t r i n g ;  var 
qx, q: integer;new: booloan; var zcross, abort  : b o o l ~ â n )  ; 

var 



e: extstr; 
f: Text; 
IOcode,IOext:integer; 
i c l ,  fc2, fc3, fc4, :CS, W, r, npicf, l p i c i ,  fi1n:integer; 
ntskp:boolean; 

label flag - abor t ,  Elogl; 

Degin 
f l a g l  : 
abort:=false; 
cextbackground (black) ; 
textcolor(1igntgray); 
GotoXY ( 4 , 4 )  ; 
If not new then 
begin 
Writeln ( 'Enter filename or select: ' ) ; 
cursx:=30; 
cuxsy:=4; 

2nd; 
If new t h c n  
begin 

Writeln ( 'Znter filenans. 
<LXV/K~-T/W?J , /LDS/~s>:  ' ) ; 

cursx:=42; 
cursy: =4; 
fname:="; 
gotoxy(laf4) ; 
wrkts ( ' . ' ) ; 
gotoxy (20,4) ; 
write ('LM') ; 
gotoxy (24,s) ; 
write ('M,n,T' ) ; 
gotoxy(28,4) ; 
write ('W19L') ; 
gotoxy(32,4) ; 
write('LDS1); 
gotoxy (38,4) ; 
write('VES1) ; 
gotoxy(42r4) ; 
write ( '  ' 1 ;  

{erases previous e n t r y }  
end; 
Gotoxy(l0,4) ; 
textcolor (yellow) ; 
write ('filename' ) ; 
holdstr Cl, 11 :=" ; 



maxkngth:=12; 
windowlength:=12; 
npicf : =l; 
l p i c f  : =l; 
£iLn:=l; 

(fname, oxtl,now, 6 ,np ic f ,  lpicf, filn, abort, 12,12, 
CU~SX,CUTS~, 1 T 1 f 2 5 5 , ~ ~ r ~ ~ , ~ ~ r ~ y I 0 , 0 , 0 , 1 , 1 f  0,O); 

If abor t  = true then goto f l â g  - abor t ;  

E'split (fnamo, d, n, e )  ; 
across :=false;  

if (ê='.WAL1) or (e='.wall) then 
begin 
across:=true; 
qx:=5; 
qy:=15; 
end 

olse if (e='  .-NIT' ) 
begin 
qx:=2; 
gy:=9; 
end 

2lse if (e='  . LAMf ) 
begin 
qx:=2; 
qy:=9; 
2nd 

e l se  if (e='.LQS1) 
Degin 
qx:= 1; 
qy:= 4; 
end 

** - sise r r  ( e= '  .\YSt ) 

begin 
qx:= 1; 
qy:= 3 ;  
end 

*' - 
else (copy(e,2,~)='Df)or(copy 

begin 
qx:=80; 
qy:=15; 
end 

else 
begin 

fastwrite (4 ,5,  

tnen 

1 

, white, black) ; 
fastwrite(4,5, ' ['+e+'] is an improper f i l e  

extension1, yellow, red) ; 



goio flagl; 
end; 
currontfile:=n+e; 

flag - abort: 
end; 

Irocedure displayfiles(var inarne:string;var 
filn, sty, npicf: integm; 
var dirf:dir Ei1es;var fcount:integer); - 

var 
w, r, uplim, lolimit, rows: integer; 

begin 
textcolor(1ightgray); 
rows : =23-sty;  
lolimit : =fiIn; 
uplim:=filn+Sf (rows) -1; 
if fcount < üg1Fm then uplirn:= fcoünt ;  
for i:= O to uplim-lolimit ao 
begin 

w: =i div rows; 
r:=i mod rows; 
gotoxy (4+wilS, r + s ~ y )  ; 
writeln ( ' ' 1 ;  
go toxy (4+w*l5, r+sty) ; 
writdn (dirf f f olimit+i] ) ; 

end; 

textcolor (white) ; 
w:=  (npicf-1) div  rows; 
r:= (npicf-1) mod rows; 
gotoxy (4+wk15, r+sty) ; 
writeln ( ' ' 1 ;  
gotoxy (4+w*l5, r+sty) ; 
writeln (dirf [npicE+filn-11 ) ; 
f n m e :  =airf [npicf+filn-31 ; 

end; 

Procedure pickf ile (var fname : string; var 
n p i c f ,  lpicf, filn, sty: integer; 
var dirf:dir - fi1es;var fcoünt:integer); 

var 
Iw, lr, w, r, uplim, lolimit, rows:  integer; 



begin 

rows :=23-sty; 
lolimit :=np ic f ;  
uplim:=npicf+5* (rows) ; 
if fcount < uplim then uplirn:= fcount; 
lw:= (lpicf-1) ~ i v  rows; 
lr:=(lpicf-1) rnod rows; 
tzxtcolor ( l i g h t g r a y )  ; 
gotoxy (4+lw*lS, l r + s t y )  ; 
writrln ( d i r f  [lpicfifiln-l] ) ; 

t e x t c o l o r  (white) ; 
w:=(npicf-1) div rows; 
r:=(npicf-1) rnod rows; 
gotoxy (4+w*l5, r + s t y )  ; 
writeln ( ' ' 1 ;  
gotoxy(4+w*15, r+sty) ; 
writoln ( d i r f  [ n p i c i + f i l n - l ]  ) ; 
fnme:=dirf [npicf+filn-l] ; 
end; 

l r ocedu ro  SortDirLisc(var masklist:mack names; - .  - 
var iilolist: d i r  r~los;var count: i n t o g e r )  ; - 

var 
rnasK: string; 
f ilsnmes : air Zi12s; . . - 
i, 3 , no: i ncoger ;  

laDe1 
f l a g  - end; 

begin 
count: = 0; 
f o r  i:= I to 8 do 
begin 

mask:=masklist [il ; 
if mask = " then goto f l a g  end; - 
dirlist (rnask, filonmes, no) ; 
for j:= 1 CO no cio 
Degin 

count:= countil; 
f i l ê l i s t  [count] : =filenanes [ j  ] ; 

end; 
end; 
f l a g  - end: 



end ; 

var 
i, j, IOcode: i n t ege r ;  
f: Text; 
p : p a t h s t r ;  
d:dirstr; 
n:namestr; 
e: extstr; 

begin 

f o r  i:= 1 t o  5 ao 
for j :=  I to 15 do 
holdstr[i, j] :="; {chars edit b u f f ~ r }  
assiçn(f, filename) ; 
reset (f) ; 

= - ir across then 
b q i n  
f o r  j :=  1 t o  n y a o  
f o r  i:= 1 to nx do 
readln(f,holdstr[i, j3) ; 
end 

begin 
for i:= 1 to nx do 
for j : =  1 to n y d o  
readln (f, noldstr [i, j 1) ; 

end; 
close (f) ; 

end; 

Procedure getnewfname(var nme: s t r i ng ;va r  sxcess:koolean); 
{graphical input) 

var 
ch: char ; 

label 
f lag - done, f lag - repsat; 



begin 
i:= 1; 

success:= true; 

repeat 
f l a g  repeat:  
setcolor (white) ; 
line (32+if8, 19, 4 O + i i r 8 ,  1 9 )  ; 
ch:=readkey; 
if ch O # O  thcn 

Funckey : = false 
êlse 
begin 

funckey:= true; 
ch: = readkey; 

end; 

if (name = " )  and(ch = #13) then {prêvents  Diank  f i l ename} 
begin 

bec? (600,oOO) ; 
goto f l a g  rêpza t ;  - 

end; 

i f  (cn = 113) c r  (cn = k82) and (length(name) > 0 )  t hên  
aô iô  f l a g  - d o w ;  

{enter o r  Fns) 
if ( funckey  = truc) and (cn = # 7 7 )  then 
begin 
s e t co lo r  (Dlack) ; { r i g h t  arrow} 
lins(32ti*8,19, 4 O + i * 8 , 1 9 )  ; 
i:= i+l; 
if i >= l e n g t h ( n m e ) + l  Lhen i := length(name)+l; 
goto  f l a g  - repea t ;  
end; 

i f  (funckey = t r u e )  2nd (ch = # 7 5 )  t hen  
begin 
s e t c o l o r  (b lzck)  ; 
l i n e  (32+i*8,19,  oO+i*8,l9) ; 
i:= i-1; 
if i <= 1 tnen i:= 1; 
goto  Zlag - repezr ;  
end; 

{left u r r o w )  

if (ch = #8) and (fünckey = f a l s e )  then (backspace} 
begin 

se tcolor  (b lack)  ; 
line (32+ik8, 19,40+i*8,19) ; 
i:=i--l; 



if i < 1 then i:= 1; 
d e l e t e  (name, i f  1) ; 

end; 

if (ch = #8) o r  ( ( f u n c k e y  = t r u e )  and (ch = $83)) then 
begin 

setcolor (blzck) ; 
delete (nome, i, 1) ; 
line (32+i*8,19, 4 0 + i * 8 r  19 )  ; 

end 
else 

begin 
setcolor (black) ; 

l e t t e r )  
l i n e  ( X + i * 8 , N ,  4 0 + i t 8 ,  19)  ; 
i n s e r t  (ch, name, i)  ; 
i:= i + l ;  
i f  i>= 8 then i:=8; 

2nd; 

{del key) .  

nme:=copy(name,1,8); 
bar ( 40 ,  I O ,  104,19)  ; 
s&co lo r  (whitz) ; 
line (32+ik8, 19, ̂O + i f  8, 19) ; 

if (cn = $ 2 7 )  o r  ((ch = #45) and ( funckey  = t r u t ) )  then 
S U C C ~ S S  : = Calse {operation abor t ed )  

d s e  
success : = true; 

flag - done: 
end; 

end. (unit) 



unit A l t  Pick; 
{$O+, w- 

interface 

uses glob - var, dos, crt, graph, compmath, plo tprop ,  ves util, - 
menus, FSTviaeo, GraZdi t  , editor, failure; 

procedure A l  t R; 
procedure ~lt-P; 
procedure ~lt-C; 
procedure ~lt-Z; 
Procedure ~ l t - ~  - (ittor:~oolêan) ; 

implementation 

~rocedurs Ait 3; - {calculate - va3iabla options) 

var 
if j,FrX2,layerno,angl,numb1 gra,pk:integer; 
upaaïe,  rpadkeybd,  a b r t  agrad, keyknown, 
restnt, specialkey, iteratf r s z t  :bool2an; 
newmatf wfile, expnt, title: string; 
redu,ffail,redSS:roalarraylNL; 
rad, s i g  - rr sig - f, sig-z: realarray2plusN; 

label 
flag end, flag vplots, flag exponent,flag key; - - - - 

begin 
curser - o f f  ( s t y p e )  ; 
dgrad:=false; 
keyknowr,: =f alse;  
for j:=l to 9 do 

f o r  i:=l to 5 do 
begin 

holdstrri, j] :="; 
nn[j] :=O; 

end; 

{ i n i t i a l i z a t i o n )  



,US:= O; 
zerographdata; 
update:  = f a l s e ;  
reaakeybd: = true; 
rnask[l] := ' *  . ves ' ; 
mask[2] :="; 
readvesf (Newrnat, mask, rodu, f fail, RedSS, outerlayer, layerno,  

angl ,  reaàkeybd, update,  dgrad, a b r t )  ; 
i f  ab r t  = t r u e  then goto flag - 2nd; 
Laminateprop ( o u t e r l a y o r )  ; 

f l a g  vplotrn: 
varpro tmenu; 
keyknown:= f a l s e ;  
wfile:= 'file = ' + c u r r z n t f i l e ;  
Lastwrite (3,2, wfile,red, b lack)  ; 

repeat 
if n o t  keyknown then Inkey (specialkey, ch,  ' s ', 'O ' ) ; 

cas2 key o f  
( *  
3-1 tL : 

beg in  
AX2:= O ;  
cwo - var  ( ' Y ,  rad,  s i g  r, s i g  E, sig-z) ; 
if grsphstate = fa& tnen  
~ e g i n  

initgraphdriver; 
graphstate:= true; 

plotvgraphs ( r a d ,  S i g  - r, Sig - f S i g  A r ,  x - max, x - min, y - max, 

plotoutLine ( 'No-malized Radius ( p )  ' , ' Stress hilpa' , 
'Variable "d-1" ' , 5 , 5 , x  - min,x - max,y - min, y - max) ; 

A1tM: 
Segin 

, U S : =  O ;  
two var ( 'ml , rad, s i g  r ,  sig f ,  sig - z )  ; 
if Traphstate = f a l se  then 
begin 

i n i  tgraphdriver;  
graphstate:= t rue ;  

end; 
plotvgraphs (rad, Sig - r, S i g  - f, Sig - z, x - max, x - min, 

y max,y min,numb) ; 
plotoutline ( 'NormaiTzed Radius (p )  ' , ' Stress Mpa ' , 

'Variable "d-mn'  ,5 ,5 ,x  - min, x - max, y - min, y - max) ; 



end; 

AltF: 
begin  

AX2:= 0 ;  
two var('f',rad,sig r,sig f , s i g  - z ) ;  
if graphstato = false then 
begin 

initgraphdriver; 
graphstate:= t r u e ;  

end; 
plotvgraph~(rad,Sig~r~Sig A f J i g  - z , x  - mzx,x min, 

y max,y min,numb) ; 
plotoutline ( 'Eormalized Raàii?s ( p )  ' , ' Stress Xpa l ,  

'Variable "d-mW&"d-lrf l , 5 , 5 ,  xmin,x max,y min, y max) ; - - - 
end; 

{finit- a i f f î r énce  itteration on C / eaitor) ?Jtc : 
begin 

- X 2 : =  O; 
if grapnstate = f a l s e  then 
~ e g i n  

in i tgrapndr iver ;  
grzphstato:= trw; 

2nd; 

. . { f i n i t ?  Q L ~ ~ C T P ~ C ~  no ifteration / eàitor) AltN: 
b s g i n  

,4x2:= O ;  
if graphstate = false then 
begin 

initgraphdrivêr; 

end; 
iterat:= false; 
alt d (iterai) ; - 

end; 

[variable 9roperty 'nf/ editor) 
Degin 
if Key = AltR then 

begin 
restnt:= t rue;  
title:='Fixed ends - 

end 

{ C  = O )  
variation "n" ' ; 



~ e g i n  
restnt := false; 
title:='Free ends 

end; 
AX2:= 0; 

{ C  <=> O }  
variation "n" ' ; 

getgraphdata ('3') ; 
for gra :=  1 t o  3 do 

b e s t f i t  (b - f i t , p k ,  gra) ; 
exponent:= bfit - store [3, S ]  ; 
if graphstate = false then 
beqin 

initgraphdriver; 
graphstate:= true; 

end; 

flag - exponent: 

statsout (exponent, restnt) ; 
plotvariable (5,5,xmax, x - min, y rnax, y nin, oxponent) ; - - 

In o n l y }  
~lûtoutline('3adii?s (m) ' ,  'Stress Mpa', 

title, ", 5 , 5 , x  - min,x max, y min, y max) ; - - - 
setfillstyle (1,black) ; 

f l a g  key: 
~e~k~own:=false; 

{gr~phics submenu Eor stress when 'n t  is vzria~le) 
r epea t  
if not keyknown inen Inkey(specialkey,cn, Y, '0') ; 

case koy of  

ALtX: 
~ e g i n  
for j :=  2 to O do 

n n [ j ]  := O; 
keyknown:=true; 
clcsegraph; 
graphstate:= false; 
resto~ecrtmodt; 
-9X2:= 1; 
goto flag - vplotm; 

end; 

UpArrow : 
begin 
exponent:= exponent i 
bar  (596,16,039,24) ; 
se tco lor  (2) ; 

{calls fils a i r s c t o q )  

{clean up graph index) 



str (exponent:4:2,expnt) ; 
outtextxy (S96,16, e x p n t )  ; 
goto flag - key; 
end; 

begin 
exponent:= exponent - 0.01; 
bar (596,16,039,24) ; 
setcolor (2) ; 
str  (exponent:4:2,sxpnt) ; 
outtextxy (596,l6, e x p n t )  ; 
goto f l a g  - key; 
end; 

PgUp : 
begin 
exponent:= exponent + 0.1; 
bar (596,16,639,24) ; 
se t co lo r  (2) ; 
st r  (exponent:4:2,expnt) ; 
o u r t e x t x y  (596,16, zxpnt)  ; 
qoto  f l a g  - key; 
end ; 

?gDn : 
jegin 
îxponent:= exponenz - 0.1; 
Dar (596,16,639,24) ; 
s e t c o l o r  ( 3 )  ; 
s t r  (exponen~:4:2,~xyt) ; 
o ü t t e x t x y  (S96,l6, expnt) ; 
goto flag - key; 
end; 

HomeKey : 
begin 
exponent : = 0.0  ; 
bar (596,16,639,24) ; 
setcolor (3) ; 
str (exponent:4:2,expnt) ; 
o u t t e x t x y  (596,l6, expnt) ; 
goto flag ksy; - 
end; 

EndKey: 
begin 
exponent:= b f i t  s to re  [ 3 , 2 ]  ; 
bar (596,16,639,%) ; 
se t co lo r  ( 2 )  ; 



str (exponent:4:2,  expnt) ; 
outtextxy (598,16, expnt) ; 
goto f l a g  - koy; 
end; 

Inser tKey:  
begin 
cleardevice; 
go to  f l a g  - zxponent; 
end; 

end; { c a s e s  g raphic  editing) 

u n t i l  (Key = escl o r  
closegraph; 
r e s to r ec r tmode ;  
ç r a p h s t a t e : = f a l s e ;  
go to  f l a g  - vplotm; 

end; {cas? of , \ l t r " / A l t R )  

begin 
X 2 : =  ,qX2+1; 
if IAX2 > 1) o r  ( g r a p h s t a t s  = 
begin  

res to rec r tmode ;  
graphstate:=false; 
goto  f l a g  - end; 

end 

begin 
f o r  j : = 2 t o  6 do 
nn[j] := 0; 

keyknown:=truo; 
closegrapn; 
grapnstate:= false; 
r e s t o r e ~ r ~ o d e ;  
* U S  : =l; 
goto  flag - vpiotn; 

end; 
end; 

{ c h a n  up graph index} 

ESC : 
begin 
c losegraph ;  
calcmenu ; 
graphstate:= f a l s e ;  
currentfile:='Unknownr ; 



goto f l a g  - end; 
end; 

end; {cases of varplotmenu) 

until (Key = esc) o r  (Key = 
closegraph; 
restorecrtmode; 
graphstate:=false; 
goto flag - vplotm; 

flag end: 
closëgraph; 
restorecrtmode; 
grsphstate:=false; 
end; 

procedure Ait - 2 ;  {calculate - plot sênu in grsphics mode} 

va r  

=.cc L. L x t ;  
matchoico: dir - files;num, i, sol - mat, topic, param, layirno, a n g l ,  
j ,XO, X l ,  spt, errcd, F,n:int?grr; 

pick: char; s w i  tcn,  updats, readkeybd,dçrad, a i x t ,  kyknown,  
special key, 0K: Dool?an; 
description, newmat, t p i c ,  ncwangle, newperct, newthick, newfilz: 
string; 
redu,ffail,redSS:realarraylNL; 
x max, x min, y max, y - min, t : r i a l ;  
mas k : m a s k  - nam& ; 

label 
flag end, flag n, 
i l agÜgup ,  f la; t 
f i q - i i e i ,  - f l a g  - Tn 

f l a g  read, fl - 
ab, f l a g  l e f t  
s r  f l a g  - Found 

begin 
curser - off (s type)  ; 

f l a g  - upar, fla 
ght, flag-sxit 

keyknown:=false; 
for j :=1 CO 9 do {initilize n o l d s t r ,  

for i:=l to 5 do 
and grupn ( s )  to plot) 

begin 
holdstrri, j ]  :=" ; 
n n [ j ]  := O ;  

end; 



DirList ( ' *  .mat1 ,matchoice,num) ; 
sel mat:= 0; 
t op i c :=  1; 
param:= 0; 
layerno:= 1; 
j := 1; 
h:= 1; 
n n [ l ]  :=1; 
pick:='A1; 
switcn:= truo; 
updat~:= false; 
d e s c r i p t i o n : = ' S t l f f .  
readkeybd: =true; 
mask[l] :='*.vesr; 
mask[2] :="; 

o u t e r l a y e r ,  layerno,  angl, readkeybd, 
update,dgrad, abrt) ; 

if abrt = true then goto flag end; - 
readkeybd: = f alse; 
initgrapndriver; 
zerographdata; 
.c 1 LLag n: - 
roacvzsf (Pjewmat,mask, reciu, ff a i l ,  

r odSS,  outerlayer, layerno , ang1, 
readkeybd, upaate, dgrad, abrt ) ; 

if a b r t  = crue then goto flag - 2nd; 
if swi tch  = crue then 

Segin  
getgraphdata (pick) ; {comp. or s t i f fness  data) 
l m i n a t e p r o p  (outerlayer) ; 

end; 
plotgraph (nn, j ,  6,5, x min, x - max, y min, y  - max) ; 
?lotouzline ( ' Radius T m )  ' , descriotion, 'Variablt 

Properties -?ipproximatlons ' , " , 
6,5 ,x  - min,xmax, y - min, y - max)  ; 

if param = O then 
5egin 

s2tfilf style (solidf i11, b h e )  ; 
s t r  ( t o p l c ,  t p i c )  ; 
bar (569-4*lengtn( tpic)  , 24+topic*28,589- 

4*length ( t p i c )  +8*length  ( t p i c )  ,32+topic*28) ; 
outtextxy (569-4*length (tpic) ,24+topic*28, tpic) ; 

end; 
if saram = 1 then 
begin 

s tr  ( t o p i c ,  tpic) ; 
s e t f i l l s t y l e  ( s o l i d f i I l ,  blue)  ; 
Dar (585+4*length (tpic) ,24+topic+28,585+ 



4*length(tpic) +8* 
length (graphlabels [ t o p i c l  . angle) , 
32+topicf28) ; 

o u t t e x t x y  (585+4*length(tpic) ,34itopic*28, 
graphlabels [topic] . a n g G  ; 

end; 

begin 
s o t f i l l s t y l e  (solidfiIl, blue)  ; 
str (copic, tpic) ; 
bar (616,24+topic*28, 631, 32+topick28) ; 
o u t t e x t x y  (616,24+topic*28, 

end; 
if param = 3 then  
begin 

s 2 t f i l l s t y l e  (solidfill, blue) ; 
sir (to?ic, tpic) ; 
bar (576,34+topic*28,639,42+topic*28) ; 
o u t t e x t x y  (576,34+topic*38, 

graphlabels [topic] .xatname) ; 
end; 

( X  max-x min) ) ; 
XI:= 59+round ( ~ O O *  ( r  [ t o p i c l  -x mi?) / - 

(X max-x min) ) ;  - - 
spc:=round ( ( x l + x O )  /2) ; 
serf illstyle ( s o l i d f  iX, bluc) ; 
str (topic, t p i c )  ; 
if odd(topic} then k:=10 else k:=O; 
b r  {spt-3,30-k, spt-4;8f 

( k n g t h  (graphlabels [topic 3 . t n i ckness )  
d e n g t h  (t-ic) ) , 3 7 - k )  ; 

o u t t e x t x y  (spt-3,30- 
k, graphlabels (topic] . t n i ckness )  ; 

end; 

f l a g  - read: 

Keyknown 

repeat 

( above - m i n ,  xmax, y m i m ,  ~mzx, . . . 
xdiv ,  y d i - ~ }  

:=false;  
{graphies submenu f o r  b e s t f i t  curvss} 

if not keyknown then 
Inkey(speciulkty,ch, ' s ' ,  'or); 

case key of 

AltX: 
begin 

{calls file directory) 



goto flag - end; 
end; 

DownArrow : 
begin 
keyknown : =true; 
flag DNar: - 

sctfillstyle (solidf ill, b l a c k )  ; 
str (topic, tpic) ; 
bar (569-4*length (tpic) ,24+topic*28, 

569-4*length (tpic) +8*lsngth ( t p i c )  , 
32+topicf28) ; 

setcolor (white) ; 
outtextxy (569-4*length (tpic) ,21+ 

topic*28, t p i c )  ; 
topic:= topic+l; 
if topic > outerlayer then 

s t r  (togic, t p i c )  ; 
b a r  (569-4*ltngtn ( t 9 i c )  , 24+copici28, 

509-4*length ( t p i c )  + 8 * k n g t h  (tpic) , 

s~tcolor (wnite) ; 
o u t t o x t x y  (509-4*length (tpic) ,24+ 

if Saram = 1 then 
begin 

val (graphla~eis [topic] .an-, i, errcd) ; 
str (i-1,newangle) ; 
grapnlabels[topic].angle:=newangl3; 
s e t f  illstyh (solidfill, blue) ; 
str (topic, tpic) ; 
Dar (585+4*length (tpic) , 24+topic*28, 

585+4*1sngth (tpic) +8* 
length (graphlabels [topic] . angle) , 
32+topicf28) ; 

s e t c o l o r  (white) ; 
outtextxy (585+4*length (tpic) , 24itopic*28, 

graphlabels [topic] . angle) ; 
updat3:= t r ue ;  

end; 



i f  p a r m  =- 2 then  
begin 

v a l  (g raph labe l s  [ t o p i c ]  . fpercent ,  i, errcd)  ; 
str (i-i, newperct)  ; 
graphlabels [ t o p i c ]  . fpercent :=newperct; 
setfillstyle (solidf i11, b l u e )  ; 
str ( t o p i c ,  t p i c )  ; 
Oar (616,  24+topic128, 631, 32+topic*28) ; 
s e t c o l o r  (whi te )  ; 
outt~xtxy(616,24+topic*28, 

copy (g raph labe l s  [ t o p i c ]  . fpêrcent,  
1 2 )  1 ; 

upda te :=  t r u e ;  

end; 

if param = 3 then 
begin 

se l  mat:= s e 1  mat-1; - - 
i f  se1 m a r  <= 1 then s e l  a a t : =  1; - 
graphlabels [ t o p i c ]  .matname:= 

cop 
-0s 
( s o  

y (ma 
( ' . '  
lidf 

tchoice 
, matcho 
ill, b l u  

mat], 1, - 
521 - mat] ) -1) ; 

s c r  ( t o p i c ,  tpic) ; 
bar  ( V 6 , 3 4 + t o p i c t 2 8 ,  639, 32+topi î*28)  ; 
s e t c o l o r  ( w h i t ~ )  ; 
outtextxy (576,34+topic*28, 

grapnla~els [topic] . na tnme)  ; 
- q d a t s : =  truo; 
readkoybd:= f a l se ;  

end; 

Degin 
v a l  (graphlabels  [ t o p i c ]  . t h i c k n z s s ,  L, zrrcd) ; 
t:= '- L 0.1; 
if t <= 1 then  t:= 1; 
s t r  (t:S:l,newthicK) ; 
graphlabe ls  [ t o p i c ]  . t h i ckness  : = newth ick ;  
xO := 59+round (500% (r [ t o p i c - l ]  - 

x min) / (x max-x min) ) ; - 
XI:= 53+round (500*  (r [ t g p i c ]  -x - min) / 

( X  - mzx-x - min) ) ; 
spt: =round ( (xl+xO) /2) ; 
setfillstyle (~0 l îd f i . 11 ,  blu2) ; 
str ( t o p i c ,  tpic) ; 
if o d d ( t o p i c )  then k:=lO slçe k:=O; 
bar (spt-10+8*length ( t p i c )  *-kt spt-12+8" 



(length (graphlabels [ topic] . thickness) 
+length (tpic) ) ,37-k) ; 

setcolor (white) ; 
outtextxy (spt-10+8*1ength (tpici ,30-k,  

graphlabels [ topic] . thickness) ; 
updat2:= true; 
readkeybd:= false; 

end; 

if key = DownArrow then goto flag DNar; 
i f  key = UpArrow then goto i l a g  ~ F a r ;  
if key = leftarrow then goto flag l e i t ;  
if key = rightarrow then goto ilag right; - 
if key = PgUp thên  goto flag pgup; 
if key = PgDn then goto flag-ogdn; 
if key = PUtX then goto f l a f i n d ;  
if key = Tab then  goto f l a g  t ab ;  - 

clearaevice; 
goto flag n; - 

2nd; 
if key = InsertKey 

cloaràevice; 
goto flag - n; 

snd; 
u n t i l  key =  SC; 

goto flag end; - 
end; 

UpArrow : 
begin 
k s y h o w n :  = t rue ;  
f l a g  - UPar: 
. - 
~r p a r a  = C then 
begin  

s tr  ( t o p i c ,  t p i c )  ; 

goto f l a g  Save; - 
i h e n  

setfillstyle (solidf fil, black) ; 
bar (569-4*1ength (tpic) , 2 4 + t o p i ~ * 2 8 ~  

509-4*lengtn ( t p i c }  Gf1enq th  ( t p i c ]  , 



32+topicf38)  ; 
se tco lor  (white) ; 
outtextxy (569-4"  

l e n g t h  ( t p i c )  , 2 4 + t o p i c * D ,  t p i c )  ; 
topic:= topic-1; I l a y e r  incremênt} 
i f  t o p i c  < 1 then topic :=  1; 
s e t f i l l s t y l o  ( s o l i d f i l l ,  bluo) ; 
str  ( top ic ,  t p i c )  ; 
bar  (559-4*length (tpic) , 24+topici28, 

569-4*length ( t p i c )  + a *  
lêngth ( t p i c )  ,32+topic*Z3) ; 

se tco lo r  (whi te)  ; 
outtextxÿ (569-4*length ( t p i c )  , 

24+topic*38, t p i c )  ; 
end; 

va l  (g raph labe l s  [ t o p i c ]  . angle ,  if  2rrcd) ; 
str ( i t l ,  newangle) ; {angle  increment) 
graphlabels[topic].angle:=newangle; 
sotfillstyll ( s o l i d f i I l ,  b l u e )  ; 
s t r  ( t o p i c ,  ipic) ; 
b a r  (585+4*l tng th  (tpic) 2 4 + t p i c * 2 8 ,  

585+4*length ( rp i c )  +at 
longth  ( g r a p h l a b e l s  [topic] . angls) , 
33itopic*28) ; 

setcolor (white) ; 
ouïtextxy (585+4*length ( t p i c )  ,24+ 

top ic -28 ,  grzphlabels [ t o p i z ]  . ang le )  ; 
=apdats:= t r u e ;  
switch:=true; 
readksybd: =fa l s e ;  

2nd; 

v a l  ( g r â p h l a ~ e l s  [topic] . fpercent ,  I, ezrcc!) ; 
str(i+l,newperct) ; 
graphlabeIs[topic].fpercent:=newperct; 
setfillstyle ( s o l i d f  ill, bluo) ; 
str (topic, tpic) ; 
bar  (816, 24+topicf28,631, 32+topicf28) ; 
s z t c o l o r  (white) ; 
out tex txy  (6 l6 ,24+ top i c*28 ,  

copy (graphlabels [ t o p i c ]  - f p e r c e n t ,  l,2) ) ; 
updatc= m u e ;  
switch:=true; 
readkeybd: =faIse; 

end; 



begin 
s e l  mat:= se1 mat+l ;  
if gel mat > = n u m  then  s e l  m a t : =  num; 
graphlabels [ t o p i c ]  .matname= 

copy (matchoice [ s e l  mat ] ,  1, 
pos ( . ' ,rnatchoice [ s e 1  mat) ) -1 j ; - 

s s t f i l l s t y l e  ( s o l i d f i I l ,  blu2) ; 
str ( t o p i c ,  tpic) ; 
bar (576,34+topic*28,639, Q+topic*28) ; 
s e t c o l o r  (white) ; 
outtoxtxy(576,34+topic*28, 

graphla~els [ t o p i c ]  .marname) ; 
update:= t r u e ;  
readkeybd:= false; 

end; 

Degin 
val (çraphlakels [ t o p i c ]  . thicknessf t, x r c d )  ; 
t:= t+0.1; 
s t r ( t : 2 : l , n e w t h i c k ) ;  
gr2pnlaDel.s [ t o p i c ]  . tnickness : = n r w t h i c k ;  
xO:= 59 i r ound  (SOO*  (r [ t o p i 2 - l ]  -x min) / - 

( X  max-x - m i r i ) )  ; 
xl := 59+round (500' (r [ t o p i c ]  - x m i n )  / 

( X  - m u - x  - min) ) ; 
spr:=round ( (x l+xO)  / 2 )  ; 
sot: i l l s t y l s  ( s o l i d f i I 1 , b b . ~ )  ; 
str  (topic, t p i c )  ; 
i f  o a d ( t o p i c )  then  k:=10 -Ise k:=O; 
Dar (spc-10+8*lengtn ( t p i . ~ )  30-k, s p t - 1 2 i P  

( l e n g t h  (grapnlabels [ t o p i c ]  . thicknoss) 
ilengtn ( t p i c )  ) ,37-k) ; 

s e t c o l o r  (white) ; 
outtextxy (spt-10+8*length (tpic) ,30-k, 

graph labe l s  [ t o p i c ]  . t h i c k n e s s )  ; 
updatr:= t rue ;  
rsadkoybd: = f a l s e ;  

end; 

repeat  
Inkey ( spec ia lkey ,  cn, s , O ) ; 

iE key = DownArrow then goto flag D N a r ;  
if kzy = UpArrow t hen  goto f l a g  ~Far; 
if key = l e i t a r r o w  then  go to  flâg l e f t ;  
if kêy = r igh ta r row then  goto flag - r i g h t ;  
i f  kay = FgUp then goto flag - pgup; 



if key = PgDn t hen  goto flag pgdn; 
if key = AltX then  goto flag-ènd; 
if key = Tab then goto flag fab ;  - 
if key  = AltS then 
if key = DeleteKey 

begin 
f l a g  DEL: - 
switch:=true; 
n n [ j ] : =  0; 
clsardevice; 
goto f l a g  - n; 

end; 
if key = InsertKey 

goto f l a g  - Save; 
then 

begin 
flag - I N S :  

n n [ j ]  :=j ;  
cleardevice; 
goto flag - n; 

end; 

until key = esc; 
g o t o  f l a g  - 2nd; 

2nd; 

?gUp : 
f l a g  - pgup: 

begin 
s e t c o l o r  ( b l a c k )  ; 

{controls whicn itopic) 
p a r a m z s r  t o  rnocify) 

rectangle ( 4 4 , 2 8 2 + h * l 4 , 4 7 ,  285+hi14) ; 
j ; =  1-1; 
h:= 9-1; - .  i r  n= 5 t h e n  

n:= h-1; 
if ( j  > 3 )  and (pick = ' B '  ) then 

j :=3;  
n:= 3 ;  

end; 
if j < 1 then j :=l ;  
i f  h < 1 then h:=l; 
se tco lor  ( w h i t e )  ; 
rec tanglz  (44 ,282+h* l4 ,47 ,  285+hirIO) ; 

goto f l a g  - read; 
end; 

P gDn : 
f l a g  pgàn: 
begiÏi 



setcolor (black) ; 
rectangle ( U , 2 8 2 + h * l 4 , 4 7 , 2 8 S + h * l 4 )  ; 
j := j+l; 
h:= h + l ;  
if h = 5 then 
n:=h+l; 

if ( j  > 3 )  and (pick = ' B r )  then 
begin 

j :=3; 
n:=3; 

2nd; 
if j > 9 thon j :=9 ;  
if h > 10 then h:= 10; 
setcolor (white) ; 
rectangle (44,282+h*l4,47,285+h*14) ; 

goto f l a g  - r-ad; 
end; 

Leftlrrow : 
begin 
flag left: 

d 

i - = ~ a r a m  = O then 
begin 

stcfillstyle(solidfi11,bIack); 
str (topic, tpic) ; 
j a r  (563-4'1ength (tpic) , 2 4 + " ~ o ~ i c ~ 2 ~ , 5 0 9 - 4 ~  

length (cpic) + 8 * l o n g t h  ( r p i c )  , 
32+topic*28) ; 

out tex txy  (569-4*length (tpic) , 
24+topic*28, tpic) ; 

end; 
if param = 1 then 
begin  

setfillstyle (solidfill, bf ack) ; 
str (topic, tpic) ; 
bar (585+4*length (tpic) ,24+topic*28, 

585+4*length (tpic} + 8 *  
l e n g t h  (graphlabels [topic] .=ngle) , 
32+topic*28) ; 

s e t c o l o r  (cyan) ; 
o u t t e x t x y  (585+4*length ( t p i c )  , 24+topic*28, 

graphlabels [topic J . ang le )  ; 
end; 
if S a r a  = 2 then 
begin 

s e t f i l l s t y l e  (solibf 11.1, black) ; 
str ( top ic ,  tpic) ; 
bar (616, 24+topicf28, 631, 32+topic*28) ; 



s e t c o l o r  (cyan) ; 
outtextxy (616,24+topic*28, 

copy (graphlabels [topic] . fpercent, l , 2 )  ) ; 
end; 
if param = 3 then 
begin 

setfillstyle (solidfill, black) ; 
str (topic, tpic) ; 
bar ( 5 7 8 ,  34+topict28, o39, 42+topict28) ; 
s e t c o l o r  (cyan) ; 
outtextxy(576,34+topic*28, 

grapnlabels [topic] . m a t n a m o ) :  
end; 

begin 
xO:= 59+round(500* (r [topic-l] -x  min) / - 

(x-nax-x min) ) ; 
X I :  = 59+round (500* (r [ t o p i c ]  -x min) /- - 

( X  max-x min) ) ; - - 
spt :=round ( (xl+xO) / 2 )  ; 
setfillstylz (solidfill, b132K) ; 
s c r  (topic, rp ic )  ; 
if oad(topFc) thon k=10 21so K:=O; 
Dar (spt-10+8*length (tpic) ,30-k, spt-12+8* 

( l e n g t h  (graphlabels [topic] . thickness) 
+length ( t p i c )  ) , 3 7 - k )  ; 

se t co lo r  (cyan) ; 
outtextxy (spt-10+8*length (tpic) , 30 -k t  

grapnla~els [topic] . ï n i c k n e s s )  ; 
end; 

param:= prm-1; 
if param <= O then param:= O ;  
seccolor (white) ; 

begin 
setfillstyle (solidf ill, b l ~ )  ; 
str (topic, tpic) ; 
~ a r  (569-4*longth (tpic) ,24+topiciZa, 569-4* 

12ngtn (tpic) +8*length ( t p i c )  
32+topic*28) ; 

out tex txy  (589-4*lengtn (tpic) , 
24+topic*28, tpic) ; 

end; 

begin 
setfillstyle (solidfiIl, blue) ; 
str (topic, tpic) ; 



longth (graphlabels [ topic] . angle), 
32+topick28) ; 

s e t co lo r  (white) ; 
outtêxtxy (585+4*length (tpic) , 24+topic'28 , 

graphlabels [ topicl . angle) ; 
end; 
if param = 2 then 
begin 

setfillstyle ( s o l i d f  il1 , b1u2) ; 
str (topic, tpic) ; 
bar (616, 24+topict28,63i, 32+topic*28) ; 
s e t c o l o r  (white) ; 
outtextxy (616, 24+topicJc28,  copy 

(g raph labe l s  [ t o p i c ]  [graphlabelç[topic].fpercint,l,2)); fPercent , l ,2 )  ) ; 
end; 
if param = 3 then 
begin 

setf illstyle (solidf ill, 01~0) ; 
s t r  ( t o p i c ,  t p i c )  ; 
bar  (576,34+topic*28, 639,  4 2 + t o p i c J C 3 8 )  ; 
s e t c o l o r  (white) ; 
o u t t l x t x y  (576,34+t0pi~*28, 

aph 

b e g i n  
( 5 O O *  (r [topic- 

(5OO* (r [topic] 

str ( top ic ,  tpic) ; 
i f  odd(topic) then k:=lO else k:=O; 
Dar (spt-lOi8*length (tpic) , 30-k, spt-12+8* 

(length (graphla~els [ topic] thickness) + 
length ( t p i c )  ) ,37-k) ; 

seccolor (white) ; 
o u t t e x t x y  (spt-10+8*1ength ( t p k )  JO-k, 

graphlabels [topic] . thickness) ; 
2nd; 
goto f l a g  - road; 
end ; 

RighL4rrow : 
begin 
f l a g  - right: 



if param = O then 
~ e g i n  

setfillstyle (solidf ill, black) ; 
st r  (topic, t p i c )  ; 
bar (569-4*length (tpic) ,24+topicf28, 569-4*  

longth ( t p i c )  +8*length (tpic) , 
32+topic*28) ; 

outtzxtxy(569-4* 
length (tpic) ,24+topic*28, tpic) ; 

end; 

if parlm = 1 t h t n  
Degin 

setfillstyl2 (solidfiIl, black) ; 
str (topic, tpic) ; 
bar (585+4*lenglh ( t p i c )  ,24+topicf28 , 

585+4*length (tpic) rat 
length (graphlabels [topic] .angle) , 
32+topic*28) ; 

se tcolor  (cyan) ; 
outtextxy(585+4*length(tpic),24+topic73S, 

graphlabels [topic] . angle) ; 

Dcgin 
setfillstyle (solidfill, black)  ; 
s t r  ( t o p i c ,  tpic) ; 
bar  (616, 24+topic128 , 631f 32+to?ic*28) ; 
setcolor (cyan) ; 
axtoxtxy {6l6,24;topic*28, copy 

(graphlabels [topic] Epercent, If 2 1 1 ; 
end; 
if parain = 3 then 

str ( t o p i c ,  t p i c )  ; 
Dar (576,34+topic*28,639,42+topic*Z8) ; 
s e t c o l o r  (cyan) ; 
outtextxy (S76,34+topicf28, 

graphlabels [topic] .matname) ; 
end; 

xo: 

xl: 

spt 

= 59+round ( 

= 59+round( 

: =round ( (xl 

t o p  

top 

I 

(X max-x min 
ic] - x m i n )  - /- 

( X  - max-x - min 

str (topic, tpic) ; 



if odd(topic) then k:=10 else k:=O; 
bar (spt-10+8*length (tpic) ,30-k, spt-12+8* 

(length (graphlabels [topic] . ïhickness ) + 
length (tpic) ) ,37-k) ; 

setcolor (cyan) ; 
outtextxy (spt-10+8*1ength (tpic) ,30-k, 

graphlabels [topic] . thickneçs) ; 
end; 

?aram:= param+l; 
i f  p a r m  >= 4 then param:= 4 ;  
setcolor (whi te)  ; 

begin 
setfillstyle (solidfill, b h e )  ; 
str (topic, tpic) ; 
bar(585+4*length(tpic),24+topic*28, 

585+4*length (tpic) +8* 
longth (graphlabels [topic] . angle), 
32+topic*28) ; 

s e t c o l o r  (white) ; 
outtextxy (585+4*length ( t p i c )  ,24+topic*38, 

gra-hlabels [~opic] . angla)  ; 
end; 

begin 
setfillstyle (solidfiIl, blue)  ; 
str (topic, tpic) ; 
Bar (616,  24+topici?8, 63l,32i-topic*28) ; 
se tco lo r  (white) ; 
outtextxy (616,24+topic*28 , copy 

(graphlabels [topic] . fpercent, 1 , 2 )  ) ; 
end; 
i f  p a r a  = 3 then 
Degin 
setfillstyle (solidf ill, blue) ; 
str (topic, tpic) ; 
bar (576, 34+topici28, 0'39, 42+topic*28) ; 
se tco lor  (white) ; 
outtextxy ( 5 7 6 ,  34+topick28, 

graphlabels [ topic] .matnamol ; 
2nd; 
if param = 4 then 
begin 

xO:= 59+round (500" (r [topic-l] -x min) / 
( X  mâx-x min) ) ; 

xl:= 59+round (5OO* ( r  [topic] -x-min) /- - 
(X max-x min) ) ; - - 

spt : =round ( ( x l+xO)  /2) ; 



setfillstyle (solidf illf bluo) ; 
str ( t o p i c ,  tpic) ; 
ii odd(topic1 then k:=10 else k:=O; 
bar (spt-10+8*length (tpic) 30-k, spt-12+8+ 

Ilength (graphlabels [topic] . thickness) +- 
Iength ( t p i c )  ),37-k) ; 

s e t c o l o r  (white) ; 
ou t t ex txy  (spt-10+8*length ( t p i c )  3 & k ,  

graphlabels[topic] .thickness); 
end; 

g o t o  flag - read; 
end; 

InsertKsy: 
j eg in  

go to  f l a g  INS; - 
end; 

DelersKey: 
Degin 

goco flag - DEL; 
end; 

Tab: 
f l a g  - tab :  
b q i n  

if p i c k  = '3' then 
j e g i n  

description:= 'Stiff- G P d ;  
pick:='Af; 
goto flag found; - 

end; 
if pick = 'A' then 
begin 

descr ipt ion:= ' lornp-  l/TPal; 
?ick:=laT; 
g o ï 0  flag - found; 

end; 
if pick = ' a '  then 

end; 
f l a g  - found: 
upaate:=true; 
switch:= true; 
cleardevice; 
goto f l a g  - n; 

end; 



begin 
flag Save: 
s - t c h r  (white) ; 
setfillstyle ( s o l i d f  iIl, black) ; 
bar ( 4 O , l 9 , l O o ,  19) ; 
Dar (0,10,39,18) ; 
setfillstyle (solidfill, b h e )  ; 
bar ( 4 O , l O ,  104,18) ; 
newfil~: = cur ren t f  ile; 
dolote (newfile, length !newfi1e) - 3 , 4 )  ; 
out tex txy  (0, 10, ' F i l e :  Vnewf i l e )  ; 
gatnewfname (newfile, OK) ; 
if OK = false then 

begin 
u p d a t s : = t n e ;  
çwitch:= true; 
cleardevice; 
goto flag - n; 
2nd 

elso 
h g i n  

. m .  currcnrrile:= newfile+'.vesl; 
assign (f, curr~ntfile) ; 
rewrite ( f )  ; 
w r i t e l n  ( f ,  insideDla: 5 :  2) ; 
w r i t d n  ( f ,  wallthick: 5:3) ; 
writeln ( f ,  i~sidepress: 5 :  2 )  ; 
x r i t e l n ( f , o u t e r P r e s s : W ) ;  
f o r  i:= 1 t o  outerlayer do 
begin 
writeln(f,i); {does l a y e r  no) 
writeln ( f ,  graphlabels [i.] .mâtname} ; 
uriteln (f, graphlabels [i ] . angle) ; 
writeln (f, g r a p h l a b e w i ]  . rhickness) ; 
writeln (f, graphlabels [il .?percent) ; 
end; 

close ( f )  ; 
~pdate:=true; 

true; 
clssrdevice; 
goto f l a g  n; - 
end; 

end; !altS) 

f l a g  cnd: 
c l ~ s ~ ~ r a ~ h ;  

end; {o f  cases) 
until k y  = esc;  



restorecrtmode; 
graphstate:=false; 
end; 

procedure Alt - C; {calculate menu) 

var  
keyknown, notskip, spocialkey, updato, readkeybd, àgrad,  
full, abrt, axcrs, sucsJLshezr: boolean; 
w f i l e ,  newmat,p, f?r2ss, nemame, extn: string; 
redu, f f ail, redSS: reaIarraylNL; 
if layerno, angl: intega; 
Fi1ePress:RealarrayNL; 
mas k :mas k narnes ; - 

label 
flag - endfflag3,flag4,flag - D,flag - offlag - 7 , f l a g  - N; 

begin 
grapnstate:=false; 
keykno-m: =f alse; 

Flag - 7: 
clrscr; 

if not kzyknown chen 
Znkey(specialksy,c,?, I s V I  I o 1 )  ; 
case k y  of  

Al'itM: {vessel interface pressures - discrete 
via Roy & Tsai)  

begin 
Repeat 

X a g 4  : 
ci scretomenu; 
If not keyknown then 
InY~y(spscialkey,ch, ' S I  , 'O' ) ; 
case key of 

(vessel interface pressures - 
discrete - full) 

begin 
f u l l  : =true; 



NLshear:=false; 
if c u r r e n t f i l e  0 'Unk-nown' then 

readkeybd:=false 
else 

readkeybd: = t r u e ;  
GraphYditStr (full, readkeybd-hear) ; 
wfile:= ' f i l e  = '+currentfile; 
fas twr i t e  ( 3 , 2 ,  wfile, rêdr black) ; 
goto flag4; 
2nd; 

n l t p :  - -- 
begin 
full:=false; 
NLshear:= false; 
if c u r r e n t f i l e  0 'Unknown' t h e n  

readkeybd:=false 
e lse  

rzadkeybd:=truo;  
GraphEditStr (full, readkeybd, NLshear) ; 
wfi le :=  'file = 'tcurrentfile; 
fsstxrix ( 3 , 2 ,  wfile, red ,  black) ; 
goto f l a g 4 ;  
end; 

3-1 tN : 
begin 
full:=cruî; 
NLshear:= Grue; 
if c u r r a t f i l e  'Unknown' t h e n  

re=aktyjd:=false 
else 

readkeybd:=true; 
GraphZaitStr (full, readkeybd, NLshear) ; 
xfile:= Y i l e  = '+currentfile; 
fastwrits (3,2, wfile, zed, black) ; 
goto E l a g 4 ;  
end; 

{exit to calculate menu) AltX, esc: 
~ e g i n  
clrscr; 
calcmenu; 
keyknown:=false; 
currentr'ile:='Unknown'; 
goto Elag - 7; 
end; 

end; 
If not (Key In [PItXtAltF,AltPrAltN, esc]  ) then 
begin 



GotoXY (58, 2 )  ; 
textbackground (cyan) ; 
textcolor (red) ; 
beep (600,150) ; 
Write('Error-Inadmissible Key ' ) ;  
de l ay  ( 2 0 0 0 )  ; 
GotoXY (58,2) ; 
Textbackground (black); 
Write ( ' 
gotoxy(3,4) ; 
textcolor (yellow) ; 
notskip:=true; 
goto f lag4;  
end; { i f )  
until kzy = esc;  

notskip:=true; 
end; {altV case) 

{multilayer laminate properties} U t S :  
begin 
upaste:=f a l s e ;  
r-adkeyDd:= true; 
mask[i] : = ' =  .VES'; 
r n a s k [ 2 ]  :="; 
reaavesf (Newmar, rnask, reciu, ffail, r e c S S ,  

oucsrlayer, l a p r n c ,  ang1 , r ~ a d k y b d ,  
upbate,  dgrad, a b r t )  ; 

il a ~ r t  = t r u e  chen goto flag 7; - 
Laminatsprop (outerlayer) ; 
Calcmenu; ( e r a s e s  9revious scr3en k f t o v e r s }  
O u t p u t ~ e s c T ~ ~ l e ( 3 ~ 7 ~  6,6,7, If 2,3, l I Q I C C )  ; 

{displays r e s u l t s )  
f 'astwritê (64,2, 'Laminart Matrix' , 

lightgray, black) ; 
wfile:= 'file = '+currentfile; 
f a s t w r i t e  ( 3 , 2 ,  wfils, l i g n t g r a y ,  black) ; 
Inkey (specialkey, ch, s , ' 6 ) ; 
keyknoA: = f a l s e ;  { forces 
goto f l a g  - 7; 
end; 

3.1 tv: 
begin 

- 
goto f l a g  - 7 ;  
end; 

read 

{switch CO var  p l o t  menu) 

X t F :  {Plot of s t i f f  for f i t t i n g  & 
begin 
-ut - P; 

graphies editor) 



goto f l a g  - 7; 
end; 

begin; 
goto f l a g  - 2nd; 
end; 

{exit to main menu} 

If n o t  ( G y  In [ALTL,FLTS,PJ.tXI AltM,AltF,*zU;TV, esc] ) 
then 

begin 
GotoXY(58, 2 ) ;  
kxtbackground (cyan) ; 
textcolor ( red)  ; 
beep (600,150) ; 
Write ( ' Error-Inadmissible Key' ) ; 

GotoXY (58,2! ; 
TextSackground(Dlack); 
Writo ( ' 
gotoxy(314) ; 
t s x t c o l o r  (yellow) ; 
notskip:=tzus; 
g o t o  flag - 7; 
end; 
uncil k y  = ?SC; 

notskip:=true; 

C d a g  - end: 
closegrzph; 
resf orocrtmoàe; 
graphscate: =false; 
clrscr; 
mainmenu ; 
keykqown:=false; 
currentfile:='Unknown'; 
end; 

{ed ic  menu) 

var 
f:text; 
keyknown, notskip, speciolk2y, axcrs,  &rt, model, Eit , dgrad, 
meta1:~oolean; 
p, wf ile : s t r i n g ;  
qx, oy, wr, srl i, j :intsg?r; 
C1,EtlcWt,dG1,V1,VtlG1,Gt,Xt,ffm,EmlVm,ffslXT,XClYT,YC, 



SS:real; 
ercd:integerarrayl6; 
redu,ffail,Rss:realarraylNL; 
mas k :mas k nmes ; - 
d:dirstr; 
n:namestr; 
e: extstr; 

flag5, ilag - mat, flag - lam, flag - end; 

curser - off (siype) ; 
dgrad: =false; 
keyknown:=false; 
for j:=l to 9 do 

f o r  i:=l to 5 do 
begin  
hcldstr [ i f  j] :=" ; 

end; 

F l a g 3  : 
z ~ p s a t  
clrscr; 
ed i  tmenu; 
curser off ( s t y p e )  ; 
* - I r  not-keyknown then  
InKey (specialksy, chf ' s l , Io1 ) ; 
czso key of 

AltW: {edit vesse1 wall construction) 
8eg in  
windowlength:=l2; {redefine aefault edit window 

size) 
maxlength: =lS; 
mask[l] :='*.'vi'PL'; 
mask[2] :=' '; 
fastwrite (3,2, ' I n s  & Enter', yellow, red) ; 
fastwrite (61,2, '?gUp:P9Dn:Home:Znd1, yellow, red) ; 
Getfilepar (mask,p, qx, qy, fa l se ,  axcrs, a b r t )  ; {qx, qy = 

defines s i x  af  file to road)  
if abrt = crue then goto flag5; 
Readfile (qx, qy, p,  axcrs) ; {p=path & filename) ) 
clrscr; 
edi tmenu; 
fastwrita ( 3 , 2 ,  'Tab: S-Tab: Ins :Enter1, yeUow, red) ; 
fastwrite (01,2, fPgUp:PgDn:Home:Endl, ytllow, red) ; 
windowlength:=12; Iredefine def. edit windcw size} 



maxlength:=12; 
mask[l] :='* .mat1 ; 
InputDescTable (5,  6 , 5 ,  15, 12, 1, O, O, 3,3} ; 
MoveZditXFndow (rnask,false, 'TT, 21,5,6,5,15,12, 

1,0,0,3, notskip, abrt) ; 
if abrt = t rus then goto flag5; 
savefik; 
keyknown:=fals~; {forces keyboord read)  
curr~ntfile:='Unknown' ; 
goto f h g 5 ;  
end; (ESI N )  

begin 
mask[l] :='+ . LDS ' ; 
Getfilopar (mask,p, qx, qy, false,axcrs, abrt ; (qx, qy = 

defines s i x  of file to r sad}  
if abri = t r u e  then goto flag5; 
Readf il? (qx, qy, p, axcrs ; 

maxlength:=G; 
textbackground ( b l a c k )  ; 
InputdescTable (3, 6,1,4,8,1,1,20,2,4! ; 
mask[i] :='off1; 
fastwrist ( 6 2 , 2 ,  ' - ? - ~ r o w  Keys:Snt2rt, yellow, r2d) ; 
MoveSdi~Xinaow (nask, false, 1 N 1 , 0 , 3 ,  6 ,  1, 4, 6 ,  

1,1,20,2, notskip, a ~ r t )  ; 
if abr t  = L ~ r U l  th211 g0t0 f l a g 5 ;  
savefik; 

curre-ritfile:='Ün)r,?ownf; 
end; {csse 2 )  

-91tB: {Build .ves file) 
begin 
fastwrit=(&2, lPgVp:~gDn:Home:Encil , yeflow,red) ; 
fastwrito ( 3 , 2 ,  ' ? ~ r o w  keys:  Ins:Enterl, ydlow, red) ; 
join ( z b r t )  ; 
if ~ D r f  = t r u z  t h e n  goto flag5; 
ksyknom:=falço; 
currentfile :='Unknownr ; 
goto r'lag5; 
end; {czse 3 }  

,91tL: { i ~ p r i t  lamina prop.,  generate & view .mat file} 
begin 



if currentfile='Unknownt tnen 
begin 

mask[l] :='*.LAM1; 
mask[2] :="; 
fastwrite (6l,2, ' PgUp: PgDn:Home:End', yellow, red) ; 
fastwrite ( 3 , 2 ,  ' Ins & Enter', yellow, red) ; 
Getfilepar (rnask,p, qx, qy, false, axcrs, abrt) ; 
if abrt = true then  goto flag5; 
Xeadf ile (qx! qy, p, axcrs)  ; {p=path & f ilename) } 

end 
else 

neadfile (qx, qy, currentfile, axcrs j ; (p=path & 

filename) } 
goto flag - mat; 

end; 
clrscr; 
edi tmenu; 
fastwrite ( 3 , 2 ,  currentfile, lightgray, black) ; 
windowlength: =6; 
rnoxlength:=13; 
n o l d s t r  [ 2 , 8 ]  :='  ' ; 
h o l d s t r  [2,9]  :=" ; 
InputDescTa~le (3 ,6 ,2 ,9 ,6 ,2 ,8 ,25,2 ,11)  ; 
mask[l] : = ' o f f v ;  
fastwrite (6l,2, char ( 2 4 )  +char ( 5 8 )  -cnâ,r ( 2 5 )  + 

' : Tab: Shift-Tab' , ÿeIlow, red) ; 
MoveEditNindow(mask, falsê, 'Tt, 0,3,0,2,9,6,2, S r  - - ~ > , 2 ,  n o t s k i p ,  ab rc )  ; 
if (abrt = trus) or (Key = IltX) or (key  = 

carriagereturn) r n e n  
Degin 

curr=ntfile:= 'Unknownl; 
goto flaq5; 

end; 
savefile; {saves . l m  and any changes} 
if key = carriagereturn then 
Degin 

c'tlrrentfiLe:='Unknown'; 
goto f lag5;  

end; 
flag mat: 
~ e n ë r a t e M a t ~ r o ~  ( a t ,  dG1) ; (cioes decornp math & 

wri tes  fiber s r o p  [.mat] 
Zsplit (p ,  d, n, e )  ; 
currentfile:=n+' ,-MATt ; 
2eadfile (qx, qy, currentfile, axcrs)  ; (p=path & 

f i l e }  

f i lename) 1 
clrscr; 
edi tmenu; 



Eas twr i t i  (3,2, c u r r o n t f i k f  lightgray, b lack)  ; 
W s p l a y s  .mat p r o p e r t i e s }  

windowlongth: = 6 ;  
maxlength: =13;  
InputDescTablo(3,6,2,9,6,2,8,25,2,13); 
maskfl] : = ' o f f 1  ; 
f a s t w r i i e  (6l,2, char ( 2 4 )  +char  ( 5 8 )  i c h r  ( 2 5 )  + 

' : Tab: Shif t -Ta8 '  , yellow, red) ; 
MoveEdi tWi9dow (mas k ,  f d s e ,  ' T ' , O, 3 ,  O, 2,9, 6 , 2 , 8 ,  

25,2,notskip, a b r t )  ; 
if ( ab r t  = t r u e )  o r  (key  = AltX) thon 
begin 

cur ren tZi le :=  'Vnknown' 
goto  f l ag5 ;  

end; 
s a v e f i l s ;  [saves .mat 
keyknown:=true; 
Goto f l a g 5 ;  
end; 

1 

f i l e  and any changes made) 

AitX: { i n p u t  .mat prop.,  c a l c u l a i s  
Begin 
if currontfile='Unknownl thon 
begin 

mask[l] :='*.,.t33T'; 
mask[2] : = l  l ;  

fastwrits (61,2, '?gUp: PqDn:Homo: Znd' , yellcw, r e d )  ; 
lastwrits ( 3 , 2 ,  ' Ins h Cntert , yellow, r e d )  ; 
Get f i l epa r    mas^,?, qx, qy, fa l se ,  axc r s ,  s n r t )  ; 
i f  a b r t  = t r u e  then goto f l ag5 ;  & * 

Readfil? (qx, ou,?, zxcrs) ; [p=patn  & filznams) ) 
end 

begin 
Readfils (qx, qy, c u r r e n t f i k ,  a x c r s )  ; {-=path e 

f i lename) } 
g o t o  f l a g  - lm; 

end; 
xindowkngth:=6;  
maxlength: =l3; 
clrscr; 
editrnenil; 
Eastwritt ( 3 , 2 ,  ~ ~ 1 r i n t f i 1 e ,  ligntgray, b lack )  ; 
I n p u t D e s c T a ~ l s ( 3 , 6 , 2 , 9 ,  6 ,2 ,8 ,25 ,2 ,13)  ; 
mask[1] : = ' o f f t  ; 
f a s t w r i t ~  (61,2,  char ( 24 )  +char ( 5 8 )  +char ( 2 5 )  + 

' :Tab:Shift-Tabl, yellow, red) ; 
MoveEàirWindow (mask, false, ' T t ,  0 , 3 , 6 , 2 , 9 , 6 ,  

2,8 ,25 ,2 ,notsk ip ,  abrt)  ; 
if (&rt = t r u e )  o r  (key = U T X )  t hen  



begin 
currentfile:='Unknown'; 
goto flag5; 

end; 
savef ile; {saves any changes made t o  .mat f i l e }  
if key = carriagereturn then 
begin 
currentfi1o:='Unknownr; 
goto f l ag5 ;  

end; 
flag lam: 
val(holdstr [l, 11, El, ercd [l] ) ; 
val (holdstr [l,2] ,Vl,ercd[2l) ; 
val (holdstr [l, 31, Gl,ercd[33) ; 
val (holdstr [l, 4 1  ,Et,~rcd[4] ) ; 
val (holdstr [l, 51 ,Vtf ercd[5] ) ; 
val(ho1dstr[1,6],Gtfercd[6]) ; 
val (noldstr [l, 71 ,Kt,ercd[7] ) ; 
val (holdstr[l,8] ,Zm,ercd[8] ) ; 
val (holdstr [ l , 9 ]  ,Vm, ercd[9] ) ; 
val (holdstr [2,1], XT,ercd [lm ; 
val (holàstr f2,2] ,XC,ercd[l3] ) ; 
val(holdstr[2,3] ,YT, 2rcd[14j ) ; 
val (holdstr [ z ,  41 ,YC, ercd[15] ) ; 
val (holdstr [2 ,5 ] ,  SS, ercd[lO] ) ; 
val (holdstr[2,6], ffm,ercd[10] ) ; 
if (holdstr [2,7]='T-iso')or (h01dstr[2~ 7 ] = '  T-isot ) - 
o r  ( h o l d s t r  [ 2 , 7 ] = ' t - i ç o '  ) o r  ( h o 1 d s t r  [ 2 ,  ; ] = t-isol ) 

- -  ~ n e n  

Model : = t r u e  
e lse  
Model:=false; 

if(holdsïr[2,8]='Yes1) or (noldstr[2,8]= t - 2 ~ ' )  

o r  (noldstr[2,8]= ' Yes' ) or (noldstr [2,8]= ' Yes') 
or (nolascr [2, a ] =  ' yes'  ) or (holdsrr [ 2 ,  a ] =  ' y o s '  ) 
or(noldstr[2,8]= ' yesl)or (noldsïr[2, a]= ' -2s') 

r l s e  
fit:=false; 

iE (holdstr [2,9]= 'Yês') or lholdstr[2,9j= ' Yes'  ) 
or (holdstr [2,9f = ' Yes' ) or (holdstr [2,9]= Yes ' ) 
or (holdstr [2,91= ' yes ' ) or (holdstr [3,9] = ' yes ) 
or (holdstr [2,9]= ' yes' ) or (holdstr[2,9]= yos') 

tnen 

calculate pro? (Model, metal, f itr dgrad, i, GL,El, - 



Et,dEt,Vl,Vt,Gl,dGl,Gt,Kt,ffm,Em, 
Vm, ffs,redu,ffail,Rss,ercd) ; 

str (Elconst [l] .El: 13: IO,holdstr [1, l] ) ; 
str (Elconst [l] . V I :  13: 10, holdstr [l, 21) ; 
str(Elconst[l] .GI:13:10,holdstr[lI 33 ; 
str(Elconst[l] .Et:13:10,holdstrn,41); 
str (Elconst [l] .Vt:13:10,holdstr [l,5] ) ; 
str(Elconst[i] .Gt:l3: lO,noldstr[l, 61 ) ; 
str (Elconst [l] .:Ci: 13: lO,holdstr[L, 71) ; 
str (ErnA3: 1O,holastrf1,8]) ; 
str (vm: 13:  lO,holdstr[1, 91 ) ; 
str(XT:7:3,nolasrri2,1]); 
str (XC:7:3,holdstr [2,2] ); 
str(YT:7:3,holdstr[2,3]) ; 
str(YC:7:3, holdstr[2,4] ) ; 
str(SS:7:3,holdstr[2,5]); 
str ( f f m :  7: 3, holdstr [S, 61 ) ; 
if model-truo then 
holdstr [2,71 : = ' 

e l s o  
holdstr[2,7] := ' 

if f i t = i r ~ s  chzn  
~ O M S L ~ [ S , ~ J  := ' 

else 
holdstr[2,8] := ' 

if metal=true chen 
holdstr[2,9] := ' 

rlse 
h o l d s t r  [ 2 , 9 ]  := ' 

clrscr; 
edi tmenu; 
f s p l i t  (p, d, nt e) ; 
currenzr ' i le:=n+ ' . LnW' ; 
fastwrite ( 3 , 2 ,  currentfile, lightgray, b12ck)  ; 
InputDescTakde(3, 6,2,9, 6,2,8,25,2,12) ; {àisp  . l m }  
mask[l] : = ' o f f ' ;  
fastwrite (6l,2, chzr (24) +char ( 5 8 )  +char ( 2 5 )  + 

' : T a D :  S h i E t - T a y  , ye lIowr  red) ; 
MoveSditWindow (mask, false, l T ' , O-, 6, 

2,8,25,2,notskip, a h t )  ; 
if ( a ~ r t  = iruo) or ikey = AltX) î n e n  
begin 

currentr'ils:='Unknoml; 
goto f lag5 ;  

end; 
if model=tru? thsn 
holdstr 12, i] := ' T-iso' 

else 
holdstr [z, 71 := ' iso' ; 



if fit=true then 
holdstr[2,8]:= ' Yesf 

else  
holdstr[2,8] := No 1 ; 

if metal=true then 
holdstr [ 2 ,9 ]  := ' Yes 

else 
holdstr [2 ,9 ]  := ' NO'; 

savefile; b a v e s  changes made to .Lam o r  simply 
zornputod values) 

keyknown:=true; 
goto flag5; 
enà; {cas? M) 

{exit t o  mainmenu] AltX: 
Degin 
clrscr;  
mainmenu; 
keyknown: =f alse ;  
currentfile:='Unknown'; 
goto f l a g  - end; 
2nd; 

Carriagereturn: 
begin 
keylrJlown:=false;{forces CO look f o r  EX: keystroktj 
currentfi12:='Unknown1 ; 
goto f l a g 5 ;  
end; 

If noc (Key In [carriagerecurn, . U t 9 r I ~ I f L r 1 9 1 ~ M r  
A l t W , . ? U t X ,  e s c ]  ) then 

Segin 
GotoXY (58, 2 )  ; 
textbackground (cyan) ; 
t ex tco lo r  (red) ; 
Deep (600,150) ; 
Writa('Error-InadmissiDle Keyf); 
delay(2000) ; 
GotaXY ( 5 8 , 2 )  ; 
Textbazkground ( b l a c k )  ; 
Write ( ' 
gotoxyu, 4 )  ; 
textcolor (yellow) ; 
notskip:=truê; 
goto f lag5;  
end; 
until (key = esc) or ( k e y  = a l t x )  ; 



f l a g  - end: 
end; 

procedure P-lt - D ( i t t e r :  boolean) ; (graphies idiïor f o r  
finite differenco} 

var 
param, layerno ,  angl ,  n u b :  i n t e g e r ;  
variate,kzÿknown,speciaII(ey:'Dooiean; 
Newmat, vexp, Cmult, 1ab: string; 
radius, Sig - r, Sig-z, S i g  - f : roa la r rayZplusN;  

s t o r  1, stor - m, stor - d,stor - i, s t o r  - j , s t o r  k ,  stor C l l , s t o r  G12, - - 
s t o r ~ 2 2 ,  
stor4a13, stor - 3 2 3 ,  s t o r  - a33: rtal; 
ryp : cha r ;  

l a b e l  
f l a g  - dif,flagX, l lag-var;  

f l a g  - var: 

finiteD (radius, Sig r, Sig - f, Sig - z ,  variate, i t t e r )  ; 
plotvgraphs (radius,sig r, Sig - f, Sig-z, x - max, x - min, y - max, 

v - _  min, n d r ;  

if itter = t r u e  then 
-1o tou t l i ne  ( 'Radius (mn) ' , ' Stress MPal, '111 Variable - 

Free &Axialr, ", 5,5,x inin,x - m x , y  - min,y max) ; - 
i f  i t t e r  = f a l s e  th2n 
plotoutline ( 'Radius (mm) ' , 'Stress MPaï , IAll Variable - 

i i xed  Axial ' ,  ' ', 5 , 5 , x  - min,x max,y min, y max) ; - - - 
i f  variate = f a l s e  then 
begin 

s t o r  - l : = b f i t . l ;  



stor m:=bfit.m; 
stord:=bfit .d; 
stor-~ll:=bfit.~ll; 
s t o r ~ 1 2  : = b f i t .  G12; 
s t o r ~ 2 2  :=bf it .G22; 
stor-i:=bfit.i; 
ç t o r j  :=bfit. j; 
stor-k:=bfit . k; 
stor-al3:=bfit. a13; 
stor-a23:=bfit . a X ;  
star-a33:=bfit.a33; - 

end; 

setfillstyle (solidfill, b1ack) ; 
bar (500,0,639,26) ; 
setcolor(1ightcyan); 
sir (lOOO*valu: 4: 1, Cmult) ; 
s t r  (-expn:4:2,vexp) ; 
sectêxtjustify(righttext, t o p t e x r )  ; 
outtextxy(600,18,lab+'='+Cmult+' (p )  ' )  ; 
s~ttextjustify(lofttext,toptext); 
outtextxy (6OO,l2, vexp) ; 

Segin 
setf Flistyle (solidf il1 ~ 1 a c k )  ; 
SEI (1OOO*valu:d:1,Cmult) ; 
bar (S76,18,578-8*lengti-i (Cmult) , X )  ; 
settextjustify ( r i g h t t ~ x t ~  t op t ex t )  ; 
setcolor (lightcyan) ; 
outtextxy(578,18, Cmult) ; 
setfillstyle (solidf fil, black) ; 
Dar (600,12,639,29) ; 
setfillstyle (solidfiIf, blue) ; 
str (-expn: 4 :  2 ,  vexp) ; 
bar (6OO,l2 ,  600+Bflength (voxp) , 20 )  ; 
settextjustify (lefttaxt,toptext) ; 
setcolor (white) ; 
outtextxy(600,12,v~xp) ; 

enà; 
if param = 1 then  
begin 

setfillstyle (solidEiI1, b l a c k )  ; 
str (-expn: 4:2,vexp) ; 



bar (6OO,l2,639,2O) ; 
settextjustify (lefttext, t o p t e x t )  ; 
s e t c o l o r  (lightcyan) ; 
outtextxy (6OO,lZ, vexp) ; 
str (1000*valu: 4: 1, Cmult) ; 
setfillstyle (solidf i11,Dlue) ; 
bar (576,18,576-8*length (Cmult) , 2 6 )  ; 
settextjustify (righttext, t op t ex t )  ; 
setcolor (whi te)  ; 
outtextxy(576,18,CmuIt) ; 
settextjustify (lefctextr toptext) ; 

end; 

repeat  
i f  not keyknown then Inkey (specialkey, ch, ' s  l, 'O' ) ; 

case key of 

begin 
keyknown:=trüe; 
goto flagX; 

end; 

UpUrow : 
begin 
variate:=truz; 
if param = 2 cnen 
begin 

expn:= ox3n - 0.31 ;  
s t r  (-rxpn: 4 :  2 ,  vexp) ; 
s e t f i l l s t y l 2  (solidfi11, blue) ; 
bar (600,12, 600+8x1ength (vexp) 2 0 )  ; 
sett2xtjustiEy (loftt?xt, toptext) ; 
s e t c u l o r  (whitz) ; 
outtextxy (600,12, vexp) ; 

if numb = 1 then 
begin  

b f i t .  1: =expn; 
valu:=bfit.GlI; 
la~:='311'; 

end; 
if nu& = 2 then  

begin 
bfit.m:= expn; 
v ~ h : = ~ f i t . G 1 2 ;  
lab:='312'; 

end; 
if numb = 3 then 



begin 
bfit.d:= expn; 
vaiu:=bfit.G22; 
lab:='B22'; 

end; 
if numb = 4 then 

begin  
bfit.i:= expn; 
valu:=bfit.o13; 
lab:='al3'; 

end; 
if numb = 5 then 

begin 
biit.j:= expn; 
valu:=bfit.a23; 
lab:='a23'; 

end; 
if numb = 6 then 

begin 
bfit.k:= expn; 
valu:=bfit.a33; 
laD:='a33'; 

end; 
2nd; 
if param = 1 then 
bogin 

v a l u : =  valu +0.001; 
s c r  (1000*valu: 4 : 1, Crnult) ; 
s t t f i l l s t y l e  (solidfi11, blue) ; 
b a r  (j76,i8,576-8*length(Cm~ili), 28) ; 
s e t t e x t j u s t i f y  ( r i g h t r e x t ,  toptext) ; 
setcolor (white) ; 
outtextxy ( 5 7 6 ,  la, Crnuh) ; 

if numb = 1 then 
Segin 

expn:=Dfit.l; 
bfit.Gll:=valu; 
h ~ : = ' a l l ' ;  

end; 
if numb = 2 t h t n  

Segin 
expn:= M i t - m ;  

. M i t .  G12 :=valu; 
lab:='B12'; 

end; 
if numb = 3 tnen 

Segin 
expn:=Dfit.d; 
bf it . G22 :=valu; 



lab:='222'; 
end; 

if numb = 4 then 
begin 

expn:=bfit. i; 
bfit.a13:=valu; 
lab:='al3'; 

end; 
if n& = 5 then 

begin 
expn:=bfit. j; 
bFit.a23:=valu; 
laD:='a23'; 

end; 
if numb = 6 then 

begin 
expn:=Dfit. k; 
bfit.a33:=valu; 
lab:='a33'; 

end; 
snd; 
go to  f l a g  D i f ;  
end ; 

D o m a ~ r o w :  
begin  
variate:= t r ue ;  
if param = 2 cnen 
beg in 

expn:= ex-n + 0.01; 
str (-expn:4:2,vexp) ; 
sstfillstylc (solidfiIl, D1ue) ; 
s e t t e x t j u s t i f y  (lefttext, t o p t e x t )  ; 
bar (6OO,l2,6OO+8*length(vexp) , 20 )  ; 
se t co lo r  (white) ; 
outtextxy (6OO,l2, vexp) ; 

if numb = I t hen  
begin 

bfit.l:=expn; 
valu:=blit. G11; 
1ab:=T311'; 

end; 
ir' numb = 2 thon 

begin 
bf i t ,m:=  expn; 
valu:=bfit.G12; 
l a b : = 9 E t ;  

end; 
if numb = 3 then 



begin 
bfit.d:= expn; 
valu:=bfit.G22; 
lab:='322' ; 

end; 
i f  numb = 4 then 

begin 
bfit.i:= expn; 
valu:=Dfit.a13; 
lab:='al3'; 

end; 
iZ numD = 5 tnen 

begin 
bfit.j:= oxpn; 
valu:=Dfit .aS3; 
lab:='a23'; 

end ; 
i2 numb = O ihen 

begin 
bfit.k:= expn; 
valu:=bfit.a33; 
lab:='a33'; 

end; 

if param = 1 tnen 
j e g i n  

valu:= va lu  -0 .007 ;  
s t r  (1OOOiCv~lu: 4 :  1, Cmult) ; 
Sa-<. -L~lllstyle (~0lidfiI1~D1~1) ; 

~ a r  (570,18, 570-8r13ngtk! (CmuIt) , X )  ; 
scttcxtjustify (rlghtte~t~ toptzxt) ; 
setcolor (wnits) ; 

if numD = 1 chen 
Segin 

expn:=bfit.l; 
bfit.Gll:=valu; 
lab:='91lT; 

end; 
if n d  = 2 then 

begin  
expn:= Dfit.m; 
bfit.GlZ:=valu; 
lab:='312'; 

end; 
if numb = 3 then 

begin 
expn : = b f i  t . d; 



bfit.G22:=valu; 
1&:='322'; 

end; 
-- if numb = 4 then 
begin 

expn:=bfit. i; 
bfit-a13:=valu; 
lab:='al3'; 

end; 
if num5 = 5 then  

begin 
expn:=bfit. j; 
bfit.a23:=valu; 
lab:='a23'; 

end; 
if numb = 6 then 

begin 
expn:=bfit. k; 
b f i t .  a33 :=valu; 
lab:='a33'; 

end; 
end; 
goto flag - D i f ;  
snd; 

L z f  t a r r o w  : 
begin  
param:= pûram-1; 
if param <= I thon 

param: =l; 
if param = 1 t h l n  
j eg in  

sotfiilstyle (solicf il1 , ~ l a c k )  ; 
bar (600,12,039,20)  ; 
settextjustify ( l e f t t e x t ,  t o p t e x t )  ; 
sercolor  (lightcyan) ; 
s i r  (-expn:4:2,voxp) ; 
outtextxy (600,12, vexp) ; 
str (1000*valri: 4 : 1, Cmu3. t )  ; 
s e t f i l l s t y l e  ( so l iCf i l . 1 ,  b Iue )  ; 
bar (576,L6,576-8*length(Crnult), 2 6 )  ; 
s l t t e x t j u s t i f y  ( r i g h t t e x t ,  top tex t )  ; 
setcolor (white) ; 
outtextxy(576,l8, C m u I t )  ; 
settextjustify (lefttext, t o p t e x t )  ; 

end; 
goto f l a g  - d i f ;  
end; 

RighL9rrow : 
beoin 



param:= param+l; 
if param >= 2 thon 

paxam:=2; 
if param = 2 then 
Degin 

s t r  (lOOOfvalu: 4 :  1, Cmult) ; 
setfillstyle(solidfil1,black); 
bar (576,l8,578-8*length(CmuIt), 26) ; 
s~ttextjustify (righttext, toptext) ; 
setcolor (lightcyan) ; 
outtextxy(576,18, Cmult) ; 
setf illstyle ( s o l i d f i I l ,  blue) ; 
bar (6OO,l2 ,  039,20) ; 
s e t t e x t j u s t i f y  (lefttext, toptext) ; 
setcolor (white) ; 
str(-expn:4:2,vexp) ; 
outtextxy (600f12, vexp) ; 

2nd; 
go to  f l a g  - d i f ;  
end; 

PgDn: 
~ e g i n  
setcolor (black) ; 
r e c t a n g l s  (583 ,  42+12+nÜmjt 5 8 5 , 4 O + l 2 * n u n ù )  ; 
n@:= nunb + 1; 
if numb >= 6 then 

n&:=6; 
s e t c o l o r  (white) ; 
rectangle ( ~ 8 3 , ~ ~ + l ~ * n U m i 3 , 5 8 5 , ~ ~ + l ~ * n ~ )  ; 

if numb = 1 theri 
begin 

valu:=bfit,GlI; 
sxpn:=~fit. 1; 
lab:='311'; 

md; 
if numb = 2 then 
Degin 

vaIu:=bfit.G12; 
2xpn:=bfit .m; 
l a b : = ' N Y  ; 

2nd; 
if numb = 3 then 
Degin 

valu:=bfit.G22; 
expn:=bfit .d; 
lab:='B23'; 

end; 
if numb = 4 then 
Degin 



valu:=bfit.a13; 
expn:=bfit.i; 
lab:='al3'; 

end; 
if numb = 5 then 
~ e g i n  

valu:=Dfit.a23; 
expn:=bfit. j; 
lab:='a23' ; 

end; 
if numb = 6 t h e n  
Degin 

valu:=bfit.a33; 
expn:=bfit.k; 
lab:='a33'; 

end; 

setfillstÿlo (solidfillf D1ack) ; 
bar  (500,0,639,26) ; 
s e t c o l o r  ( l i g h t c y a n )  ; 
str (lOOO*valu: 4 :  1, Cmult) ; 
str (-expn:4:2,vex?) ; 
settextjustify ( r i g n t t z x t )  ; 
ourtextxy(6OO,l8, laD+'='+Cmulti' ( p )  ' ) ; 
szttextjustify ( l o f t t e x t ,  toptext) ; 
o u t t e x t x y  ( 6 0 0 , 1 2 ,  vsxp) ; 

g o ï 0  f l a g  - 3 i f ;  
end; 

ogup : 
Degin 
setcolor (black) ; 
rectangle ( S 8 3 , U + l P n u 1 1 ~  585,44+12*numD) ; 
rumb:= niimb - 1; 
if numb <= 1 then 

numb:= 1; 
s e t c o l o r  (white) ; 
rectangle (583, 4S+12*numbt 5 8 S , 4 4 + 1 2 * n ~ & )  ; 

- if - numb = 1 then 
begin 

valu:=bfit .G11; 
cxpn:=bfit. l; 
1ab:='9111; 

end; 
if numb = 2 then 
begin 

valu:=bfit .G12; 
expn:=bfit .m; 



end; 
if nwnb = 3 tnen 
begin 

valu:=bfit.G22; 
expn:=bfit .d; 
lab:='522'; 

end; 
if nu& = 4 tnen 
begin 

valu:=bfit.al3; 

end; 
i f  numb = 5 thên 
begin 

valu:=bfit.a23; 

end; 
i f nu& = 6 then -- 
Degin 

valu:=bSit.z33; 

end; 

s e t c o l o r  (liqhtcyan) ; 
str (1OOO*valu: 4: 1, Cmul"1 ; 

settextjustify ( r i g n t t e x t f  t op t ex t )  ; 
outtextxy(000,18,1ab+'='+Cmult+' ( p )  ' ) ; 

o u t t ê x t x y  (600,lS, vrxp) ; 
goto f l a g  - D i f ;  
end; 

I n s e r t k e y :  
begin 
c l s a r d e v i c e ;  
goto  f l a g  - var; 
2nd; 

3omeKey: 
&gin 
Bfit.l:= s t o r  - 1; 
H i t . m : =  s t c r  m; 
S f i t . d : =  stor-d; 
bfit.G11:= SL& - G11; 

toptext) ; 



bfit .G12:= stor G12; 
bfit .G22:= s t o r ~ 2 2 ;  
bfit.i:= stor - if 
Bfit.j:= stor j ;  
bfit. k: = stor-k; 
bfit.a13:= stgr a13: 
bfit. a23 := stor-223; 
5f i t  .a33 := stor-233; - 

if numb = 1 t h e n  
Degin 

valu:=bfit.GIl; 
expn:=~fit.i; 
lab:='Bll'; 

end; 
if numb = 2 then 
bzgin 

valu:=bfit.G12; 
expn:=bfit .m; 
la~:='B12'; 

end; . - 
ir numb = 3 t&n 
Dogin 

valu:=bfit.G22; 
=xpn:=bfit.a; 
lab:='B22'; 

2nd; 
i = n& = 4 t h e n  
6 + 

Degin 
valu:=bfit.a13; 
zxpn:=bfit. i; 
la~:='a13'; 

2nd; 
if ni& = 5 tnen 
Degin 

valu:=bfit . o H ;  
expn:=bfit. j;  
lab:='a23'; 

2nd; 
if numD = 6 then 
begin 

valu:=bfit.a33; 
expn:=bfit. k; 
lab:='a33'; 

end; 

bar (500, 0, 639,26) ; 
se tco lor  (lightcyan) ; 
str (1000*valu: 4: 1, Crnult) ; 



str (-expn: 4:2,vexp) ; 
settextjustiiy (righttext) ; 
outtextxy(000,18flab+'='+Crnult+r (p) ' )  ; 
settextjustify (lefttextf toptext) ; 
outtextxy (6OO,l2, vexp) ; 
goto flag - dif; 
end; 

~ e g i n  
if nurnb = 1 then  
~ e g i n  

valu:=stor G11; 
sxpn: =star-1; - 
l a ~ : = ~ X l ' ;  

end; 
if numb = 2 then  
begin 

valu:=stor - G12; 

end; 
if n m b  = 5 t h m  
begin 

valu:=stor - 223; 
txpn:=stor - j; 
7aD:=f733 ' ;  

end; 
if numb = 6 then 

end; 

setf illstyle (soliafiII, black) ; 
bar (500,Or639,X) ; 



setcolor  (lightcyan) ; 
str (1OOO*valu:4:1,Cmult) ; 
str (-expn:4:2,vexp) ; 
settextjustify (righttext, toptext) ; 
outtextxy(600,18,lab+'='+Cmult+~ (p)  ' ) ; 
settextjustify ( l o f t t e x t ,  toptext) ; 
outtextxy (6OO,l2, vox?) ; 
goto f l a g  - dif; 
end; 

end; {cases} 
until key = O S C ;  

f lagX : 
end; 

end. {unit) 



unit A l t  - F u t l ;  

i n t e r f a c e  

uses glob var, dos, c r t ,  graph, voç util, - 
menus, f ~ ~ v i d e o ,  o d i t o r ;  

procedure M t  - U; 

procedure  displaycontênts(var f1inê:filelines;var 
max1ine:integer); 

var 
keyknom,specialkoy:boo1ean; 
i, j ,  upper :  integor; 

label 
E l a g  keyin;  - 

begin 
keyknown: =f a l s a ;  
j : = O ;  
gotoxy(3,2) ; 
textbackground (Dlack) ; 
t e x t c o l o r  ( l i g h t g r a y )  ; 
write (currentfik+' ' ) ; 
textbackground (black); 
t e x t c o l o r  (white) ; 
window (3,4,79,22) ; 
c l r scx ;  
curser o f f  ( s t y p s )  ; 
if m a x h e  < 19 chen 

uppex:= maxlin~ 
else 

for i:= 1 to upper do 
writeln ( f l i n e  [il ) ; 

repeat 
if n o t  keyknown then 



f l a g  keyin:  
inkey (specialkey, ch, l s l ,  O ) ; 

case 

PgDn : 
begin 
j:= j+iO; 
if ( j+upper )  > maxlino then 
begin 
j:= maxlino-upper; 
beep (1600,600) ; 
goto f l a g  - keyin; 

end; 
f o r  i:= 1 to upper do 
writeln(f1ine [i+j] ) ; 

PgUp : 
begin 
j := j - 1 0 ;  
if j < O then 
Degin 

j := 0; 
h e p  (1600, 600) ; 
goto  f l a g  - keyin ;  

?ne; - l o r  i := 1 t o  upper ào 

writoln(iline[i+j) ) ; 
2nd; 

begin 
j :=O; 
f o r  i:= 1 ~o upper do 
writeln (iline [ i + j  ] ) ; 

end ; 

Endkey : 
begin 
j:=maxline-uppar; 
f o r  i:= 1 t o  upper do 
writeln(fline[i+j]) ; 

end; 

end; {cases) 
until (key  = e s c )  or (key  = a l t X )  ; 
clrscr; 
window (1,1,80,25) ; 
end; 



var 

keyknown, specialkcy,axcrs, i!brt, sucs : boolea~; 
mask:mask names; - 
p,  newname, extn: string; 
qx, qy, i, j ,maxlino: integor;  
f : t e x t ;  
s:string[80]; 
f1ine:filelines; 

label 

f lagl, f lag - N t  flag - D, flag - end, f lag 2 ,  jumpout R ;  - - 

begin 
keyknown : = 
Tlagl: 
c l r s c r ;  
utilmenu; 
repeat  
i f  n o t  keyknown rhen 

inkey ( spec ia lkey ,  ch, ' s , 'O ) ; 

case k ~ y  of 

{Renarno file) AltR: 
begin 
flag N: 
maskTl] :='*.lm1; 
mask[2] : = + * . n a t l ;  
mask[3] :='*.wall; 
mask[4] :='*.Idsr; 
mask[5] :='*.prsV; 
mask[6] := '+  .ves ' ; 
mask[7] :=' '; 
fastwrito ( 3 , 2 ,  ' Ins & Z n t e r l ,  yellow, r e c )  ; 
f a s t w r i t e  (61,2, 'PgUp:PgDn:Home:5ndV ,yel,Lowt r sd)  ; 
Getf ilepar (mask, p, oute~layer,i, t r u e ,  axcrs, zbr t )  ; 
if a b r t  = true then gsro f l a g l ;  
renamef i l e  (sucs, net~name) ; 
if sucs = false  then goto f l a g  N; - 
currentf ile: =newnane; 
goto  f l a g l ;  
end; 



{de le t e  file) 
begin 

f l a g  D: 
maskTl] : = I f  lm' ; 
mask[2] := ' *  .mat1 ; 
maski31 :='*.wall; 
mask[4] :='* .ldsf ; 
rnask[5] :='* .grs ' ; 
mask[6j :='*.vesl; 
mask[7] :=' '; 
fastwrite(61,2, 'PgUp:PgDn:Horno:End', yellow, red) ; 
fastwrite ( 3 , 2 ,  ' Ins & Enterf, yellow, red) ; 
Getfilepar (mask, p,  qx, qy, true,axcrs, abrt) ; 
if abrt = t r u e  then goto f l a g l ;  
deletefile (sucs) ; 
if sucs = false then  goto f l a g  D; - 
gotoxy (4,5) ; 
textcolor (white) ; 
textbackground(S1ack); 
write ( ' ' 1 ;  
gotoxy (4,s) ; 
textbackground ( r o d )  ; 
writ2 (lFj.72 ficurrentfile+ ' 3eleted' ) ; 
Deep (1600,600) ; 
delay (15000) ; 
currentfii=:='Unknom1; 
goto f l a g l ;  

2nd; 

A l t N :  {new file) 
jegin 

mask[l] : = ' * . L m 1 ;  
mask[3] :='*.mat1; 
mask [3] : = l x  . wall ; 
mask[4] : = ' *  . lds' ; 
masK[5] : = I f  .prs  ' ; 
mask[6] :=' ' ; ( s i g n a l s  exit condition) 
fastwrite ( 3 , 2 ,  ' Ics & Znter' , yellow, red) ; 
fastwrits(61,2, f ?gUp:PgDn:H~me:End ' ,yo l low,~ed)  ; 
Getf i l epar  (mask, p ,  qx, qy, t r u o , a x c r s ,  a ~ r t  1 ; 
if abr t  = crus t h en  goto flaql; 

for i:= 1 to qx do {makes sure that f i l s  saved is 
tmpty 1 

f o r  j :=  1 to qy do 
begin 

holdstrii,j]:= "; 
end; 
savef île; 
textbackground (8lack) ; 



textcolor (wnite) ; 
gotoxy(4,5) ; 
write ( ' 
gotoxy (4t5) ; 
writeln('Li1e '+p+' 
textcolor ( y d l o w )  ; 
gotoxy (915) ; 
writeln (p)  ; 
delay (10000) ; 
c~rrencfilo:=~UnY,.iown~ ; 
goto flagl; 

m u ;  

{view contents } 
ALTV: 

begin 
mask[l] :=" . Iam' ; 
mask[2] : = ' *  .mat1 ; 
mask[3] :='* . wal ' ; 
mask(4J :='* . Ids  ' ; 
rnask[5] : = ' *  . prs ' ; 
mask[6] :='* . ves ' ; 
mask[7] :='*.II*'; 
mzsk[8] :=' l ;  

fastwrit2(61,2, fTgUp:3gDn:Home:~nd'ly~~~oxlr~a); 
fastwrito ( 3 , 2 ,  ' Ins & Z n t e r '  , yellow, r e d )  ; 
Getfilepar (nask, 2 ,  qx, c y ,  t r u e ,  axcrs ,  a b r t )  ; 
if abrt = t r u e  then g o t o  
assign (f, currentfilo) ; 
r e s e t  (f) ; 
i:= O; 
xhile no t  ~ ? o f ( f )  do 

jegin 
i:= i+l; 
readln(f,s) ; 
fline [ij :=s; 
if i > 300  tnen go to  

end; 
jumpout R: 
close ( f i ;  

displayconttnts ( f l i r?s ,maxI ine)  ; 
end; 

A l t X :  { e x i t  t o  main menu) 

clrscr; 
mainmenu; 
keyknown:=false; 
currentfile:='Unkno-mr ; 
goto f l a g  end; - 



end; 
end{case}; 

If not  (Key I n  [ c a r r i a g e r e t u r n ,  A l t X ,  P-ltD,AltR, 
AltV,ALTN, esc ]  ) then 

begin 
G o t o X Y  (58,S) ; 
textbackground (cyan) ; 
t e x i c o l o r  ( r e d )  ; 
~ e e p  ( 6 0 0 , I S O )  ; 
Writo ( ' Zrror-Inadmissible  Key' ) ; 
delay  ( 2 0 0 0 )  ; 
GocoXY ( 58 ,S )  ; 
Textbackground (b lack)  ; 
Write ( 
goioxy(3,4) ; 
t e x t c o l o r  (yellow) ; 
goto  f l a g l ;  

end; 
u n t i l  key = esc;  
f l a g  - end: 
end; 

end. { u n i t )  





if a b r t  = t r u e  thon goto f l ag3 ;  
clrscr; 
1 ayermenu; 
wfile:= 'file = '+currentfile; 
fastwrite ( 3 , 2 ,  wfile,red, black) ; 
microresul t ; {interchanges index 

outputdesctable} 
keyknown:= false; 
goto f lag3;  

2nd; 

{rotate layer} 
Degin 
Rotresult; 
Keyknom:=false; 
goto flag3; 

end; 

{ l o a d  as  single wall layer} 

{exit to calculate menu) 

clrscr;  

keyknown:=false; 
currentfiIe:='Unknomr; 
goto flag-7; 

end; 

end;{single l a y e r  case) 
If not (Key In [-n-liX,AltC,AltR] ) then 
j eg in  

G o t o X Y  (58, 2 )  ; 
ttxtbackground(cyan); 
t e x t c o l o r  ( red)  ; 
beop (600,150) ; 
Write ( 'Error-In=dmissiblê Key' ) ; 
aelay(2000) ; 
GotoXY (58,z)  ; 
Textbackground(b1ack); 
Write ( 



gotoxy(3,4) ; 
t e x t c o l o r  (yellow) ; 
goto f l ag3 ;  

end; {if} 
until key = esc;  
{notskip:=true; } 

f l a g  - 7 :  
end; 

end. {unit) 



unit CornpMath; 
{$O+, F+) 

(*********+*******+**********f*****i************ 1 

i n t e r f a c e  

uses glob - var, graph, oditor, DOS, crt,veç util,menus, p lo tp rop ,  - 

procedure 

procsdure  

Ludcm~ (var  a : 
n:  

var  indx: 
va r  d: 

l ubksb  (var a: 
n: 

var in&: 
var b: 

realarrayNLbyNL; 
i n t e g p r ;  
IntegerarrayNL; 
real) ; 

realarrayNLbyNL; 
i n t ege r ;  
integerarrayNL; 
Fkalar rayNL) ; 

mtxinv(lno: integer) ; 

Solvem~trix(nooq:integer;var CVx:realarrayNL); 

ProcoQure Rotate(ang1e:rral; 1no:integer); 
( *  
"ocedura comput2tê-ms(var -~espzossuros:r3alarrayPjL;var 
zxialC:  r e a l )  ; 

= )  
I r o c e a u r ~ i  compuca - fuil(var vêsprissures:rea~arrayNL;var 
axialC:real;var ful1:~oolean); 

Procedure ReadVesf(var ~:string;mask:mask names;var 
redu, f fail, RedSS: realarray1NL;Var outerlaver: intqer; 
lapumber,  z : intzger; vcr 
rsaakey, change, degrade, aDort : boolean) ; 

Procedure LaStrStr; 

Procedure RotResult; 



function Dfac(f,d:real;n:integer) :real; 

function iac (n: integer) : integer; 

( *  
Procedure Summation(var Eactor:realarray8;ro:rcal;last: 
integer; typ: char;  getfit:Doolean) ; 

procedure Two - v a r  ( typ : char; var  rad,  s i g m a  r, - 
sigma - f, sigma - 2: r2alarray2plusN) ; 
* 1 
Procedure Variable - N(var power:roal;var restnt:boolean); 

procedure statsout(expon:real;var restnt:boolean}; 

procedure FiniteD (var actrad, sigma r, sigma if sigma z :  
realarray2plusN;variation, itterate%oolean); 

implemontation 

3roceaure Luàcmp(vx a: rcalarroyNLDyNL; 
n: i n t s g e r ;  

ver in&: IntogerarrayNL; 
var  d :  r e a l ) ;  

cons t 
t i n y  = 1.0e-20; 

var  
k, j,  imax, i: i n t e g t r ;  
sum, d m ,  b i g :  real; 
~ : ~ r e a l a r r a y N L ;  

Begin 
new (w) ; 
d : =  1 . 0 ;  
For i:= 1 to n 90 k g i n  
Sig:= 0.1); 
f o r  j := 1 to n ao 
if abs (a[i, j ]  ) >big tnen big:= abs ( a [ i ,  j J ) ; 

if big = 0 . 0  then begin 
writeln('pacse in LUDCMP - singular matrix'); 
readln 

end; 
wA [il : = I.O/big 



end; 
f o r  j := 1 t o  n do Segin 
for i:= 1 t o  j - l  do begin 

sum:=a[i,  j ] ;  
for k := 1 to i-1 do 

SUI:= s u i - a [ i , k ] * a [ k , j ] ;  
a [ i ,  j ]  := sum 

end; 
big :=  0.0; 
f o r  i:= j t o  n ào begin 

sum:= a [ i , j ] ;  
for k :=  1 to j-1 do 

sum:=sum-a[F,k]*a[k, j ] ;  
a [ i , j ] : =  s u ;  
d m : =  wA (il +aDs ( s u )  ; 
if d m > =  ~ i g  then begin 

big :=  d m ;  
imax : =i 

end 
end; 
i - f j o  imax then Degin 

f o r  k :=  1 r o  n do S e g i n  
d m : =  a[imax, k ]  ; 
a[imax,K] := r [ j , k ] ;  
a [ j , k ] : =  d m  

2nd; 
-d; 

-mA[imzxj  := - n A [ j j ;  
snd; 
i n & [ j ]  := inax; 
if a [ j , j ]  =O.O rhon a [ j , j ]  := tiny; 
if j  <> n then k g i n  &a. 

duin:= i . O / a [ j ,  j ] ;  
f o r  i:= j+l t o  n do 

o [ i t  j] := =fi, jpdum 
a lc i  

end; 
dispose (vv) ; 

end; 

~ r o c s d n r s  l u b k s ~  (var a : r e a l a r r a y h l ~ y N L ;  
n: i n t ege r ;  

vox in&: i n t o g e r a r r a y m ;  
var  b :  XealarrayNT,) ; 



Segin  
ii:= O; 
f o r  i:= 1 to n do ~ e g i n  

i p : =  indx[i]; 
mm:= b [ i p ] ;  
b [ i p ]  := b [ i ] ;  
if iio O then 
for j := ii to i-l do 

s u : =  s u - a [ i ,  jlfb[j] 
else if sumo 0 .0  then 

1- i :~ i; 
b[i]:= çum; 

end; 
f o r  i:= n downto 1 do bogin 
sum:= b [ i ]  ; 
f o r  j := i+ 1 to n do 

sm:= s u - ~ [ i ,  jlib[j]; 
b [ i ] : =  sum/afi,i] 

m a  
end; 

procoaurz  mtxinv ( h o  : i n t q o r )  ; 

var n , i ,  j:integer; 
d: rêal; 
in&: integerarrayN1; 
co1:RealarrayNL; 
aa: roalzrrayNLbyNL; 

f o r  i:= 1 to 6 do 
for j := 1 to 6 do 

beg in  
p a t r i x [ i ,  j f  := 0.0; 
aa[i, j] := 0.0; 
end; 

{food one l a y e r  of  comsliancz at 3 time to l o c a l  2 3  a r r a y )  



col [l] :=O.O; 
col [2] :=O, 0; 
co1[3] :=Omo; 
co1[4] :=O.O; 
col [5] :=O.O; 
col[6] :=o,o; 

n:=6; 
ludcmp (aa, n, in&, d )  ; 
f o r  j := 1 t o  n do Degin 

f c r  i:= I ~o n cio col[i] := 
col[j] := 1.0; 
Iübksb ( a a , 2 ,  incx ,  c o l )  ; 
f o r  i:= I ta n ao p a t r i x [ i ,  j ]  := col[i] 

{inverted cornpliance = s t i f f x s s }  
end; 

end; 

procedure Solvematrix(noeq:integor;var CVx:realarrayNL); 

var 

n, i, j : i n t e g e r ;  
d: real; 
in&: integerarrayNL; 
MTX: realarrayNLbyNL; 

for i:= 1 to NL ao 
for j:= 1 to NL do 
Mtxri, j j  := 0.0; 

for i:= 1 to NI, do 



f o r  i:= 1 to noeq do 
for j :=  I to noeq do 
Mtx[ i ,  j ]  := M a i r i x l i ,  j ] ;  

f o r  i:= 1 t o  noeq do 
CVx[i] := CV[i] ; 

ludcmp (Mtx, noeq, inch ,  d )  ; 
lubksb (Mtx, noeq, indx,CVx) ; {answer returnrd i n  CVx) 
ma; 

function pow (a, b: real) : real; 

begin 
if a = O then 
Degin 

pow:=o; 
end 
else if (a<O) anà(frac (D) = O )  and(odd ( t r u n c  ( i n t  (5) ) ) = t r w )  z5.211 
9 q i n  

a:= a b s ( a ) ;  
?ow:=-exp ( ~ " l n  (a) ) ; {raises -a to power of b for oad 5 )  

end 
elso i f  (a<b) âna ( f r o c  ( b )  =O) and(odd ( t r u n c  ( i ~ t  (b) ) ) =f&se) ïhsn 
Degin 

a:= a 5 s ( a ) ;  
pow:=lxp (b*ln (a) } ; 

end 
{ r a i s s s  - a  to power of b for svsn j} 

elso 
pow:= exp(bfln(a) ) ; {a to power D - a l 1  ocher cases - 

w i l l  crash i f  neg a }  
end; and b not whole n u b e r )  

Procedure GenerateMatProp (var Et, G1: rea l )  ; 
(input matrix (21, uni-lamina p r o p e r t i e s  ( 5 / 7 )  } 

va1 { O U C P U C L S  to .aat} 
Zn, Gm, Km: re7l; 
2,2,Q,;I,31,32,X,i,A~.,3,C,D,3B,CC:real; 
3m,Vm,Kt,Vt,Gt,Z1,V1,ffffs:real; 
K t f ,  E I f ,V l f ,  Glf, Gtf ,XT,XC,YT,YC, SS,Vtf,Ltf,m:real; 
erl, er2, er3, er4, e r s ,  e r6 ,2 r7 ,  er8, erg, erlO, 
erll, e r l 3 , e r l 3 ,  erl4,  erl5, s r 1 6 :  integer; 
f: t e x t ;  



pa:pathstr; 
dir: dirstr; 
n:namestr; 

label 
flag1,flag - motal; 

{ converts values file buf f e r }  

begin 
val (holdstr[l, l] ,Zl, ~ l )  ; 
val (noldstr[l, 21, V l r  er2) ; 
val (holdstr [l, 31, GI-3)  ; 
val (holdstr [l, 43 Jt, er4) ; 
val (holdstr[1,5] , V t , o r S )  ; 
val (holdstr[l, 61 ,Gt, er6) ; 
val (holdstr [l, 71 ,K t ,  er7j ; 
val (holastr[l, 8 1  ,Zm, r r 8 )  ; 
val (holdstr [l, 91 ,'v'm, erg)  ; 
val (holdstr [2 ,1 ] ,  XT, or10) ; 
val (noldstr [ 2 , 2 ]  ,XC, d l )  ; 
val (holdstr i2,3], YTf 2112) ; 
val (holdstr 12/41 ,-Kr 2r13) ; 
val (holdstr [ 2 ,  SI, SS, 2x14) ; 
val (holdstr [2,6f, f f ,  2115) ; 
fF:= ff/100; - - 

-.. {extracts n ~ s r  ~ r o p e r t i s s  ?rom . l m  input} 

if holdstr[2,9] = ' Yts' then {metal c a s s }  
begin 

E l f :  =O; 
Vlf :=O; 
Glf:=O; 
Stf:=O; 
Vtf:=O; 
Gtf:=O; 
K t f  :=O; 
goto 

if Er4 = 
begin 
if er5 

~ o g i n  
(case2) 
Kt :=  1/ ( (2' (1-Vt) /Er) - (4*sor (Vl) /El) ) ; 
Gt:=Et/ ( 2 +  (l+Vt) ) ; 
goto flagl; 
end; 



if er6 = O t k n  
Degin 
{casel) 
Kt:= 1/ ( (4/Zt) - (I/Gt) - (4*sqr ( V I )  /El) ) ; 
goto flagl; 
end; 

if er7 = O thon  
begin 
(case51 
Gt:= 1/ ( ( 4 / Z t ) -  (1/Kt) - (4*sqr ( V I )  /El) ) ; 
goto flagl; 
end; 

end; 
if er5 = O then 
Degin 
if er6 = O then 

begin 
(case3)  
Kt:=l/ ( ( 2 /  (Gt* (l+Vt) ) ) - (l/Gt) - (4*sqr(VI) /EL) ) ; 
goto flagl; 
znd; 

if e r 7  = O chon 
bogin 
{ case6) 
Gt:=(Kt* (i-Vt) ) / ( (1-Vt) (4*E('Lfsg~ (VI) /EL) -Vt+l) ; 
goto flagl; 
end; 

2nd; 
if e r 6  = O thzn 

Degin 
if er7 = O tria 

j e g i n  
(case4 - d i roc r  application) 
goto flagl; 
2nd; 

end; 

f l a g l  : 
i f  (erl-O) or (=r2<>0)  or (er3-0) or (er800) or 

(er9<>0) or (er15-0) then halt; 
fm:=l-f f; 
Gm:=Em/ (2"  (I+Vm) ) ; 
Km:=Gm/(l-PVm); {p lane  strain b i l l k  modul~s S E  ina t r ix )  
Q:= (Kmffn) + f f i  ( G m i K m )  ; 
?:=(Gm*fm)+ff* (Krn+Gm) ; 
Ktf := (KmfGrn*fm-?*Kt) / (Kt*fm-Q) ; (Plane s t r a i n  

f i b e r  transverse mod.) 
R:=(fF*frn*  ( (I/Km)- (I/Ktf) ) j / ( ( f m / K t f ) +  (ff/Km)+(l/Gm) ) ; 
Vlf := (V1-Vm*frn+VmtR) / (if+R) ; {long f i b e r  poisson r a t i o )  
H:=(4*sqr(Vlf-Vrn) *ff+fm) / ( (fm/Ktf)+(ff/Iim)+ (l/Gm}) ; 



~lf:= ( ~ l - ~ m ~ f r n - H )  /ff; {Fiber tension long. rnod.) 
~ l f  := ( ( ~ l * ~ m *  (Ici£) ) -Gm*C-m'fm) / (Grn+ff*Grn-~l*fm) ; 

{Fiber  shear  long. mod.} 
Bi:= 1/(3-4*Vm); 
E32 : = 1/ (3-4*Vlf) ; 
X:= ( (liB1) *ff) / ( (Gt/ûm) -1) ; 
Y : = 3 * B l * B l * f ~ r ' ~ * f m ;  
,q:=X*~2-X*ff*ff*ff+gS+ff+Bz-ff*f f*ff*ff*32+ff*32*~; 
B:=X*ff*ff*ff*31+X+ff*ffiff*ff*Bl+fE+ff*Y; 
C:=B2-ff*ffiff*32; 
D:=ff*ff*Zf*Bitl; 
aB:= (BI*C+A+D-3) / (C-A) ; 
CC : = (31 *Dis) / (C-A) ; 
~ t f : =  ( (-ss+sqrt (aa*sa-4*cc) ) / 2 )  *Gm; 

rn:= 1+ (4*ktf*sqr (Vlf) / E l 3  ; 
Etf := (4*KtffG"t) / ( K t f + r n * G t f )  ; 
Vtf :=(Ktf-rn*Gtf) / ( K t f + r n * G t f )  ; 

- isplit (curr2ntfile, dirr fir 2) ; 
assign(f,n+' .MzlT1) ;  
r-write ( f )  ; ( 1 6  values -ut Fnto 
writeln(f,Elf: 13:lO) ; 
writeln(f,VE: 13: 10) ; 
writeln (f, Glf: 13: 10) ; 
writeln (f, S t f :  13 : 10) ; 
writeln (f 
writeln ( f  
writcln (f 
writeln ( f  
writeln (f 
writeln (f 
writeln (f 
writeln ( f  
writeln (f 
writeln (f 
writeln (f 
writeln ( f  
writeln (f 
writeln (f 
close (f) ; 

Vif: 
Gtf: 
Ktf: 
Zrn: l 
Vm: 1 
XT: 1 
xc: 1 
YT: 1 
YC: 1 
SSA 
ff*l 
nold 
hold 
hold 

13:lO) ; 
13:lO) ; 
1350) ; 
3:lO) ; 
3:lO); 
3: 10) ; 
3: 10) ; 
3:lO); 
3:lO); 
?IO) ; 
OO:l3:lO); 
str  [Sr 71 ) ; 
str[2,8]); 
str [2,91 ) ; 

- - (modulus r z )  

end; {procedure) 

Procedure Rotate(ang1e:real; 1no:integer); 
{layer number) 



var 
z , d :  rea l ;  { t h e  equations apply t o  cornpliances } 
n, i, j ,  1: i n t ege r ;  
indx: integerarrayN1;  
co1:RealarrayNL; 
aa:  realarrayNLbyNL; 

{ the  equa t ions  below a r e  f o r  1 lamina o f f - a x i s  } 
{ for (+ / -  angle)  layzrs, equa t ions  are the  samo 

excep t  16,26,38,45 components cancel o u t )  

begin 
z:=anglo*pi/l80; { o v a t i o n s  below r e q u i r o  r ad ians  in~uc) 
i f  h o  = I tnen { i n i t i a l i z e  f i r s t  time -round only} 

begin 
for i:=l t o  NL do 
f o r  j :=1 t o  6 do { n o t e :  rectangular system, r o t a t i o n  

about z-2xis) 
f o r  1:=1 t o  6 do 
begir. 

l a [ i ,  j , l ]  : = O ;  
l q [ i ,  j , l ]  :=O; 
if ( j < = 2 )  and (1<=3) rhen 
Ib[i, j , l ]  :=O; 
end; 

end; 
{uni-lamina cornpliance, s t o r e  for failare su r f ac?s  use)  

Istif [ h o ,  1, I] :=Q[I,1]  ; 
l s t i f [ l n o ,  2 ,  S ]  : = Q [ Z t  21 ; 
l s t i f [ l n o ,  3 , 3 ]  : = Q [ 3 , 3 ]  ; 
Istif [ho, 6/61 : = Q [ 6 , 6 ]  ; 
Istif [ h o ,  1,2] :=Q[1 ,2] ;  
lstif [ h o ,  1/31 :=Q[I, 31 ; 
l s t i f  [ h o ,  Z,3] :=Qf2 ,3 ]  ; 
lstif  [ lno ,2 ,  l] :=Q[1 ,2] ;  
l s t i f  [ h o ,  3 ,  l ]  :=Q[I,  31 ; 
Istif [ h o ,  3 ,2 ]  :=Q[2,3]  ; 
l s t i f [ l n o ,  4 , 4 ]  : =Q [4 ,4 ]  ; 
Istif [ h o ,  5 ,5 ]  : = Q [ 5 , 5 ]  ; 

{glonal c o o r d i n a t e  stiffnesç} 
{ r o t  s t i f f  equa t ions  f o r  + / -  angle plies in 39 - c y l ,  coo r}  

(221 
l Q [ l n o , 2 , 2 ]  :=Q[l,l] *sqr(sqr(sin(d ) ) + ( 2 * Q [ L 2 1 + 4 * Q [ 6 ,  6 1 )  *sqr 

( s i n  ( z )  ) *sqr (cos  ( z )  1 +Q[2,21 +sqr (sqr ( cos  ( z )  1 1  ; 



{ 11 1 
lQ[lno,3,31 :=Q[l,l]*sqrbar(cos ( 2 )  1 ) +  (2*Q[1,2]+4*Q[6, 61) *sqr 

(sin(z) ) *sqr(cos (z) ) + Q [ 2 ,  2]*sqr (sqr (sin(z) ) ) ; 
{ x i  

f o r  i:= I t o  6 ao 
f o r  j :=  1 t o  6 do 
aa[F ,  j] := 0.0; 

n:= 6; 
ludcmp ( aa, n, indx, d) ; 
for j:= 1 to n do Degin 

f o r  i:= 1 to n do colii] := 0.0; 
colEj] := 1.0; 
lubksb (aa,  n, indx, col) ; 
for i:= 1 to n do la[lno,i,j]:= col[i] 



{inverted stiffness = cornpliance} 
end; 

{la = compliance eacn +/-layer, global coordinates} 
{above -redefined directions for cylinder: axis = Z ;  

thickness = r; 
circumferential = f; (tneta) 
f iber  angle is msasured away from cylinder axis. solsr t y p e  
windings are n e i r  O àegrees, circumferential windings a r l  
approximately 90 d e g r e s .  

c y l  . rect. 

note: cylindrical sÿstsn ,  rotation a~oiit r, (frm z to f )  
gives less cylindrical compliance with increasing angle, 
"lan represents layer compliance, "lq" stiffness, " 1 ~ "  
equivalont  stiffnsss) 

3rr[lno]:= la[lno,l,l]-sqr(la[1~o~I~3])/1a[1nc~3~~]; 
(3rr, chrough-tnickness direction) 

(Vrf, 
Vf z [ho] 

{ V f z ,  

poisson's 
:= la[lno 
poisson's 

le dirêction} 
s q r  (la [ho, 2 / 3 1  ) /la[1noI 3 ,  33 ; 
direction} 

la [ho, 3,3] ; 
, out-of-plane) 
l a  [ho, 3,3] ; 
, in-plane} 

Azz [ho] :=la [ho, 3/31 ; {Azz cornpiianco - cylinder a x i s }  
-Arz [Ino] :=la [ho, 1 , 3 ]  ; f3,rz compliance - "Lickness to z x i s }  
4fz [ho] :=la [ho, 2,3] ; { A i z  compliance - c i rcm.  ta axis} 

K[lno] := sqrt (3rr [ h o ]  /3f L [ho] ) ; 

Ib[lno, 1, l] := la[lno, if Il-sqr fla[ho, l r  31 ) /la[lnor 3 ,  31 ; 
{3rr, înrougn-tnicknoss direction) 

lb[Ino,1,2]:= la[lno,1,2]-la[lno,~f3]*!,a[lno,2,3]/ 
la[lno, 3 , 3 ]  ; 
i3rf, through-princkple direction) 

1b[lno,2, 21 := la[lno, 2,2]-sqr (la[Lnc!, 31 ) /la[lno, 3,3] ; 
{ 3 f f r  principh fi~êr dirxtion} 
end; 



{solves the discro te  multilayer cylinder interface 
pressures) 
( *  
Procedure  co~-pu te te rms(va r  Vespressures:realarrayNL;var 
axia lC : r e a l )  ; 

var 
1ocation:string; 
terml, CLem2, term3, te-m4, term5, term6, 
terrn7, tem22,  term44: real; 
i, j ,  1:integer; 
sumdelta, sumintf : r e a l ;  
NorLoaaQsorD:ReaiarrayNL; 

begin 
sumdelta:=O; 
s u n i n t f  :=O; 
for i:= O to NL do 
begin 
Xl[i] : = O ;  
D[i] :=O; 
Delta [il :=O; 
G[i] :=O; 
A [ i ]  : = O ;  
d[i] :=O; 
CV[i] :=O; 
W [ i ]  :=O; 
QP [il :=O; 
VesPressilres [i ] :=O; 
end; 

for i:= O to NL do 
C L O T  j:= O to NL ao 

{ i n i t . ,  flanks eages of matrix witn O }  

{initializes wich z o r c s )  

FI := ( Insidepress-OuterPress) *sqr ( R [ O ]  ) ; {co~stzni axial 
9ressure load,  newtons ) 

for 1:= 1 to o u t e r l q e r  do 
begin 

terml:= -l/((Azz[l])*(l-pow(C[l],2*K[1]))); 
te-m2:= (,9rz [l]+K[l] *Afz[lI ) *RE11 *pow(C[l] ,K[I]iI) ; 
term3:= ( R [ I ] - ~ O W ( C [ ~ ] , H [ ~ ] ) ~ R [ ~ - ~ ]  )/(K[l]+l); 
rerm4:= (Arz [l] - , r C [ l ]  *Afz [l] ) *R[1-l] ; 
t2m5:= (RE11 *pow(C[l] ,K[1] ) -R[l-11 ) / ( 1 - K I 1 J  ) ; 



D[1] := terml* ( ( term2*te-m3) - (term4*term5) ) ; 

A[1]:= -pow(C[~~,K[1])*(2*Bff[l]*K[l])/(l-pow(C[i],2*K[1])); 
{a lpha}  

Delta[l] := ( (sqr (R[1] )-sqr(R[I-11 ) ) / (0.001*A77[l] ) ) ; 
iconvert t o  XFa-1, r=m} 

end; 

for I:= 1 to outerlayer do 
Sutde l t a :=  Sumdelta+Delta [l] ; 

for 1:= 1 to outerlayer-1 do 
begin 

{Constant 
v x t o r )  

VM[1] := 2*R[l] * ( V f z  [lill-Vfz [l] ) /sumDelta; 
mû; 

f o r  i:= 1 to outerlayer-l ao { collurr ,~ ) 
f o r  j:= O to outerlayer do { rows } 
Yatrix[i, j] := VM[i]* (3[j+?]+Xl[j]) ; 

f o r  i:= 1 to outerlayer-1 80 { collums ) 
for j:= O to outorlayer do { rows ) 
Segin . - 

7 7 i= j then 
d. .. 

Matrix[i,j]:= XatrFx[i,j] - X [ i ] * G [ i ] ;  . - l+j=i then 
Matrix[i,j]:= Matrix[i,j] - R[j]*A[i]; 

if i+l=j then 
Matrix[i,j]:= Xatrix[i,j] - R[j]*A[j]; 

end; 

f o r  i:= 1 to outerlayer-1 do 
begin 



Matrix [i, outerlayer] ) ; 
end; 

solvematrix(outerl~yer-lfvesPressures); 
{ n i d o r  of  equations 

Ves?ressures[O]:=Fnsiàepress; 
VesProssures[outerlaye,r]:=outerp~ess; 

f o r  i:= 1 to outerlayer do 
s m i n t f : =  sumintf + (D [ i l  *vespressuros [i-1]+ 

end; (procedure)  

location: string; - - L L d n i ,  t e n &  c ~ r r n 3 ,  xIm& e r m 3 ,  t a n 6 ,  ~ 2 r r n 7  , 
i ~ r ~ 2 2 ,  tsrm44 : r e a l ;  
i, j, 1:intsger; 
sumaelta, sümintf,Y31,Y32,Y33,Y41,Y42,Y43:reaL; 
NorLoad-%soz~,Wl, W2, W3, W q f  YI, Y?, Y3, Y& YY : R ~ a h r z z y N L ;  

Degin 
sumdelta:=O; 
s m i n t f :  =O; 
for i:= O to NL do 

begin 
Xl [il :=O; 
D l i ]  :=O; 
Delta [ij :=O; 
G [ i ]  :=O; 
A [ i J  :=O; 
d [ i ]  :=O; 
CV[i] : = O ;  
VM[i] : = O ;  
QP [il :=O; 
Si [il :=O; 
Wl [il :=O; 
W2 [il :=O; 
W3 [il :=O; 

(initialize, f l anks  edgos of matrix 
~ i t n  0 1  



W4 [il :=O; 
Y1 [il :=O; 
Y2 [il :=O; 
Y3 [il :=O; 
Y4 [il :=O; 
VesPressures [il : = O ;  
end; 

f o r  i:= O t o  NL do 
f o r  j := O to NL do {initializes witn zcros} 

QP [O] := InsiàePress; 
QP[outerlayer]:= OuterPress; 

FI := (InsidePress-Outerpress) m r  ( R  [Ol) ; 
{constant axial pressure load, newtons) 

for 1:= 1 to outerlayer do 
begin 

XI [1] := terml* ( (-tehm22*ts-m3) + (torm44*terrn5) ) ; 

A[l] := - ~ O W  ( C  [l] , K [ l ]  ) * O .  0 0 1 *  ( 2 * 3 f f  [llfKEl] ) / 
(1-pow(C[l], 2 * R [ 1 ]  ) ) ; {alpha - neecs MPa-l units} 



if f u l l  = t r u e  then 
Delta[l] :=Wl[l]-W2[1]iW3[1]+W4[I] 

else 
DeltaCl] :=Wl[l] ; 

end; 

f o r  I:= 1 to outerlayer do 
Surnaelta:= Sumaeita+3eitailj; 

for 1:= 1 to outerlayer-1 do 
begin 

Y 2  fl] : = (  (Si [l+l] * (3rf [1+1]+3ff[l+l] ) ) - 
(Si[l]*(5rf [I]+Bff [l])))*R[1]*0.001; 

{units Wa-l f o r  ~ 0 t h  3's anci si) 

if full = true then 
YY [l] :=YI [l] +y2 [Il +Y3 [l] +Y4 (11 

el se 
YYfl] :=Y1[1]; 

CV[l] := (YY [l] *PI) / (2*sumDelta) ; {Ccnsrmt vector ) 

termÔ:= ((l+pow(C[1],2*K[1]))*(K[l]*Bff[l];/ 
( I - ~ o w  (C [il, 2*K[i] ) ) ) +Brf [l] ; 

t e n d : =  ((l+pow(C[l+l] ,2"K[N]) ) * (K[l+l] *9ff[lil] / 
il-pow ( C [ 1 + 1 ] ,  2*K[l+1] ) 1 ) -313 [l+l] ; 

G[1] := 0.001* (term6+term7) ; {gamma - needs NPa-1 units} 





begin 

for i:= 1 to outerlayer do 
begin 
rr [l] :=r[i-l] /r[i] ; {inner} 
rr [2] :=(rr [l]+I) /2; {aiddle} 
rr[3] :=l; {outer} 

for j :=  1 t o  3 do 
begin 

denom:=l-pow(c[i],2*k[i]); 

factl:=(pow(rr[j],k[i]-1) * ( in tp re s  [i-l] * 
pow ( c  [il, k [il il) -in~pres [iji ) /denom; 

fac t2  := (pow (rr [ j  ] , -w -1) * (intpres [il*pow (c [i] , k [ i l  -1) - 
inéprssli-l] ) *pow(c[i] l+k[i] ) ) /denom; 

fact3:=(pow(rr[j],k[iJ-1) * (1-pow(c[i], k[i]il) ) )/denom; 
fact4:=(pow(rr[j] ,-k[i]-1) *pow(c[il,k[i]+l) * 

(1-pow ( c  [il, k [il -1) ) ) /denom; 

fact5:=(k[i]+pow(rr[j] , k[i]-1) * (intpres [i-l]* 
pow ( c  [il, k [il +l) -intpres [il ) ) /denom; 

facto:= ( k [ i ]  *pow(rr[j] , - k [ F ] - 1 )  * 
(incpres [il *powic[i] ,k[i] -1) - i n t ~ , r s s  [ i - lJ  ) * 

pow ( c  [il, l + k  [il ) ) /denom; 
f a c t 7  :=M [il *fat=?; 
fact8:=k[i] *fact4; 

sigmaZ[3* (i-1) +j] :=aConst/ (0 .001CAz2 (il) + 
( - 3 . z  [il *sigmaR[3* (1-1) cj] - 
Afz[i]*sigmaF[3* (i-I)+j])/(z[]); 

end; 

end; {layer loop} 
enc; {procedurs) 

"oceaure ReadVesf(var p:string;mask:nask - naxtes;var 
r e àu ,  f fail, RedSS: rea1arraylNL;Var 
0uterlayer:integer; 
ltpumber, z: integer;var 
readkey, change, degrade, abort:boolean) ; 



l a b e l  flagl,flag2,flag3,flag4,f~ag5; 

v a r  
writeautoscale:boolean; 
i f  j, IOcode, layno, w, sr, s ty ,  npicf, l p i c f ,  filn: integer; 
matfilcstring; 
f , m £ :  text; 
1ds:layerarrayNL; 
Mdata: asciiarray; 
rnatva1ue:R~alArrayNLbyNL; 
xrcd:integerarrayl6; 
Sayerno, m g l e ,  Lhick, perf ib : string; 
pr,od,id, fr:real; 
dpf,  XT,XC,YT, YC, SS, ff, fm,Gm, vm, Em, Ef, Et, d E t ,  vi, vc, kf, h, 
Gf, dG1, GL, ppf: real; 
k t f , E t f , v t f ,  Gtf: real; 
DTS: realarrayNL; 
T - iso, f i t , rnê ta l ,  notskip:boolean; 

s t y :  = o ;  
notskip:=false; 

if readkoy = t r u e  rhen 

t e x t c o l o r  (ligntgray) ; 
GotoXY ( 4 , 4 )  ; 
Writeln('Znter filename 
Gotcxy(lO,4) ; 
textcolor (yellow) ; 
write ( ' f ilenamei ) ; 
D:=  f t .  

I 

gotoxy ( 2 8 , 4 )  ; 
write ( '  
h o l d s t r  [l, 1 1  :=' ' ; 
npicf :=l; 
lpicf:=l; 
filn:=l; 
mask[2] :="; 

moveEditwindow (mask,false, ft, 6,28,4, 1, 1, 12, 
l,0,0,0, notskip, abort) ; 



if abort = true then goto f l a g 4 ;  
fsplit (holdstr [l, 11, d, n, e )  ; 

{SI-} 
assign (f, n+e) ; 
currentfile:=n+e; 
reset (f) ; 
if currentfilo=" then 

I S W  
IOcode:= IOresult; 
if IOcode 0 O rhon 

goto flagl; 

begin 
gotoxy ( 4 , 5 )  ; 
write ( ' 
gotoxy (4 ,s )  ; 
textcolor (white) ; 
beep (6O0,lOO) ; 
write ( ' Filename [ ' +n+e+' ] c o n t a i n s  bad syntax or 

cannot b2 f ound' ) ; 
textcolor (yellow) ; 
gotoxy(l4,5} ; 
write ( m e )  ; 
Goto f l a g l ;  
a d ;  

2nd 
olse 

assign (f, curroatfilr) ; 
writeautoscaie:=hlse; . - 
11 (e = ' .MqT') o r  ( e  = ' . n a t ' )  then qorio 

for i:= O 10 NL do 
Degin 

R [il :=O; {initialization) 
DT[i] :=O; 
DTS [il :=O; 
C [il :=O; 
X[i] :=O; 
Afz [il :=O; 
- 9 r z  [il :=O; 
Azz [il :=O; 
Brr Ci] :=O; 
Srf [il :=O; 
8f f  [il :=O; 
Vrf[i] :=O; 
Vfz[i] :=O; 

end; 

reset (f) ; 
for i:= 1 to 4 do { r e a d  loads information) 

readln(f, las [il ) ; 
{store vesse1 load parameters in this array} 



Ttotal: = O ;  
f l a g 5 :  
f o r  i : =  1 t o  NL ao { reads  d a t a  on t h e  NL(constant)  

begin 
r ead ln  ( f, laycrNo) ; 
r ead ln  ( f ,  M a F i l o )  ; 
readln  ( f, ang le )  ; 
readln  ( f, thick) ; 
readln  ( f ,  per f  i b )  ; 

i f  (change = truc) 
begin 

and 

{ f i r s t  e n t r y )  
{second o n t r y )  
(3 r d  entry} 
! 4  t h  entry} 
{ f i b e r  pe rcen t )  

Matf i l s : = g r = p h l a b e l s  [il .matname; 
angle  : =grapnlaDels [ i h n g l e ;  
t h i c k :  = graphlabels  [ i l  - t h i ckness ;  
p e r f i b : =  graphlabels  [ i l  . f p e r c e n t ;  
l d s  [ 3 ]  :=Ipress; 

end; 

outerlayor:=i; 
if layerNo = " tnen 

begin {counter f o r  total 
out~rlayer:=i-1; 
goro f l aq3 ;  { e x i t  criteria) 

end; 

v a l  ( l a y e r n o , L a p o , e r r c d [ l ]  ) ; 
v a l  (angle ,  2, z r r c d  [2]  ) ; {angle 

layer no) 

t hen  

val (tnick, D t  [Layno] , e n c d  [ 3 ]  ) ; {stores thick-global} 
val ( p e r f i 5 ,  ?pz, 2rrcdr 4 1 ; { p r e s c r i b e d  percen t  f i h r  ) - v a l  (lds [ I l ,  ~nsideDia, errcd [SI ) ; {insiàe ciimeter) 
v a l  (13s [ 2 ]  , ~allthick, errcd [ol) ; (Wall rhickn2ss) 
val (lds [ 3 ] ,  I c s idePress ,  errcd [ 7  3 ) ; 
v a l  ( l d s  [ 4 ] ,  Out - rPress ,e r rcd[8]  ) ; 
outsidedia:=InsideDia+2*walltnick; ( a e f i ne  o u t  d i a )  

a s s i g n  (mf,matfilo+' .m2tf ) ; 
{ n a t  step. . . d i g  out f ibe r  i n f o  ) 

r e s e t  (mf) ; 
f h g 2  : {used f o r  s i n g l e  l a y s r  menu s e l e c t i o n )  
if (mask[l] = '*.matt) 
Begin 

ass ign  (mf, n+e) ; 
r e s e t  (mf) ; 

end; 
f o r  j := 1 to 18 do 

readln(mf,  Mdata[ j ]  } ; 
close (mi) ; 

{ convert data  

or (maski11 = ' *  .,MAT1 ) then 

t o  numeric r ep resen ta t ion}  



val (Mdata [l] ,cf, errcdu] j ; 
val (Mdata(2J ,Vf,errcd[2] ) ; 
val (Mdata 131, Gf, errcd [3] ) ; 
val (Mdata [4], St, errcd[4] ) ; 
val (Mdata[5] ,Vt,errcd[5] ) ; 
val (Mdata [ 61, Gtf, errcd [6] ) ; 
val (MdataL7J Jtf, errcd[7] ! ; 
val (Mdata [ 81, Em, errcd [ 81 ) ; 
val (Mdata 191 ,Vm, errcd [93 ) ; 
val (Mdata [IO] ,XT, errcd[10] ) ; 
val (Mdata [Il], XC, errcd [ll J ) ; 
vzl (Mdata [U], YT, errcd[12] ) ; 
val (Mdata[l3] ,YC,errcd[13] ) ; 
val (Mdata [l4], SS, errcd[14] ) ; 
val (Maata [lj], dpf, errcd[l5] ) ; 

{default percsnt fiber} 

then T iso:= i r u e ;  
~f (mask[i] = f*.matl) 
~ e g l n  

pf:=dpf; 
i * =  1; 
6 .  

12y?Io:=l; 
end; 

. - 
L I  (Mdata [ 1 8 ]  = '  Y e s l ) o r  ( M d a t a [ 1 8 ] = '  Y e s l )  o r  

(Mdata[l8]=' Yest)or(Mciata[18]='Yesr)or 
(Maata[18]= ' ye~')or(Mdata[l8]=~ yesf)or 
(M~ata[l8]=' yes')or(Mdata[18]='yes1) i h ~ n  

metal:= crue 
else 
metal:= false; 

c a l c u l a t t  - prop (T iso,metal, fit, degraar, if GL, Ef, Etr 
dr7tr~if~tr~frdG1,Gtf,KtfrppfrEmtVmtdpfl 
redu, f f a i l ,  XedSS, errcd) ; 

{rnicromeckanics s t r eng th  ecpâ t ions )  

if metal = fais? then 
strg [layno] .XT:=XT* (pp f /dp f )  

else 
strg[layno] .XT:=XT; 

strg flayno] .XC:=XC; 
s t r g  [iayno] .YT:=YT; 
strg[layno] .YC:=YC; 



strg[layno] .SS:=SS; 
strg [layno] . GL: =GL; 

if (mask[l] = '*.mat1) or tmask[l] = '*.,MJ?Tt) 
goto f l ag4 ;  {one l a y e r  not rotated} 

r o t z t e  ( 2 ,  f a p o )  ; 
{stores  al1 resclts in global array lq ii la[ 

thon 

graphlabels[layno].anglê:=angle; 
graphlaDels[layno].Matname:=matfile; 
graphlabels [layno] . fpercent : =perfib; 
graphlabels[layno].thicknoss:=tnick; 

end; {i loop for l î y e r s }  
f h g 3  : 

close ( 2 )  ; 

T t o t a l  :=C; 
for i:= 1 t o  outerlayer do 
Ttotal:=Ttotal+DT [il ; 

if mask[1] = '*.wcll thzn  goto flag4; 
{ s k i - s  to 2nd of ~ z o c o a u r ~ )  

scalzfacïor:= Ttorul/wallthick; 
str (l/scalefactor: 4 : 2 ,  sczlel) ; 

f o r  i:= I to NL do 
DTS [il := D t  [il /scalehctor; 

{ s c a l o d  t h i c k n s s s ,  ic i  a ad given)  

writeautoscale:=false; 
3 [O] : =InsideDia/2; 
for i:= 1 t o  NL So 

{inside r a d i u s )  

Degin 
3[ i ]  :=X[i-l]+Dt [il ; { l a y 2 r  radius) 

if X[i] = X[i-l] chen R [ i j  :=O; 
293; 
ena; 

if Ids[l] = then {id is blank) 

writeautcscale:=false; 
R [outerlayer] : =OutsideDia/2; 
for i:= outerlayer downto 1 do 

2[i-11 :=sri]-DE [il ; 



end; 
for i:=l to outerlayer do 
C [ i ]  := 9[i-l]/R[3]; 

{relative wall radii,each layer - global} 

if ( w r i t o a u m s c a l e  = t r u e )  and (change = t r u e )  
and (r~adkey = false) tnen 

setcolor ( l i g h q r a y )  ; 
ou t tex txÿ  (0,l0, ' W-Scalz: T + ~ c a l e f )  ; 

end; 
f lago : 

end; {proceaure)  

Procedure Laminateprop(TLayers:integer); 
{Tlayerç = total numbor o f  l a y e r s }  

{cornputes smosrad stiffness / ccmpliancê of wnole laminate} 
{Net complianc2 is ner stiffness matrix inverted} 

var  
nt if j , k: int2gor; 
ci: r t a l ;  
in&: FntegcrarrayNL; 
co1:RealarrayNL; 
NêtC, NetQ: r e o l a r r 3 y 6 X 6 ;  
aa: roal2krayNLbyNL; 

f o r  i:= O to NL ao 
for j :=  O to KL ao 

hegin 
a a [ i ,  j] := 0.0; 

end; 
for k:= 1 t o  6 do 
f o r  j:= 1 to 6 ào 

begin 
ymat r ix r i ,  j ]  := 0.0; 
NetQ[i,j]:= 0.0; (initialize matrix) 
NetC[i, j] := 0.0; 
SumC[i, j ]  := 0.0; 
SumS[i,j]:= 0.0; 
end; 

f o r  k:= 1 to Tlayers do 
for i:= 1 t o  6 do 
f o r  j:= 1 t o  6 do 
Lq[k,j,i]:= Lq[k,i,j]; { symmetric countsrpart) 



f o r  k:= I to Tlayors  QO 
f o r  i:= 1 t o  6 do 
f o r  j : =  1 t o  O ao 
begin 

NetQ[i,jl:=NotQ[i,jl + (Dt[k]/Ttotal)*Lq[k,i,j]; 
SumC[i,j]:=SumC[i,jl + (Dt[k]/Ttotal)*La[k,i,j]; 
if ( i < = 2 )  and (j<=2) thon 

Sum8[i, j l  :=S-[i, j l  + (Dt[k]/Ttotal) *Lb[k, i, j]; 
end; 

{gets orthotropic port of matrix} 
for i:= 1 to 3 do {and makes local copy} 
for j:= I to 3 ao 

aa[i, j ]  := NetQ[i, j ] ;  
for i:= 4 to 6 do 

{fo l lowing  ge t s  i n v e r s e  o f  m a t r i x )  
{NetC is the r i s u l t ,  aa gets des r royed  in procoss} 

n:=6;  

colCl] :=O.O;  
col 123 :=o.o; 
col[3] :=o.o; 
co1 [4 ]  : = O . O ;  
zol[5] :=O.O; 
col [Dl :=O.O; 
ludcmp (aa,n, indx,d) ; 

idsfine collum matrix} 

f o r  j := I to n ao ~ 3 g i n  
for i:= 1 t o  n do col[i] := 0.0; 
coL[j] := 1 .0 ;  
l u b k s ~  (aa ,  n, indx, col) ; 
for i:= I co n do NeiC[i,j]:= col[i] 

end; 
for i:= 1 to 6 do 
f o r  j:= 1 to 6 ao 

~ e g i n  
Qli, j l  :=N~tQfi, j]; 

to a matrix) 
CC[i,j] :=NetC[i, j]; 
2nd; 

{assigns computed vzlues  

{read by OutputDescTzble) 

and; {procedurs) 

Frocedure L a S t r S t r ;  
{cornputos stress and s t r a i n  of a layer) 

var 
c,b, a,?, q, deltar,Cc, Si, kk, D r  FI, F2, F3, F4, Tl,T2, T3,T4, T5, TG, 



Sig t h e t a ,  e p s i l o n  f ,  displacemont, Sig - r a à i a l ,  
s i c  z z  : stringarray3; 
i : intëger; 
numberk: string[7] ; 

begin 
t e x t c o l o r  (ye l low)  ; 
t ex tbackg round(b1ack ) ;  
t e x t c o l o r  ( l i g h t g r a y )  ; 
g o t o x y ( 4 t 4 )  ; 
write('0utside diameter (mm) : ' 1  ; 
t e x t c o l o r  (ye l low)  ; 
g o t o x y ( l 2 , 4 )  ; 
write ( ' d i ame te r '  ) ; 
gotoxy (26 ,4 )  ; 
read (Dout) ; 
textcolor ( l i g h t g r a y )  ; 
gotoxy (4 ,6 )  ; 
write ( ' Inside diameter (mm) : ' ) ; 
t e x t c o l o r  (ye l low)  ; 
gotoxy (Il, 6 )  ; 
write ( 'diameter' ) ; 
gotoxy (25 ,6 )  ; 
read  (Din) ; 
Tex tco lo r  ( l i g h t g r a y )  ; 
g o t o x y ( 4 , 8 )  ; 
write ( ' Interna1 p ressu ro  
t e x t c o l o r  ( y e l l o w )  ; 
gotoxy (l3,8) ; 
wri te  ( 'pressur? ) ; 
gotoxy ( ? 8 , 8 )  ; 
read  (p)  ; 
gotoxy(4,lO) ; 
Textcolor (lighrgray) ; 
write ( 'Externa1 p r e s s u r e  
t e x t c o l o r  (ye l low)  ; 
gotoxy ( l 3 , l O )  ; 
w r i t e  ( 'pressure' ) ; 
gotoxy(28,10) ; 
read (q) ; 
c :  = Din/Dout; 
b:=Dout/2; {outside r ad ius}  
a : =Din/2 ; 

S i : = ( . 4 r ~ [ l ] - ~ f z [ l ]  ) / (O.OOl*ILzz[l] * (Bff [Il-Brr [l]) ) ; 
kk:=K[l] ; 
D:= l -po~(c ,S*kk)  ; 
Fl:=(p*pow ( c ,  kk+l) -q) / 3 ;  
F2:=(q*pow(cr kk-1) -p) *?ow(cr ml) /D; 
F3:= (1-pow (c, k k t l )  ) /D; 



F4 := (l-pow ( c l  kk-1) ) *pow (c, kk+ l )  /D; 
Tl:=(sqr (b) -sqr ( a )  ) / (3*0.001*,9zzfl]  ) ; 
TZ:=Si* (Ilrz[l]+...-fz[l] ) * (sqr(b1 -sqr(a) ) / ( 2 * ~ z z [ 1 ]  ) ; 
T 3 : =  (b* (b- 
pow(c,kk)*a)*(Psz[l]+kk*FFfz~1~~fFl)/(Azz[l]*(kk+~)); 
T4:=(b* ( b - p o ~ ( c , - k l t ) ~ ~ ) +  ( . k z [ l f  - kk*Afz [ l ]  ) * F 2 ) /  

(IZZ [ l ]  + ( l - kk )  ) ; 
T5: = (Si*b* (b-pow ( c f  kk) *a )  * ( -FZZ  Cl] - 

kk*Afz [ l ]  ) *F3) / (bsz  Cl] * ( k k i l )  ) ; 
T6:= (S i*bf  (b-pow (c ,  -kk) *a) * 

(-Arz [ l ]  +kk*Afz [1] ) T 4 )  / (Azz [Il * (1-kk) ) ; 
C C : = (  (P-Q) * ( S i r  ( a )  / 2 )  +T3;T4) / (TI-T2-T5-T6) ; 

f o r  i:= 1 to 3 do 
begin 

r o  [ i l  := (a+ ( (b-a) / 2 )  * (i-1) ) /b; 
Sigmar [ i l  :=Fl*pow ( r o  [ i l ,  kk-1) +F2*pow ( r o  [ i l ,  

-kk-1) +SF fCC*  (l-F3*pow ( r o  [ i l ,  kk-1) - 
Fo*pow (IO i i ]  , -kk-1) ) ; 

Sigmaf [il :=F1*kktpow (ro [il, kk-1) -F2*kk*pow ( r o  [il, 
-kk-1) +Si*CC* (1-?3*kk*po'v~(ro [ i l ,  kk- 
1) +F44ikkipow ( r o  [ i l  ,-Mk-l) ) ; 

signa7 [il := (CC/  (û.0OIaAzz [l] } } - 
( ( - ~ ~ [ i ~ ~ 5 i ~ a z ( ~ + P ~ f ~ [ 1 j ~ s i g r n a f [ i j )  / > - z z ( l ]  ; 

s p s i f  [il := ( 0 -  0 0 i i 3 r f [ 1 ]  * S i p a r  [ i ] + O O  001*3ff [ I f  * s i m z f [ i ] +  
(Afz  [ l ]  +CC/Azz [l] ) ) ; 

dispuLi] := ro  [il * D * q s i f f i ]  ; 
enc; 

Textcolor (lightgrsy) ; 
for i : =  1 to 3 90 
~ e g i n  
str (si 
str ( 1 0  
s t r  (di 

gma f 
Ofep 
SPU [ 

Sig-sheta [ i  
: 4 ,  e p s i l o n  - 
is?lacernenï 

s t r  (sigmar [i) : 7: 5, sig-radial [il ) ; 
str (sigma2 [il : 7 :  5 ,  sigm - z z  [ i l  ) ; 
end; 
gotoxy ( 4 , I S )  ; 
textcolor (white) ; 
writ2 ( ' Parametvr 

Outsidsi ) ; 
g o t o x y ( 4 , f 4 )  ; 
write('Siqina ( ' + Z 3 3 - ' )  NPz:'); 
gotoxy (32,l4) ; 
textcolor (lightgray) ; 
writê (Sig theta [l] + '  '+Sig  - theta [2 ]  + '  

' + ~ g  - thota [3 ]  ) ; 
gotoxy (4,16); 
textcolor ( w h i t e )  ; 



write('Sigma (r) MPa:'); 
gotoxy (32 ,16)  ; 
textcolor (lightgray) ; 
write (sig radial [l] + '  

'+sTg radial[3]); 
gotoxy (4,187; 
textcolor (white) ; 
write('Sigma ( 2 )  M I a : ' ) ;  
gotoxy (32,181 ; 
textcolor (ligntgray) ; 

' + S i g  - radial [ 2 ] P  

write (sigma z z  [ l] + '  '+Sigma - z z  [ 2 ]  + '  
'+sigma - z z  [ 3 ]  ) ; 

gotoxy ( 4 , 2 0 )  ; 
textcolor (white) ; 
write ( ' Radial Disp. (m) : ' ) ; 
gotoxy (32,20)  ; 
textcolor (lightgray) ; 
write (displacernent [l j+' 

' +displacement [3] ) ; 
gotoxy (4,22) ; 
texicOl0x (white) ; 
writ=('Xoop strain ( 3 )  : ' ) ;  
qotexy ( 3 2 , 2 2 )  ; 
textcolor (lightgray) ; 
write (epsilon f [l] + '  

' +epsilon f [ 3 ]  ) ; 
str ( K [ I ]  :7 :5 ,n&ark)  ; 
gotoxy (40,7) ; 
textcolor (white) ; 
write ( ' "Avoiaance factor" K: ' ) ; 
C m  iextcolor (lightgray) ; 
gotoxy(02,7) ; 
write (numberk) ; 
curser - o f f  ( s t y p e )  ; 
end; 

Procedure XotResult; 

var 
z : rea l ;  
i, j , cd, npicf : i n t e q e r ;  
Qprt, C p r t  : realarrayoXo; 
dumk, m g :  string; 



begin 
curser small (stype)  ; 
~extcoïor (yellow) ; 

{ purely for reason of 
Textbackground(b1ack) 
gotoxy(45, 4) ; 
w r i t e  ( '  ' 1 ;  
Gotoxy(4,4) ; 
textcolor (ligntgray) ; 
write('Enter desired 
gotoxy(36,4) ; 
t e x t c o l o r  ( l i g h t g r e e n )  
wr i t e  ('degreesf ) ; 
textcolor (yellow) ; 
gotoxy ( 4 5 , 4 )  ; 
abdn:=false; 
h o l d s t r  [l, l] :=" ; 
mask[l] : = ' o f f  '; 
npicf :=l; 

setting 

~otation angle  

I 

curser color ... T? 3 u g )  

in degreos : ' ) ; 

inputedit (ang,rnask, f a l s e ,  0, n p i c f ,  npicf, npicf, sbdn, 3,3,45,4, 

if aDan=true tnen 
bogin 
gotcxy(4, 4) ; 
write ( ' 
curser O f f  ( s t y p e )  ; 
goio fïag - a ~ r c ;  
end; 

val ( a m ,  z, cd) ; 
Flotate (z ,  1) ; {aoes i h ~  rnzth) 
for i:= 1 t o  8 Qo 
f o r  j:= 1 t o  6 Qo 
begin 

Qprt[i, j] :=Lq[l,i, j ] ;  
Cprt[i,j]:=La[i,i,j]; 

end; 
outputdesctabl2 (3,7,6,6,7,1,2,+ 1, Q p r t ,  Cprï)  ; 

{displays 

gotcxy ( 2 5 , 2 2 )  ; 
w r i t e  ( ' 
gotoxy ( 2 5 , 2 2 )  ; 
textcolor ( l i g n t b l u e )  ; 
write ( ' nAvoidance factor" K is: '+dumk) ; 

flag - abrt: 
end; 



func t ion  Dfac(f,d:real;n:integer):real; 

var 
iDfac : real;  
label 
f l a g  - O ;  

beçin 
Dfac:= 1; 
g o t o  f l a g  - O; 

end; 
iDfac  : =l ; 
f o r  i:= I t o  n do 
begin 

iDfac:= iDfac * ( i * f + d ) ;  
end; 
Dfac:=iDfac; 
flag - O: 
end; 

f u n c t i o n  f a c  (n: i n i e g e r )  : i n t s g e r ;  

var  
i f a c i n t e g e r ;  

Degin 
ifac:=l; 
f o r  i:= 1 t o  n do 
i f a c : =  i f a c * i ;  

Tac:= i f ac ;  
end; 

var 

GllfG12,G22, a13, a23, a33, f ,  gfr9A,BBf l ,m,d,  lf j, k , C l ,  C2, DD,b, 
AposD, AnegD, BposD, BnegD, AdposD, AdnegD, BdposD, 3dnegD, 
AddposD,AddnegD, BddposD, BddnegD, f a c t l  f a c t 2 ,  f a c t 3 ,  f a c t 4 ,  
ii, j j ,  kk,ll,mm, fls ,  f 2 s f  f3sr f4s, f2ds, f l d s ,  f 3 d s r f 4 d s : r e a l ;  



b f i t  : realarrayMPbyNp; 
pic, g r ~ ~ r  lastL, n: integer; 

i f  g e t f i t  = true t hon  
b e g i n  

getgraphdata ( ' 5 ' )  ; 

grNo:= 1; 
b e s t f i t  (b - f i t , - i c ,  grNo, lastl) ; 
OEit.l:=-b - f i t [ p i c t 2 ] ;  
~fit.G11:=b - f i t  [ p i c ,  1 ] /1000 ;  

grNo:= 2 ;  
bestfit (b f i t , p i c , g r N o ,  lastl) ; - 
biit .m: =-b fit [p ic ,  Z ]  ; 
b f i t  . ~ 1 2  :=b - fit [ p i c ,  11 /1000; 

grNo:= 3; 
b e s t f i t  (b f i t , p i c ,  grNo, lastl) ; 
bfit.d:=-5 - f i t [ p i c , ? ] ;  
Df i t .G22:=b - f i t [ p i c r l ] / l O O O ;  

getgraphdaca ( ' a '  ) ; 

grNo:= 8 ;  
b e s t f i t  (b E i t , p i c ,  grNo, l a ç t L )  ; 
bfit.i:=-b - f i t [ p i c , Z ] ;  
D i i t  .al3:=b - fit [ p i c ,  11 /1000;  {acîually alsha values 1 

b e s t f i  
D f i t .  j 

, p i c ,  grNo, 
t [ p i c , 21 ;  
i t  [ p i c ,  l ] /  

b e s t  
bfit 
b f i t  

f i t  (b f i t , p i c , g r N o  
. k :  =-b - f ic [ p i c ,  21 ; 
. a33 : =b fit [pic, l]  - 

end; 



if t yp  = lm1 t hen  
FA:= O; 

if typ = '1' t nen  
BB:= O; 

f c r  n:= O to last 30 
~ e g i n  

fls:= f l s  + (nti+d)*pow(ro,n*f+d-2)* 
pow (-X4, n) / ( à f a c  ( f ,  d, n) *pow (f, n) *fac (ri,) ) ; 

fZs:= f2s + (n*f)*pow(ro,n*f-2)*pow(AA,n)/ 
( M a c  (f, -d, n )  *pow (f, n) * W n )  ) ; 

f3s :=  f3s  + (n*g+d)*?ow(ro,nfg+d-S)t 
pow (B3, n) / (d fac  (g, d I  n )  *pow ( g ,  n) *fac  ( n )  ) ; 

f4s:= f4s + (n*g) *pow ( ro ,n tg-2)  *pow (BB,n) / 
(d fac  (g, -d, n )  *pow (g,  n) * M n )  ) ; 

flds:=flds + (n*f+d)*(nff+d-l)*pow(ro,n*f+d-3)- 
pow (.9A, n )  / ( d f ac  (f, d, n} *pow ( f ,  n) *fac (n) ) ; 

f2as :  =f2ds + ( n * f )  * (n'f-1) *pow (ro, n*f -2 )  *pow (AT, n )  / 
(dfac(f,-d,n) *pow(f ,n)  *fac(n) ) ; 

f3ds:=f3ds + (ntg+d)*(n*g+d-l)*pow(ro,n*g+d-2)* 
pow (ôB,n) / (dfac (g ,d ,n)  *pow(gf n)  *fac (n) ) ; 

f4ds:=f 4ds + (n*g) * (n*g-1) *pow ( ro ,  n * g - V p o w  ( a m )  / 
(dfac (g, 4, n )  *?ow (g ,n)  *fac (n )  ; 

end; 



f a c t o r [ l ]  := f ls+f3s;  
f a c t o r  [ 2 ]  := f 2 s + f 4 s ;  
f a c t o r [ 3 ]  := f lds+f3ds;  
f a c t o r ( 4 1  := f2ds+f4ds; 
f a c t o r  [SI := - (al3/a33) +pow (rot -i+k) ; 
factor [6] := - (a23/a33) +pow ( r o ,  - j + k )  ; 

end; * )  

proceaure Two var(typ:char;var 
rad,sigma - r,siqma-ifsigma - z:reahrray2plusN) ; 

var 
P, QI a ,  b, Cl, C2, ro ,  fac tor3a t  f ac to r3b ,  f ac to r4a ,  factorob,  
Cls, C2s, factorla, f a c t o r l b ,  factorza, f ac to r2b :  r s a l ;  
i f  i21_~ms: integer; 
grp:realarray8; 
gerÏit:boolean; 

summation (grp, a, isrms, zjrp, g e t f i t )  ; 
geCfit:= f alse; 

factorla:=grp [l] ; 
fac tor2a :  =grp [ 2 ]  ; 

sumination (g rp ,b ,  f z m s ,  typ, getfit) ; 

f actor lb :  =grp [l] ; 
factor 'b : =gr? [2  ] ; 



ro:= a; 
for i:= O to NL do 
begin 

summation (g-, ro, te-ms, t e ,  getflt) ; 

sigma - r [il :=Cls*grp [l] i C 2 5 ' g r p  [a ; 
s i p a - f  [il :-Clsi--- [3]+CZs+srp [3 :  ; 
sigma z [il :=sigma - r [il *grp  [5] +sigma-f [il *gr? [ o ]  ; 
rad [ ii: =ro ; 
ro: = r o +  ( (b-a) /NL) ; 

end; 

end; 
* 1 

var 
n , G l l , G 1 2 , G 2 2 , A 1 3 , X 3 , P P 3 3 1  a, b, c f  Gn, s,t,Xf L, X, 10, fl, E, f 3 ,  f4, 
P,G,  Q, Sigma - r, Sigma - f, Siqma - z,Cl, C2, C3, C 4 ,  C5, C G , r r , d r ,  
direct - r, direct - f, indirect - E, incirxc - r, d i r e c r  z, indirect z, - - 
z i n c ,  raim: real; 

begin 
P:= InsidePress; 
Q: = Outerpress; 
GlI:=~fit - store[1,1]/1000; {to g e ~  p -ope r  units of G a - 1 )  
G12:=DSit - s t o r e  [S,  11 /1000; 
G22:=bfit s t o r e  [ 3 , 1 ]  /1000;  
~ l 3  :=la [oÜterlayer, 1,3 ]  ; (based on outer l a y ê r  cornpliance} 
,923 :=la [outerlayer, 2 , 3 ]  ; 
A33:=la[outorlaÿerf 3 , 3 ]  ; 
n:=-power; 
b:=l.O; 
a:=r [O] /r [outorlayer] ; 
c : =a/b; 
Gn:= (n*G12+Gll) /G22 ;  
s := (n+sqrt (sqr ( n )  + 4 " G n )  ) /2; 
t := (n-sor t  ( s q r  ( n )  + 4 * G n )  ) /2; 
G:=(Al3--V3)  / (GZ*A33%O. 001) ; 
M:=G/ (lin-Gn) ; 
L:= ( (P-Q) *sqr (a) ) / 2 ;  

{units o f  MPa-1) 



fl:= [-cfpow ( a , n )  +poWcf tl *pow(b,n) ) / (pow(c, S )  -~ow(c, t) ) ;; 
f2:=(c*pow(a,n)-pow(~.s)ipow(b,n) )/(pow(c,s)-?OW(CJ) ;; 
f3:=(-P*c+Q*pow(c,t) ) /  (pow(c,s)-pow(c,t)); 
f 4 - =  (-Q*pow (c, S )  +P*C) / (pow (c, s )  -pow (c, t) ) ; 
Cl:=pow(b,n+2)*(1-p0~(~~1i+2) )/(.933*0.001*(~+2)); 

{units of %Pa-l} 
CS:=pow(b,n+3) *M* ( ( M 3 +  ( n + l )  *AU) * 

(1-pow(c,n+2) )/((n+Z)*A33)); 
C3:=sqr (b) *M* (1-pow (cf s+l) ) * (A13+s*P-23) *f l/ (A33* (sil) ) ; 
C4:=sqr (b) *M* (1-POW (c, t+l) ) (A13+t+P23) *f2/ (333*  (t+l) ) ; 
CS:= ( (Al3+t*X3) * (1-pow ( c ,  t+ l )  ) *sqr (b )  ) *f4/ (A33* (t+l) ) ; 
CF:= ( !PI3+s*AX) * ( 1 - p ~  ( c ,  s + 1 )  ) +çqr (b) ) * f3/ (A33* (si1 j ) ; 
F,:= (L+CS+C6) / (Cl-C2-C3-C4) ; 
if restnt = true then 

z:=o; 
rr:=c; 
dr:=(b-a) /l6; 
rinc: =wallthick/l6; 
rdirn:=insideDia/2; 
for i:= O to 16 do 
begin 

airect - r:= (pow ( r o ,  s-1) ' 2 3 )  i (po~(r0, t-1) *?LI )  ; 
indirect - r:=Z*M* (pow (rr, n )  +pow(ro, s-1 )  * ~ ~ + ~ C ' V J ( C ~ ~  t-1) *fz) ; - 
Sigma - r:= direct - r + indirect z; - 
a i rec t  - f : =  ( P p o w  ( ro ,  5-11 * f 3 )  i (~*?OW(~O, t-1) '24) ; 
indirxt - f :=FxX* ( (nil) *?ow (rr, n )  +s* 

-ow(ro, s-1) *fl*t*pow(ro, t-1.) r f 2 )  ; 
Sigma f : = direct f + inairect f; 
indirect - z:=- (~13*~igrna r + PT3*~iqna f) /?33; - 
Cirect z:= ( E * ~ O W  (rr, n))/ ( 0 .  0011333) ; - 
Sigma z:=direct z + i n d i r e c t  z; 
graphdata [I 1 .xydaca [i, 21 :=sigma r; 
graphdata [2] .xydata [i, 21 : =sigmaef; 
~raphdata [3] .xydata [i, 21 :=sigma-z; 
graphdata [4] .xydata [i, 21 :=indirect r; 
graphdata [5] .xydata [i, 21 : = i n d i r e c t A c  
graphdata [6] .xydata [i, 21 :=indirect-z; - 
graphdata [l] .xydata [i, 1 1  :=rdim; 
graphàata [3] .xydata [if l] : = r d i m ;  
graphdata [2] .xydata [if l] : = m m ;  
grapndata[4] .xydata[i, l] : = r d i m ;  
graphdata [SI .xydaîa [i,l] :=rdim; 
graphdata [ 6 ]  .xydata [i,l] :=rdim; 
graphdata [7] .xydata [i, ll:=rdini; 
rr:=rr+dr; 

end; 



graphdatai21 .symbol:=char (229)  +char ( 2 3 3 )  +char (233)  ; 
graphdata [3]  .symbol:=char (229)  + '  z z l  ; 
( *  graphdata[4] .symbol:=char(27)+char(229)c1r'+char(26) ; 
graphdata [SI . symbol:=char ( 2 7 )  +char (229 )  +char ( 2 3 3 )  +char ( 2 6 )  ; 
gr=phdata[6] .symbol:=char(W+char (229)+'z1+char (26) ; 
graphdata[7].symbol:=(' '+char(232)+' ' 1 ;  
* )  
end ; 

var 
ra i, ra z, ra r, rint f, r i n t  z, r i n t  r : s t r i n g ;  - 
ratio - firatio - z, ratyo - :or, i n f  - C r  i n t  z ,  int r: r e a l ;  - - 

begin 
i n t  - f:=O; 
int - r:=O; 
int-.:=O; 
variable - n (expon, r s t n t )  ; 
rxio - f:=(grapndata[2] .xydclta[16,2]- 

graphdata [ 2 ]  . xyda ta  [0,2l) / 
(0.5* (grapndata [ 2 ]  .xydata [I6,2] 
+graphdata [ 2 ]  .xydata [O,?] ) ) ; 

ratio - z:=(graphdata[3] .xydat2[16,3]- 
grapndata [3] .xydata [OJ) / 
(0. 5* (graphdata[3] .xydata[l6,3l+ 
graphdata [ 3 ]  .xydata [ O J ]  ) ) ; 

r a r i û  - r:= (0 .5 *  (g rap f lda ta [ l l . xyda ta [o ,  21 - 
graphdata [l] .xydata [ M t  23 ) 
-graphdata [l] .xydata[8,2] ) / 
( (grapndata Il] .xydata [ l m  - 
graphaata il] .xydata [O,?] ) /2) ; 

f o r  i:= O to 1 6  do 
( *  Degin 

i n t  - f := int fi graphdata [ 2 ]  .xydata li, 21 ; 
int - z:= int-z+ grapndata[3] .xydata[i,2] ; 
int - r:= int-r+ - graphdata[l] .xydata [if 21 ; 

end; 
i f  expon = O then 

begin 
i q t  fO:= i n t  f; -- 
int-z0 - : = int-z; - 
int IO:= i n t  r; - - 
end; not  needed f o r  3 principal stresses o n l y  * )  

setf illstyle (1, black) ; 
setcolor (white) ; 



outtextxy(573,50, 'Stress' ) ; 
outtextxy (569,62, ' ratio % ' ) ; 

str (100*ratio r: 4: 1, r a  - r) ; 
setcolor (cyan); 
outtextxy(569,86, char (229)  + I n r )  ; 
setcolor (lightgray) ; 
bar (599,86, 639,94)  ; 
ouctextxy (599,86, ra - r)  ; 

str (lOOfratio f: 4: 1, r a  - f) ; 
setcolor (green) ; 
outtextxy (569,lOO, char (229)  +char ( 2 3 3 )  +char  (233) ) ; 
setcolor (lightgray) ; 
bar (599,100,639,108) ; 
outtextxy (599,100, ra-f) ; 

str (100*ratio z :  4:l,ra - z )  ; 
setcolor ( r ed )  f 
~~ttextxy(569~114,char ( 2 2 9 )  + ' zz ' )  ; 
setcolor (lightgray) ; 
bar (599,114,639,120) ; 
outtextxy (599,114,  12 - z )  ; 

( "  {not needed for ploczing oniy principal s r r ê s s e s }  
s e t c o l o r  (wnite) ; 
outtextxy (589,l4Of char (lZ')+' s t r e s s ' )  ; 
o u ~ t e x t x y  (569,152, ' I n t e g r d t )  ; 

setcolor (cyan) ; 
outtextxy(569,178,char ( 2 2 9 )  + ' r r r  ) ; 
setcolor (lightgray) ; 
str(lOO*int flint f0:3:l,rint - r); 
bar (599,1767639,184) ; 
outtextxy (599,170, rint - r) ; 

s e t c o l o r  (green)  ; 
outtextxy (589,NO, char (229)  +char ( 2 3 3 )  +char ( 2 3 3 )  ) ; 
setcolor(1ightgray); 
str (100*int z/int z 0 : 3 :  1, rlnt - f) ; 
bar  (599,190~639~1~8) ; 
ou ï t ex t xy  (599, 190, rint - f) ; 

setcolor ( rcd)  ; 
outtextxy (569,204, char (229) f ' z s '  ) ; 
s e t c o l o r  (lightgray) ; 
str (100*int r/int r0:3:l,rint - z )  ; 
bar  (599,204,039,272) ; 
outtextxy (599,204, r i n t  - z )  ; 
* 1 



end; 

Function FA (r: real) : r e a l ;  

begin 

FA:= ( b f i t  .d-1) /r; 
end; 

Function -F3 (r: real) : r e a l ;  

var 
a18, f, g, va: real; 

"nction FCC (r: r z a l )  : r s a l ;  

var 
u f  ilv,n:roai; 

u : = b f i t , a l 3 /  (bf iLa33*Oe 0 0 P b f i t e G 2 2 )  ; 
v:= (1 - b f i t .  j + D f i t .  k) * b f i t . a 2 3 /  (9fit.a33*0.00i*3fiteG22) ; 
h:=bfit.d - b f i j - , i  + 32it-k - - 1 I 

i:=Bfit,d - Dfit.j + bfit.K - 1; 
PX:= (urpow (1, h) -v*pow ( z f  i) ) ; 
end; 

begin 
 hi 1:=  (bfit . a l 3 / b f i t . a 3 3 )  *pow(r, - b f i t . i + b f i t  k+l) ; - - 



end; 

Function p h i  2 (r :  r e a l )  : r e a l ;  

begin 
p h i  2 :=  (bfit.a23/bfit .a33)*-ow(rI - b f i t .  j + b f i t .  k + l )  ; 
end: 

Procedure FiniteD(var 
actrad, sigma r ,  sigma - f, sigma - z :  realarraÿ2plusN;~ariation~ i L C  
e r a t e : b o o l e a n ) ;  

type  rea la r rayN = arrây[l. . n f e ]  of rea l ;  

va r  

b - fit:realarrayMPbyNp; 
p i c ,  grNo, itt, n:  i n t e g e r ;  
a ,  b, c, d, u ,  1, z : rcalarrayN; 
w,rad:r?alarray3plusN; - ~,r,cc,nêwcc,airr,aa,SC,P,Qfphi - a , p n i  - b , c o r . s ~ Z , p o i ~  - 1, 
p o i s  - 2 ,  sum - 1, sum-2, i n r o g r a l , m u l t i p ,  to': r t a l ;  
num: s t r i n g ;  

label 
f l a g l ;  

if variation = f a l s e  then 
begin 

getgraphdata ( '3' ) ; 

grNo:= 1; 
b e s t f i t  (b - f i t , p i c ,  grNo) ; 
bfit . l :=-D f i t  [p ic ,  21 ; 
b f i t  . ~ 1 1  :=D - f i t  [ p i c ,  11 / 1000 ;  

grNo:= 2; 
bestfit (b - f i t , p i c ,  grNo) ; 
bfit .m:=-b fit [pic, 21 ; 
b f i t  .~12:=b - f i t  [ p i c ,  11 /1000; 

{ r e a d s  d a t a  only f i r s t  timc} 

{gives data i n  GPa-1) 

grNo:= 3; 
bestfit (b f i t , p i c ,  grNo) ; 
M i t  .ci:=-b - fit [ p i c ,  21 ; 



getgraphdata ( ' a '  ) ; 

Ses t f i t  (b - f i t , p i c ,  grNo) ; 
Sf it . i : =-b - fit [p i c ,  21 ; 
5fit.a13:=D - f i t  [pic, l] / f  000; { actually alpha values  ) 

bfit.j:=-D - f i t i p i c , ? ] ;  
bfit.a23:=b - fit [pic, 11 /1000; 

grNo : =4 ; 
Destf it (b f i t ,  p ic ,  grNo) ; 
b f i t .  k:=-b - f i t  [ p i c ,  21 ; 
nfit.a33:=b - fit [pic, L ]  /1000; 

end; 
( *  
bfit.a33:=0.03803; 
bFit.a23:=-0.04224; 
b f i t  ,al3:=O.OOLW8; 
Dfit.GZS:=O. 00906; 
bfit.G12:=-0.00377; 

{test case values f o r  ? r r o r  checking zsing g t c n k l }  
bfii.G11:=0.13048; 
bfit.i:=2.068; 
. ;:- a ~ ~ , .  j:=2.050; 
b f i r .  k:=2,060; 
~fit.l:=2.066; 
S f i t  .m:=3.006; 
bfii.d:=2.066; 
" 1 
?:=-hsidepress;  
Q:=-outerpress; 
aa:=insideDia/outsideDia; 
Sb:=l; 

f o r  itt:= 1 to 50 do 
begin 

n:= (bb-aa) / (n+l) ; 



f o r  i:= 2 to n-1 ào 
begin 

r:=aa+ ( i * h )  ; 
a [il : =2+çqr ( h )  *El (1) ; 
~ [ i ]  :=-l+ (r",9(r) * ( W 2 )  ) ; 
c [ i ]  :=-1- ( (h/2) *r"-a-(r)} ; 
a [ i ]  :=cc* (-sqr (hj *'CC (r) j ; 
end; 

r : =bb-h; 
a [n] :=2+sqr ( h )  *F3 (r) ; 
c [n] :=-1- ( ( h / 2 )  *Ci(r)) ; 
d[nl:=cc* (-sqr (h) *FCC (r) ) W- (h/2) *FA(r) ) P i  - b; 

for i:= 2 to c-i do 
jegin 

L[i3:= a[i]-cfi]*u[i-11; 
u [il := b [il /l [il ; 

end; 

1 [n] :=a [II] -c [n] *u [n-LI ; 
z[1] :=d[l]/l[l]; 

f o r  i:= 2 to n do 
z[i]:= (d[i]-c[i]*z[i-l])/l[U; 

f o r  i:= 3-1 do*mto 1 do 
w [ i j : =  z[i]-u[i]*w[F+l]; 

for i:= O CO no1 do 
~ e g i n  
radli] :=aa+i*h; 
sigma r [il := ( l / r a d  [il ) * w  [i] ; 
accrad[i] := (insideDia/?) +i* (xaIlthick/ ( n + l )  ) ; 
end; 

f o r  i:= 1 to n ào 
sigma - f [il := (w [i+l] -w [i-l] ) / (2*h) ; 



sigrna - f [O] := (1/ (2*h) ) (-3*~[0]+4*w[l] - w [ 2 ]  ) ; 

sigma - f [n+l] := (1/ (2*h )  1 * (w [n-11-4*w[a] +3*w[n+l] ) ; 

if itterate = false then goto f l a g l ;  

sum 1:= O; 
s u m 2 : =  - 0; 

for i:= O to n ao 
~ e g i n  

end; 
intsgral:= sm 1 + s m  2; 
multip:= 0 . 0 0 1 % f i t . a 3 3 *  (bfit.k+2)/ 

(pow(bb,bfit.k-2)-pow(aa,bfit.k+2));(unis MPa-1) 
newcc:=multip* (O.5* (-?+QI *sqr (as) +integral) ; 
d i f f :  = a b  (newcc-cc) ; . - 
1 7  c i f f  < tol ihen gcso flagl; -- 
CC : =a2wcc; 

end; {icteracion ioop} 

if itt = 50 then  
begin 
str (itL, num) ; 
writeln('No convergence aftzrl +num+ 'itteratlons'); 
snd; 
f lagl: 

f o r  i:= O t o  n+l do 
begin 

constZ:= (cc/ (O. 001*~fit .a33) ) *pow(rad[i] , b f i t .  k) ; 
pois - 1: 
pois - 2: 
sigrna - z 

end; 

end. 



unit Failure; 
{$O+, F+} 

i n t e r f ace  
uses Glob - var; 

procedure Tsai - wu(var Acon:real;var stressR,stressF, 
s t r e s s Z ,  Sof e t y P F ,  Saf etyL: realarray3NL) ; 

proczdtxe Calcülata - ?rop (var T isc,metal, fit, Uegrd: 
boo1ean;var 1no:integer.- , ~ 2 r  
Gl, Z f ,  E t ,  dEt, Ef ,Vt, Gf, dG1, 
G t f , K f ,  ffm,Em,Vm, ffs:real;var 
redu, f fail, Rss: realarraylNL; 
var ?rrcd:integerarrayl6); 

Procedure Feng (var Acon: rea1;var StressR, StressF,  S t rassZ ,  
Mfail, Ffail:realarray3NL) ; 

procedure Christensen(var ACon:real;var StressR,StressF, 
St rscsZ ,  sig - 1, sig-2, sig - 3, s i g  - I,i(m,X, 
sf, ez, 21, ~ 2 , 2 3 , 2 4  : r ~ ~ l a r z a y 3 N ' T , ;  v z r  
Xldu, 3f f: realarraylNL; 
var degr, first :boolean) ; 

proceciurt XUatgràd(var ?mimaïrix,Fiail,êOO> 
232, il1 : roalarray3NL;var dogrx io ,  firsc, 
rupture, NLshear, sKip: bocIean; 
varlastE2, Req, R f  f, RSS, LastXs, eci, 
ec6, e f f ,  ecs, Layfa i l ,  Layfi~erf: 
rsa1arraylNL;var count:integer;var 
indxD, IndexS, mat, Dhigh, Pprof : real) ; 

proceaure  stiffness; 
proceduro stiffinv; 
procedure 

function pow ( a ,  b: real) : real; 
Degin 

if b = O then 
sow:=l 

else if a = O then 



pow: =O 
e lse  

pow:= exp(b*ln(a)); 
end; 

function tanh(a:rcal):rcal; 
begin 

if a < -20 then 
tanh:=-1.0 

2 1 ~ 2  
tanh: = (exp ( a )  -ex? ( -a )  ) / (ex? ( a )  +rxp ( - a )  ) ; 

end; 

procedure Calculate - prop(va r  T - iso,metal,fit,degrd: 
Doo1ean;var 1no:integsr; 

va r  
Grn , : (m , f f ,  fm,df,cfn,  kk,vtt:rcal; 
N, L, Gt, rn, G t X :  r z a l ;  {composit? z ~ A a r ~ e t e r i s t i c s - c ~ l c u l z ~ s a }  
Zl, vl, Gld, Gth, Gtl: 14; 

{values used in transversely isotropie case} 
gama, a lpha ,  betam, b2taf , r o w ,  storZm, s t o r E f ,  
erE, erG: r ea l ;  
code, if j : integtr; 
?Dgrad: real; 

label 
flagl, flag - metal; 

begin 
If m&al = t r u o  then 

j e g i n  {cas2 for metal) 
El : =m; 
vl :=Tint; 
Gl:=Ern/ ( 2 *  (1-Vm) ) ; 
Gt :=a; 
i a c : = G t /  (1- (2"Vm) ) ; - - rrm:=O. 0; 
ffs:=0.0; 
goto Flag - metal; 

end; 



storEm:= Em; 
storVm:= 'dm; 
s t o r E f  := Cf; 

if errcd[4]=0 t h m  
Degin 
i f  e r r c d [ 5 ] = 0  tnen 

begin 
Kf :=1/ ( ( 2 *  (1-Vt) /Et) - (4*sqr ( V f )  /Cf) ) ; 
goto f l a g l ;  
end; 

if errcd[6]=0 then 
begin 
Ki:= 1/( (4/~t)-(l/~tf)-(4*sqr(~f) / ~ f ) ) ;  
goto f l a g l ;  
end; 

i f  e r r c d [ 7 ] = 0  tnen 
begin 
G t f  := l/ ( (4/3~) - W K f )  - ( 4 * s q r  i V f )  /Ef) ) ; 
goto  f l a g l ;  
end; 

2rid; . - 
IL ~rrcd[5]=0 rh2n 

~ e g i n  . - 
:L srrcd[O]=O then 
Degin 
Kf:= 1/((2/(Gtft(l+Vt)))-(l/Gtf)-(4*sqr(Vf)/Ef)); 
goto flagl; 
2nd; 

i f  errcd[7]=0 tnen  
begin 
G t f : =  (Kf* (1-Vt) ) / ( ( (1-Vt) *OiKf*sqr (Vf) /Zr ' )  -Vtrl) ; 
goto  f l a g l ;  
end; 

snd; 
if errcd [ 61 = O  t nen  

beçin 
i f  e r r cd [7 ]=0  then 

begin 
goto flagl; {equar ions  apply  d i r e c t l y )  
end; 

f l a g l  : 

{plane  s t r a i n  bulk modulus); 
{przscribed f ibe r  f r a c t i o n }  



{default fraction-strength) 

If n o t  T iso then {isotropie fibers case} 
if (&cd[l]=0) and (orrcd[2]=0) and 

(errcd[8]=0)and(xrcd[9]=0) then 
begin 
Gf :=Ef/ ( Z *  (l+Vf) ) ; 
Gtf :=Gf; 
Kf :=Gf/ (l- ( Z i V f )  ) ; 

end; 

if T iso then 
if-(errcd[l] < > O )  or (errcd[2]o~)or 

e r r c d [ 3 ] ~ 0 ) o r ( ~ r r c d [ 8 ] ~ > 0 ~ o r ( e r r c d [ 9 ] ~ Q )  then 
halt; 

:a:= Km+(ff/((l/(Kf-Z<m))+(fm/(Km+Gm)))); 
El:= Em*fm+Ef*ff+ ( (4*sqr (vf-vm) * f m * f f )  / 

( ( f m / k f )  + (ff/km)+(I/Gm) ) ) ; 
vl:= vm+fm+vf*fft ( ( (vf-vm) * ( (1/kn) - (1/kf) ) * f m * f Î )  / 

( (fmikf) + ( f f / h )  + ( I /G- in)  ) ) ; 
G1:= ~m+(ff/((1/(Gf-Gm))+fm/(2*5m))); 
G18:= ~ r n +  (tif/ - ( (l/ (GZ-5m) ) -afm/ ( P G n )  ) ) ; 

{shear  modulus with aef-fiber fract) 

g m a  : = G t f  /Gm; 
betaf := f /  (3-4*vf) ; 
h t a m : =  1/ ( 3 - P t m )  ; 
row:= ( p m a + b e t c m ) / ( g m a - 1 ) ;  
alpha:= (betam-gama*betaf) / (l+guna*betaf) ; 

Gtn:= Gm*(f+(((libltm)*ff)/ 
(row-ff* (1+ ( ( 3 + s q r  (betam*fn) ) / 
(alpha*ff*ff*ff+l) ) ) ) ) ) ; 

Gt : =Gth; 
(if (Gf > Gm) tnen G t : =  Gin; 
Gtl:= Gm* (1+ (((li~etm)"ff)/ 

(row-ff* (Ic ( (3*sqr (betam*frn) ) / 
(alpha*ff*ffhff-betam) ) ) ) ) ) ; 

if (Yf < Gm) then Gt:= Gtl; ) 

{notê:bounds assignod 2rt qenerally the uppêr 
value u n l e s s  metallic type matrix} 

Flag - metal: 



if f i t = t r u e  then 
begin 

e r E : =  (dEt-Et) /dEt; 
erG:= (dG1-Gl) /dG1; 
if (abs(erE+zrG})>O.ûOl then 

begin 
Em:= (Em* ( e r E + e r G )  / S )  +Em; 
goto flagl; 
end ; 

end; 

for i:= 1 to 6 do 
for j : =  1 to 6 do 
begin 
CC[i,j] := 0; 
Q[i, j] := O; 
end; 

Zlconst[lno],El:= Z1; 
Elconst [inof .Et:= Et; 
Zlconst [ h o ]  .vl:= vi; 
Zlconst[lno].vr:= vc+* L L I 

Zlconsc[lno] .Gl:= G1; 
Zlconst[lno].Gt:= Gt; 
Zlcons t  (lno] . kk: = kk; 

{cornpliance tems of  unidirêctional lamina) 

{stiffness terms of uniairectional lamina} 
{ u s i n g  engineering shear s t r a i n }  



Q f 3 , 1 ]  := L; 
Q [ 3 , 2 ]  := kk-Gt; 
Q [ 3 , 3 ]  := kk+Gt; 
Q [ 4 , 4 ]  := Gt; 
Q [ 5 , 5 ] : =  G1; 
Q [ 6 , 6 ]  := G1; 

(microcracked matrix r e d u c t i o n }  

if (degrd = t r u e )  ond ( ( r ê d u [ l n o ] < l )  or (Rss[lno] > l]) thon 
begin 

(curve fit f a c t o r  f o r  modul i  reduct ion)  
~DGrad:=0.265+~.0~*red~[~no]-0.295*sqr(reau[lno]); 
Q[1 ,2 ]  := Q[l,Sj*PDGrad; 
Q[2 ,2]  := Q [ 2 , 2 ] * r o d u [ I n o ] ;  
Q[2 ,3 ]  := Q[2,3]*3DGrad; 
Q [ 2 , 1 ]  := QE1,21; 
Q [ 3 , 2 ]  := Q [ 2 , 3 ]  ; 
Q [ 4 , 4 ]  := Q [ 2 , 2 ] - Q [ 2 , 3 ] ;  
Q [ 6 , 6 ]  := Q [ 6 ,  6]*PDgrad/Xss[ lnoJ ;  

{ n o n l i n e a r  in -p lane  shear  c o r r e c t i o n }  
end; 

{broken f ibors  in l a ÿ e r  roducc ion}  
if (Qegrd = t r u e )  and ( E a i l  [ h o ]  <l) i hen  
jegin 

Q [ l , i ] : =  Q [ 2 , 2 ] * f f a i i [ l n o ] * 1 . 1 ;  { f i b e r  f a c i o r )  
Q[1 ,3 ]  := Q [ 1 , 3 ] * E f a i i [ l n o ] * O . 5 ;  
Q [ 3 , 1 ]  := Q[1 ,3 ] ;  

end; 

procedure Tsai ti-ù (var Acon: r s a l ;  var s t r e s s R ,  s tressFr - 
strsssZ,SafetyF?F,SafetyL:reaIazrsy3NL); 

var  
i, j ,  l, s r r c d ,  l a y e r :  i n t s g e r ;  
s i g  - 1, sig - 2, sig - 3, s i g  - 4,XT,XC,YT, YC, SS, a n a ,  - - Frr, Fzz, FSS, Fr, ZS, Frz, cf, rû, zeta,  e l ,  e 2 ,  e3, e4, e f ,  37, 
f acM, Fact9,  S a f ~ t y M t x  : r2aIa1ray3NL; 
saf T F ,  safMtx : reaIarray1NL; 
rnult ,  root :real; 

b e g i n  

f o r  i:=l t o  o u é e r l a y e r  do 
b e g i n  

va l  ( g r a p h l a b e l s  [ i  j . a n g k ,  m g 1  [i*3-21 , errcd) ; 



val (graphlabels [il . angler angl [i*3-1 l, errcd) ; 
val (graphlabels [il . angler angl [i'3j, errcd) ; 

XT[if3-23 :=strg[i] .XT; 
XT [ii3-l] :=strg [il .XT; 
XT [1*3] :=strg [il .XT; 
XC [ i f 3 - 2 1  :=strg [il .XC; 
XC [i*3-l] :=strg [il .XC; 
XC [if3] :=strg [il .XC; 
YT [i*3-21 : =strg [il .YT; 
YT [i*3-l] :=strg [il .YT; 
YT[i*3] :=strq[ij .YT; 
YC [ii3-21 :=strg [il .YC; 
YC [i*3-l] :=strg[i] .YC; 
YC [if3] :=strg[i] .YC; 
SS [i*3-21 :=strg[i] .SS; 
SS [i*3-11 :=strg [il . SS; 
SS [if3] :=strg[i] .SS; 

end; 

f o r  i:= 1 to 3*outerlayer dc 
begin 
I:=trunc ( ( i + 2 )  / 3 )  ; 
ang l  [il :=anal  [il *p i /NO;  
23[i] :=0.001*1~[l, 1, ~ ] * s ~ I I ~ s s R [ ~ ] + O . O O ~ * ~ D [ ~ ~  I f  2 ] *  

stressF[i]+ (la[l, 1, 3]/1a[lr 3,3] ) *Acon; 
lf[i] :=O.OOlllb[l, 1,2] * ~ t ~ ~ s s R [ i ] - O . 0 0 1 ~ ~ ~ [ 1 ~  Zr 2 ] *  

stressr"[i]+ ( l a [ l ,  Zr 31 / l a [ l ,  3/31 ) *.%con; 
27 [il :=km; 

{ s t r c i z s  in local f i ~ e r  c o o r ~ i n a t s s }  

-1 [il :=sqr(cos (angl[i]) 1 *ez[i]+sqr [sin(angl[i] ) ) *ef[i] ; 
22 [il :=sqr (sin ( m g 1  [il ) )+ez [il +sqr (COS ( ang l  [il ) ) *ef[i] ; 
24 [il :=2* (-sin (angl [il ) *cos (angl [il ) *ez [i) +.sln (mc3l [i] 1 

cos (angl [il ) *ef [il ) ; 

{local strains t o  local s t r e s s e s )  

sig - l [il :=1000* (el [il *lst i f  Ilr lf I] + m i ]  * 
lstif[l, lr2]+e3 [il *lstif [lr 1,33) ; 

s i g  - 2 [il :=1000* (el [il *lstir'[Ir 11 ie2 [il * 
f s t i f  [1,2,2] +e3 [il *lstif [l, 2,3] ) ; 

sis - 3 [il :=iOOO* [el [i]*htif[lr 3,l]+e2 [il* 
- 

lstif [l, 3,2]+e3 [il *ls t i f  Ilf 3,3] ; 
sig - 4 [il :=IOOO*e4 [il +1stif[lr 6 , 6 ]  ; 

F r r  [il := 
F z z  [il := 
Fss [il :=1 
Fr [il := (1 

l/ (YT 
l/ (XT 
/sqr ( 
/YT [i 

Cil * 
[if* 
SS [i 
Il-( 



Fz [ i l  := (l/XT [ i l  ) - (l/W] ) ; 
F r z  [ i l  :=-O.Sfsqrt [Frr [il *Fzz [ i l  ) ; 
F r f  [ i l  : = - O .  S * F r r  [il ; 

ro [ i l  := ( F r r  [ i l  * (sqr big-3 [ i l  ) +sqr ( s i g  - 2 [il ) ) ) + 
2* ( F r f  [il * s i g  3 [ i l  * s i g  2 [ i l  ) t 
2*  ( F r z  [ i l  * (sig 3 [ i ]+sig  2 [ i l  ) * 
s ig- l  [ i l  ) + F Z Z  [ i l  *sqr ( s i g  - 1 [il ) + 
F s s  [ i l  *sqr ( s i g  4 [ i l  ) ; 

z e t a  [ i l  :=Fr  [ i l *  ( s i g  - 3 l i ]  +sic@ [ i l  ) + ~ z  [il fsig - 1 [ i l  ; 

f a c t A [ i ]  := F r r  [il *sq r  (sig 2 [ i l  ) +FSS [ i l  *sqr ( s i g  4 [ i l  ) ; - 
f a c t B [ i ]  := F r [ i ] * s i g  A 2 [ i ] 7  
m u l t : = l /  ( 2 * f a c t A [ i ] )  ; 
root:=sqrt (sqr ( f a c t 3  [ i l  ) + 4 * F a c t W i ]  ) ; 
safetyMtx [ i l  :=mult* ( - factB [i ] troot) ; 

end; 

f o r  1:= 1 t o  ou t s rLays r  80 

S a f F F [ l ]  := 9999; 
sa~"MTx [l] : = 2999; 

2nd; 
f o r  i:= I t o  3*outsrlaysr ao 
begin 
1. . - ~ r u n c (  (i+2)/3); 
if saEttyFW[i] < s a Z F X [ l ]  then 

safFFE'[l] : = safotyF?E'[i] ; 
( f i n d  fail i n i  f o r  cach l a y e r ,  macrix} 

if safetyMtx[i] < sarS.ltx[l] then 
saiXtx [ l]  : = safecyMtx [i j ; 

( f i n d  f a i l  i n i  for each l a y s r ,  m a t r i x )  
end; 

end; {procedure} 

Procedure Feng(var ACon:roal;var 
StressR, StxessF, StressZ,Mfzi l ,  
Tfail:realarray3NL); 

var 

FlI, E22,G12,V12,V2I,V23, e l t ,  d c ,  î2t, e2c, es,& B,A?i, 33, 
Al,?-l.1,AS,A22,04,A5,A55,Pl, 3 2 ,  f a c t ,  F l ,F2 ,  F3, F4, F5, 



F6, JI, J Z , J 4 ,  J 5 : r e a l ;  
XT,XC,YT,YC,SS, ez ,  e f ,  e3,eI, 22, e4, angl:roalarray3NL; 
saM, saf F, S a f E l ,  SafE2, SafE4 : realarraylN1; 

begin 
f o r  i:= 1 t o  o u t e r l a y e r  do 
begin  

v a l  (g raph labe l s  [ i l  . angle ,  angl  [i*3-21 ,errcd)  ; 
v a l  (g raph labe l s  [ i l  . ang l e ,  angl  [i*3-11, errcd) ; 
v a l  (g raph labe l s  [ i l  .angle,  angl  [ i * 3 ] ,  errcd) ; 
XT [ i f3-21  :=strg [ i l  .XT; 
XT [ i * 3 - l ]  :=st~g[i] .XT; 
XT [ i f 3 ]  : = s t r g [ i ]  .XT; 
XC [i*3-21 : = s t r g [ i ]  .XC; 
XC[if3- l ]  : = s t r g [ i ]  .XC; 
XC [ i c 3 ]  :=strg [ i l  .XC; 
YT [i*3-21 : = s t r g [ i  ] .YT; 
YT[i+3-l]  : = s t r g [ i ]  .YT; 
YT [ i * 3 ]  : = s t r g  [ i l  .YT;  
YC [i*3-21 : = s t r g  [ i l  .YC; 
YC[i t3- l ]  : = s t r g [ i ]  .YC; 
YC[i*3] : = s t r g  [il .YC; 
SS [ i f3-21 :=strg[i] 3 s ;  
SS [ i f 3 - l ]  : = s t r g [ i ]  .SS; 
SS[i*3] : = s t r g [ i ]  .SS; 

SafE1 [il : = 909; 
SafZ2 [ i l  := 999;  
S2fF4 [ i l  := 999; 

end; 

f o r  i := 1 t o  3*outerlayer do 
{ s t r a i n s  i n  g loba l  coorainates} 

begin 
I:=trunc ( ( i + 2 )  / 3 )  ; 
ang l  [ i l  :=angl [ i l  *pi/180; 
23 [ i l  :=O. OOlflb [1, 1, lltçtreçsR[i]+0,001*1b[lr I f ? ]  * 

s t r o s s T [ i ]  + ( l a  [l, l , 3 l / l a  [l, 3 , 3 ]  ) *Acon; 
ef [ i l  :=O. 001*lb [1,1,2] * s t r e s s R [ i ]  +O. 001*lb [ l , 2 , 2 ]  * 

s t r e s s F [ i ] +  (la[l, 2 ,3 ]  / l a U ,  3 ,3 ]  ) *Acon; 
ez [ i l  :=Acon; 

{strains i n  local f i b e r  c o o r d i n a ~ ê s }  

e l  [ i l  :=sqr (cos  (angl  [il ) ) *ez [ i l  +sqr ( s i n  ( a n g l  [ i l  ) %ef [il ; 
e2[ i l  : = s q r ( s i n ( a n g l [ i ] ) )  *ez [ i ]+sq r (cos  ( a r q l [ i ~ ) ) * ~ f [ i ] ;  
e4 [ i l  :=2* (-sin ( ang l  [ i l  ) *cos (an91 [il ) * e z  [ i l  +sin (2ngl [ i l  ) * 

cos (angl  [ i l  ) *ef [ i l  ) ; 
{eng inee r ing  shea r  strain} 
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À fa il [il := (-BB/ (2*AA) ) +sqrt (sqr (BB/ (2'AA) ) + (l/AA) ) ; 
Ffail[il := (-B/(Z*A) )+sqrt (sqr(B/(2*~) ) + ( 1 / ~ ) ) ;  

end; 
for 1:= 1 to outerlayer do 
begin 

SafM[l] := 999; 
SafF[l] := 999; 

end; 
for i:= 1 to 3*outerlayer do 
begin 
l:=trunc ( (i+2) / 3 )  ; 
if Mfail [il < sarX[l] t h e n  

s a M [ l ]  := Mfai l  [il ; { f i n d  fail ini for each layer, matrix} 
if Ffailli] < safF[l] then 

safF[l] := Ffail[i]; {find f a i l  ini for each layer, matrix} 
end; 

end; 

S t r o s s F ,  StrzssZ,  sig - 1, sig-2, sig - 3, 
sig - 4,,a,2ft ef, ez, el, e 2 , ~ 3 , ~ 4 :  
realarray3NL; var gecu, 3 f  f : 
realarray1Nl;var degr,Eirst:boolean); 

var 
orrcd:integer; 
XT,XC,YT,YC,  SS, angl, kl, k2/ al, a2,jl, 
.%nt3rn, Bf, Cf: r~alarray3NL; 
i f  j,l:integer; 
SafSS, SaTS1, SafS2:  realarraylN1; 
meta1:boolean; 
discrimF, discrim.?: real; 

label 
f l a g  - metal; 

begin 

f o r  i:= 1 t o  outerlayer do 

v.1 (graphlabels [il .angle, angl [i*3-21, errcd) ; 
val (graphlabels [il .angle, m g 1  [P3-l] , errcd) ; 
val (graphlabels [il .angle, ang1 [i*3l,-rrcd) ; 
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(find simple max stress for each l a y e r ,  f ibe r )  
if (YT [il / s ig  - 3 [il ) < SafS2 [l] then 
safS2 [l] := YT [il /sig 2 [il ; 

(find simple max stress for each layor, matrix} 
if (SS[i]/sig - 4 [il) < SafSS[1] thon 
safSS[l]:= SS[i]/sig 4[i]; 

{ f i n d  simpre max stress for each laye=, matrix) 

kl [il :=YC [il / 2 ;  
al[i] :=o.5* ((YC[i]/YTfi])-); 
bl [i J :=sqr (YC [il / ( 2 * S S  [il ) ) ; 
k2 [il :=XT[i] /2; 
a2 [il :=O. 5' t (XT [il /XC [il ) -1) ; 

(kl [il ) ; 

[il + ( l+2*a l  [il ) * 

Af [il :=(O.25* (1+2*a2[i] 1 *sqr(sig 1 [il) )-(0.25' 
sqr ( l + a 2  [il ) * s i g  l [il (s ig  - 2 [il +sig - 3 [il ) ) ; 

3 f [ i ]  :=-a2 [il *k2 [il *sig - r[i] ; 
E[i] :=-sqr(k2[U); 

{Christensen critêria) 

if (mctal = t r u e )  and (i=1) then 
begin {Von Xises c k o r y )  

3f  [il :=1E9; 
-%[il :=XT[i]/(sq~t( ( s q r ( s i g  l[i]-sig 2 [ i ] ) +  

sqr ( s i g  2 [il -sig - 3 [il) +sqr (sig - 3 [il - 
sig - 3[i1))/2)); 

if -;im[i] < 1 zhen m[i] :=?; 
{cons tan t  p l a s t i c  s t r i n g c h ) ;  

g o ~ o  f l a g  - metal; 
end; 
if Xff[l] < 1 tnen 
X[i] : = R f f  [1] 

{sets dunagêd material pseudo safety f a c i o r }  
el se 

begin 
discrimF:=sqr (Jf[i] ) -4*Af [il * C f  [il ; 
if discrimF < 0.000 then 
discrirnF := 0.000; 

X f  [il := (-3f [ i l  +sqrc (discrimr)) / (2*-PPf [il ) ; 
2nd; 

discrimM:=sqr (am[i]) -4*&n[i] *Cm[i] ; 
if discrimM < 0.000 tnen 
dîscrimM := 0.000; 

Wcm[il := (-9rn[i] isqrt (discrimM) ) / (2*Am[i] ) ; 



if ( R f  [ i l c l )  or (Rm[i]<l) then degr:= t r u e ;  
flag metal: - 

end; (each layer) 

end; {procedure} 

procedure XUdegrad ( v a r  Rnatrix, F f a i l ,  e66, e 2 2  
ell:xalarray3NL;var d e g r a d e , f i r s t ,  
rupture, Nlshear, skip:booIezn; 

' var  lastEZ,Req, Xf f r Rss, LastRs, a c i ,  
ec6, eff,ecs,Layfail,Layfiberf: 
realarray1Nt;var c0unt:integer;var 
indxD, indexs,  Dmat, Dhigh, Pprof: r ~ a l )  ; 

var 
i f  1:integer; 
e6,  e2,21, eeq, Deq, e2t: rsa1arraylNL; 
Ovstr, cw, ck, xpon, DEI fac0, f a c l ,  tt, 3 r  C,p, f ,Mt eta ,  
Rbroken, R f t o t a l ,  limtotal, ~iscrim, e r r ,  2 r ç :  r e a l ;  

f o r  i:= 1 t o  NL do 
begin 

L a y f a i l  [il : = 3 9 9 ;  
Layfiberf  [il : =999; 
eeq[i] :=O; 
e2 [il :=O; 
el [il :=O; 
e6 [il :=O; 
35s [il :=l; 

end; 

f o r  i:= 1 t o  3%outerlayer do 
begin  

l:=trunc( (1+2) /3) ; 
if s66[i] > s6[l] then 



{ f i n à  l a r g e s t  shear s t r a i n  i n  each l a ÿ e r }  
€6 [l]  := e 6 6  [il ; 

if Rna t r ix  [ i l  < L a y f a i l  [l] then 
begin 
Layf a i l  [Il : = Rmatrix [ i l  ; 

{ f i n d  fail i n i  for each l aye r ,  matrix) 
02[1]  := s 2 2 [ i ] ;  

end; 
i f  F f a i l  [ i l  < Layf ibo r f  [ l ]  then 

Dogin 
Layf iber f  [l] := Ffail [ i l  ; 

{ i i n d  f a i l  i n i  ~ a c h  l a y e r ,  f i be r )  
e l  [ l ]  := el1 [ i l  ; 

end; 
{store c r a c k  i n i t  based on no degradation} 

i f  f i r s t  = truo then 
begin 

ec6 [l] := e6 [ l ]  * l a y f a i l  [ l ]  ; 
s c i [ l ]  := o 2 [ l ] + l a y f a i l [ l ] ;  
eff [ 1 ]  := e l  [l] ' l ay f ibe r f  [ l ]  ; 
?CS Cl] :=3*eci El] ; {estirnate f o r  s a t u r a t i o n }  
l a s t E 2  [l] :=l; { s t a r t e r  value o n l ÿ }  
LastRs [l] :=l; 

29a; 

2nd; 

if degrade=tru~ rhen 
jegin 

2 0 U n L : =  counc-1; . - I r  coun t  > 29 thsn 
Seg in  
degrade:=false; 
g o ~ o  f l a g  - end; 

end; 

(max itteracion -xi:) 

{ forces a g rapn ica l  o u t ? u t  ) 

end; 

i f  l a ÿ f s i l  [il < 1 t k n  (matrix is cracked) 
Segin 

s 2 ~  [ i l  := (0 .5*Layfa i l [ i ]+û .  5 * l a s t E 2 [ i ]  ) ; {tes r  valce} 
l a s t E 2  [ i l  :=&t [ i l  ; {store f o r  nex t  i t e r a t i o n )  
err:=abs (Layf a i l  [ i l  - l a s t E 2 [ i ]  ) ; 
i f  e r r  < 0 . 0 0 1  then {convergence c r i t s r i a )  

-.a ndxD: =indxD+O 
2lse 





indexS:= indexS+ers; 
degraae:=true; 

end 
e lse  

indexS : =indexS+ 0 ; 
7astRs [il :=Xss [ i l  ; 
end 

{s to re  f o r  next 

e1s1 {shear correction when darnago has begun) 
begin 

Rss [il :=sqrt (l+sqr ( (lOOO*st~g[i] *GL*ec6[i] ) /strg[i] - 5 s )  ) ; 

{ R s s  [il :=O,Sf ( l a s t R s [ i ] + s q r t  (I+sq,r(  (lOOO*srrg[iJ .GL*ec6[i] ) / 
s t r g [ i l  . s s )  1 ) ;  l 

x s : =  abs ( ( 2 s s  [ i l  -1astRs [ i l  ) / R s s  [iJ ) ; 
i f  (ers > 0.01) then 
~ e g i n  

index%= indexciezs;  
degrade:=true; 

end 
els2 

indexS:=indexS+O; 
lastXs [il :=%ss [il ; 

2nd; {if layfail) 
2nd; {i loop) 

enc; {if nonlinear shear) 

{ s t o r e  f o r  x x t  itsration) 

W t o t a l  :=O; 
iimTotal:=O; 
for i:= I to ourerlayer do 
begin 
X?totul:= Zfffi]+RFtotal; 
htotal:= 3oq[i]iRmtotai; 

end; 

if (2r'total=outerlayer)and(~total=outerlayer)and(indexS=O) 
then 

begin 
Segrade:= f a l s s ;  {system is complotoly linear) 
err: =O ; 
goto f l a g  - end; 

end; 

discrim:= RFtota l /&roken;  
if (abs (discrim-outerlayer) ? <O 0 1  
begin 

rupture:= t r u e ;  

f ibers  bro  k m  ) 
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Dhign:= Dnat*insiaepress; 
end; { i loop) 
end; {if s k i p )  

( f i n d  lowest s a f e t y  f a c t o r )  

{ s to re s  value f o r  n e x t  round) 

f l a g  - 99: 
end; 

end; 

procedure stiffinv; 

var 



factf, factl2, fact23, Cil, C 2 L  C33,C12, C13,C21tC23, C31t cX, Ell, 
E22,E33,V12,V21,V13tV31f V23,V32:roal; 

begin 
factf:=0.50; 
factl2:=0,50; 
fact23:=0.50; 
C11:=9.350*0.25*1.1; 
C22:=9.35*0.250; 
C33:=9.35; 
C12:=3.88*fact12; 
Cl3:=3.88*factf; 
C21:=3.88*fact12; 
C23:=4,03*fact23; 
C31:=3,88*factf; 
C32:=4.03*fact23; 

end; 

procedure Thermo; 

var 
R,T,v,~0,A0,C0,a,alpha,c,gma,b,TltT2,il,f2,f3, 
T3, T4, TS,P1,P2,?silt ?si& Psi3,aa,jb, 
PC, TC,RX?i,  BBB, 2 , F - m l :  rea l ;  

begin 

{methane- Bennedit-Webb-Rubin) 



Tl:= RfT/v; 
T2 := ( 3 0 % * T - 3 . . O - C O / s ~ r  (T) ) * (I/sqr (v) ) ; 
T 3  : = (b*X*T-a)  /-ow (v ,  3) ; 
T4:= (aXalpha)/pow(vt6); 
~ 5 : =  ( c /  (pow (v, 3 )  *sar ( T l  1 )  * (l+gamma/sqr ( V I  ) * 

exp ( - g m a / s q r  ( v )  ) ; 
P l : =  TliT2+T3+T4+T5; 
psil:=31*14.5034; 

{hydrogen Redlich Kwong} 

PC:=13.0; {bar} 
TC:=33.3; {K) 
v:=0.0141*2.018*1.04; 

? = O .  08296 ;  
L-Xk =O. 12404' (1-CI.O56l8/v) ; 
333:=O. 0 1 7 5 0 i  (1+0.01965/~) ; 
e:=2.03-4/ (vi?ow (Tt 3 )  ) ; 
fl:=(RIT* (1-o)/sqr(v)); 
fz : = (v+337) ; 
E3 : =-PPnLIq/sqr (v) ; 
ATM:= f l * f 2 + f 3 ;  
psi3:=ATYfl4.696; 

end; 

end. 



u n i t  GraEdit ; 
($O+, F+) 

i n t e r f a c e  

uses glob var, graph,  cr t ,  ves - util, menus, plo tprop ,  
cornPrnath, f ailure, DOS; 

procedure GEdit(var top ic ,param,se l  rnat:integer;var 
e x i t ,  update, full, nlzhear: boolian; 
var Mred, Frod, Sred, MS, FS : realarrayINL; var 
Firstdam, proof :  r ê a l ;  va r  f ilênum: i n t s g e r ;  
var sigr, s i g f ,  s i g z ,  s i g l  , s i g 2 ,  s ig3 ,  s ig6 ,  
e f ,  ez, e l ,  e 2 , e 3 ,  e6: realarray3NL; 
var rupt, rset:boolean) ; 

procedure GrapnEditStr(var  fullfreadkeybdfNLshear:Doo1ean); 

praceduro  f i l e d a t a  (-var Mred, Fred, Sr?d,MS, CS: 
rca lar ray lNl ;  f i r s t d m ,  proof :  rea1; 
v a r  nfileno:intsger;var 
s i g r ,  s i g i ,  sigz, s i g l ,  s i g 3 , ç i g 3 ,  sig6, r f ,  s z ,  
e l ,  ~ 2 ~ 2 3 ~ 2 6 :  r~alarray3NL;var 
ru& print, full, n l s M r :  b o o k a n )  ; 

?racedure GraphsditStr(var full,readkeybd,NLshear:boolea~); 
( e d i t o r  for a i s c r e t e  walf Vessel) 

var 
sigr ' ,  sigr, sigz, s i g l ,  s i g 2 ,  sig3, sig6,Msaff Fsaf ,  of, ez, e l ,  ~ 2 ~ 2 3 ,  
e6,a2l ,  el1 : realarray3NL; 
3ilePress:RaalarrayNL; 
upaato ,  e x i t ,  sw, degrd, 5 u r s t  , 
once, a b r t ,  Eirst, r u p t ,  ski?, z s e t : : b o o h n ;  
axialcon, x max, x min, y - max, y - min, error, esh, 
 prof, ~dam ' ;~h i  : r%l; 
Newmat, cntr e r r ,  ers, Ptop ,  Pin ,  t i t l e 2 :  s t r i n g ;  
layerno, angl ,  top ic ,parm,  sel - mat, i f  count,  Tlen, 
fi1enumber:integer; 
E z l a s t ,  redu, Rf ib ,  ReSS, LstRs, E C R I ,  EC6, ECSAT,EFF, 
MSL,FSL:realarrayLNL; 



labd 
Elag - readf,  f l a g  end, f l a g  b u r s t ,  f lag reset; - - - 

rset := fa l se ;  
f l a g  reset: 
zerographdat a; 
s kip: =fa l se ;  
a b r t  := false; 
exit:=false; 
update: =false; 

once: = false; 
r u p t  : =f alse; 
tcpic: =l; 

Pprof : =O; 

for i:= I t o  9% do 
Degin 

R f i b  [il :=l; {i~iialiize) 
%du [il :=l; 
ReSS [il :=l; 
Lsi9.s [il :=l; 

end; 

f l a g  r e a à f :  
rnas1rT11 :=!*.VES' ;  
mask[2] :="; 

Set'; 

Cquatio~s'; 

readvesf (Newmat, mzsk, reau,  R f i D ,  F(eSS, o u t e r l a y e r ,  l aye rno ,  ang1, 
reaakeybd, update, degrd, abr t )  ; 
if a b r t  = t r u e  than gcto f l i g  end; - 
Laminateprop ( o u t e r l a y e r )  ; 
if graphstate = false then 

initgraphdrivêr; 



compute - full ( f ilepress, axialCon,Full) ; 
{pzsses back interface pressures) 

cornpstress (filepress, axiaICon,sigf, s i g r ,  s i g z )  ; 

{Tsai - Wu (axialcon, sigr, sigf,sigz,Msaf, Fsaf) ; } 

{ Feng (axialcon, sigr, s i g f  , sigz,Msaf, Fsaf) ; } 

Christensen (axialcon, sigr,sigf, sigz, sigl, s i g 2 ,  siq3, sig6, 
Msaf, Fsaf, ef, ez, el, e2,  e3, e 5 ,  redu, 
Rfin,degrd, f i r s t )  ; 

if ( (Pprof <= insidepress) and (rupt = false) ) then 
XUdegrad(Msaf, i s a i ,  eGf e2, el, degrd , f i r s t ,  rupt,NLsnear, skip, 

E 2 l a s t ,  Redu, Rfib, ReSS, LstRs , SCRI, EC6, EFF, ECSF-Tt 
MSL, FSL, count, error ,  esh, Mdarn, Dhif Pprof) ; 

cleardevice; 
setcolor (lightgray) ; 
outtextXY (O ,  IO, ' W-Scalp: '+scaler) ; 

str(error:4:3,err); 
str (esn:4:3, e r s )  ; 
setf illstyle IsoliafiIl, r zd )  ; 
seccolor (white) ; 
bar ( l 3 6 , O ,  137+ ( 8 * 1 a x ~ t h  ( c n t )  ) , 7 )  ; 
outtextXY ( 1 0 6 ,  O, 'itt:: '+cnt) ; 
bar (l36,lO, 1 3 8 1  (8'length k r r )  ) J 7 )  ; 
outtextXY (106,10, ' e n :  ' * e x )  ; 
If Nlshear = t r u s  thon 

bogin 
bar (l84,O, 188+ (8*length(ers) ) ,7) ; 
outtextXY (lH,O, 'ers: '+ers) ; 
end; 

s ~ o ~ L s ~ ~ ~ s s  (sigr, sigf, sig~,Msaf, Fsaf, x max, x m i n ,  
y - max,y - min,~hi,rupt,~odu,~fib) ; 

plotoutline ( 'Radius (mm) ' , ' Stress MPa' , 'Discrete 
Layer Stresses',Title2,5,5,x min,x max, - - 
y - min,y nax)  ; - 

if ( (rupt = t r u o )  and (once = false) ) then 
begin 

rzadkeybd: = fa l se ;  
once:= true; 

(executes only once on rupture to update stresses) 
count:= count+l; 
goco flag - readf; 

end; 



if (degrd=true) and (Pprof<insidepress) and (once = false) tnen 
{iteration for rising press} 

begin 
readkeybd:= false; 
goto flag rzadf;  - 

end; 

if (insidepress > Pp ro f )  and ( r u p t  = f a l s e )  tnen 
Pprof:= insidepress; { r e m r d  peak) 

str(Pprof:3:lfPtop); 
s t r  (insidepress:3: l m )  ; 
s z t c o l o r  (cyan) ; 
outtextxy ( 4 8 0 , 1 0 ,  ' P r o o f :  ) ; 
if Pprof<=Dhi then 

setcolor (white) 

sotcolor (yellow) ; 
outcextxy(528,10,?top) ; 

if r u p t  = t r u e  then 
begin 

setcolor (white) ; 
setf illstylt (soliàf iI1, D I w )  ; 
Tlen: = a *  (length (Pro?) +L~ngih (Pin) ) ; 
bor (309-round( ( 8 8 + T M )  / 2 )  10, 309+round( (88-Tk111/2) , XI! ; 
o u t t s x t x y  (309-round ( ( 8 8 i T k n )  /2) , 11 ? t o p  < 3 u r s r <  '-?in) ; 

ênd; 
G E d i t  ( t o p k t  .arsni, sel - mat, c x i t ,  upaate ,  f u l l ,  nlshear, 

redu, Rfi~, 3eSS,MSL, FSL, Dhi,  ?prof, f ilenumber, 
sigr, s i g f ,  s i g z ,  siglf s I g 2 ,  s i g 3 ,  ~ i g o ' ~  22 ,  
szf el,&, e 3 ,  e6,  ruptl rset) ; 

if lxit = t m 2  then g o t o  f l a g  - end; 
if rset = t r u e  then 
beqin 

degrd: =falso; 
r s e t  := fa l se ;  

{switcn back t o  d e f a u l t  condition f o r  nex t  =un) 
goto flag - r e s e t ;  

end; 
readkeybd: =f a lse ;  
degrd: = t r u s ;  
goto f l a g  - readf;  

f l a g  - end: 
end; 



procedure 
increment: 
var  
ff: text;  

un t :=  count i  
if (count >= 

begin 
~ t s s i gn  (f 
rewrite ( 

.crernon 
0 )  and (print 

write(ff,#12); { f o r m f e e d }  
close(ff) ; 
count:= increment; 

end; 
end; 

proc?atirr f iledata ( v a r  Mred, Frtd, Srod,YSf FS : 
realarraylNL;firstdam,proof:zeal; 
var  nfileno:int2ger;var 
sigr, s i g f ,  sigz, sigl,sig2, s i g 3 ,  s i g &  sr ' ,  e z t  
11, ~ 2 ~ 1 3 ~ 2 6 :  r~alarray3NL;var 
r u p t ,  ~rint, f u l l ,  nlshear Aoolean)  ; 

label  
f l a g  end; 

d 

begin 
if full=true then 

t i t l e := 'Fuu l l  Zqua t ions '  
e l se  
title:='Partial Squat ions ' ;  

if nlshear = t r u e  chen 
ticle:='NL S k a r  / Full q u a t i o n s ' ;  

count:= 0; 
newfile:= currentfile; 
Delete (newfile? l sng th  (newfile) - 3 ,  4 )  ; 
str (nfileno, exten) ; 
{ S I - )  
i f  p r i n t  = t r u e  tnen 

ass ign  ( F I  ' LPT1' ) 



else 
begin 

assign (F ,  newLilz+' . Dl +~xten) ; 
setf illçtyle (solidf il1 , red) ; 
setcolor (white) ; 
bar ( 0 ,  0,96,8) ; 
outtextxy (Oro, newfile+' .D1 +exten) ; 
~ e e p  (I6OO,l600) ; 
delay (15000) ; 
setfillstyle (soliafill, b l a c k )  ; 
~ a r  ( O ,  O, QG, 8) ; 
~oxtcolor (lightgray) ; 
ou t t ex t xy  (0,0, currsntfile) ; 

end; 
rewrite ( F )  ; 

Super Pressure - Vesszl Designer'); writeln (F, ' 
if IOresult O t h e n  

Degin 
s e t f i l l s t y k  ( so l i d f  iIl, red) ; 
setcolor (wnils) ; 
bar (0, 0,96,8) ; 
outtextxy(Q,O, 'LPTl: Zrror!'); 
8aep (600,1600) ; 
cklay (15000) ; 
setfillstyle(soliafiIl,bIack); 
bar (Oro, 90,8)  ; 
t s x t c o l o r  (ligntgray) ; 
o u t t o x t x y  (0,0,  curre~tfile) ; 
goto f l a g  - end; 

2nd; 
{SI+) 
writeln (F) ; 
Writeln ( 7 )  ; 
writefn (F, 'Vesse1 Filpname: ' +currentfile) ; 
wri"Leln(F,'Calculation Yothod: '+titi?); 
writeln (F, ' Current Zressure (MPa) : ' , i n s idepress  : 3 : 1) ; 
w r i t d n  ( F r  'Prool^ Pressure (MPa) : ' , ? r o o f :  3 : 1) ; 
writeln(F, ' F i r s t  Damage (MPa) : ', firstdam: 3:l) ; 
writeln (F, 'Rupture: ' , r u p t )  ; 
writeln (F ,  'Wall Thickness (mm) : ' ,Wallthick: 3: 1) ; 
writeln (F ,  ' Inside Diameter (mm) : ' , insidedia : 3 : 1 ) ; 
writeln (F, 'Wall Scaling Fac~or: ' , (wzllthick/Ttatal) : 4: 3) ; 
writeln (L)  ; 
f ormf eed (print , count , 17+outsrlayer) ; 

1 1  writeln (F, 'Lay , Material ', ' Thick ' , ' ,si;nglv ' , F i b 2 r  
' , 'Matrix ' , ' Fiber ' , 'Matrix ' , ' Fiber ', 'Shear'); 

writeln(F, 'No. t , ? Name ' , ' (mm) , ' - ' , ' Percent 
','Safety ' , ' S a f e t y  ' , 'Degrad. ','Degrad. ','Red.'); 

writeln (F) ; 



for i:= 1 to outerlayer do 
begin 

write ( F r i : 2 ,  ' ' 1 ;  
write (F, grapnlabels [il .matname: 8,' 1 ;  
write ( F r  grapnlabels [il . thickness : 3, ' ' 1 ;  
writê (F, grapnlabels [il . angle: 4, ' '1; 
write (F, graphlabels [il . fpercent: 4 , ' f ) ;  
il Frod[i] < 1.0 then 
write (F, fred[i] : 6: 3, ' ' ) {if fiber is broken, so is mtx} 

o l s e  
write (F,MS [il : 6: 3, ' ' 1 ;  

write(F,FS[i]:6:3,' ' ) ;  

write (F,Mred[i] : 6 : 3 ,  ' 1 ;  
write (F, Fred[i] : 6 :  3,  ' ' ) ; 
writeln (F, (l/Sred [il ) : 6: 3 )  ; 

end; 
formfeed (print, count,4+outerlayer) ; 
writeeln (F) ; 
writeln (F, ' Layer Sigma (r) Sigma 

( '+#233+') Sigma f z )  ' ) ; 
writeln (E', 'no .  insid? m i d .  outêr i n s i d e  nid .  out21 

inside mi& O U L I , ~ '  ) ; 
w r i t d r l  (F) ; 
for i:= I to o u t 3 r l a y i r  do 
begin 

write(F,i, ' ' 1 ;  
write (?, s i g r  [3*  (i-1) +1] : O :  7 ,  ' ' 1 ;  
writo (Fr sigr [3* (i-1) f2] : O: 1, t ) ; 
xrite (E', sigr [ 3 *  (i-1) + 3 ]  : O: 1, ' 
w r i ~ e  (F, sigE[3- (i-1) +I] : 6: 1, ' ' 1 ;  
write (F, sigf [3* (i-1) + 3 ]  : 6 :  1, ' ' 1 ; 
writz (Fr s i g f  [3* (i-1) + 3 ]  : 6: 1, ' 
write(F, sigz[3* (i-1) +If : 6 : 1 ,  ' ' 1 ;  
write (F, sigz [ 3 *  ( P l )  -23 : 6 :  1, ' ' 1 ; 
writeln(F, sigz[3* (F-1) -33 : 6 : l )  ; 

end; 
formf eed (print, count , 4+outerlayer) ; 
writeln (F, ' ) ; 
writeln (F, 'Layer Epsilon {r) % F-silon 

( ' + # 2 3 3 + ' )  & Epsilon ( z )  % ' ) ; 
writeln (F, 'no. insidc mid. o u t e r  insiae rnid. o u t e r  

inside ni.id. o u % r l  ) ; 
writeln (F) ; 
for i:= 1 to outerlayer do 
Degin 

write (F, i f  ' 1 : 
writs (F ,  100*e3 [3* (1-1) +l.] : 6: 3 ,  ' ' 1 ; 
write (E', 100*e3 [3*  (3-1) + 2 j  : 6 :  3 ,  ' ' 1 ;  
write (F, 100*e3 [3* (i-1) +33 : 6: 3 ,  ' T I ;  
write (F, 100*ef [3* (i-1) +1] : 6 :  3, ' ) ; 



i n s  ide 

w r i t e  (F, 100*ef [3* (i-1) +2]  : 6 :  3 ,  ' ' 1 ; 
wr i t e  (Fr  lOO*ef[3* (i-1) + 3 ]  : 6 :  3 ,  ' f); 
xrite (F, 100*ez [3*  (i-1) +1]  : 6: 3, ' ' 1 ; 
write ( F ,  100iez [3*  (i-1) + 2 ]  : 6 :  3 ,  ' ' 1 ; 
w r i t e l n  (F, 100*zz  [3* ( i d )  +3]  : 8: 3 )  ; 

end; 
fomfeed  ( p r i n t  count ,  4+ou te r l aye r )  ; 
w r i t e l n ( F ,  " 1 ;  
writeln (F,  'Layer Sigma (1) 

( 2 1 ' ) ;  
w r i t e l n  (F, ' no. m i d ,  outer 

o u t e r r  ) ; 
wr i t e ln  (F) ; 
f o r  i:= 1 t o  o u t e r l a y e r  do 
begin 

write (F, i: 2 ,  ' ' ) ;  
writc (F, s i g l [ 3 *  (i-1) +1] : 6 :  1 ,  ' ' 1 ;  
write ( C ,  s i g l [ 3 *  (i-1) ç21: 6 :  1,' ' 1;  
writo (F,  s i g l [ 3 *  (i-1) +3]  : 6:  1, ' ' 1 ;  
writs (F,  s ig2  [3* (i-l)+1] : 4 :  1, ' 1 ;  
writ2 (F, si92 [ 3 *  (i-1) i21 : 6 :  1, ' ' > ; 
write (F, s i g 2  [ 3 *  (i-1) + 3 ]  : O :  1 ,  I ' 1 ;  
x r i t s l . ~  (F) ; 

snd; 
f o m f e o d  ( p r i n t ,  count ,  47outerlay~r) ; 
writeln (F, " )  ; 

1 writoln ( r ,  ' l a y e r  Sigma (3) 
( 6 1  ' 1 ;  

writsln(F, ' no. insiae mid. o u t e r  
outerf ) ; 

writeln (F) ; 
f o r  i := 1 t o  outerlayer do 
~ e g i n  

x r i ce (E ' , i : 2 ,  ' ' 1 ;  
w r i t e  (F, s i g 3  [ 3 *  (i-1) +1] : 6 :  1, ' ) ; 
m i t e  (E', s i g3  [ 3 *  (i-1) + 2 ]  : 6:'1, ' ' 1 ;  
writs (F, s i g 3  [ 3 *  (i-1) +3]  : 6:1, ' ' 1 ;  
write (f, sig6[3* (i-1) +1] : 6: 1, ' ) ; 
m i t e  (F, s i g 6  [ 3 *  (i-1) + 2 ]  : 6 :  I r  ' ' 1 ;  
w r i t e  (F,  s i g 0  [3* (i-1) +33 : Io: 1, ' ' 1 ;  
writoln ( 3 )  ; 

end; 
f o m f  eed ( p r i n t ,  count ,  4iouterl ayer) ; 
w r i t e l n  (F,  " ) ; 
w r i i ê l n  (F, " ) ; 
ïriteln (F, 'Layer  

Y); 
writzln (F, no.  

outer ' ) ; 
writsln (F) ; 

E p s i l o n  (1) % 

i n s i d e  rnid. outer 

SigrLa 

inside n id .  

Zps i lon  ( 2 )  

inside rnid. 



for i:= 1 to outerlayer do 
'Degin 
write(Fri:2,' 
write (F, 100*e1[3* (i-1)+1] : 6: 3, ' ) ; 
write (F, 1OO*el[3* (i-1) +2] : 6: 3, ' ' )  ; 
write (F ,  100*e1[3* (i-1) + 3 ]  : 6: 3, ' ' ) ;  
write (F ,  100*e2 [3* (i-1) +13 : 6: 3, ' ' 1 ;  
write ( F ,  100*e2 [3* (i-1) +2] : 6: 3, ' ' 1 ;  
write (F, 100*e2 [ 3 *  (i-1) +3] : 6: 3, ' Y; 
writeln (F) ; 

end; 
fo-mf cod ( p r i n t ,  count, 4+outerlayer) ; 
writeln (f) ; 
w r i t d n  (l, 'Layer Epsilon (3) % 

D I  
6 1 ;  

writeln (F, ' no. inside mid. 
outer' ) ; 

writeln (F) ; 
for i:= 1 to outerlayer do 
begin 
writz(F, i:2, ' ' ) ;  
xrite (F, 100*e3 [ 3 *  (i-1) +1] : 6 : 3 ,  ' ; 
wric~e (F, 100fe3 [3* (i-1) +2] : O :  3 ,  ' ' ) ; 
x r i t e  ( F ' , 1 0 0 * ~ 3  [ 3 *  ( i -1i+3]  : 2 3 ,  ' 1 \ I ; 
write (F, lOO*e6 [3* (i-1) +1] : 6 :  3, ' ' ) ; 
write ( F r  100*e6 [3* (i-1) +2] : 0 :  3, ' ' ) ;  
m i t e  (E', 100*e4  (3" (i-l)t3] : 6: 3 ,  ' ' 1 ;  
writeln (F) ; 

end; 
wriïeh (F, ' ' ) ; 
f o r  i:= 1 to outerlayer do 
j e g i n  

formferd (print, count, 9 )  ; 
xriteln (F, ' Local S t i f  fness Matrix [Ci j J (MPa) , Layer : 

',il; 
writeln (F ,  ' ' ) ; 
writeln (F, Lstif [i, 1,1] : 6 :  2 ,  ' ' ,Lstif[i, 1/21 :6:Sr ' 

'Jstif [itl,3] 59); 
writein(F,Lstif [i, 2,1]  : 6:3, ' ' , L s t i f  [i, 2 , 2 ]  : 6 :  2 ,  ' 

',LstiF[i,2,3] :8 :2}  ; 
writeln(F,Lstiffi, 3,lJ : 6:2,' ',Lstif[i, 3,2] : 6 : 2 ,  ' 

' , Lstif [i, 3 , 3 ]  : 6 :  2)  ; 
writeln (Fr ' ',Lstif[i,4,4] : 6 : 2 ) ;  
writeln (F, ' 

',Lstif [i,5,5] : 6 : 2 ) ;  
writeh(F, ' 

', Lstif [i, 6,6] : 6: 2) ; 
writeln (Fr ' ) ; 

end; 
if p r i n t  = t r u e  then 



writeln ( f ,  #12) ; 
close (F) ; 
flag end: - 
end; 

procedure GEdit(var topic,param,s?l mat:integer;var 
exitr update, full,nl~hear:boolean; 
vor Mred, Fred, Sred,MS, FS:  rea1arraylNL; VII 
Firstdun, proof :  raa1;var filenun: integer; 
var sigr, sigf, s i g z ,  s i g l ,  s i g 2 ,  s L Y J ~  
s i g 6 ,  ef, ez, el, e 2 , 2 3 , e 6 :  reaLarray3N1; 
var r u p t ,  rset :boolean) ; 

var 
Reyknown, specialkey,  GK, p r i n t  : boolean; 
nun, layerno, j , xO, x I , s p t r  erzcd, i : integer; 
matchoict:dir files; 
tpic, newangle>ewperct, newthick, description, 
neuf ile, oldf ile, oldangle, o l d t h i c k :  string; 
p i c k c h a r ;  - .  + -  r . cext ;  

n, t k i c k :  r ê a l ;  
rt:rlalarrayNL; 

.. Llag-end, flag DNar, f l a g  UPar, f l a g  lcft, flag-right, f l a g  Save, - - - 
flag r-ad, flag I.hiS, flag-PgUp, flag FgDn, flag sncksy ,  f h g  hem? - - - - - 
.Key, 
flag-rêturn, f l a g  - restart, flag - del, flag - AltI, f l a g  tab; - 

jegin {graphies e d i t o r  f o r  discrztz Vsssol} 
DirList ( l * .mat1 ,matchoice, num) ; 

outtextxy (580,39, 'Layers ' ) ; 
flag - restart: 
for i:= 1 to outerlayer do 
begin 

v a l  (graphlabels [il . thickness n, errcd) ; 
s t r  (n: 3: 1, g r a p h l ü ~ e h  [il .thicknesç) ; 
setcolor  (cyan) ; 
str (i, t p i c )  ; 
if odd(i) then j :=IO a l s e  j :=O; 
Outtextxy (569-4*lengtn ( t p i c )  ,24+i*28, t p i c+ '  : 

'+char ( 2 4 1 )  igraphlabels [il .angle+char ( 2 4 8 )  ) ; 
Outtextxy (616,24+i*28, copy (graphlabels [i J . f ~ ~ r c e n t ,  

1,2) +char (37) ) ; 



Outtextxy (576,34+i*28, graphlabels [il .matname) ; 
setcolor (white) ; 
Ouitextxy(569-4*kngth ( t p i c )  , 24+i*28,tpic+l : 1 ; 
setcolor (cyan) ; 
XI:= 59+round(500*(r[il-r[Ol)/(r[out2rlay~-r[O])); 
XO:= 59+1ound(500*(rIi-1J-r[O])/(r[outorlayer]-r[O]~); 
Outtoxtxy (round ( (xlix0) / 2 )  -10+8flength ( t p i c )  , 

30- j, graphlabels  [ i l  . ~hickness ) :  
Setcolor (wnite) ; 
Outt~xtxy(round((xlix0)/2)-18,3O-j,tpi~i~:~); 
Line ( ~ 0 ~ 4 0 ~ x 0 ,  4 6 )  ; 

2nd; 

setfillstyle (solidfill, b1ack) ; 
bar ( 6 O O , O ,  639,7)  ; 
setcolor (white) ; 
setf illstyle (solidf il1 , b1ue) ; 
str ( Ins idePress :  1: l , I p r e s s )  ; 
bar (600,0,600+ (8'length ( Iprcss)  ) , 7) ; 
outtextxy ( 6 O O , O ,  Ip r e s s )  ; 

s e t f i l l s t y l s  ( s o l i d f i 1 1  , n 1 u e )  ; 
s t r  (topic, tpic) ; 
bar (569-4*length (tpFc) , 24itopic*2Sr 569-C* 

1zngch ( t p i c )  +8*length ( t p l c )  , 33ftopici28) ; 
o u t t e x t x y  (569-oflengtii (tpic) , 24+topici28 , z p i c )  ; 

end; 
if sa rom = 1 ï h e n  
begin 

se~fillstyle(solidiiIlfblue); 
bar (585+4*length ( r p i c )  , 24+topic+28, %5+4=1sngth ( t p i c )  +8* 

lsngth (graphlzbels l t o p i c ]  .angle) , 32+topic*28) ; 
o u t t t x t x y  (585+4*lengtn (?-pic) ,24+topic*2Sr 

q r a p h l a b d s  [copie] . angle) ; 
end; 
if p a r a  = 2 tnen 
begin 

setf illstyle (solidfill, b h e )  : 
b ~ r  (61 6 ,  24+topici28, 031r 32ttopic*28) ; 
ourtexrxy(6l6,2otto~ic*28, 

copy (graphlobels [topic] . fpercent, 1, 2 )  ) ; 
end; 
if param = 3 thsn 
begin 

setf illstyle (solidfiIl, b l u o )  ; 
bar ( 5 7 6 ,  34+tcpict28 , 63% 42+topic*28); 
outtextxy ( 5 7 6 ,  34+topict26, graphlabels [topic] .matname) ; 



end; 
if param = 4 t hen  
begin 

xO:= 59+round(500t (r [tapic-11 - r [ O ]  ) / (,r[outerIayer] -r [O] ) ) ; 
xl:= 59+round (jOO* (r [ t o p i c ]  -r [ O ]  ) / (r [outxlaÿer] -r [ O ]  ] ) ; 
spt:=round( (xl+x0)/2) ; 
sctfillstyle (solidfi11 b1ue) ; 
if odd(topic) then j :=IO else j :=O; 
bar(spt-10+8*length(tpic),30-j,spt-I2+8*(1~ngth 

(grapnlabels [topic] . thickness) +length (tpic) ) , 3 7 -  j ) ; 
outtextxy (sp~-10+8*length (tpic) , 

30-j,qraphlabels[topic].tnickness~; 
end; 

f l a g  - read: 

repeat 
if not keyknown then Inkey{specialkey,ch,'s','c'); 
cas2 koy of 

goto flag - onci; 

3own~rrow : 
3 q i n  
flag - DNar: 

sir (topic, q i c )  ; 
bar (569-4*iength (tpic) ,24+topici28, 

569-4*langth (tpic) +8*length ( t p i c )  32itopickZ8) ; 
setcolor (whire) ; 
o u t t e x t x y  (569-4*length (tpic) ,24+topic*28, tpic) ; 
topic: = topic+l; 
. - I r  topic > outêrlayer then topic:=outerlay~r; 
setfillstyle (solidfiII, b h e )  ; 
str (topic, tpic) ; 
bar (569-4+1ength (tpic) 24+topic*28 

509-4'Iengih (tpic) +8*length (tpic) ,33+toplc*28) ; 
sercolor (whi2e) ; 
outeextxy(S69-4*length(tpic)f24+topic~~8,~p~~); 

if param = 1 then 
~ e g i n  

val (graphlabds [ topic] ,angle,  if errcd) ; 



str (if oldangle) ; 
i:= i-1; 
if i < 1 then i:=i; 
str (i, newangle) ; 
graphlabels[topic].angle:=newangle; 
setfillstyle (solidfill, black) ; 
Dar (585+4*lengthltpic), 24+topick28, 585+4*length {tpic) i 

8*length (oldangle) ,32+topic*28) ; 
setfillstyle (soliafill, 81ue) ; 
jar (585+dtlength ( t p i c )  ,24+topic*28,585+4*hngth (QiC) + 

8*length (newangle) ,32+topic*28) ; 
setcolor (white) ; 
out tex txy  (585+4*length (tpic) ,24+topic*28, newangle) ; 
update:= t r u e ;  

end; 

begin 

val (copy(grapnlabe1~ Itopic] . fpercent, l , 2 )  ,l, zrrcd) ; 
i:= 1-1; 
if i < 1 then i:=l; 
s t r  (i, newperct) ; 
graphlabels [topic] . fpercent: =nwperc t ;  
sezfillsryl3 (soliaEill,blue) ; 
jar (616, 24+topicW28, 031,32+topic*28) ; 
s2tcolor (white) ; 
outtextxy(616,24+topic*28,copy (newperct, 1,2)  ) ; 
update:= crue; 

2nd; 

if p a r m  = 3 tnsn 
begin 

s e 1  mat:= sel mat-1; - - 
if s21 mat <= 1 thon ssl mat:= 1; 
graphla~ols [tspic] .matna&:=copy (mâtcnoice [sel mat], 1, 

pos ( ' . ', matchoice [sel - mat]  ) -1) ; 
setf illstyle (solidfill, ~ h e )  ; 
bar (576,34itopi~*28~ 63gf 42+topic*28) ; 
setcolor (white) ; 
outcoxtxy (376,34+topic*28, grap~labels [ t o p i c ]  .matnarre) ; 
update:= t r u e ;  

end; 

if paran = 4 then  
begin 
val (grzphlabsls [ t o p i c ]  . thickness, n, e r r cd )  ; 
oldthick:=graphlabels[topic].thickness; 
n:= n-0.1; 
if n <= 0.1 tnen n:= 0.1; 



str (1x3: 1,newthick) ; 
grapnlabels [ topic] . thickness : = newthick; 
xO:= 59+round (5OO* (r [topic-l] -r ) / 

(r [outerlayer] -r [O] ) ) ; 
XI:= 59+round(500*(r[topic]-r[O])/(r[out~ayer]-r[0])); 
spt :=round ( (xl+xO) /2) ; 
if odd(topic) then j :=IO olse j :=O; 
setfillstylo(solidfi11,Dlack); 
bar (spt-10+8*length (tpic) , 3 0 - j ,  

spt-12+8* (length(o1dthick) +length ( tp ic )  ) 37-11 ; 
setfillstyle (solidfiIl, blue) ; 
bar (spt-10+8*length(tpic) 30-j, 

spt-12+8* (length (newthick) +length (tpic) ) J7- j ) ; 
setcolor (wnite) ; 
outt2xtxy (spt-l0+8*1ingth (tpic) 30 -  j , newthick) ; 
update:= true; 

end; 

Dow~Azrow chon goto flag DNar; 
Up-Azrow then goto f l a g  - ~ F a r ;  
lsftarrow ihon g o t û  flag - lêft; 
rightarrow cnen goto flag-right; 
A l t S  rhen goto f l a g  Save; 
FgUp thon goto f l a g - ~ g m ;  - 
PgDn thon goco ilag-PgDn; 
homekey thên goto f l a g  - homekey; 

i f  k e y  = ondkey thon  goto ilag - Fndkey; 
- 

if koy = insertkoy chen goto flag-ins; 
if k e y  = delotekay tnen goto flag-del; - 
if k e y  = U t 1  then goto flag - Alti; 
if kiy = TA3 then qoto flag-tao; 

carriagereturn tnen 
goto flag - return; 

until (ksy = e s c )  o r  (key  = AltX) ; 
goco flag-end; 

c i ;  {downarrow) 

UpArrow : 
j eg in  
f l a g  - UPar: 

begin 
setfil~~tyle(solidfi11~black); 
str (topic, tpic) ; 



bar (569-4*length (tpic) , mtopic'28, 
569-4*length (tpic) +8*length (tpic) ,3Z+topic*28) ; 

setcolor (white) ; 
outtextxy (569-4*longth (tpic) ,24+topic*28, tpic) ; 
topic:= topic-1; {layer incroment) 
if topic < 1 then ~ o p i c : =  1; 
sotfillstyle (solidfiIl, blue) ; 
str (topic, tpic) ; 
bar (569-4'length (tpic) ,24+topic*28, 

569-4*length (tpic) +8*length (tpic) ,32+topic*28) ; 
setcolor (white) ; 
suttextxy(509-4*length(tpic),24+topic*28,tpic~; 

end ; 

if param = 1 then 
b2gin 

val (graphlabels [topicl. angle i, errcd) ; 
str (i, o ldang le )  ; 
i:= i+l; { angle increment } 
if i > 90 then i:=90; 
s t r  (if newangle) ; 
g r a p h l a b o l s  [topic] . angl- : =newangle; 
sotfillstyle (solidfillr b l a c k )  ; 
S a r  (585+4=1sngth  (ïpic) r24+t~pi~*28f 5 8 5 i P k n g t h  ( t ? i c )  - 

9*longrh  (oldangle) ,32+topic*28) ; 
- c c -  3=~Lillscy12 (solidfilf, Sluo) ; 
bar ( 5 8 5 + P l o n g c h  ( t p i c )  34+top ic i r28 ,  58j+4*kngth (tpic) + 

8*lengtn (newangle) ,32+topic*28) ; 
setcolor (wnite) ; 
ouitextxy(585+4*leng?n(tpic),24+topict28,new~ngle); 
up&ts : = r r u e ;  

2nd; 

. - 
ir param = 2 then 
Segin 
val (copy(graph1abds [ W C ]  . f-ercent, t , 2 )  i, errcd) ; 
i - =  . l+l; 
i f  i > 78 tnen i:= 78;  -- 
str (i,newperct) ; 
graphlabels [topic 1 . fpercent : =newperct ; 
s e t f  illstyk (solidfiIl, H u e )  ; 
bar (616,X+topic*28 S I r  32+topic*28) ; 
seccolor  (whi te)  ; 
s u t t ê x t x y  (616, 24+topicx28, copy (newperct, 1,L) ) ; 
update : = t r u z ;  

end; 



if sel mat >= num then sel mat:= m m ;  
graphlabels [topic] .matname?=copy (matchoice [sel mat], 

l,pos('.',matchoice[sel - mat ] )+ ;  
sttf illstyle (çolidfillI blue) ; 
bar ( 5 7 6 ,  34+topicf28,639, 42+topic*28) ; 
setcolor (white) ; 
outtextxy (57 6,34+topic*28, graphlabels [topic] .matname) ; 
update:= truc; 

end; 

if param = 4 tria 
b e g i n  

val ( g r a p h l a h l s  [topic] . tnickness, n, errcd)  ; 
n:= n+0.1; 
str (n: 3 : 1, newthick) ; 
grapnlabels[topic].thickness:= newthick; 
xO:= 59+round(500*(r[topic-11-r[O])/ 

(r [outerlayer] -r [O] ) ) ; 
XI:= 59+round(500*(r[topic]-r[0l)/(r[outeriayer]-r[o])); 
spt:=round ( (xl+xO) /2) ; 
setfillstyle (solidf ilf, Sluo) ; 
if oàd ( t o p i c )  chen j : =10 ~ l ç e  j :=O; 
bar (spi-10-6-longïh ( c p ï c )  3 - j ,  

spt-12+8* (lsngth (newthick) rlength ( t p i c )  ) ( 3 7 -  j ) ; 
sstcolor (whirs) ; 
out~xtxy (spt-10+8*Iengtn ( t p i c )  ,300 j , newthick) ; 
updace:= t r uo ;  

if kêy = Down-A~row then goto flag DNar; 
if key = UpPirrow thtn goto flag  par; . - - 
ir Key = leftarrow tnen goto f l a g  left; 
if key = rigntarrow then goto ilag - right; 
if key = M t S  tnen goto flag Save; . - ir key = J g U p  then goto flag-?gup; 

L i~ k t y  = JgDn then goto flag-?cQn; 
if koy = homakey than goto irag - homekey; 
if k2y = endkey then goto f l a g  - endkey; 
if key = insertkey then goto flag-ins; 
if key = celsrekcy then goto flag del; . &  - 
I r  ksy = At1 thsn goto flag-altI; . - 
-+ Key = T 3 3  then goto  f l a g  - tab; 

if key = carriagereturn then 
begin 

goto flag - rsturn; 
end; 



until (koy = esc) or (key=AitX) ; 
goto flag end; 

end; {uoarrow} 

Degin 
f l a g  - left: 

str ( t o p i c ,  t p i c )  ; 
bar (569-4*lenglh ( t p i c )  ,24+topic*28,  

569-4*length ( t p i c )  +8*1ength ( t p i c )  ,32+topic*28) ; 
outtextxy (569-4*length (tpic) , 24+topicf 28, tpic) ; 

end; . - 
11 param = I i hen  

str  (topic, t p i c )  ; 
bar (585+4*la1gth  ( t p i c )  ,24+topic*38,585+4*kngzh ( t p i c )  + 

EI*langth(graphlaDels [topic] . a n g l e ) ,  32+topic*28) ; 
s z i c o ? a r  ( c y m )  ; 
O U ~ L S X Z X ~  (585+4*lengtn ( i 2 i c )  ,24+ïopic*28, 

grapnlabels [ t o p i c ]  . angle)  ; 
snd; 
if param = 2 t hen  
3egFn 

setfills~ylr (soliaf i11, black) ; 
bar (6~6,2~+t09ic*28,63~, 32r~opic*28) ; 
setcolor (cyan) ; 
outtextxy(810,24+topic*28, 
copy (graphlabols [ t o p i c ]  . fpercent ,  1,2) ) ; 

erid; 
iE p z r m  = 3 thon 
&gin 

setfillstyle(solidfil1,black); 
bar (576,34+topic*28,639,42+topic*28 } ; 
setcolor (cyan) ; 
o i l t t sx txy  ( 5 7 6 ,  34+to-ick38, graphlabels [topic] .rnatnamt) ; 

tnd; - - g a r m  = 4 thên - - 
begin 

xO : = 59+round (5OO* ( r  [topic-l] -r [O] ) / 
(r [outsrlaysr] -r [O] )) ; 

XI:= 59+round (500' (r [ t o p i c p r  [O] ) / (r [outorlayer] -r [O] ) ) ; 
s p t  : =round ( (xl+xO) /2) ; 
s e t f  i l l s t y l e  ( s o l i d f i l l ,  b1ack) ; 
if odd (topic) then j :=10 else j :=O; 



bar (spt-10+8*length (tpic) , 30- j spt-12+8* (length 
(graphlabels [topic] . thickness) jlength (tpic) ) 37-1 ) ; 

setcolor (cyan) ; 
outtextxy (spt-10+8* length (tpic) 3- j , 

graphlabels [topic] . thickness) ; 
end; 

param: = param-1; 
if param <= O then param:= 0;  
s e t c o l o r  ( w h i t e )  ; 

if param = O then 
begin 

setfillstyle (solidfill, Dlue) ; 
str (topic, tpic) ; 
bar (569-4*length ( t p i c )  ,24+topic*28, 

569-4*length(tpic) +8*length (tpic) 32+topic*2e) ; 
outtextxy(569-4*iength(tpic),24+topic*28,tpic); 

end;  

if param = 1 then 
begin 

setfillstylo (sclidfiI1 , D L u ~ )  ; 
s r r  (topic, t p i c )  ; 
b a r  (585+4*1sngtn (r-ic) , 24itopic*28, 585+4+lsnqth(cpic) + 

P l e n g i n  (graphla~els [ t o p i c  j . a n g l e )  , 32+io?icu28) ; 
setcolor (white) ; 
outtoxtxy (585+4*ltngth (tpic) , 24it0pict28~ 

grapnla~~1.s [ topic] . angle) ; 
2nd; 
i = 2aram = 2 t hen  - - 
j e g i n  

setfillstyle (s0liafi11~ M u e )  ; 
bar (6l6,24+topi~*28~ 631t 32itopic*38) ; 
s e t co lo r  (white) ; 
o u t ~ x t x y  ( G E ,  34+topicir28, 

copy (graphla~elç [ topic] . f p e r c s n t  , 1 , 2 )  ) ; 
end; 
if param = 3 t hen  
begin 

bar (576,34+topic128, 03gf 42+topic*38) ; 
setcolcr  (white) ; 
ouïtoxtxy (570f 34+to~ict28, graphlabels [topic] .matname) ; 

end; 
if param = 4 then 
Gegin 

xO:=59+round (jOO* (r [tooic-l] -r [ O ]  ) / 
(r [outerlayer] -r [O] ) ) ; 

xl:=59+round(500* (r [topic] -r [ O ]  ) / (r [outerlayer] -r [O] ) ) ; 



spt : =round ( (xl+xO) / 2 )  ; 
s o t f  illstyle (solidf i11, blue) ; 
if odd(topic) then j:=10 e l se  j:=O; 
5ar  (spt-10-+8*length (Lpic)  ,3O-j ,  spt-12+8* (length 

(graphlabels [topic] . thickness) +length (tpic) ) ,37-  j ) ; 
sotcolor (white) ; 
outtzxtxy (spt-10+8*length (tpic) , 

30- j  , graphlabels [topic] . thickness) ; 
end; 
goio f lag-read; 
end; { leftarrow) 

beg in  
sotfiilstyle (solidfilI, blackj ; 
s t r  (topic, t - ic)  ; 
b a r  (569-4*ltngth ( t p i c )  ,24+topic*28, 

569-4*lengtn (=pic) +afIength (tpic) ,32+topi.c*?8) ; 
out tex txy  ( X 9 - 4 + l o n g t h  ( ï p i c )  ,24+topic*28 , r p i c )  ; 

ouïtextxy (585+4*longth (tpic) ,24+topic*28, 
graphla~els [topic] . angle) ; 

end; 

sttcolor (cyan) ; 
outtextxy ( 616 ,  24+topici28, copy 

( g r â p h l a ~ e l s  [topic] . fpe~cenc, l , W  ; 
end; 
if param = 3 rhsn 
begin 

setfilistyie (solidfill, ~ l a c k )  ; 
bar ( 5 7 8 ,  3~+topic*28,639,42+topic*28} ; 
s e t c o i o r  (cyan) ; 
outtextxy (5Xt34+topic*28, graphlabels [ t o c  .matname) ; 



if param = 4 t hen  
Degtn 

xO:= 59+round(500* (r [tcpic-11 -r [O] ) / 
(r [outorlayer] -r [O] ) ) ; 

xl:= 59+round(500* (r[topic]-r[01 1 / (r [outerlayerl-r [O] ) ) ; 
sct :=round( ( x l + x O )  / 2 )  ; 
setfillstyl? (solidfiIl,black) ; 
if odd(topic) then j:=10 else j:=O; 
bar (spt-10+Bilength (tpic) , 30- j ,  spt-12+8* (length 

(graphlabels [topic] . thickness) fLength(tp1c) ) , 37 -  j ) ; 
setcolor (cyan) ; 
outtextxy (spt-10+8*1e~qth ftpic) , 3 0 - j ,  

graphlabels [topic] . thickness) ; 
end; 

pararn: = param+l; 
if param >= 4 thên param:= 4; 
setcolor (white) ; 

if param = 1 thên 
kgin 
serfillstyle (solidf i11, bhe) ; 
str (topic, t p i c )  ; 
b a r  (585+4*length (t-ic) ,34itopici28, 5 8 5 4 + l s n g t h  ( t ~ i c }  + 

Bilongrh (graphlabels [ t o p i c ]  . angle) , 32+topicx2a) ; 
s e t c o l o r  (wnits) ; 
outtextxy(585+4*longth(t~ic),24ft0pic*28, 

gra-hlabels [tûpic] . m g l 2 )  ; 
2nd; 
i; p a r m  = 2 i h n  
jegin 

se t f  illstyle (soliàfi1f, b l u e )  ; 
Oar (616,24+topict28, 631, 32i top ic i r38)  ; 
setcolor (white) ; 
outtextxÿ (616, 24+topici28, 

copy (graphla~els [topic] . fperc~nt, 1, 2) ) ; 
end; 
if param = 3 tnen 
begin 
setfillstyle (solidfill, N u e )  ; 
bar (576,3~+topic*~8,639,~~+topic*~8) ; 
setcolor (whits) ; 
outtextxy ( 5 7 6 ,  34+to:,icW28, grapnlabels [tapic] .mamane) ; 

end; 
if param = 4 tnen 
begin 
x0:=59+round (5OO* (r [topic-Il -r [Ol) / 

(r [oüterlayer] -r (O] ) ) ; 
xl:=59+round (SOO* (r [topic] -r [O] ) / (r [outtrlayer] -r [O] ) ) ; 
spt :=round ( (xl+xO) / 2 )  ; 



s o t f i l l s t y l o  ( s o l i d f i 1 1 , b l u e )  ; 
i f  o d d ( t o p i c )  t h m  j:=10 else j:=O; 
bar ( s p t - l 0 + P l e n g t n  ( t p i c )  ,30- j ,sot-12+8' ( l s n q t n  - 

(g raph labe l s  [ t o p i c ]  . th ickness)  +1ength (tpic) ) 37-1 ) ; 
s e t c o l o r  (wh i t e )  ; 
outtextxy(s?t-10+ailength (tpic) , 30-j, 

graphlabels [ t o p i c ]  . tnickness) ; 
2nd; 

g o t o  f l a g  rsad;  - 
end; k i g h t a r r o w }  

h g i n  
f l a g  2gUp: 
~ n s i d e ~ r o s s  : = Insid@ress+O. 10; 
s e t i i l l s t y l e  (solidf i11, b h c k )  ; 
b a r  (6OO,O, 639,8) ; 
s ~ t c o l o r  (whit2) ; 
s ~ t f  i l l s t y l e  ( s o l i d f i I l ,  b h )  ; 
s x  ( InsiàePrsss: 1: l , Zpress) ; 
b z r  ( 6 0 0 , 0 , 6 0 0 +  ( atl=ngch ( I ~ r z s s )  ) , a )  ; 
o u i t s x t x y  (600 ,0 ,  I p r w  ; 
updats : = t r u s ;  
g o t o  f l a g  - r zad ;  
end; 

s z t c o l o r  (whitz) ; 
s ~ t f i l l s t ~ l l ( ~ ~ 1 l i d f i 1 ~ ~  b l 2 ~ )  ; 
str ( InsidePr~ss : 1: 1, Igress) ; 
Dar ( 6 O O , O ,  6OU+ ( P l e n g t h  (Ipress)  ) , 8 )  ; 
o u t t e x t x y  ( 8 0 0 , 0 ,  Ipress) ; 
update:=true;  
goco f l a g  - rexi ;  
end; 

3gDn: 
Dsgin 
f l a g  - ?gDn : 
IzzidePress:= Inride?ress-0.1; 
if Insidepress < 1 t ixn  Ics~dePress:= 1; 
setfillstyle(solidfi11,bl~ck); 
bar ( 6 0 0 , 0 , 6 3 9 , 8 )  ; 
s s t c o l o r  (white) ; 



setf illstyle (solidf i11, blue) ; 
str(1nsidePre~s:l:l~ Ipress) ; 
bar (6OO,O, 6OO+ (8*length (Ipress) ) , 8 )  ; 
outtextxy(600,0, Ipross) ; 
update:=true; 
qoto flag - read; 
end; 

endkey : 
begin 
f l a g  endkey: 
~nside~ress:= ~nsidepross-1. O; 
if Insidepress < 1 Lhen InsidePress:= 1; 
setf illstyle (solidfi11, black) ; 
Dar (600,0,039,8) ; 
seicolor (white) ; 
setfillstyle (solidfill, blue)  ; 
str (Insidepress : 1: 1,Lpresç)  ; 
bar (600, O, 6OO+ (8*length (Lpress) ) , a )  ; 
outtextxy(600,0, Ipr-s) ; 
updato:=trus; 
goto f hg-1230; 
2nd; 

I,r,ser+key: 
flag - i2s: 
b e g i n  
if outorlayer < 15 tnen 
begin 

for i:= outerlayer+l downto ropic+l cio 

grapnla~els [il . f-ercent : =grapnlaBels W ]  . fpercsnï ;  
graphlabels[i].~hic)rJless:=graph1abrls[~ss; 
graphlaixls [il . angl?: =graphlabels [i-1.1 . angle; 

end; 
grapnlabels [topic] .matname :=copy (matchoics il] , 1 

-CS ( '  . ',matchoice[l] ) -1) ; 
graphlabels [topic] . fpercent  : ='  O 0  ; 
graphlabels [topic] . thickness:=' 1.0 ' ; 
graphlabels [topic] . mgle : = ' 55 ' ; 
f o r  i:= O to outerlayer do 

r [il := (r [il -insiaeDia/2) *scalefacior; 
for i:= outerlayer+l downto t o p i e + l  do 

r [ i ]  := r[i-l]+l; 
r [topic] : =r [topic-l] +I; 
scalefactor:=((wzlltnick*sca1efactor)+i)/wallthick; 
str (l/scalefactor: 4 : Z r  sca le f )  ; 
f o r  i:= O to outerlayeri1 do 
r [il :=r [il /scalefactor+insid2Dis,/2; 



setfillstyle ( so l id f i11 ,  black) ; 
bar  (0,18,58,26) ; 
~ a r  (59,18, 639,38) ; 
bar (S60,48,  639,469) ; 
outerlayer:= outerlayer+l; 
assign (f, currentfile) ; 
rewrite (f) ; 
writeln(f,insid?Dia:5:2); 
c i r e l n  ( f  ,~allthick:k2) ; 
writeln (f, i n s i d e P r s s s :  5: 2 )  ; 
w r i t e l n  (f, outerProssi :  5: 2) ; 
f o r  i:= 1 to outerlayer do 
begin 

writeln(f,i); { d o s  layer no)  
writeln (f, g r a p n l a ~ e w i ]  . m a t n a m e )  ; 
writeln (i, graphla~els [il . angle) ; 
writeln (f, graphlabels [il . thickness) ; 
writeln (f, graphlaDs1s [il fpercent) ; 

close (f) ; 
update: =truc; 
goto flag - r s t x t ;  

end; {if topic < 15) 
end; { case)  

Alti: 
f l a g  - a l t i :  
b r g i n  

if outerlayor < 13 the2 

for i:= ouïzrlaycr-l do-mto ropic+2 do 
b q i n  

graphla~els [il .n=t2ams:=grapn1dbels [i-l] .ïriztnane; 
qraphlabels [il . f - 2 r c m ~  : =g,ra$11aDels [i-l] fperce3t; 
graphlabels[i].chickness:=grdph1âbels[i-l].tnic~ness; 
graphlabels [il . mgle :  =graphhDeIs  [i-l] .angle; 

end ; 
graphlabels [topicil ] .matname : =copy (matchoice [l ] , 1, 

- o s ( ' . '  ,matchoico[l])-1) ; 
graphlabels[~opic+l].fpercent:=~OO'; 
~raphlabels[topic+l].thicknes~:=~l.O~; 
graphlabels[topic+l].angle:='W; 
f o r  i:= O to û u t e r l a y e r  do 

r [ i l  : = (r [ F I  -insi&Dic!/2) *sczlsfactor; 
for i:= outerlayer+l Jownto Copici3 do 

r[i] := r [ i - 1 ] + 1 ;  
r [topic+l] :=r [ t o p i c ]  tl; {new layer) 
scalefactor:=((wallthick*scalefactor)+l)/wa~~thick; 
str (l/scalefactor: 4 : 2 ,  scalef) ; 
for i:= O to outerlayêril ao 



r [il :=r [i J /scalefactor+insideDia/Z; 
setfillstyle (solidf ill, black) ; 
bar (O,l8,58,26) ; 
bar (59,18, 639,38) ; 
bar (560 ,48 ,  639,469) ; 
outerLayex= outerlayer+l; 
topic:= topic+l; 
assign ( f ,  currontfilê) ; 
rewrite (f) ; 
writeln(f,insideDia:5:2); 
writeln(f,wallthick:5:2); 
writoln(f, insiaePress:5:2) ; 
writeln(f, ou~erOress:5:2) ; 
for i:= 1 to outerlayer do 
begin 
writeln (f, i) ; {does layor no) 
writeln ( f, graphlabels [il .matname) ; 
writeln ( f, graphlabels [il . angle) ; 
writeln (f, graphlabels [il . thickness) ; 
writeln (i, graphlabels [i ] . fpercent) ; 
end; 

close (f) ; 

qoio  flag r ê s t a r t ;  - 
end; {if topic < 151  

3~1scekey: 
f l a g  - d e l :  
bogin . - 
ir outerlayer > 1 thtn 
Degin 

t n i c k :  =O; 
for i:= copic to outsrlayer-1 do 
begin 
graphla~els [il .matname: =graphlabeLs [m .matname; 
graphia~els [il . fpercent :=graphlabels [iil] . f p e r c m t ;  
graphlabels [il . thicknass: =graphlabels [i-l] . thickness; 
graphla~els [il .angle:=grapnlabe1s [i+1.] .angle; 

end; 
f o r  i:= 1 to outeriayor do 
r [il := (r [il -r [O] ) *scakFactor; 

for i:= 2 to outerlayer do 
rt [il :=r [il -r [i-11 ; 

rtil] :=r[l]; 
for i:= topic to outerlayor-1 do 
rt [il := rt [i+l] ; 

for i:= 1 to outerlayer-1 do 
begin 
thick: = t h i c k + r t  [il ; 



end; 
scalefactor:=thick/walltnick; 
s t x  (l/scalefactor: 4 : 2 ,  sca l e f )  ; 
for 1:= I to outerlayer-1 do 

r [il := ( (r [il -r [O] 1 / s c a l o i a c t o r )  +r 101 ; 
setf i l l s t y l e  ( s o l i d f  il1 , black) ; 
bar (0,18,58,26) ; 
bar (59,18,639,38) ; 

topic:= topic-1; 
if topic < I then t o p i c : =  1; 
ass ign  (f, curr~ntfile) ; 
rewrite (f) ; 
writeln(f, i n s i d e D i a :  5 2 )  ; 
w r i t e l n  ( 2 ,  wallthick: 5:2) ; 
writeln (f, insidepress: 5: 3) ; 
w r i t e l n ( f , o u t e r P r r s s : X ) ;  
for i:= I to outerlayor ào 
~ e g i n  
~riteln (f, i) ; (aoes h y z r  no )  
wri teln ( 2 ,  gra?h1=~01s [i ] . m t z a m )  ; 
writsln (f, graphlabols [il . ang le )  ; 
writeln ( f ,  g r a p n l a b e l s  [il . i h i c h ~ s s )  ; 
w r i t e l n  [f, grzphlo~els [il . =percent )  ; 

apdüte:=trw; 
go to  f l ag- res ta r t ;  . - 

end; {LI t o p i c  > 1) 
2nd; (case )  

Carriageraturn: 
'Degin 

qoto flag-recurn; 
end; 

ALT F : {write ?O f i l e )  
jeqin 
g i n t  : =f a l se ;  
f i l e n u : =  filenum+l; 
f iledata (Mred, Fred, Srad,-IS, YS, Firstdam, p roo f ,  filenum, 

sigr, s i g f ,  sigz, sigl, sig3, sig3, s i q 6 ,  sf , 2 2 ,  e l f  
22, e3,26, rupt,print,full,nlshez~) ; 

and; 

ALTP : 
Degin 

( p r i n t  ) 



p r i n t  :=truc; 
f i l e n u : =  f i lenum+l;  
f iledata (Mred, Fred, Sred,  MS, FS, Firstdam, proof ,  f i l e n u ,  

s i g r ,  c i g f ,  s i g z ,  s i g l  , s i g 2 ,  ~ i g 3 , s i g 6 ~  ~ f ,  P Z ,  el , 
o2,  e3, o 6 ,  r u p t , p r i n t ,  f u l l ,  ~lshear) ; 

end; 

TPZ : {restart ) 
begin 
flag tab: - 
1sc t := t rue ;  
go to  flag-return; 
2nd; 

AltS: 
begin 
r'lag Save: 
setcolor(white); 
setfill~tyle(solidfif1~b1ack); 
bar ( 4 O , l 9 ,  104,19) ; 

newfill:= c c r r = n t f i l s ;  
Delete (newf i le ,  l e n g t h  {newf i l e )  - 3 A )  ; 
O E C T S X ~ X Y ( ~ ,  10, 'File: ' i n e w f i l e )  ; 
~eznewfname (newf ile,ûK) ; . - 
r z  OK = Ealse tnen 

j e g i n  
xpdacz: =crue; { o p e r x i o n  a ~ o r t s a )  
clsurdevice; 
qo to  f l a g - a d ;  
enci 

s l se  
kegin 
oldfile:= currentfile; 
c u r r e n t f i l e : =  newfile; 
{SI-) 
~ s s i g n  ( f ,  newf ils+ ' . v2s' ) ; 
rsxrits ( f) ; 
îrrcd:= IOrosult; 
if t r r c d  O t n e n  
53gin 

jeop  (800,2000) ; 
s e t c o l o r  (red) ; 
s s t f i l l s t y l e  ( s o l i d f i 1 1 ,  b1ack) ; 
bar  (O, 0,104, 8 )  ; 
ourtextxy ( O ,  Ci, 'Zrror' ) ; 
delay (15000) ; 
~ a r  ( O ,  0 ,104,8)  ; 



setcolor (lightgray) ; 
outtextxy(Q,O,oldfile+' .vesl) ; 
currentfile:=newfile+'.vesf; 
goto Elag  Save; - 

2nd; 
{SI+) 
writeln (f, insideDia: 5: 2) ; 
writeln ( 2 ,  wallthick: 5 9 )  ; 
~riïeln (f, insidepress: 5: 2 )  ; 
writeln (f, outerPress:W) ; 
for i:= 1 t o  outrrlayor do 
bcg in  

writeln(f, i) ; {does layer no} 
writeln (f, graphlabels [il writelnO;matname) ; 
writeln (f, graphlabels Li] -angle) ; 
writeln (f, graphlabels [il - thickness) ; 
wri teln (f, graphlabels [i 1 .-fpercent) ; 
end; 

close ( f )  ; 
se tco lo r  ( r ed )  ; 

b a r  (0,0,10?, 8 )  ; 
~ a r  (0,10,104,19) ; 
sezco lo r  ( l i g h t g r 3 y )  ; 
outtoxtxÿ(0,0,newfi1e+' - T E S r )  ; 
o u t i o x t x y  (0, 10, W - S c a k :  r+scaL=f) ; 
curror-"L£ile:=ne~file+'.~S'; 
beep ( 1 6 0 0 , 6 0 0 )  ; 

~pdzte:=rrue; 
go to  f l a g  - reod; 
2nd; 

2nd; {of cases) 

g n ï f i  [key  = o s c )  o r  ( k e y  = AltX) ; 
flag end: 
exity=true; 
closegraph; 
graphstate:=Lalse; 
r e s t o r e c r t m o a e ;  
f l a g  rcturn: - 
end; 

end. 



unit PlotProp; 
($O+, F+) 

i n t e r f ace  

uses glob - var, graph, c r t ;  

procedure initgraphdriver; 

function SRS(var pr:realarrayNP) : r e a l ;  

procedure amooba (var  p: realarrayMDbyNP; va r  yy: 
Real.4rrayMP;ndim:integer; 
ftol: roal; var niunc,pick: i n t e g e r )  ; 

procedur? getgraphdata(graphtme:char); 

?rocedure zerographdata; 

procedure Jlo~graph(ngraph:integerarray9;rnarktr,xdiv,yci~: 
integer;var xmin, xmax, ymin, ynax:rsal) ; 

{ngraph = grapnnumD2r ( s )  t o  p l o t ,  rnsrker = odit poizt} 

Procoduro bestLit(var b - fit:realarrâyMPbyN?; 
var pk, n:integer) ; 

2rocodure plotvariabls(xdiv,ydiv:integer; var 
Y- ! ,  xW, y-hilx, yvMN, powec r e a l )  ; 

procedure plotvgraphs(r,sig-r,sig - f , s i g  - z:realarrayZpiusN; 
v a r  xrnx, xmn, ymx, _vmn: rêal;nn: inr2ger) ; 

proceauro ? lo tLS ' I r e s s  (var s i g  r, sig-f, s i g  - z,Msaf, 
Fsaf: realarray3~~;var xmx, xmn, p ~ ,  m, 
Dni:real;var rupt:boolean; 
var MSL,FSL:realarraylNL); 

procedure initgraphdriver; 



v a r  
g r d r i v ~ r ,  g-mode, errcode: i n t e g e r ;  

g r I l r iver :=  Deteci; 
in i tGraph  (grDrivzr, grMod2, ' \ T P 1  ) ; 
errCode:=Graphilesult; 

i f  e r rcode  <> g r O k  then 
~ e g i n  

gotoxy ( 4 ,  O) ; 
Writîln('Graphics e r r o r :  ' ,Grapi iEr rorMsq(3r r~odo)) ;  
delay ( 4 0 0 0 )  ; 
2xit; 

end; 
graphstate:=truo; 
end; 

function ?ow (a, b :  r e a l )  : rsal; 

procedure amoeba(var p:realarrayMPbyNP;var y-: 
3ea14UrayKP;ndim:int2ger;itol:rszL; 
var nfunc,?ick:integer) ; 

l abe l  f l a g l ;  



const  
nfuncmax = 5000; 
alpha = 1.0; 
8 e t a  = 0.5; 
gamma = 2 . 0 ;  

var 
mpts, j ,  inhifilof ihi, i:integer; 
ytry, ysave, sum, r t o l :  real; 
~sum:*roalarrayN?; 

Function amotry (var p: realarrayMPbyNP; 
var yy: realarrayMP; 
var sum:realarrayNP; 
ndim, i n i  : i n t e g e r ;  
var nfunct:integer; 
f a c r e a l )  : r ~ a l ;  

var 
j :  integer; 
f a c l ,  5 x 2 ,  y t r y :  r z a l ;  
y x y : " r c a l a r r ê y X P ;  

Degin 
riew (ptry) ; 
facl := (7.0-fac) /naim; 
fac2:= fac l - fac ;  
f o r  j:= 1 to naim do 
scryA [ j ]  := sum[j]'Eaci-p[ihi, j ]  * f a c î ;  

ytry:= srs ( - t r y A )  ; 
nfunc:= nfunc+l; 
if ytry < yy[ihi] inen begin 
yy [ini] := ytry; 
for j :=  1 t o  ndim do begin 

sum[j] := sm[j]+ptryA[j]-p[ihi, j ] ;  
?[ai, j] := 2 t r y A [ j ] ;  

end 
end; 
ano t ry :=  y t r y ;  
aisposs (ptry) 

end; 

begin {~rocedure) 
new (psum) ; 
mpts:= ndimil; 
nfunc:=O; 



f o r  j := 1 to ndim do begin 
S m : =  0.0; 
f o r  i := 1 to mpts do 

S m : =  s=+p[i, j ]  ; 
psumA[j] := sum 

end; 
wnile truo do Degin 
+ l o : = l ;  
& - 
. - 
I r  yyil] > y y [ 2 1  thên begin 
ihi:= 1; 
ir\,ni:= 2 

end 

end; 
f o r  i:= 1 to mpts do Degin 

if yy[i] < yy[ilo] then ilo := i; 
if yy[i] > yy[ihi] t hen  begin 
i qni : = i h ~ ;  
6-  . .  . 
i r i i :  =i 

znc; 
r t o l : =  3.O*aBs(yy[ihi]-yy[iLo])/ 

( a h  ( y y [ F A i ]  ) +abs ( y y l i l o ]  ) ) ; 
if r t o l  < ftol cnen go to  f l a g l ;  

2nd; 
y t ry :=  amotry ( g r  yy ,  pum", ndim, ihi, nfunc,  -a lpha)  ; 
if y t r y  <= yy[iloj cnen 
ÿtry:= amotry (p ,  yy ,  psumn, ndim, ini, nfunc, p m n a )  
2ise if ytry >= yy[inhi] then begin 

ysave:= yy[ini] ; 
ytry := m o t r y  ( p ,  yy, psumA, ndim, i h i ,  nfunc ,  ~ e t a )  ; 
if y t r y  > = p a v e  chen begin 

f o r  i:= 1 to mpts do 
if i o  ilo then begin 

f o r  j := I t o  ndim do Degin 
psrrrnA[j] := O.S* ( p [ i ,  j]+p[ilo, j]); 
p l i ,  j ]  := psmA[j] 

2nd; 
yy[i] := ÇRS(psumA) 

end ; 
nfunc:=nfunc+naim; 
f o r  j : = 1 CO ndirn do begin 
s u : =  0.0; 



f o r  i:= 1 CL0 mpts do 
s u t : =  sum+p[i, j ] t 

psumAfj]:= sum 
end 

end 
snd 

end; 
f lagl : 
pick:= ilo; 

dispose  (psum) 
end; (procedure) 

procedure getgrapndata(grapntype:char); 

var  
i, j ,  k, g: i n t e g s r ;  
m, n: string [l] ; 

flag - qlî, f l a g  q23,  f l a g  - q66, f13g - qll, f l a g  - q 2 2 , f l a g  q13, - 
f lagll, flag22~flag23,flag13,flag00, f7ag l2 ;  

{ grapn inaex ) 
{reset  tnickness} 

g:=gtl; 
t h i c h e s s :  =O; 
f o r  k:= 1 to NL ao 
beg in  
if lq[k,l,l] = O then f l a g  - qll; {no more layers} 
~rapndata[g].s~~l:='A'+~ll'; 
7ra-hdata[g] .xydaia[k,2] := Iq[k,l,l]; 

{stiffness value  along x -ax is }  
thickness : =t5icknoss + D t  [ k] ; 
qraphdata [g] .xydat= [k,l] : = thickness; 

end; {layer l oop)  
f l 2 g  - qll: 

g:=g+l; 
thickness:=O; 
f o r  K:= I to NL do 
Begin 

{Al2) 
(graph index} 

{reset thickness} 



i f  l q [ k f  l f 2 J  = O then goto flag q12; (no more layers} - 
graphdata[g].symSol:='A'+'1S" 
graphdata[g] .xydataCk,21 := l q [ k f  1 ,  21 ; 

(stiffness value along x-axis} 
thickness:=tBickness + D t  [k] ; 
graphdata[g] .xydata[k,l] := thickness; 

end; {layer l o o p )  
f l a g  - 012: 

{graph index)  
{reset  thickness) 

g:=g+l; 
thickness : = O ;  
for k:= 1 to NL do 
begin 
i f  l q [ k f 2 f 2 ]  = O then goto f l a g  - q22; {no moro layors} 

graphdata[g].symbol:='A'+'2?; 
graphdata[g] .xydata[k,21 := l q [ k , 2 , 2 ] ;  

{stiffness value along x-axis} 
thickness : =thickness + Dt [k] ; 
graphdata [gJ .xydata [k, 11 := thickness; 

end; {layer loop} 
flag - q22: 

f o x  i:= 3 to 6 do 
begin 
m . -  y . - g i l ;  {grapn  index} 
chickness:=O; { r e s e t  thickness) 
f o r  k:= I to NL do { l a y z r  index) 
kEgi2 . - I r  lq [k f  i f  il = O = h m  goco f l a g  - q68; {no moro  
str ( i , m )  ; 
s t r ( i , n ) ;  
q ô p h d a t a  [gJ . symbol: ='AT+rn+n; 
çrz?ndata[g] .xyàat=Ck,2]  := Iq[k, i, i] ; 

{stiffness value a long  x - a x i s )  
inickness : =rhickness + Dt [k] ; 
graphdata [g] .xyd~ta [kt  11 : = thickness; 

f l a g  - q66: 
end; {layer b o p }  
2nd; {i loop} 

{ graph index ) 
{ reset thickness } 

{Al 3 ) 
g:=g+l; 
thickness :=O; 
f o r  k:= 1 to NL do 
b q i n  
i f  lq [k f  l f 3 ]  = O tnen goto f l a g  - 013; {no more layers} 

grapndata[gj.~ymbol:='A'+'13'; 
graphdata[g] .xydata[k,2J :=iqCkf 1,3]; 

{stiffness value along x-axis) 
thickness:=thickness + Dt[k]; 
graphdata [gJ .xydata  [k, l] : = thickness; 



end; {layer l oop}  
f l a g  - q13: 

g:=g+l; ( graph index  ) 
thickness : =O; {reset t h i c k n e s s }  
f o r  k:=l t o  EL do { P 2 3 }  
b e g i n  
i f  lq[k,2,3] = O thon goto flag 0 2 3 ;  {no more l a y e r s }  - 

graphdata(g1 .symDol:='A23' ; 
graphdata[g] .xydataCkf23 := I q t k J J ] ;  

{ s t i f f n ê s s  value d o n g  x-axis} 
4-   hi cl mess : =thickriess + Dt [kJ ; [increment t h i c k n e s s )  
graphdata[g].xydata[k,l]:= t h i c k n e s s ;  

end; {layer loop} 
flag - q23: 

' a '  : 

~ e ç i n  
g : =  O ;  

g : =  g-1; {grzph i n d s x )  
~ h i c k n s s s  : =O; { r e s ? t  t n i c k n e s s )  
f o r  k:= 1 t o  NL do { l a y e r  inaex} 
Degin . - I r  Iq[k,l,l] = O thon goto flagll; {no more laÿers} 

gra?hdaca[g] .synbol:='all' ; 
grapndato [ g ]  .xycat= [k,2] :=1000*Ia [k, 1 11 ; 

{ s t i f f n o s s  ~ 2 1 2 3  a long  x-sxis] 
rhickness:=thickness + Dt[k]; 
graphdata [g] .xyaata [ k a =  thickness; 

flagll: 
39d; { l a y e r  h o p )  

g : = g + l ;  {graph index) 
th ickness :=O;  {reset t h i c k n e s s )  
f o r  k:= 1 to NT_, do { l aye r  i n d e x )  
begin . - r r  lq[k, 1 / 2 1  = O tnen goto  f l a g l 2 ;  {no more l ayers}  

graphdata [ g ]  . spb01:=' a12 ' ; 
graphaata [ g ]  . x yaa ta  [m : = l r ) o O * I ~ !  [kt II 21 ; 

{s t i f fness  value along x-axis) 
thickness: =rhickness + Dt [k] ; 
graphdatalg] .xydata [kt 11 := thickness; 

f h g 1 2  : 
end; {layer loop} 

g:=g+l; { graph index ) 
thickness :=O; { r ? s e t  thickness) 



for k:= 1 to NL do { layer  index) 
~ e g i n  
if l q [ k , 2 , 2 ]  = O then goto f l a g 2 2 ;  {no more layers) 

grapndata[g].~ymDol:=~a22'; 
graphdata [g] .xydata  [k, 21 :=1000*la [ k a  21 ; 

{ s t i f f n o s s  value along x-axis} 
thiclmess: =thickness + Dt [ k ]  ; 
graphdata [g ]  . xyca ta  [k, 11 := th ickness ;  

f l a g 2 2  : 
end; {layer loop} 

for i:= 3 to 6 do 
begin 
g:=g+l; { g r a p ~  index)  
ihickness:=O; { r e s e t  t h i ckness}  
fo r  k:= 1 to NL do { l a y e r  index} 
begin 
i f  l q [ k , i f i ]  = 9 ïhcn  goto f lag68;  { n o  more liyers} 

str ( i , m )  ; 
str (i, n )  ; 
graphdata  [g] . synbol:  = '  a '  -min; 
graphdata [ g ]  .xydata [k, 21 :=iOOO*la [ k t  i f  i] ; 

{ s c i f f n o s s  value along x - a x i c )  
t h i ckness :  =ïhicknoss + D t  [k] ; 
graphdaraig].xydata[k,l]:= th ickness ;  

flag06: 
2nd; ( l a y e r  laop)  
2nd; {i loop) 

?:=pl; { graph inaex } 
L ' ~nickness : = O ;  { r o s e s  chickn3ss)  
f o r  k:= 1 ts NL do {layêr index} 
Dclgin 
if h ( k ,  1,3] = O t h e n  goto flagl3; {no more l a y ê r s }  

graphdataig] .synbol:='a13'; 
graphdata [gj .xydata [k,23 :=1000*la r k, 1,3] ; 

{stiffness value zlong x-axis) 
th ickness := th ickness  + Dt[k]; 
grapndata [ a ]  .xydata [k,ll := th ickmss ;  - - 

zlag13 : 
end; { l ayor  l o o p }  

g:=g+l; { graph index j 
chicksiess: = O ;  i r e s &  thickness} 
f o r  k:=l t o  M, do {a231 
begin 
if l q [ k , 2 , 3 ]  = O then  goto i l ag23;  {no  more l a y e r s }  
graphdata[gl .symbol:='223'; 



graphdata [ g ]  .xydata [k, 21 :=1000*la [k ,2 ,3]  ; 
{stifiness value d o n g  x-axis} 

t h i ckness  : =thick~1ess + Dt [ k] ; {incrernent thicknîss) 
graphdata [ g ]  .xydata [k, 11 : = th ickness ;  

end; { l a y e r  loop} 
f l a g 2 3  : 

end; {second case )  

' a v  : {cornpliances} 
Segin 
g:=o; 
f o r  i:= 1 ta 2 do 
f o r  j:= 1 to 2 do 
if i<=j t hen  

Gegin 
g:=g+l; {graph index]  
t h i ckness  : =O; { r e s e t  t n i ckness}  
for k:= 1 t o  NL do ( l a y e r  index) 
Dêgin 
str ( i , m )  ; 
s t r ( j , n ) ;  
g r a p h d ~ r a [ q ] . s ~ o l : = ~ 3 ' = m + n ;  
graphdaia[jJ .xycaca [ k t  21 :=iOOOwlb [ k ,  i, jl ; 

{s t i f faess  vclzs ilong x-ax i s )  
thickness : =chickness  i D t  [ k ]  ; 
grapndata [ g ]  . xyda ta  [kt 11 := tn ickness ;  
2nd; ( l a y e 1  1oog) 

2nd; { i , j  h o p }  
2nd; {3rd casê}  

2nd; { sl l  czses} 
end; {procedurz)  

var  
i, j ,  k i n t e g e r ;  

begin 
f o r  k:= 1 to 9 ào (space f o r  9 graphs)  

gr=phdsta[k].synbol := "; 
f o r  k:= 1 to 2 do 
f o r  i:= O t o  NL do ( 0 t h  l a y e r  is f o r  p l o t  c r i g i n }  
for j := 1 t o  2 do 
graphdata[k] .xydataI i ,  j] :=O; 

end; 
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amoeba (b  fit, r e s u l t ,  2 , E - 5 ,  i ter ,pkl  ; - 
{pk = index f o r  lowest srs of 3 choices} 

b f i t  S t o r e  [n,  l] :=b fit [pK, 1) ; - 
{ r e s u l t  = y value, 2 = number of parameters} 

bEit Store [n, 21 : =b fit [pk, 2 ] ; - - 
{1Z5 = tolerance ,b-fit = required variables} 

 fit S t o r ~  [n t  31 :=iter; 
f l a g  - end: 
end; 

procedure plotvariable(xdiv,ydiv:integer;var 
xW, y-IIXr yMN, power: r e a l )  ; 

[one variable proporty - n} 
tYPe 
realarray9XNL = array [1. .9,0. .NL] o f  real; 

var 
xvaluemin,xvaluomax,yvaluemin,yvaluemax,xsttp,ystep:real; 
plotv:realarray9XNL; 
i f  n,%axX, MaxY, xOpoint, yopoin t ,  xlpoint, yf.goiat, 
yorigin:integer; 
a l p h ,  pwr: string; 

begin 
xvaluemiri:=9Z30; 
_waluemin: =9Z3O; 
xvaluemax:=-9330; 
yvaLuemax:=-9E30; 
MaxX : =Gst,)IaxX; 
MaxY : =GeLi\r;axY; 

f o r  n:= 1 to 3 do {may ço  up to 7 )  
f o r  i:= O to 16 do { ex t r ac t  max and min valil-s} 

begin 
if 

graphdata [n  1 . xydata [i,I 1 > xvahemax then 
xvaluemax:=graphdata[n] .xyciata[i ,  l] ; 

i f 
& &  

graphdata [n] .xydata [i, 21 > yvaluemax then 
waluemax:= graphdata [II] .xydata [ir 21 ; 

if 
grapndata in]  .xycata [i, l] < xvzluemin then 
xvahemin:= çrophdata[n] .xydata[i, 11 ; 

if 
graphdata Ln] .xydata [i,2] < yvaluemin then 
yvaluemin:= graphdata[n] .xydata[i,2]; 

end; { f o r  lastlayzr loop} 



-px: =yvaluemax; 
if f r a c  (ymx) > O then 

s e t c o l o r  (green) ; 
s t r  ( b f i t  s t o r e [ 3 , 1 ]  : 3 : 2 ,  alph) ; 
s e t t e x t j ü s t i f y  ( r i g h t t ? x t ,  t o p t e x t )  ; 
settextstyle ( 0 , 0 , l )  ; 
o u t t z x t x y  (596,2O, ' B22=l +alph+ '  ( p )  l )  ; 
settextjustify ( l e f t t e x t ,  toptext) ; 
str (power: 4:2,pwr) ; 
ou t t ex txy  (596,  16, pwr) ; 
s e t c o l o r  (white) ; 
ou t t sx t xÿ  (584,334, ' Legend' ) ; 
Setlinostyle (O, O, 1) ; 
s e t c o l o r  (white) ; 
lino (59, 439-round(40Q1 (-ymn) / (ymx-ymn) ) ,559, 

f o r  n:= 1 t o  3 do {mây go up to 7 )  
Dogin 

s e t c o l o r  (g reen )  ; 
if n = 3 then 

se rco lo r  (red) ; 
i n = 4 then 

s e t c o l o r  (cyan) ; 
if n = 5 then 

s e t co lo r  (red)  ; 
if n = 7 then 

. setcolor (magenta) ; I r  n > 3 then 
j e g i n  
Outtextxy (592 ,  334+nf14 , graphdara In] . symbol) ; 
Setlinestyle (1, O, 1) 
end 

begin 
Outtextxy(595, 334+nt14, graphdata In] .symbol) ; 



Setlinestyle (O, O, 1) ; 
end; 

for i:= 1 to 16 do { p l o t s  variable property} 
begin 

yOpoint:=439-round (400 '  (graphdata [n] .xydata [i-1, i ]  -m) / 
(ym-ymrl) ; 

ylpoint:=439--round(400* (graphdata[n] .xydata [if 21 -ymn) / 
( p x - y m n )  ; 

xOpoint :=59+round(500* ( (graphdata [n]  .xydata [i-1,1] ) -xmn) 
/ ( x m x - m n )  1 ;  

xlpoint :=59+round(500* ( (graphdata [n] .xydata [if l] ) -xmn) / 
( x m x - m )  1 ; 

Line (xopoint, yopoint , xlpoint *oint) ; 
end; {for i) 

end; {for n}  

setlinestyle (0, 0,l) ; 
end; {procedure} 

procedure plotvqraphs(r,sig r , s i g  - i,sig z:rzalarray2plusN; - 
var -mx, xmri, ymx, ymn: ,rsaI;nr?: intecpr) ; 

n:= n f e ;  

for i:= O LO z+I do 
Segin 
i f  sig - z[i] > ymx then 

ymx:= s i g  - z [il ; 
if sig-f [il > ymx tnen 

ymx:= sig-f [il ; 
if s i g  - r[i] > ymx then 

ymx:= S i g  - r [ i ] ;  
if s l g  - r [ i ]  < ymn then 

y m : =  s i g  - r[i] ; 
if sig - f [il < chen 

+mx= Sig-tri] ; 
if s i g  - z[i] < p n  then 
ymn: = Sig-z [il ; 

end; 
mm:= r[O]; 
xmx:= r [ n + l ] ;  

{ e x t r a c t  max and min values) 



if frac(ymn) O O then 
ymn: =int (ymn) -1; 
if f r a c  (ymx) > O then 

y m x =  int (ymx) +l; 

Outtextxy (580,364,  'Legend' ) ; 
ymn < O then 
begin 

yorîgîn:=439-round (4OO* (-ymn/ (ymx-ymn) ) ) ; 
setcolor (wnite) ; 
sotlinestylz ( 0 , 0 , l )  ; 
Line (59 ,  yorigin, 559, yorigin) ; 

end; 
setcolor (green) ; 
for i:= 1 to n+l do {plots sig-f} 
begin 

yOpoint:=439-round(400* ( s i g  f [i-11-yrnnj/(ymx-ymn) ) ; 
ylpoint:=439-round (400t (sig-f [il -pn) / (ymx-ymn) ) ; 
x0point: =59iround (500' (r [i-71 -xmn) / (xmx-xmn) ) ; 
xlpoint :=59+round (SOO* (1 [il -xrnn) / (xmx-xmn) ) ; 
Lia~(xûpoint,yOpointrx1point,yIpoint); 

end; 
outtextxy ( 596 ,378 ,  char ( 229 )  +cRa,r ( 2 3 3 )  ) ; 
s e t c o l o r  (cyan) ; 
for i:= 1 to n i1  do {plots s i g - r }  

bogin 
y op0 
yrpo 
xopo 

-round 
-round 
round ( 

( O O O *  (si 
( O O O *  (si 
500* ( r [ i  

i-i] -mi 
iI-W/( 
xmn) / (xmx 

x l p o i n t  : =59+round (500* (r [il -mn) / (xmx-xmn) 
Lino (xopoint, yOpoFnt, xlpoint) ; 

end; 
outtzxt~y(596~388, char ( 2 2 9 )  + Y  ) ; 
setcolor ( r e d )  ; 
for i:= 1 to n i 1  do (plots sig-z) 

begin 
yOpoint:=439-round MOO* (sig-z [i-11 -ym) / (y=-ymn) ) ; 
\rlpoint:=439-round(400* (sig z [il -ymn) / (ymx-ymn) ) ; 
x0point: =59+round (SOC)* (r [i-71 -xmn) / ( L I - x m n )  ) ; 
xlsoint :=%?+round (500" (r [il -xmn)  / ( m - x m n )  ) ; 
Lint (xopoint, yOpoint, xlpoint, ylpoint) ; 

end; 
o u t t z x t x y  (596,400, char ( Z 9 } i 1 z r )  ; 

setcolor ( w h i t i ~ )  ; 
ou t t ex t xy  (570,40f 'Variable' ) ; 
se tco lor  ( l ightcyzn)  ; 
se tco lor  (cyan) ; 
outtsxtxy(590,52, ' B l I ' )  ; 



outtextxy(590,64, 'B12') ; 
out tex txy  (59O,76, 9 2 3 ' )  ; 
outtextxy(590,88, ' a W  ) ; 
outtextxy(590,100, '&Y) ; 
ouLtextxy(590,112, 'a33' ) ; 
se tco lor  (white) ; 
rectangle (583,  42+12*nnI 585, 44+lZ*nn) ; 

proceàurê ?lotLStress {var s i g  r, sig-f, s i g  - z ,Msaf ,  f s a f :  
realarrzy3~l;var xmx, xmn, ymx, pn, Dhi: 
rea1;var rupt:boolean;var MSL, 
FSL: realarraylNL) ; 

v a r  
yupoint, xOpoint, ylpoint, xlpoint, x2point, y2poin t ,  
y o r i g i n :  integer; 
n, i, j ,  1 ,12f tpt ,micipt ,  rightpt, htFL,nLML,plthtFL,plth~VL, ht-FM, 
h r l ,  plthtE?4, plthtW, :Ic-FR, nLVR, ?lrht~T, plrht!!R: I n i x g e r ;  
pan, ?in: string; 

begin 
m:=9E30; 
ymx:=-9E30; 
n:=3*outerlayer; 

for i:= 1 ta n ào {extract max and min valuzs) 
begin 
if sig - z[i] > ymx tnen 

yw:= sig z[i]; 
if s i g  - f [il-> p x  then 

T J ~ X : =  4 sig f [il; 
if sig - r[i]-> -u< then  

ymx:= Sig-r[i]; 
if sig - r[i] < ymn then 
ymn:= sig r[i]; 

if sig - f [il-< ymn ;non 
qmn:= Sig f [ i ] ;  

if çig - z [ i ] <  ymn then 
ymn:= Sig - z[i] ; 

end; 

str(Dhi:3:l,pcim); 
str (insidepress: 3: 1, P i n )  ; 

xmn:= r [ O ] ;  
xmx: = r [outerlayer] ; 



i f  frac (ymn) <> O then 
ymn:=int (ymn)-1; 
if frac(ymx) > O ïhon 

ymx:= Int(ymx)+l; 
s e t t e x t s t y l e  ( 0 , l ,  1) ; 
OuLtextxy(8,48, 'Lagend' ) ; 
settextstyle (O,& 1) ; 
if ymn < O then 

begin  
ÿorigin:=439-round(400t (-m/ ( k m - y m n )  ; 
secco lo r  (whi te)  ; 
setlinestyle (0,0,l) ; 
Line (59 ,  ÿor ig in ,  559,yor igin)  ; ( h o r i z o n t a l  zero line} 

end; 
setlinestyle ( l , O , l )  ; 
for i:= 1 t o  outerlayer-1 do 
begin 

x2point:=59+round(500f (r [il-xmni / (=-ml ! ; 
{vertical aoctod linej 

line(x3point,39,~2point,o39); 
end; 

s e t c o l o r  (yellow) ; 
lino(59,~oriçin-30,5j9,yorigin-50); {safety f aczor  = 1 lino) 
lino(59,Yorigin-227,559,yorigin-227);{~~1 degraaatlon lins) 

setlinestyle ( 0 , 0 , l )  ; 
OuttextXY (0,306,  'Matrix') ; 
outtextXY ( O , 3 l 6 ,  'Dzmage: ' )  ; 
outtextXY ( O ,  150, ' F i be r ' )  ; 
ouïtextXY (0,160, '3uptufs') ; 
outtextXY ( O ,  3 2 6 ,  ?dm) ; 
outtextXY (0,336, %Pa' ) ; 
setfillstyle ( s o l i d f i l l ,  cyan) ; 
barX(17 ,419 ,28 ,377 ,0 ,  t o p o f f )  ; 
s e r f i l l s t y l e ( s o l i d i i 1 1 ,  rnaqenta); 
bar3D(28,419,39,359, O ,  t o p o f f )  ; 
setcolor ( b l a c k )  ; 
s e t T e x t s t y l e  ( O , l ,  1) ; 
out tex txy(27 ,378 ,  'FiDer') ; 
setcolor (whitz) ; 
o u ~ t s x t x y  (38,370,  Wat r ix '  ) ; 
o u t t t x t x y  ( 8 , 3 6 5 ,  ' l a i l u r e '  ) ; 
setrextstyle ( & O ,  1) ; 
s e t c o l o r  (cyan) ; 
OuttextXY (48O,O, ' Pressure (MPa) : ' +Pin)  ; 

f o r  i:=l to 3*outerlayer do 
{to stay within integer range for round) 



begin 
if FSaf[i]<O.Ol 

FSaf [il :=O. 01; 
if MSaf [il <o.  01 
Msaf [il :=O. 01; 
end; 

f o r  i:= 1 to 3*outerlayer do 
begin 
l:=trunc( (i+2)/3); 
if MSL[1] < 1 then 
Msaf [i j : =MSL Cl] ; 

2nd; 

for i:= 1 to outerlayer do 
begin 

l e f t p t :  = 59+round (500f (r [i-11 -xmn) / (xmx-)rm) ) +2; 
rightpt: = 3 + r o u n d  (500f (r f il - x m )  / (xmx-xmn) ) -2; 
midpt:=59+round (SOO* ( ( (r [i-1]+r[i] ) /2)-x) ) ; 

round 

h'=hL:= round (5O* (l/MSaf [3* (i-1) il] ) ) ; 
nLW:= round (ZO* (f./MSar" [3* (i-1) + 2 ]  ) ) ; 
nt??:= round (SO*  (l/XSaE [ 3 *  (i-1) +3] ) ) ; 

pltht'L:=yorigin-RtrL; 
if p l t h t F X 4 0  t n m  plt3tFL: =4O; 

plïnt-M: =yorigin-nt+-; 
if plthtr"M40 then pltntr?ul: =40; 

plthtFR: =yor ig in -n im;  
if p l t h t ~ T c 4 0  then plthtFi( :=40;  

plthLa:=yorigin-hLdL; 
if p l th t?4L<40  then pltnc,YL: =do; 

-1thtMM: =yorigin-hLW; 
if pléhtXM<40 then plthLXM:=40; 

plthtMR: =yorigin-ht.!!; 
if plthwi<40 ïhen pIthCm: =4O; 

s e t c o l o r  (yellow) ; 
if FSL[i] < 1 then 
setf illstyla (solidZi11, Iightcyan) 

else 
setf illstyle (solidf il1 cyan) ; 

if ( (rightpt-leftpt) > 3 )  and ( ( r i g h t p t - l e f t p t )  <=l2) 
bar3D (rniàpt-3, Yorigin,Midpt, plthtt-, 0, ilopof E)  ; 



if ( ( r i g h t p t - l e f t p t )  >l2) and ( (rightpt-leftpt) <=XI) then 
Degin 

bar3D ( l e f t p t ,  Yorigin, leftpt+3, plthtFL, O, topoff) ; 
bar3D (rightpr-6, Yorigin, rightpt-3, plthtF'R, 0, topof f) ; 

a d ;  
if (rightpt-left-t) > 20 then  
begin 

bar3D (leftpt,Yorigin, leftpt+3, p l t h t F L ,  O, topof f) ; 
bar3D (midpt-3, Yorigin,Midpt,plthtFM, O, topoif) ; 
bar3D (rightpt-6, Yorigin, rightpt-3, plthtbFR, O, topof f )  ; 

end; 
if MSL[ij < 1 then 

setfillstyle(solidfiIl,lightmagenta) 
else 
setfillstyle (solidfill, magenta) ; 
if ( (rightpt-lêftpt) > 3 )  and ( (riqhtpt-loftpt) <=12) then 
bar3D (midpt, Yorigin, Midpt+3, plthtMM, O, topof f) ; 

if ( (rightpt-loftpt) >12) and I (rightpt-leftpt) <=20) then 
begin 

Sar3D ( k f t p t + 3 ,  Yorigin, l e f t p t + 6 , p l t h t ? % L t  0, topoff) ; 
bar3D (zightpt-3, Yorigin, rightpt, p l t h m ,  0, topoff) ; 

Segin 
Dar3D (1zf t? t+3 ,  Yorigin, leftpt+Or pIthtML, O ,  topoff) ; 
Dar3D (miapt ,  Yorigin,Midpt+3, plthtMM, O, ropof F)  ; 
Sar3D (rignipt-3, Yoriqin, rightpt, p1thcCMX, O, copoff) ; 

end; 
ênc; 
setcolor (g reen)  ; 
for j:= I to out2rlayer do {plots s i g - f )  
Oegin 
i:=3*j; 
yOpoint:=439-round ( 4 0 0 *  ( s i g  f [i-21 -ymn) / (ymx-pn) ) ; 
yl3oint:=439-round(400* (sig-f [i-11 -ym) / ( y ~ ~ x - y r n n )  ) ; 
y2point :=435-round (400t (sig-f [il -ymn) / (ymx-ymn) ) ; 
x0point  :=59iround (500' (r [ j-î] -m) / (xmx-xm?) ) ; 
xlpoint:=59+round(500* ( (r [j-l]+r[j] ) /2-xmn) / (xm-xmn) ) ; 
x2point: =59+rouna (SOO* (r [ j ] -m) / (xmx-xmn) ) ; 
Line (xOpoint, yOpoint , x l p o i n t )  ; 
Lice (xlpoint, ylpointf xzpoint, y2point) ; 

end; 
outtextxy (20,60, ch21 (239)  +char (233) ) ; 
setcolor (cyan) ; 
for j:= 1 to outerlayer do {plots sig-r) 
Degin 
i:=3*j; 
yOpoint:=439-round (4OO* (sig r [i-21 -ymn) / (ymx-ymn) ) ; 
y lpo in t :  =439-round ( ~ o o *  (sigIr [i-11 -pn) / (ymx-ymn) ) ; 
y2point:=439-round (4OO* (sig-r [il -pn) / (ymx-ymn) ) ; 



xOpoint :=59+round ( 5 O O *  h- [ j - l ]  -xm) / ( x m x - ~ m )  ) ; 
xlpoint :=59+round(500*(  (r[j-l]+r[j])/2-m)/(m-xm)); 
x2point  :=59+round (5OO* (r [ j 3 - x m )  / ( xm- j rm)  ) ; 
Line (xopoin t ,  yOpoint, xlpoint, ylpoint) ; 
Line ( x l p o i n t ,  ylpoint, x2point ,  y2poin t )  ; 

end; 
outtextxy (20,70,  char (229)  + I r 1  1 ; 
setcolor ( red)  ; 
for j:= 1 t o  o u t s r l a y e r  do {plots siq-z} 

begin 
i:=3*j; 
y0poin t  :=439-round ( 4 0 0 t  ( s i3  z [i-21 -W,T!) / [~rn-)c-ymc) ) ; 
y l p o i n t  :=439-round ( ~ o o *  (sig-z [ i - l ]  -ymn) / (yrnx-ymn) ) ; 
y2point  :=439-round (400i (sig-t [ i l  -y=) / ( p x - y m n )  ) ; 
xOpoint :=59+round (500"  ( r  [ j-r] -xmn) / (xmx-xmn) ) ; 
xlpoint :=59+round(500* ( (r [ j -1 ]+r [ j ]  ) / 2 - x m )  / (xmx-xrnn) ) ; 
x2point  :=59+roind ( W O *  (r [ j ] -xmn) / ( xmx-~m)  ) ; 
Line (xopoin t ,  yOpoint,xlpoint,ylpoint) ; 
Line ( x l p o i n t  , y l p o i n t  &o in t ,  y2point  ) ; 

end; 
outtextxy(20,80, zhzr (229 )  + '  z '  ) ; 

proc2dure 3lotgrapn(ngraph:i~tegerarz2y9;nz,rk~r, 
xaiv ,  ydiv:  i n t a g e r ;  v a r  xmin, xmax, p i n ,  
Lm~ax : r ê a l  ) ; 

{ngrcph = graphnumber ( s )  t o  p l o t ,  rnarkzr = ?ait p o i n ï )  

var 
XaxX, MaxY, xlpoint, ylpoint , xopoint ,  yOpoint, ~cgoin t ,  lastgraph, 
i, j ,  k, n,  codel, codez, e r r c d :  i n t e g e r ;  
graphlabel, number, s t r i p 0 ,  s t r i p l ,  s t r i s 2 ,  a v g s t i f ,  a lph,  pwr, itt, 
thickness : string; 
Xvalu~Max, Yvalue!!4ax,YvalueMinI Xvalue,Miri, x s e  I I  - a ,  
power, rr, dr r ,  t :  r e a l ;  
a Destf:realarrayNL; 
pro tv :  realarray9XNL; 
b - fit:realarrayMPbyNP; 
pk ,  yo r ig in ,  s k ,  up: integer; 

l a b e l  
f l a g l ,  f l ag2;  

begin {procedure)  



f o r  k:= 1 t o  lastgraph do 
begin 

s e t c o l o r  ( k + l )  ; 
if k >= 5 then sk:=14; ( s k i p s  one space} 
if k > O then s e t c o l o r  ( k + S )  ; 

Out tex txy  ( U r  2 8 O + k i 1 4 + s k I  graphdata [kj . synbo l )  
end; 

f o r  k:= 1 t o  Lastgrapn do 
Dogin 

n:=ngrapn [K) ; 
if ,ri <> O t h e n  

k g i n  
bestfit(b fit,pk,n); 
arr:= (r [%t=rlayer] -r [ O ]  ) /NL; .. - {var  coe r r :  alpna=b - f i t [ p k , l ] ,  c=b - f i t [ p k , 2 ] }  
f o r  i:= O ï o  NL do 

{ v a r i a ~ l e  properriês p l o t }  
end; 

2nd; {if=} 
$ad; {do) 

f o r  k:=l t o  l a s t g r a p h  do 
begin 
n : =ngrzph [ k] ; 
if ngrqh[k] o O thên  

Segiri  
for i:= 1 to outerlayer 

Degin 
if 

ào ( e x t r a c t  nax 

graphdata[n] .xydata[i,l] > xvaluemâx 
xvaluemax:=graphdata[n] .xydata[i,l] ; 

if 
graphdaïs [n] . xydata  [i, 21 > yvaluernax 

and min values) 

t h e n  

tnen 



graphdata [n] .xydata [i, 1 ] < xvaluêmin thcn 

grapndâta [n] . xydata [i,2 ] < yvaluemin t h en  
yvaluemin:= graphdata[n] .xydata[it2]; 

end; { f o r  lastlayor l oop)  
f o r  i:= O io NL do 

begin 
if 

p l o t v  Lnr i ] > yviluomax then 
yvaluernax : = plocv [n, i ] ; 

i - f 
p l o t v  [nt  i l  < yvaluemin then 
yvaluernin:= p l o t v ( n ,  il ; 

end; { f o r  NL loop}  
end; {if <> O )  

end; 

{major loup} f o r  k : =  1 t o  l a s t g r a p h  do 
begin 

n:=ngraph[k] ; 
if ngraph [k] = O ihen goto f l aoz ;  

{ski? t h i s  ?arcicular gr=35}  . .-L ~ e p  : = ( (yvalusmax-yvaluomin) / y a i v )  ; 

xstep:= ( (r [out-rlayer] - , r [ O )  ) / xd iv )  ; 
sczip0 : =copy (grapndata [ n ]  . symjol,  1,l) ; 

( f o r  cornpliances} 

- 

ii = t r i p 0  = ' A 1  t hen  { for 
min: = O  

olse 
min: =inc (yvaLuemin) -1 ; 

~min:=int (r [ O ]  ) ; 
xmax: =r [ o u x r l a y e r  ] ; 
ymax : =yvaluemax; 
i f  f r a c  ( p a x )  > O then  

ymax:= int(pax)+l; 

graphlabel : = grapndata [n] . synbol ;  
{if 1 2 ~ s  than  

if grapnla~el = then goto f l a g l ;  
s t r i p l  :=copy (graphlabe1,2,1) ; 

9 grapns  jump out} 

{extracts 2nd and 3rd inaex i n  l a b e l )  
s t r i p 2  : =copy (graphlabe1,3,1) ; 
stripO:=copy (g raph labe l ,  1, 1) ; 

{ g e t s  1st index, s t i f f n e s s  or cornpliance) 
val (strlpl, zodel,  i) ; {disects grsphlû~el} 
va l  ( s t r i p 2 ,  code2, i) ; 
s e t c o l o r  (white) ; 
Outtextxy(580,30, 'Layers r  ) ; 
settextstyle (O, 1, l )  ; 
Outtextxy(8,334, 'Legend') ; 



setcolor (wnite) ; 
setlinestyle (0, 0,l) ; 
Line (59, yorigin,MaxX-80, yorigin) ; 

end; 
setcolor ( m l )  ; 
if n > 6 t k n  setcolor(n+2); 

for i:=l CO outerlayer do 
begin 
ylpoint :=439-round (4OO* (graphaata W x y d a t a  [i, 21 - 

pin) / (ymax-ymin)) ; 
xlpoint :=59+round(500* (r [i 1 - m i n )  / (xmax-xmin) ) ; 
y0point :=439-round (4OOt (graphdata [n l .xydzta  [ i - l t  21 - 

ymin) / (ymax-min) ) ; 
if yOpoint > 439 then  

{prevents starting bolow the axis when m i n  > O }  
yOpoint:=439; 

x0point :=59+round(500* (r [i-11 -min) / (rmax-rmin) ) ; 
i = srrip0 = th2n -- 
noini:=439-r0~nd(400* (q[codel, cocis2J - p i n )  / 

( ymax-p in)  ) ; 
(siri30 docidos o n  t y p e  s r  graphj 

i f  siri-0 = '3' t h e n  - - 
-oint:=439-round(400* (1000*sum9[coael,codeî] - 

. - ymin) / (ymax-pin)  1 ; 
ir sczip0 = ' a f  th2n 
qoinL:=439-10una(400* (1000*sumC[coael, code21 - 

piri) / ( y n a x - p i n ) ) ;  
L in2  (xOpoint, ylpoint, xlpoifit, y l p o i n t )  ; 

{vertical increment} 
Line (xopoint, yOpoint, x0po in t f  ylpoint) ; 

{norizontal incrernenc) 
setcolor  (cyan) ; 
str ( i f  n m b e r )  ; 
Outtsxtxy (569-4*longth ( n m b x )  , X i i % 2 8  , 

number+' : '+cha~ ( 2 4 1 )  + 
graphlabels [il . a n g l e + c h r  (248) ) ; 

Outt~xtxy (616,24+i*28, copy 
(grapnlabels [il . fpercenr, 1,2) +cnar (37) ) ; 

Outtsxtxy(570, 3 4 + i f H t  graph labels [il .macnamo) ; 
sercolor  (wnite) ; 
Outtextxy (569-4* longth (number) 

24+i*28,numbext': ' ) ;  
setcolor (cyan) ; 
if odd(i) then up:=lO else üp:=O; 
val tgrapnla~els [il . t h m e s s  , t, errcd) ; 
str (i:2 1, thickness) ; 



graphlabels[i].thickness:=thickness; 
Outtextxy (round ( (xlpoint+xOpoint) / 2 )  -IO+ 

8*length(number), 30-up, thickness) ; 
Setcolor (white) ; 
Outtextxy (round ( (xlpoint+xOpoint) /2) - la ,  

30-up, number+ ' : ' ) ; 
Line (xopoint, 40, xopoint, 46) ; 
setlinestyle (l,O, 1) ; 
Line (xlpoint, 40, xlpoint, 439) ; 
setlinestyle (O, O, 1) ; 
setcolor ( n + l )  ; 
i f  n > 6 then setcolor(n+2); 

end; {for i loop} 
for i:= 1 to NI, do { p l o t s  variable property} 
Degin 

yOpoint:=439-round (MO* (plotv [fi, i-l] -min) / 
(pax-pin) ) ; 

ylpoint : =439-round (4OO* (plocv [n, i] -pin) / 
(ymax-p in)  ) ; 

x0poin t  :=59+round (5OO* ( (r [O] +drr* (i-l] ) -xmin) / 
( xmax -m in )  ) ; 

xlpoinc:=59+round(500* ( ( r  [ O ]  +drr*i) -xmin) / 
(xnax-xmin) ) ; 

Line (xopoint, yopoin t ,  x l ? o i n t ,  yipoinr,) ; 
2nd; . - 
ir stri-0 = 'A '  ihen 
str(q[coael,codê2] : 4 : l , a v g s t i f )  ; 

( s t i f 2 n e . s ~  c u s z )  
if srripO = '3' t h e n  
str (1000~SumB[codel, code21 :4: 1, avgstif) ; 

{eq stiffnoss ca s?}  
i f  s t r i p O  = 'a' cnen 

sir (1000*SumC[codel, code?] : 4: 1, avgstif) ; 
{cornpliance casz) 

Line (59, -oint, 67, - o i n t )  ; 
outtextxy (70, qpoint-4 , avgst3f )  ; 

if k > 5 tnen 
s k : = 1 4  

slse 
sk:=O; {k = gr@ n ~ n b e r )  

rectangle (15, 278+kf14isk ,  42,288+k*l4+sk) ; 

if k = marker tnen 
jegin { O U C ~ U ~ S  properz ies  equation f o r  solectêd g r q h }  
str (bfit store [n, l] : 3 :  2, a l p h )  ; 
str  (bfit-store [n, 21 : 3 : 2 , p w r )  ; 
str (bfitstore[n, 31 :3: 0,itt) ; 
settextjÜstify (righttext, toptext) ; 
outtextxy (S%,o, graphdata [marker] . symbol+ 



' = '+a lph+ '  (pl ' 1  ; 
sett~xtjustify ( l e f t t e x t r  t o x t )  ; 
o u t  t ex txy  (S96,0r  pwr) ; 

{ outt~xtxy (5d6,20r i t t )  ; } 
{ j u s t  to ch~ck a l g o r i t - h  efiiciency} 

2nd; 

f l ag2  : 
end; {major  l oo p}  

s e t c o l o r  (whit?) ; 
if markor > 5 t hcn  

sk:=14 
else 

sk:=O; 
rectangle ( 4 4 ,  382+marker*14+skI 47, 285frnarksr* 14+sk) ; 

var 

. . MaxX,MaxY, grapnno, i 1, EX, rhs : i n k g o r ;  

n: string; 

x s c t p ,  ystep: r ea l ;  

label 
f l a g 2 ;  

begin 
sstcolor (white) ; 
MzxX : =GerYaxX ; 
MaxY : = G e t ? ? k x Y ;  
Line (59 ,39 ,~axX-80 ,39)  ; 
Line (59,39, 59,MaxY-40) ; 
Line ( ~ ~ / M z x Y - ~ O ~ M Z X X - ~ O ~ M Z X Y - ~ O )  ; 
Line (MaxX-80,39,MaxX-ô0,MaxY-40) ; 
xstep:= ( (msx-xiiin) /xdiv)  ; 
ystep:= [ (yimax-ymin) /ydiv)  ; 
x t i c p i x :  = ( 5 0 0 i x ~ i i v )  ; 
yt icp ix :=  (400/ydiv)  : 
f o r  i:= O t o  xdiv do 

begin 



str (xrnin: 4 : 1, n f  ; 
i f  i = xdiv then 

rhs:=20 
olse if 
i = O then 
rhs :=-20 

else rns:=O; 
OutTextXY (round (39+i*Xticpix) - rhs ,  443, n) ; 

Line (trunc {59+i+xticpix) , 439, t r m c  (59+iixtic~ix} / 431)  ; 
if ( (59+i*xticpix) - x t i c p i x / 2 )  > 59 the; 
Line (round ( (59+ifxticpix) -xticpix/2) , 

439, round ( (59+itxtic?ix) -xticpix/2),135) ; 
xmin:=xmin+xstcp; 
end; 

f o r  i:= O t o  y d i v  do 
begin 
nw:=O; 
Str(ymin:4:l,n) ; 
nw: =tex twid tn  (n) ; 
il nw > 55 rhen nw:=55; 
OutTexrXY (55-nw, c o u d  (433-i*Yticpix), n) ; 

I¢r,is n m ê r a l )  
Line (3, c r m c  ( 4 3 0 - P y t i c p i x )  ,o7, 

~ r u n c  (439-iWyticpix) ) ; ( t i c k s )  
Line (XaxX-88, trunc (439-iJryticpix) ,maxX-80, 

crunc (439-i*yticpix) ) ; 
if ( (439-Pyticpix) +yticpix/2) < 439 t h e n  

begin  
Lin2 (59,round ( ( 4 3 9 - i i r y t i c p i x )  +ytic?ix/2), 

63, round ( (439-i*yticpix) q c i c p i x / 2 ) )  ; 
L i n e  (MaxX-84, round ( (439-i*yticpix) +yticplx/2) 

McxX-80, round ( (439-i*yticpix) +yticpix/2) ) ; 
end; 

*in: =ymir?+ystep; 
end; 

setcolor (ligntgray) ; 
outtextxy (0,0, currentfile) ; 
Setcolor (Yellow) ; 
OutTextxy (464,470, 'PP1c-X - U t - S  ZSC1j; 
Setcolor (white) ; 
OutTextxy(444,470, + - + l j  ; 
se t co lo r  (yellow) ; 
Outtsxtxy (90,470,  'INS/DEL PgU?/PgDnl ) ; 
Outtext~y(360,470,~T,93 '+char(27)+ 

char (24) +char ( 2 5 )  +char ( 2 6 )  + '  3ome 
Setcolor (wnite) ; 



Outtaxtxy (2,470,  T o n t r o l s  = / i 
4- 1C /Y; 

S o t c o l o r  (ligntgreen) ; 
SetTexrStyh (O ,  l , l )  ; 
i := textwidth (y label )  ; 
0 u t ~ e x t ~ Y  ( a ,  240-round ( (i) / 2 )  ,ylab-l} ; 
SetTextStyle (O, 0 , l )  ; 
-i := t e x t w i à t h  (xlabel) ; 
O U ~ T P X ~ X Y  [310-round( (i) 1 2 )  , 458,~1a~e1) ; 
i .- L - . ~ e x r w i c i t h  ( t i t l e )  ; 
j := textwidth ( t i t l e S )  ; 
OutTextXY 1330-round( (i) ! 2 ! ,  0, t l t l e )  ; 
OutTextXY (330-round( ( j  / z ) ,  10, t i t k 2 )  ; 
s e t c o l o r  (white) ; 

Graphdef aults; 
end; (procedure) 

end. {unit) 
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