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This report describes code BILAM which uses constant strain laminate 

analysis to generate in-plane loadldeformation or stresslstrain history of 

composite laminates to the point of laminate failure. The program uses 

bilinear stress-strain curves to model layer stress-strain. behavior. 

Efficient design of energy storage flywheels made from fiber composite 

materials requires ability to reliably predict .stress-strain behavior and 

failure of the constituent material; Previous work performed under the MEST 

project to develop design data for use by flywheel designers-!%howed that 

linear elastic laminate analysis does not give an accurate quantitative, 

prediction of lamina'te ultimate strength. This same study showed that ,use 

of a bilinear approximation to stress-strain behavior could increase pre- 

dictive accuracy, especially for composites such as glass/epoxy having 

low-to-moderate stiffnesses. 

Conventional laminate analysis algorithms usually assume linear, elas- 

tic material properties. * While this allows fairly accurate predictions of 

laminate elastic properties, attempts to use this method in conjunction with 

several different layer failure criteria to analytically predict laminate 

strengths have been less succe'ssful. Past analysis has .shown that imperfect 

correlation exists between experimental results and linear elastic analytical 

~redicti0~s.l The discrepancy is attributed to several complex and. interacting 

phenomena which cannot be modelled in a linear laminate analysis; e.g. lami- 

nate nonlinear behavior caused by in-plane layer shear nonlinearity, matrix- 

crackinglcrazing, fiber-matrix debonding, fiber micro-buckling, etc. Figure 

1 shows the effect of these phenomena on stress-strain behavior of typical, 

unidirectional, composite laminates. Figure 1 also illustrates the fact that 

a linear approximation of the stress-strain curve is inadequate to simulate 

unidirectional layer behavior over the entire loading range. 

One solution is to perform an iterative, nonlinear analysis such as 

developed in ref. 6. While this analysis models the nonlinear behavior, 

the computing time involved is relatively large compared to linear elastic 

*Superscripted nuubers identify reference at the end of the report. 



analyses. An alternative material modelling method which requires less 

computing time is to approximate the nonlinear stress-strain curves of 

Figure 1 with two linear segments. It not only economizes considerably on 

computing time (over an iterative solution technique); but, as demonstrated 

in Figure 2, should approximate the nonlinear curves sufficiently closely 

to provide enough accuracy for engineering purposes. 

In this program the stress-strain curves are modelled as shown in 
' 

Figure 2 by assuming linear response in axial tension while.using.bilinear 

approximations (2 linear segments) for stress-strain response tosaxial com- 

pressive, transverse tensile, transverse compressive and axial shear loadings. 

It should be noted that the program attempts to empirically simulate the 

effects'of the phenomena which cause nonlinear stress-strain behavior, in- 

stead of mathematically modelling the micromechanics involved. Thig bi- 

linear inodelling should not be confused with previous modelling of b.imo.dulus 

materials where compressive modulus is assumed to .be different from the 

tensile modulus. l1 

This code, therefore, performs a bilinear'laminate analysis, and, in 

conjunction with several user-defined failure. interaction criteria (described 

in Section 2.31, is designed to provide sequential information on all layer 

failures up to and including the first fiber failure. The modus operandi 

has been described in Section 2.4. 

Code BITAM can he used to: 

(i) predict the load-deformation/stress-strain behavior of a composite 

laminate. subjected to .a given combination of in-plane loads. 
. . 

(ii) make analytical' predictions of laminate strength. ' 

~. 



2. THEORY 

2.1 BEHAVIOR OF UNIDIRECTIONAL COMPOSITES 

A typical unidircctional layer of fiber composite material under in- 

plane loads is shown in Figure 3. The layer will exhibit different stress- 

strain and failure behavior when it is in a laminate, and thereby provided 

with adjacent cross-ply support, than it will if tested separately. A dis- 

cussion of the differences are provided here as background for the subsequent 

description of the unidirectional layer behavior modelled in the BILAM 

program. 

2.1.1 Stress-Strain Response - 
Tests on single unidirectional layers or. multi-layer unidirectional 

laminates typically exhibit the stress-strain response to failu,re shown in 

Figure 4. The following points are noteworthy: 

Axial   ens ion: Most fiber-reinforced composites exhib,it linear 

response to axial tensile loading. However, some low-strength . . fibers exhibit 
. . 

non-linearity when subjected to axial stresses because they fail at random 

locations, therby setting up "ineffective zones,,', causing . . a cumulative 

weakening of the material. This has the effect of lowering the m o d ~ l u s ~ , ~ .  

Axial Compression: Stress-strafn response is considerably nonlinear , 

due to: 

(i) Nonlinear response of.the matrix material to compressive loads. 

(ii) Micro-buckling of fibcrs, due Lo.initfa1 curvatures or misalignments, 

which set up small, local zones where the matrix has undergone either 

Shear-domi.nated failure or iuelaseic deformat'ion. The buckled regions 

have a smaller compressive modulus than intact regions, and the lami- 

nate modulus progres.sively decreases as the buckle& zones spread 

throughout the specimen. Finally inelastic, unstable macro-buckling 

3 sets in . 
Transverse Tension: As shown in Figure 4, transverse tensile behavior 

is approximately lincar until britrle failure occurs. 

Transverse Compression: Transverse compressive loading causes highly 

nonlinear response due to: 

(i) Nonlinear inelastic deformation of the matrix material. 

(ii) Localized slippage arid crazing at fiber-matrix interfaces due to local 

matrix shear failures. 



Axial Shear: Axial shear loading causes nonlinear response due to: 

(i) Nonlinear and/or inelastic matrix material behavior. 

(ii) Localized debonding at the fiber matrix interface and matrix cracking 

parallel to the fiber direction. 

It should be realized that many .of these phenomena interact and are not 

independent of each other when combined axial, transverse, and shear stresses 

act at the same time. 

Unidirectional layers, when acting in a multidirectional composite 

laminate, can exhibit different stress-strain response than when treated 

singly or in unidirectional laminates; Behavior under axial tensile, axial 

compressive, and transverse compresslve leads is bcliavad to be nearly Llre 

same as that of unconstrained layers or 101 laminates. However, there are 

some significant differences in the response to transverse ~ensil& and 

axial shear loading: 

Transverse Tension: Unlike the unconstrained layer response, the con- 

strained layer behavior in a laminate is not linear. This is because the 

laminate, unlike the layer,does not fall apart at the occurrence of the 

first matrix crack. Instead, progressive loading continues to trigger a 

series of matrix cracks, parallel to fiber direction, which follow a 

statistical, spatial distribution in the iaminare. None ul: Lhese craclio can 

independently precipitate laminate failure, but they all contribute cumula- 

tively to overall degradation of the laminate modulus by reducing the ability 

of the matrix to carry transverse stress and resist defarmatior~ in the trans- 

verse direction. This behavior is best illustrated by comparing the behavior 

of a [0/90] laminate tested to failure with predicted behavior from uni- 

directional layer tests. Typical laminate response to transverse tensile 

loading is shown in ~igure 5a. Figure 5b shows the stress-strain curve of 

a [0/+90] laminate tested in tension in the 0 deg. direction. The initial 
S 

tangent modulus represents laminate response with 90 deg. layers in.tac.t. The 

intermediate zone shows the modulus decay due to matrix cracks while the 

final portion represents ever-decreasing contributions from 90 deg. layerstowards 

laminate stiffness. 7, 8 

Axial Shear: Axial-Shear loading causes statistically distribured cracks, 

in the matrix in a manner very similar to that in transverse tensile loading. 

Shear response of constrained layers in a laminate can be studied by loading 



a [ +451  - laminate in the 0 degree direction. Figure 6 shows a typical stress- 

strain curve. The initial tangent modulus represents response of the laminate 

with intact matrix. The zone of decreasing modulus represents increased occur- 

rence of matrix cracks or debonded regions. Once the overall lay,er shear 

modulus has degenerated, the fibers,tend to "scissor" under the load, causing 

large deformations under little increase in load until fibers re-orient signi- 

ficantly toward the direction of load. At this point, the fiber stiffness 

begins to contribute significantly to laminate stiffness, thus causing a 

rise in the modulus. 9 

2.1.2 Failure Behavior 

An unc'onstrained unidirectional layer exhibits the following failure 

behavior (see Figure 4): 

Axial Tension: This failure is a combination of statistical fiber 

failures (cumulative weakening) and adjacent fiber overstress failures which 

proceed until the remaining fibers are inadequate to sustain the applied load. 

Axial Compression: Failure marks the stress/strain level at which 

inelastic, unstable macro-buckling of fibers or matrix shear/compressive 

failure sets in, and is a matrix-dominated phenomenon. 

Transverse Tension: The transverse-tension failure is a matrix domi- 

nated phenomenon and occurs at very low stress levels since the layer fails, 

like a chain, on the "weakest link" principle. The first matrix crack will 

cause layer failure. 

Transverse. Compression: Failure represents a sufficient number of matrix 

cracks to enable large,scale debonding at fiber-matrix interfaces, and is a 

statistical phenomenon. 

Axial Shear: Failure is normally matrix debonding or matrix cracking 

parallel to fibers. 

As mentioned earlier, it is failure behavior oflayersacting together in 

a laminate that governs laminate failure. Therefore, this behavior needs 

careful consideration. Failure mechanisms and failure stresses under axial- 

tensile, axial-compressive and transverse-compressive loadings are nearly 

Lhr same in a multidirectional laminate as when the 'layer is tested without 

angly ply constraint. Only transverse tensile and axial shear behavior are 

significantly different: 

Transverse Tension: The failure level of the constrained layer in a 

laminate is significantly higher than that of the single layer. Layer failure 



is no longer a matter of breaking the "weakest link" but of creating a 

pattern of large scale statistical cracking which eventually causes the 

layer to be completely ineffective in transverse tension. In a cross-ply 

laminate (Figure 5b), ultimate laminate failure does not occur until the 

0 deg. layers fail. The 90 deg. layer cracks in transverse tension, but 

still contributes to laminate stiffness through constraint offered by 

uncracked portions of the layer. Therefore, the 90 deg. layer has not truly 

failed, and continues to provide laminate structural support until the 0 deg. 

layers fail, even though this support continually decreases with increased 

degree of cracking. As a result, "ultimate" failure of the constrained layer 

in transverse tension can be hypothesized to occur at very high strain levels. 

Axial Shear: As in trallsversc tensile failure, axial shear failure is 

a matrix dominated phenomenon which represents the inability of the layer to 

contribute to the load-carrying capacify of the laminate because of extensive 

axial shear cracks in the fiber direction. As shown in Figure 6, the layers 

in angle ply laminates will hold out until very high strain levels have 

been reached, even though the matrix has long since cracked in many places. 

Therefore, as in transverse tension, it can be argued that the constrained 

layer does not "fail" (lose integrity) in shear until extremely high strain 

values are reached in the laminate. 

2.2 BILINEAR MODELLING OF UNI-DIRECTIONAL LAYER (CONSTRAINED) PROPERTIES 

As explained earlier, each layer is modelled as a bilinear elastic 

material. The significance of ~ h l s  schcmc can be examined now in the light 

of the preceding discussion of unidirectional l a y e x  behavior when constrained 

in a laminate. Figures 1, 4, 5, and 6 together indicate that initial matrix- 

dnminated failures will degrade the laminate properties significantly, without 

complet~ly destroying or disabling the load-bearing capacity of the layer or 

the laminate. For the purposes of this analysis, these llldividual initia.1 

matrix failures are termed "non-disabling". When matrix failures have occured 

in all layers, or fiber failure has occured in one or more layers,the laminate 

is considered to have undergone a "disabl..ing"failure (one which causes the 

laminate to lose its load bearing capacity). It is necessary, therefore, to 

continue the analysis beyond the first matrix-dominated layer failures, but 

with new layer elastic properties. 7 

Each bilinear stress-strain curve contains a transition point where the 

slope is discontinuous (see Fig 2). The transition point is termed for the pur- 

poses of this manual as a "break point". The break point, along with the 

ultimate fail~lre levels and pre- and post-break point elastic properties, form . 

the layer material property inputs to the program. The two 



critical sLates, vii. the break point and failure, are defined in this anal- 

ysis by specifying the stress levels and corresponding strain levels at 

which they"are presumed to occur. 

It is also noted that analytical predictions of the occurrence of 

break points or failures in a layer have to 'be made assuming some form of 

interaction between the failure modes, since the phenomena causing these 

failures are inter-related. Details of these interaction criteria are 

discussed in Section 2.3. 

The output of the analysis is largely dependent on the proper selection 

of the inputs and particular attention is therefore required for determining 

these properties: 

2.2.1 Stress-Strain Response 

Axial Tension: As previously explained, response of a layer to axial 

loading does not change significantly when that layer is constrained in a 

laminate. Thus the stress-strain curve used to determine input properties 

is chosen to be the experimental stress-strain curve of the unidirectional 

layer. As mentioned already, this behavior is usually linear, but may, in 

some cases by slightly nonlinear. 

The linear response is modelled by a single straight line whose slope 
T 

E is same as the axial tensile modulus of the layer. Since there is no 
A 

break point in this case, no prediction. needs to be made in the analysis 

of occurrence of break poirits. This can be numerically ensured by in- 
T :  T 

putting break point stress and strain levels, [gABp.  and E A ~ ~  . . I  

highei  Ll~au failure stress and strain levels, [aA. and E*i 1 ,  i.e., 
T. . . T 

: F 
T and .. . T 

a~~~ . " . O A ~  =*BP ' €AF : 
If nonlinear behavior is assumed, bilinear modelling can be.performed. 

The linear segments are selected to fit the experimental data as closely 

as possible. The intersection point of the two segments defines the .break 

point. This break point does not necessarily have any physical significance. 

The failure point is chosen 'as the coordinates of the actual failure 

point on the experimental stress-strain curve. 

Axial Compression: In-plane response of a layer to axial compressive 

loading is nearly always 'nonlinear (Figure 2). Thus, the input bilinear 

c.urve is selec.ted on the "best fit" principle from the compressive exper- 

imental stress-strain curve of the unidirectional layer. The selection 



and interpretation of the break point and failure levels follow the same 

rationale as in modelling of non-linear response to axial tensile loading, 

with one exception: It is essential for proper operation of the.program that 

the pre-break point moduli for axial loading be the same in tension and com- 

pression, i.e., EAT = EAC before break point. This is not a serious limita- 

tion since composite compressive and,tensile moduli are seldom significantly 

different, and the bilinear approximation will allow sufficiently accurate 

approximation when they are different. As. explained in Section 4.1, built 

in overrides in the program always ensure that thi; condition is satisfied. 

Transverse Tension: As previously explained, the response of the - .  

unconstrained, unidirectional layer to transverse rensfle luad is only 

%indicative of the response of the layer in a laminate when no matrix failures 

have occured. The constrained layer pre-break-point transverse tensile mod- 
T 

ulus, E T ~  , can be chosen as the transverse tensile modulus of the uncon- : 
. CI 

strained layer. The input post-break ,point properties however, are determined 

from the response of the [0/90]~ cross-ply laminate (Fig .5b), in the follow- 

ing manner: 

It is assumed that axial Poisson's ration, VA, does not change after 

transverse matrix failures (see discussion below). As a result, all elastic 

post-break-point properties of the 0 deg. layer and the axial pr-upr~Lies.of 

the 90 deg. layer are known. It is also assumed that under all conditions 

VT = VA ET/EA and this results in only one unknown property: 

.T 
: To determine E T ~ ~  , two straight lines are used to fit the [0/90IS 

E ~ I I  

tensile stress-strain test results in a manner which most accurately 
follows the data points. The layer break point strain is chosen as the 

laminate axial strain where the two lines intersect. The transverse tensile 

break point stress is then given by thc product of break point strain and 

pre-break point modulus. Next, the layer post-break-point transverse modulus, 
T 

E T ~ ~ ,  is chosen by trial and error, using linear elastic laminate analysis, 

to give the [0/90IS post-post-break point modulus E resulting from the Xi I 
bilinear fit. A good first guess can be obtained from a volume fraction- 

weighted average of layer moduli approximation to laminate modulus, which 

results in 
T T 

ETI12 EA - =XII 

where E~ is the axial tensile modulus of the unidirectional layer. Alter- 
A 

natively, from constant-strain laminate analysis theory, an equation can be 

derived for the Young's modulus of the post-break point [0/90J laminate, in 



terms of known 0 deg. and 90 deg. elastic properties and the unknown ET 
T 
I1 ' 

The post-break point transverse modulus can then be determined from this 

equation and the [0/90] experimental data. 

It is noted that the transverse tensile break point stress for a 

constrained [go] layer is normally found to be significantly higher than the 

transverse tensile failure stress in an unconstrained layer. An analysis12 

of AS-1002 S2-glass epoxy.materia1 for which there is complete [O] and 

[0/90] experimental data,16 has shown that the break point stress is nearly 

three times the unconstrained unidirectional transverse tensile failure stress. 

As previously discussed, the damaged layer will play an increasingly 

passive role for further loading, contributing less and less stiffness in 

the transverse direction. In the program, therefore, it may be meaningless 

to predict a separate ultimate failure in transverse tension in this layer. 

Transverse failure can be prevented by inputting very high failure stress 

and strain levels (several orders of magnitude higher than the break point 

level). 

Transverse Compression: The input parameters for transverse compressive 

stress can be generated from the experimental stress-strain response of the 

unidirectional layer subjected to transverse compressive loads in the fashion 

previously described for axial compressive loading. Using the same procedure 

as for axial property determination, built in overrides in the program force 

the pre-break point transverse moduli to be equal in tension and compression, 

Axial Shear: As in the case of transverse tensile loading, the response 

to axial shear loading is not the same in constrained and unconst'rained layers. 

Data is therefore required from layers constrained in a laminate. A strain 

gaged [+45IS angle-ply laminate in tension is suggested. The shear stress- 

shear strain curve can be readily determined from such a specimen, and will 

resemble the curve of Fig. 7. Thus, the problem reduces to one of selecting 

two best-fit lines to the data and determining break point and post-break point 

nlodulus as. shown in Fig. 7. For this laminate, the break point signifies onset 

of large scale matrix cracking. The layer failure stresses and strains can be 

computed from the failure values from the experimental shear stress-strain 

curve of the [+45IS - laminate, although as with transverse tensile failure, ehey 



have little physical significance. 

Axial Poisson's Ratio: The pre-break-point axial Poisson's ratio 

(vA)= of a constrained layer is modelled to be equal to the axial Poisson's 

ratio of an unconstrained, intact, unidirectional layer. The program has 

provisions for inputting different axial Poisson's ratios after each of the 

following break points have been reached in a layer: 

BREAK POINT MODE SUBSEQUENT POISSON'S RATIO 

Axial compression v 
A1 I: 

Shear and/or transverse tension 

Transverse compression v 
AIV 

Quadratic interaction v 
(discussed in Section 2.3) Av 

However, since the transverse modulus beyond the break point in 

transverse tension and axial shear is of the order of zero, effect of vA 

past break point under these stresses on laminate behavior will. be negli- 

gible. This has been numerically verified for [0/90] laminates using a 
S 

linear laminate analysis code. Thus, for transverse tensile and shear 

load'ings, the axial Poisson's ratio need not be altered to simulate post- 

break-point behavior. 'l'he effects of cl~a~lgillg axial Poisson' s ratio 

beyond compressive break points have not been investigated. 

Transver~~ Poisson's Ratio (v ) :  This is not an input parameter and 
T 

therefore need not be modelled by.the user. v is computed within the program 
T 

fromthe following symmetry relation: EA/vA E / V  
T T '  

This ensures a sym- 

metric stiffness matrix [El for the laminate; which is important for ease 
1 ,  

of numerical manipulations of the matrix. As the layer properties keep 

changing with the occurrence of break points, V is continually updated to 
T 

maintain the symmetry of the layer and laminate stiffness matrices. 

2.3. FAILURE INTERACTION 

Predictions of failure and break point occurrences are based on several 

interaction criteria presented below: 

Maximum strain: Failure is assumed to occur when axial normal, trans- 

verse normal, or axial shear strains reach critical values in tension or 

compression, resulting in the following equations: 



where a is normal stress, T is shear stress, E is normal strain, y is shear 

strain, E is Young's modulus, v is Poisson's ratio, G is shearing modulus, 

A is axial (£iber) direction, T is transverse t.0 fiber direction,,superscripts 

t and c indicate failure in tension and compression, respectively, and super- 

script o indicates failure in shear. The maximum strain failure criterion 

is shown in Figure 8a for r = 0. 
AT 

Quadratic interaction: Several researchers (12-15) have proppsed stress 

polynomial failure criteria which account for unequal properties in tension 

and compression as well as complicated interaction effects. The simplest of 

these is a quadratic interaction equation, which, when satisfied, predicts 

failure : 

The A's are constants which depend upon failure stresses in uniaxial and com- 

.bined stress states. Of the six.constants, only A (called the quadratic 
AT 

interaction coefficient) requires a layer failure test under combined0 and 
A 

a stress. The rest can be determined from'uniaxial data. In the present . 
T 
study, since combined stress data were unavailable, the default quadratic 

interaction coefficient was assumed to be: 

C 
where a are failure stresses in cumpression. This assumption agrees reasonably 

well with experimentally determined interaction coefficients reported in refer- 

ence 14. The user, however, has the option of inputting any desired value 

for A12. A typical quadratic failure criterion is shown for T = 0 in 
AT 

Figure 8c. 



Maximum stress: Failure is assumed to occur when axial normal, trans- 

verse normal, or axial shear stresses reach critical values in tension or 

compression: 

0 L C 
where r is the failure stress in axial shear, and a and a .are failure 

AT 

stresses'in tension and compression, respectively. The maximum stress failure 

criterion is shown in Figure 8b for r = 0. 
AT 

2.4. STRESS-STRAIN AND FAILURE CALCULATIONS WITH BILAM 

2.4.1. General Operation 

The code initially applies unit loads to the laminate and checks all 

layers in all modes for occurrence of break point stresses/strains. Once 

a layer has reached break point in shear and/or transverse tension, axial 

compression, or transverse compression, the relevant propertfes of that 

layer are degraded to post-break-point values. The algorithm then recalculates 

the stiffness matrix of that layer with the new properties and arrives a t  a 

new laminate stiffness matrix. The increment in applied load that will cause 

the next occurrence of break point is determined. The resulting incremental 

stresses and strains are added to the initial stresses and strains (at which 

the first break point occurred) to get the total stresses and strains at the 

second break point. This stepwise elastic stress-strain computation procedure 

continues until the occurrence of the first d5sgbling 'fiber failure. First 

fiber failure has been shown to be upper bound to laminate failure 1, 17 

the computations are terminated at this point. Several status messages are 

also provided as an aid for the user to monitor the state of the laminate: 

(a) The program indicates when all layers have reached "break-point" in 

shear and/or transverse tension (or in the case of quadratic interaction-- 

when all layers have reached break point). This could provide an effective 

guide to predict the onset of large-scale delaminations in the laminate. 

(b) The first fiber failure not only terminates the computations but also 



triggers a status message declaring the fiber failure. 

(c) If the user wishes to detekmine the state of the laminate at some pre- 

determined level of applied external strcss, he can choose the option to have 

a status message along with the stresses and strains in the laminate printed 

when this external stress is reached. 

The overall operation of the program is shown schematically in Fig. 9. Appen- 

dices 9.1 and 9.2 give a program listing, sample cases, and detailed flowcharts. 

2.4.2. Break Point Interactions . 
Occurrence of break points is assumed to occur according to certain 

interactions between the stresses or strains in different modes. The user 

has the option of selecting any of the three interaction criteria, maximum 

stress, maximum strain or quadratic, detailed in Section 2.3. In the program, 

this check is refcrred to as a ~reak Point Analysis. There is another auto-- 

matic interaction modelled within the program, i.e., occurrence of a trans- 

verse tension break point is assumed to automatically trigger a shear break 

point and vice-versa. This is because the physical phenomena resulting from 

these break points are identical. 

2.4.3. Failure Interactions 

Occurrence of ultimate layer failure is checked assuming the same three 

user defined interaction criteria used in the break point analysis. 

NOTE: The user's options on selection of interaction criteria have been 

discussed in detail in Section 4.3. 

2.5 CONCLUSIONS 

It is reiterated at this stage that no effort has been made in this anal- 

ysis to directly model the micro-mechanics of c,omposite failure with the 

exccption b f  the automatic occurrence of axial shear and transverse tension 
break points. Instead, the effects of these phenomena are simulated by 

controlling layer macroscopic stress-strain and failure properties' appro- 

priately. Unlike conventional laminate analysis, this code draws its input 

data not only from unidirectional. laminate behavior, but also from response 

of [0/90IS and [+45Is - laminates. The user has been given the maximum possible 

flexibility of selecting material input properties and interaction criteria,. 

to simulate, as closely as possible, the actual physical interactions in 

combined stress fields. These choices can become part.iriil.arly powerful when 

perfurming a quadratic interaction analysis. Variations in the interaction 



coefficient A have been found to alter the final predictions of laminate 
12 

behavior. The accuracy of the analysis is therefore largely dependent on 

the accuracy of the inputs. For a more complete discussion of this topic, see 

ref. 10. 

Appendix 9.3 presents a comparison of BILAM failure predictions with 

linear elastic laminate analysis predictions and results of tensile tests of 

several graphite/epoxy and S2-glass/epoxy laminates. This comparison shows 

that BILAM analysis provides consistently better qualitative and quantitative 

agreement with experiment than linear elastic laminate analysis. Huwever, 

since BILAM only considers in-plane effects (as also does linear elastic 

laminate analysis), stacking sequence ef f e c ~ s  axe aot  treated. Thcrc io 

strong evidence (see Appendix 9.3) that these phenonomena contribute signif- 

icantly to laminate failure. 



3. PROGRAM CHARACTERISTICS 
. . 

. . .  
. . .  . . 

3.1. TYPE 

This is an independent and self-sufficient program. In its present 

form it cannot be called as a subroutine by any other program, nor does it 

call any standard, library subroutines. It consists of a main program and 

twenty subroutines with a maximum of four levels in the program organization, 

as shown in Figure 10. Date storage is accomplished in twenty 'cornmon'blocks .. 

. and eight dimension statements as shown in  a able 1. 

3.2. SOURCE LANGUAGE 

Fortran IV 

3.3. SYSTEM REQUIRED 

.This program was written for the IBPI VMl370 System, and'is designed to 

run on either of the following compilers: . 

(i) WATFIV 

(ii) FORTRAN-F 

{iii) FORTRAN-G ' 

There are no interactive features. It can be run either on-line or batch- 

mode, from a terminallcard-reader. The output is designed for a logical 

.record length of 132 characters and can be either printed on any standard 

printer or deprinted on the terminal. 

3.4. PlISCELLANEOUS 

3.4.1. J. C. L. 

No J, C. L. stateiiiellLs art! incltided. with the program since these are 

system-dependent. The user must supply the necessary statements according 

to his requirements. 

3.4.2. Storage \ 

The storage requYrellier~ts are approximately 45,500 Bytes fo,r the dimen- 

sional constraints specified in Section 6.1. The object code needs approx- 

imstcly 35,800 Dytes while the rest is taken up for Array allocation. 

3.4.3. Running Time 

Running time estimates (on IBM 370lLT) are: 

(i). Compilation (a) WATFIV: 5.5 secs. 

(b) FORTRAN-C: 4.1 secs.  

(ii) Execution: Approximately 0.6 secs. per loadset per type of analysis. 



4. DESCRIPTION OF INPUT 

All inputs are format-free and accomplished with NAMELIST commands. 

Listings of sample inputs are enclosed with this manual (ref. 'Appendix 9.1). 

Input. arrays/variables are discussed below, by class. 

4.1. CLASS ELASTD 

Read in,subroutine DATA 1. Contains material elastic properties for 

each layer. 

AXE (K, I, L) : Axial Young's Modulus (forcelunit area) 

TRANE (K, I, L) : Transverse Young's Modulus 

G ( K ,  I, L) : Axial Shear Modulus 

AXNU (K, I, L) : Axial Poisson's Ratio 

SUBSCRIPT K : Material no. (maximum. 10) 

SUBSCRIPT I : 1 for tension 

2 for compression 

SUBSCRIPT L : 1 for pre- break-point properties 

(n+l) for properties after nth break point 

(See Section 2.3 for explanation of break point,) 

: Total number of laminates to be analyzed 

( I IU  limit) 

NMATLT, ; Total number of constituent materials 

(maximum 10) 

It is noted that the program cannot accomodate different properties in 

tension and compression for: 

(i) AXE and TRANE before "break point'. 

(ii) G and AXNU at any stage 

Statements 4 through11 of subroutine DATA 1 ensure that the above conditions 

are never violated. Hence it is not necessary for the user to input: 

(i) pre- break-point compressive values for AXE and TRANE 

(ii) any compressive values for G and AXNU 

4.2. CLASS CRITIC 

Read in subroutine DATA 2. Contains critical (viz. break point.' and 

ultimate) stresses and strains for each layer. 

CRITS (J, I, K, L) : Critical stress 



CRITE ( J ,  I,  K ,  L) : C r i t i c a l  s t r a i n  

SUBSCRIPT J : 1 f o r  a x i a l  

2 f o r  t r a n s v e r s e  

3 f o r  shear  

SUBSCRIPT I : 1 f.or t e n s i o n  

2 f o r  compression 

SUBSCRIPT K : M a t e r i a l  number (maximum J.0) 

SUBSCRIPT L : 1 f o r  va lues  a t  break p o i n t  

2 f o r  va lues  a t  f a i l u r e  

A s  i n  sub rou t ine  DATA 1, s t a t emen t s  2 through 5 ensu re  t h a t  c r i t i c a l  

va lues .  a r e  same f o r  p o s i t i v e  andnega t iveshea r .  The use r  need n o t ,  t h e r e f o r e ,  

i n p u t  t h e  c r i t i c a l  v a l u e s  f o r  nega t ive  shear  load ing .  

NOTE: The use r  may, f o r  h i s  r e f e r e n c e ,  choose t o  i n c o r p o r a t e  nega t ive  s i g n s  

f o r  c r i t i c a l  va lues  i n  compressive load ing .  The o p t i o n  rests with  t h e  u s e r ,  

s i n c e  t h e  program i s  designled t o  ope ra t e  independent ly  of t h e  i n p u t  s i g n .  

However, t h e  i n p u t  s i g n  i s  included i n  t h e  echo-print  of Sec t ion  5 .2 .  

4 . 3 .  CLASS OPT 1 

Read i n  sub rou t ine  LAMANS. Contains  t h r e e  v a r i a b l e s  t o  t h e  fo l lowing  

u s e r - c o n t r o l l e r  op t ions :  

NLOADS : T o t a l  Number of load  sets f o r  a n a l y s i s  (maximum 16) 

NSTRES(J): Gives t h e  op t ion  o'f p r i n t i n g  o u t  t h e  l a y e r  stresses aha s t r a i n s  

a t  an  i n p u t  l e v e l  of app l i ed  e x t e r n a l  load .  

= 1 f o r  e x e r c i s i n g  the  op t ion .  

= 0 (by d e f a u l t )  t o  bypass t h i c  p r in l -uu r  opkion. 

SUBSCRIPT J: Load set. s e r i a l  number (maximum -= NLOADS) 

NANS ; Total. t ypes  of ar la lyses  r equ i r ed  f o r  each load-se t  (maximum 9 ) .  

A s  i n d i c a t e d  i n  Sec t ion  2.3 ,  t h e  u s e r  can s e l e c t  a l l  p o s s i b l e  

combinations of t h e  t h r e e  a v a i l a b l e  f a i l u r e  c r i t e r i a  f o r  "break- 

po in t "  a n a l y s i s  and f a i l u r e  a n a l y s i s .  Thus, t h e r e  w i l l  be a  t o t a l  

of n i n e  o p t i o n a l  t ypes  of ana lyses  p o s s i b l e ,  a s  shown below: 

ANALYSIS NO. - CRITERION FOR CRITERION FOR 
.BREAK-POINT ANALYSIS FAILURE ANALYSIS 

1 Maximum stress Maximum s t r e s s  

2 Maximum s t r a i n  Maximum s t r a i n  

3 Quadrat ic  i n t e r a c t i o n  Quadra t ic  i n t e r a c t i o n  



Maximum stress 

Maximum stress 

Maximum strain 

Maximum strain 

Quadratic interaction 

Maximum stress 

Maximum strain Quadratic interaction 

Quadratic interaction Maximum stress 

9 Quadratic interaction Maximum strain 

If no value is input for NANS, the program defaults to the first three 

types of analyses listed above. 

A12 (K, Lj : Quadratic interaction coefficient (reference Section 2.1.3). 

If no value is input, it defaults to the value d e s c r i l t d  

in Section 7.2. 

SUBSCRIPT K : Material number (maximum 10) 

SUBSCRIPT L : 1 for coefficient at break point 

2 for coefficient at failure 

4.4. CLASS LOAD 

Read in subroutine LAMANS. Contains the different load sets (totalling 

NLOADS) acting on the laminate. 

ALOAD (I ,  J) Pooitive fnr tensile load. 

Negative for compressive (or tenso'rially negative shear) load, 

Zero (by detaulr) is t k c r a  is nn load, 

I f  t h c  layer stresses and straixls *re rcquir~rl to be printed 

at any 'predetermined level of external applied stress, 

ALOAD (I, J) must be equal to this applied stress level. 

SUDSCRIPT (I) : 1 for axial load 

2 for transverse load 

3 for shes% load 

SUBSCRIPT (J) : .load set serial number (maximum = NLOADS) 

4.5. CLASS OPTION 

Read in subroutine LAMANS. Called only if user has exercised his option 

to define t.he types of analyses required (i.e. if he has input a non-zero 

value for NANS in OPT1. Reference Section 4.3 for detailed discussion, 

including default. Also see Section 7.1). Sets the sentinel ISENT 

for user-defined modes of "break-pointW/failure analysis, viz. by maximum 

stress criterion, maximum strain criterion, or quadratic stress-interaction 

criterion (reference Section 2.1 for explanation). 



ISENT (J, K) : 1 for maximum stress cri'terion 

2 for maximum strain criterion 

3 for quadratic interaction criterion 

SUBSCRIPT J : Analysis number (Maximum = NANS) 
e .  

SUBSCRIPT K : 1 for "break-point" analysis (see Section 2.3) 

2 for failure analysis (see Section 2.3) 

NOTE: 1. If the user has exercised his option to select the type of 

analysis (i.e. if he has input a non-zero value for NANS), then it is 

essential to input a value of ISENT (J, K) for all J and all K: 

2. Same ISENT values will hold for every load set and every laminate 

input for a given run. 

4.6. CLASS GEOMED 

Read in subroutine GEOMET. Contains laminate geometry. 

N'LAY : Total number of layers in the laminate' (maximum 24) 

IMATL (I) - : Material number for ith layer. User has option of using any 

material in any layer 

ALPHA (I) : Orientation of layer (degrees) 

DELTA (I)* : Thickness of layer 

SUBSCRIPT I : Layer number (maximum = NLAY) 

NOTE: GEOMED must be repeated NLAMM number of times. 

*TO generate stress-strain curve instead of load-deformation curve, ensure 

that N k A y ~ ~ ~ ~ ~ ( ~ )  = 1. 
i = 1 

4.7. SAMPLE INPUTS - .. 7 .-.-- 

Sample .inpLts are presented in Appendix 9.1. 



5. DESCRIPTION OF OUTPUT 

5.1. MATERIAL ELASTIC PROPERTIES 

Echo-print of all input values in ELASTD. Printed in DATA1. 

5.2. BREAK POINT AND ULTIMATE STRESSES AND STRAINS 

Echo-print of input values in CRITIC. Printed in DATA2. 

5.3. LAMINATE SERIAL NO. AND GEOMETKY 

Echo--print of input values in GEOMED. Printe-d in GEOMET and LAMANS. 

5 .4. T..AMINATE LOAD 

Echo-print of applied forcesllength input in LOAD. Printed in LAMANS. 

5 ANALYSIS TYPE 

Echo-print of the inputldefault ISENT values. Printed in LAMANS. 

5.6. LAMINATE TANGENT STIFFNESS MATRIX 

Weighted sum of individual layer stiffness matrices (weight factor being 

the layer thicknesses). Recalculated at every break point,.it gives the 

local tangent stiffness matrix of the laminate. Printed in LAMSTF. 

5.7. LM4INATE TANGENT ELASTIC NODULI AND POISSON'S RATIOS 

Calculated at every break point from laminate tangent stiffness matrix. 

Printed in LAMSTF. 

5.8. APPLIED FORCES/LENGTH - ~ .. 

The external applied forces/length (in laminate coordinates) at break 

pointlfailure level, are printed in BREAKIFAIL. 

5.9. LAMINATE TOTAL STRAINS 

The cumulative laminate strains in laminate coordinates are printed in 

BREAKIFAIL. 

5.10. LAYER STRESSES - IN LAMINATE COORDINATES 

Cumulative layer stresses in laminate coordinates are printed in 

5.11. LAYER STRESSES AND STRAINS IN LAYER COORDINATES 

Cumulative stresses and strains in the layer at ith break point/failure 

and at the prescribed level of applied external stress, are printed in BREAK/ 

FAIL. 

5.12. STATUS MESSAGES 

(i) Message predicting ith break point/failure, and containing information on: 

(a) which layers have reached break pointlfailure, and 

(b) in what mode. 

-20- 



(ii) Message indicating that the applied load has reached the prescribed input 

level. 

(iii) Message indicating when all layers have reached shear and/or transverse 

tension break point. 

(iv) Message indicating ,first fiber failure. 

5.13. LEGEND 

(i) Explanation of analysis-type numbering, i.e. 

1 = maximum stress criterion 

2 = maximum strain criterion 

3=.quadratic interaction criterion 

(ii) Explanation of mode numbering, i.e. 

1 = axial 

2 = transverse 

3 = shear 

5.14. SAMPLE OUTPUTS 

Sample outputs are enclosed ' in appendix 9.1 .. 



6. RESTRICTIONS 

6.1. DIMENSIONAL RESTRICTIONS 

(i) Number of materials : 10 

(ii) Number of layers i n a  laminate : 24 

(iii) Number of load sets : 16 

(iv) Number of analyseslload set : 9 .  

(v) Number of laminates/run : No limit 

6.2. TYPES OF LOADS 

This program cannot handle flexural or thermal loads. Only plane 

stress problems can be analyzed. Therefore, this program cannot be used to 

analyze non-symmetric laminates since there is no flexural coupling in the 

program. It is noted that, as a result, computational time and storage space 

can be reduced when analyzing Bymmetric laminates by performing an analysis 

on only one half of the laminate. Since only in-plane stresses and deform- 

ations are treated, no flexural deformations are allowed to occur. Therefore, 

analyzing the total symmetric laminate provides redundant information. 

This program can only be used to study laminate behavior under monotonic 

increasing proportional loading. 

6.3. MATERIAL PROPERFfES 

Material elastic properties prior rn break point are required to be 

identical in tension and compression. Axial Poisson ratio and shear modulus 

must be equal in tension and compression both before and after the break 

point. The program is designed so that input tension values will be used in 

the above situations for stiffness and stress-strain calculations. 
, . 



7. OPTIONS AND DEFAULTS 

This section summarizes information in user-controlled.options, and 
. .  . 

respective defaults presented in,Section 4. 
. . .  

7.1. TYPES OF ANALYSES 

The user can select any (or all) possible combinations of the three 

available failure criteria to check the occurrence of break points and/or 

failure?, viz. 
I 

(i) Xaximum stress criterion 

(ii) Maximum strain criterion 

(iii) Quadratic stress-interaction criterion 

See Section 2.1 for explanation. The user exercises this option by assigning 

any desired non-zero value for NANS in OPT1 (reference Sectio~i 4.3), and 

by making an appropriate selection of ISENT values in OPTION, as shown below: 

CRITERION ISENT 

Maximum stress 1 

Maximum strain 2 

Quadratic interaction 3 

NOTE: Non-zero ISENT values MUST be input if NANS # 0. If NANS = 0 (either by 

input or by default), the following default analyses will be performed: 

ANALYSIS BREAK-POINT ANALYSIS FAILURE ANALYSIS 

SERIAL NO. CRITERION ISENT VALUE CRITERION INSENT VALUE 

1 Maximum ISENT (1, 1) = 1 Maximum ISENT (1, 2) = 1 

Strain Strain 

2 Maximum ISENT (2, 1) = 2 Maximum ISENT (2, 2) = 2 

Stress Stress 

3 Quadratic. ISENT (3, 1) = 3 Quadratic ISENT (.3, 2) = 3 
Interact ion Interaction 

7.2. QUADRATIC INTERACTION COEFFICIENT --- 
A12 values can be selected by the user in OPT1. In case no value is 

input, the program defaults to the following value 

7.3. INPUT LOADS 

If 110 value is input for ALOAD in LOAD, the program reads it as zero 

(no load) by default. 



7.4.  PREDETERMINED APPLIED STRESS LEVEL 

The u s e r  can op t  t o  have t h e  s t a t e  of t h e  lamina te  viz. t h e  stresses 

and s t r a i n s  i n  each l a y e r  and t h e  l o c a l  t angent  s t i f f n e s s  ma t r ix  of t h e  

l amina t e ,  p r i n t e d  i n  any d e s i r e d  l e v e l  of app l i ed  stress. This  is  done 

by a s s i g n i n g  t h e  v a l u e  1 t o  NSTRES i n  OPT1, and i n p u t t i n g  t h e  a p p r o p r i a t e  

stress l e v e l  ALOAD i n  LOAD. I f  no va lue  i s  en te red  f o r  NSTRES, t h e  program 

s k i p s  ' t h i s  o p t i o n a l  p r i n t o u t .  
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Table 1. Data Storage Allocation 

LOCATION & VARIABLE~ARRAY 

COMMON/LOC l/AXE, TRANE,,AXNU, G 

COMMON/LOC 2/All, A22, A44, BZ, B2, A12 

COMMON/LOC ~/CRITE, CRITS 

COMMON/LOC 4/NLAY, IMATL, ALPHA 

COMMON/LOC. 5 IALOAD, NLOADS , IEL , ELOAD , 
NSTKES . . .  . 

ACCESSED IN SUBROUTINES 

STIFF, DATA1 

QDRCFS, QRAT 

DATAZ, QDRCFS, RAT 

GEOMET , LAYSTF , STIFF,, LAMSTF, 
STRESS, RAT, QRAT, FABIG, BRBIG, 
FAIL ,. BREX , LAMANS, APLOAD 

LAMANS, STRESS, APLOAD, BREAK, 
FAIL ,. 

., . ,, , , 

COMMON/LOC 6/BEPS,,BSIG, EPSLAY, SIGLAY, STRESS, LAMANS, RAT, FAIL, 
EPSLAM, T BREAK, QRAT, APLOAD 

COMMON/LO'C . . 7/ISENT, IBREAK LAMANS, RATIO,.LAYSTF, BREAK, RAT 

COMMON/LOC 8/A12. 

COMMON/LOC 9/DELTA 

COMMON/LOC ~O/IQB,. MB1, KB1, ILM 

COMMON/LOC 11/LI, IL, F 

COMMON/LOC 121~1 

COMMON/LOC 1 3 / ~ ~ ,  TE, ALPHAR, C3, CALPHA 
SALPHA 

COMMON~LOC 14/SBAR 

COMMON/LOC ~ ~ / F B A R  

COMMON/LOC ~~/BRATIo, FRAT10 

COMMON~LOC 1.81 MF, KF,, FBIG, FBIGP, M F 1  , 
KF1, IQF . 

CO-MMON/LOC f9/ PIB, KB, BBIG, BEST, BBIGP 

COMMON/LOC 20/AX80ADB, ALOADF, CELAMB , . . .  

CELAMF, GSTG 

LOCATION & VARIABLE~ARRAY 

DIMENSION A, B 

DIMENSION X, Y, Z 

DIMENSION EPSLAM, SLAY, .T 

DIMENSION S 

DIMENSION QRATIO 

DIMENSION XRATIO 

DIMENSION FSIG, FEPS 

DIMENSION TRANU 
. . ,  

DIMENSION APLODB, CAPLAM, APEPS, APSIG 

QRAT, QDRGFS, LAMANS 

GEOMET, LAMSTF 

LAYSTF, BREAK, RATIO : 

STIFF, LAYSTF 

LAMST@, LAYSTF 

STIFF, TFORM, STRESS, BREAK, 
FAIL, APLOAD 

STIFF, LAMSTF 

LAMSTF, LAMPRT, STRESS 

RATIO, RAT, BRBIG, QRAT, LAMANS, 
FABIG, .BREAK, LAY STF 

QRAT, BREAK 

RATIO, FABIG, FAIL 
I .  a 

I 

RATIO, BRBIG, BREAK 

LAMANS, FAIL, BREAK,' APLOAD 

ACCESSED IN SUBROUTINES 

MATINV 

MXMlTLT 

STRESS 

LAY STF 

QRAT 

RAT 

FAIL 

STIFF 
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Figure 3 .  Schematic of c o q o s i t e  l a y e r  sub j ec t ed  t o  in-plane s t r e s s e s .  
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Figure 9 .  General Flowchart 
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9 .  APPENDIX 

9 .1  PROGRAM LISTING AND SAMPLE CASES 

9.1 .1  BILAM Program Listing 



BILAM 

C-----FORTRAN PROGPA1.i FOR LF.:.iIMATE ANALYSIS OF COliPOSITES I;SSUI.III.lG DILI1IEP.T. 
c----- L'ATERIAL PPOPERTIES 
c----- 14AI lJ PR0GRAI.I 

CALL DATA1 ( l:LfJ1r NI.IATL) 
CALL LAtlAblS ( l;LALlr NI.IATL) 
STOP 
END 

C 
C 

SUBROUTINE DATA1 (KLAIG, NAl.lTL) 
c----- T H I S  SUBROUTINE READS I N  THE IzaTERIAL ELASTIC PROPERTIES 

COIII.lON/LOCl/AXE(10,2,2) , T R A M E ( 1 0 , 2 , 2 )  ,AXElU(10,2 ,5)  , G ( 1 0 , 2 , 2 )  
NAI.IELIST/ELASTD/AXE : TRANE , GI AXNU, NLAI.lI.1, NI.IATLL 
READ ( 5 ,  ELASTD) 
l?LAI.I= t!LAI.lI.l 
MI.II\TL= I.lt.rATLL 
DO 5 R-1 ,NIriTL 
A X E ( K , 2 r l ) = A X E ( K , 1 , 1 )  
TRA1JE(K,2,1)=TRAME(K11,1) 
G ( K , Z , l ) = G ( K , l , l )  
G ( K , 2 , 2 )  = G ( K , 1 , 2 )  
DO 5 L I = 1  , 5  

5 p X N U ( 1 ( , 2 , L I ) = A X N U ( K , l , L I ]  
W R I T E ( 6 , l B )  

1 0  FOPJ4?iT (// , 2X,  'VATERIAL ELASTIC PROPERTIES: '1  
W R I T E ( 6 , Z Q )  , 

2 0  FORI.IAT (/// , 2X1 ' PP.OPERTIES BEFORE BREAK-POINT: ' ) 
W R I T E 1 6 . 3 0 )  . - . - - .  

3 0  FOGIAT ( / ,  Z X ,  'MATL' ,6X,  'AXIAL YOUHGS MODULUS' ,6X,  'TRANS YOUMGS I.IODU 
*LUS' ,7X1 'SHEAR' ,8X: 'AXIAL'1  

KRITE ( 6  : 4 0 )  
4 0  FORPlAT(3X, 'NO' , 5 9 X ,  'k.1ODULUS1 1 6 x 1  ' POISSOr1' 

t 7 R I T E ( 6 , 5 O )  ' 

58 FON.lAT(5X,2  (7X1 'TEMSIOII' ,7X,  'COI.IPR1 ) , 2 1 X r  'RATIO'  ,/) 
DO 6 0  K=l,N!IATL 

6 0  W R I T E ( 6 , 7 O ) K , A X E ( K , l I l )  :AXE(Kr2:1)  , T R A N E ( K , ~ , ~ )  , T R A N E ( K , ~ , ~ )  , G ( K r l  
* , l )  r A X N U ( K r l r 1 )  

70 FORI.IAT(3X,I2:3X16(E13.4)) 
WRITE ( 6  ,8O)  

8 0  FORl4AT (/// , ZX, ' PROPERTIES AFTER BREAK-POINT : ' 1 
[:?RITE ( 6 , 9 0 )  

90 FORI4AT ( / ,  2X, 'MATL' ,6X1 'AXIAL YOUHGS I.IODULUS' t 6 X :  'TRANS YOUNGS I4ODU 
*LUS',~X,'SHEAR~,~~X,'******* AXIAL POISSONS RATIO * * * * * * * ' I  

W R I T E ( 6 , 1 0 0 )  
1 0 0  FORI~IhT(3X,'N0',59XI'I~1ODULUS') 

WRITE ( 6  1 1 0 )  
1 1 0  FORElAT(5X,2(7X1 'TENSION'  :7X, 'COI.lPR1) , 2 0 X r  'AX COIIPR' ,3x1 'SHEAR/T T E  

*lJSI ,3X,  'TR COMPR' , 7 X r  'QUAD' 
DO 1 2 0  K=lINI4ATL. 

1 2 0  I I H I T E ( ~ : ~ ~ ~ ) K , A X E ( K , ~ ; ~ )  , A X E ( K , 2 : 2 )  , T R A N E ( K : 1 p 2 )  r T R A t l E ( K r 2 1 2 )  , G ( K r  
* l r 2 )  , A X N U ( K t l r 2 )  : A X N U ( R r l r 3 )  r A X W U ( K : l r 4 )  rAXNU(Kr1:S)  

1 3 0  F O N . I I \ T ( ~ X , I ~ , ~ X I ~ ( E ~ ~ . ~ ) )  
CALL DATA2 ( NNATL) 
RETURN 
END 

C 
C 

SUEiROUTlPIE DATA2 (?II.IATL) 
c----- T H I S  SUBROUTINE READS I N  CRITICAL STRESSES 6 STRAINS FOR EACR 1,lATERIAL 

COEIIIIOH/LOC~/CRITC(~,~ I C R I T S  ( 3  r 2  1 1 0  1 2 )  
NAI.IEL IST/CRITIC/CRITE, CRITS 
R E A D ( 5 , C R I T I C )  
DO 9 0  L I = 1 , 2  
DO 5 K = l  r Nl'lATL 
C R I T S ( 3  ,2,KrLI)=CRITS(3,1,K,LI) 

. 5 C R I T E ( ~ ~ ~ , K : L I ) = C R I T E ( ~ ~ ~ I K : L I )  
I F ( L I . E Q . 2 ) G O  TO 2 0  
WRITE ( 6 , l O )  

l o  F O W i T ( / / / , 2 X , ' I N P U T  BREAK-POIl.lT STRESSES 6 STRAINS: ' )  
GO TO 40 

2 5  t I R I T E ( G 1 3 0 )  
3 0  FORI.IIIT(/// :2X, ' INPUT ULT1:l;tTE STRESSPS & STRAIIIS: ' 1  
4 0  M R I T E ( 6 , 5 0 )  
5 0  FORi:IAT(/ ,27X:  'STRESSES'  , 4 0 X ,  ' S T R P ~ I I J S '  ) 



liI?ITE(G ,6U) 
G G  FON.'AT(/,7X, '1.lATL' ,5Xr 'AXIAL' ,EX, 'TRANS' ,CX, 'SIIEAR1 ,lGC, 'AXIAL' ,EX 
*,'TRAI~1S1 ,EX, 'SHEAR') 

90 COIITINUD 
' CALL QDRCFS ( N1,IATL) 
RETURN 
END 

C 
C 

SUBROUTINE QDRCFS (1Cl.IATL) 
c----- THIS SUBROUTINE COI.IPUTES QUADRATIC BREAK-POIPIT 6 FAILURE CRITERIA CO-CFFS 

COl;llON/LOC2/A11(10,2~ ,A22(10,2) ,A44(1PI2) ,B1(10,2) ,B2(10,2) 
C O I ~ ~ I ~ I O E I / L O C ~ / C R I T E ( ~ , ~ , ~ ~ , ~ )  ,CRITS(3,2,18,2) 
co~n:oa/~oce/~i~ (10,~) 
DO 10 K=l,NIIATL 
DO 10 LI=l,2 
A11(KlLI)=1./(CRITS(1,1,K,LI)*ABS(CRITS(l,2,K,LI))) 
A~~(K~LI)=-~./(CRITS(~,~~K,LI)*CRITS(~,~,K,LI)) 
A22(K,LI)~1./(CRITS(2,llK,LI)*AES(CRITS(2l~lKlLI)~~ 
A42 (K,LI)=(1./CR1TS(3,lrK,LI)) * * 2  
~l(K,LI)=1./CRITS(l,1,K,LI)-1./AES(CRITS(l,2lK,LI~ 
B2(K,LI)=1./CRITS(2,1lK,LI)-l./ABS(CRITS~2,2lI~,LI~~ 

10 COtITINUC 
RETURN . 
END 

C 
C 

SUUROUTIIJC LAblAIbIS (NLRI.1, NI.IATL) 
c----- THIS SUBROUTINE PERFON4S LAPIINATE ANALYSIS OP1 EACH LAtlIWATE FOR EACH 
c----- LOAD-SET. 

CO1~11~lOl~/LOC4/Ir'LAY, IIIATL ( 24) ,ALPHA ( 24) 
COllI~lO~I/LOC5/ALOAD (3.16) ,MLOADS, IEL, ROAD (3.16) . MSTRES (16) 
COF~~~O~/LOC~/ISENT ( 9,2) , IBREAK ( 24) 
COEIl~IOH/LOCB/A12 (18,2) 
COl~lI~lON/LOCl6/BRATIO (3,241 ,FRAT10 (3,24 ) 
COI~~~ION/LOC2O/ALON)U (3) ,ALOADF (3) , CELAIIB (3) ,CELAI.lF (3) ,GSIG (3 124) 
I.?A!lELIST/OPrl/l~LQ~PS,N~~S.A12 .ASTRES 
NNEi IST/LOAD/ALOAD 
HAI.IELIST/OPTIOtJ/ ISEIJT 
MAIIS=I 
READ(5,QPTl) 
FIRITE(6,S) 

5 F0nkP.T (,'/// ,5I;, ' QUABlViTIC IWTEMCTIU!h CU-2E'YlCLEN'I'S : ' 1 
' wRITE(6.6) 
6 FORINAT (// , 5X, '1fATERIAL1 , 5X, ' BREAK-POINT' ,5X, ' FAILURE' , / / I  
DO 7 1=1 ,NPIATL 

7 WRITE(6,E) I,A12(1,1) ,A12(1,2) 
8 FON~IAT(EX,I2,4X,2(5X,E10.3)) 
DO 10 I=1,3 
DO 10 L=l,NLOADS 

10 ALOAD(I,L)=Q.B 
IF(Nld*lS.NE.O)GO TO 40 
MANS=3 
DO 30 J=l,NAMS 
DO 30 I(=1,2 

30 ISENT(J,I()=J 
GO TO 61) 

40 DO 50 J=l,NANS 
DO 5(1 K=1,2 

58 ISENT(J,R)-0 
READ (5 OPTIOtl) 

68 READ(5,LOAD) 
DO 248 NL=l,NLAM 
I.lRITE(6.7'J) PL 

70 FORIWT (1~1;// ,ZX, 'LAIIINATE',I3) 
CALL GEOtICT 

. - - - . - . - - , 
80 F0Rr.aT (/////// ,3'8X, ' LONG ITUDINhL TRANSVERSE SHEAR' ) 

ICRITE (6,98 ) ( ALOAD ( I, L) , I=1,3.) 
90 FOFJ4AT(2X, ' APPLIED LAMINATE FORCES/LENGTH : ' 8 3  ( 5X, E10.3) ) 



DO 9 5  I = 1 , 9 5  
I F  (ALOAD(1,L)  .IIE. 0 )  GO 'I'O 9 6  

9: COilTINUB 
9 6  I E L - I  

DO 9C I = l , 3  
9 8  ELOAD ( I ,  L )  =ALOAD ( I ,  L)  /ALOAD ( IEL, L )  

DO 24C J A = l ,  HAi.1S 
IFLAG=O 
ISTOP=D 
k l R I T E ( 6 , l O Q )  J A  

1 0 0  FORPIAT(////,5Xt 'AI.lZLYSIS PJUI.IBER' ,I), ' : ' )  
V:RITE(6 ,120)  ( I S E N T ( J A w L I 1 )  , L I 1 = 1 , 2 )  ' 

1 2 8  FORE.IAT(/,5Xl'BREAI:-POIlJT A I J A L Y S I S = ' , I ~ ~ ' ;  FAILURE A N A L Y S I S = ' , I 3 )  
DO 1 2 2  L I 1 = 1 , 2  
I F ( I S E M T ( J A , L I l )  .EQ.O)GO TO 2 3 5  

1 2 2  COlJTINUE 
1 4 R I T E ( 6 , 1 2 8 )  

1 2 8  FORl4Al'(/, 5X, ' ( l=I.UiX STRESS CRITERION; 2=I.XX STRAIN CRITERIOII ; 3= 
*QUADWLTIC IMTERACTIOH CRITERION) ' )  ' 

1 3 0  DO 1 4 8  I<=l,NLAY 
IBREAI; (I:) = O  
DO 1 4 8  I i = 1 , 3  
BRAT10 (1.1, K) = - 1 6 0  .D : 
FPATIO (I.I,K) = - I 0 0  . O  
DEPS(I.;,R)=O.O 

1 4 C  BSIG(I l ,C)=O.O 
DO 1 4 5  1-1=1,3 
CELAMB(N) =I . 0  
CELAMF(R) = 0 . 0  
ALOADB(I4) ~ 0 . 0  

1 4 5  ALOADF (I:) = 0  . 0  
ERE=Li.OYl 
LOOP=l 
IPRINT=O 

1 5 0  CALL LAYSTF (LOOPrKw IFLAG, J A )  
IF( IFLAG.NE.  2 )  GO TO 1 7 0  
IF( IPRINT.EQ.~)  GO TO 1 7 0  
I P R I N T = l  
I F ( I S E l J T ( J A , l )  .E?E.3)GO TO 1 5 9  

1 5 2  YlRITE(6 , 1 5 4 )  
1 5 4  FORIWT (// , SX, 'QUADRATIC BREAK-POINT REACHED ItJ EVERY LAYER' 

GO TO 1711 
1 5 9  I \ r R I T E ( 6 , 1 6 0 )  
1 6 0  FORI.IAT (// , 5X , ' SHEAR &/OR TRANSVERSE BREAK-POINT REACHED I N  EVERY L 

*AY ER' ) 
1 7  0 CALL LAblSTF ( I S T O P ,  NLAY) 

I F ( I S T O P . E Q . 3 ) G O  TO 2 0 0  
CALL LAMPRT 
CALL STRESS ( L )  
CALL RATIO(LOOPrJAwIFLAG,ERR~LrISTOP) 
I F ( I S T O P . E Q . 5 ) G O  TO 2 3 3  
I F ( I S T O P . E Q . 6 ) G O  TO 2 3 1  

I F ( I S T O P . E Q . 7 ) C O  TO 220 
I F ( I F L A G . E @ . l ) G O  TO 1 5 0  
WRITE ( 6  , 1 7 5 )  

1 7 5  F0RtU.T (// w 5 X ,  ' F I R S T  F I B E R  FAILURE' ) 
GO TC 2 4 0  - - - - - - - 

ZUld I'IHITE (b , Z l Y )  
2 1 0  FORl.IAT (// , 5 X f  'LAMINATE S T I F F N E S S  bIATRIX I S  SItlGULAR' ) 

GO TO 2 4 0  
2 2 0  WRITE ( 6 , 2 2 5 )  
2 2 5  FORPIAT (// 5X , ' BOTH QUADFATIC ROOTS ARE OF 

*RVE I S  MOT E L L I P T I C ' )  
GO TO 2 4 0  

2 3 1  W R I T E ( 6 , 2 3 2 1  
2 3  2 FORbIAT ( / /  ,5X , ' QUADRATIC ROOTS ARE COEIPLEX 
. GO TO 2 4 0  

2 3 3  VJRITEf6 .234)  

SAME SIGt1. INTERACT1011 CU 

RECHECK INPUTS. ' ) 

2 3 4  FORI.I~T(/ / ,SX,  'NO AXIAL FAILURES. LAMINATE F A I L S  DUE TO EIATRIX DEGE 
*NERATIOF1 ) 

GO TO 2 4 8  - . - - - - - 
2 3 5  I F ( L I 1 . E Q . l ) G O  TO 2 3 8  

W R I T E ( 6 , 2 3 7 )  
2 3 7  FORI,RT (// , 5X, ' IhXALID OPTIOE1 011 CRITERIOlI FOR FAILURE MIALYSIS ' ) 

GO TO 2dG - . - - - . - 

2 3 8  P J R I T E ( 6 , 2 3 9 )  
2 3  9 FORMAT (// , 5X ' II.R'ALID OPTIOI: 011 CRITERIOII 'OR BREAK-POIIJT ANALYSIS 

* ' I  
2 4 0  COFTIMUE 

RETUPJI 
Elln . 



C 
C 

SUUPOUTIllE GEOllET 
c----- T H I S  SUBF.OUTIt1E READS IN TIIE LAI.111-IhTE GE0b:ETRY. 

COlll~lOll/LOC4/NLAY~ 1I:ATL ( 2 4  ) , ALPBA ( 2 4  ) 
C O ~ ~ ~ . ~ O I ~ / L O C ~ / D E L T A  ( 2 4  ) 
l:W.iELIST/GEOIIED/lJLAY, 1I.IATL ALPHA, DELTA 
READ ( 5 ,GEOIIED) 
P J R I T E ( 6 , l O )  

1 0  FORI.~AT (/// , 2 X ,  'LAYER' ,ZX, ' l4ATCRIAL' ,2X,  'TH1CI;MEES' ,2X,  'ANGLE') 
DO 2 0  K=l,NLAY 

2 0  I . JRITE(6,30)K,II , lATL(K) ,DELTA(IO ,ALPBA(IO . . 
3 0  F O R I ~ V S T ( ~ X , I ~ ~ ~ X ~ I ~ ~ ~ Y . , F ~ . ~ ~ ~ X , F ~ . ~ )  

RETURN 
Eld D 

C 
C 

SUBROUTINE LAYSTF (LOOP,I:, IFLAG, J A )  
c----- T H I S  SUBROUTINE COtIPUTES LAYER S T I F F N E S S  14ATRICES I N  LAt,IItlATE CO-ON) 

COllI~lO~/LOC4/NLAY, IhIATL ( 2 4 )  ,ALPHA ( 2 4 )  
COll1~lO~/LOC7/ I S E N T  ( 9 ~ 2 )  , IBREAK ( 2 4 )  . 
COI~IPIOI . I /LOC~G/IQB,I~IE~ ( 2 4 )  t K B l ( 2 4 )  r ILI . l (3  , 2 4 )  
COI~II~IOPl/LOC11/LI ( 4 )  t I L ( 4 )  , C ( 3 , 3 )  
C O I . ~ I ~ ~ U P I / L O C ~ ~ / S ~  ( 3,3 , 2 4  ) 
COI~~~I~ IOEI /LOC~~/BRATIO ( 3  r 2 4 )  , FRAT10 ( 3 , 2 4 1  
I F  (LOOP. EQ. 1 )  GO TO 1 1 0  
DO 9 0  I=l , I Q B  
K = K B l (  I )  
l.lBQ=l,iBl ( I ) 
I I=I I . IATL(K)  
DO 1 0  1-1=1,2 

1 0  IL(t.:) =ILI.I(M,K) 
I F ( I S E N T ( J A , l )  .NE.3)GO TO 3 0  
DO 2 0  I l = 1 , 3  

2 0  L I  (1.1) = 2  
L I ( 4 ) = 5  
IBREAK (K) =1 
GO TO 7 0  

3 0  IF(ME@:EQ.l)GO TO 60 
TF(TT. l~ l (2 ,K)  .FO.1 ) G n  Tn 5 B  
IF(KBQ.EQ.3)GO TO 4 0  
L I  ( 2 )  = 2  
L I ( 4 ) = 4  
QO TO 7 0  

4 0  L I ( 3 ) = 2  
L1(4) =3 
IBREAK (K)  -1 
GO TO 7 0  

5 0  L I ( 2 ) - 2  
L I ( 3 ) = 2  
L 1 ( 4 ) = 3  
IBREAK (K) =1 
GO TO 7 0  

611 L I ( 1 ) = 2  
~ l ( 4 )  " 2  

7 0  CALL S T I F F ( K )  
DO 9 0  I . I = l r 3  
DO 9 0  J=1,3 
S l ( I . l , J , K ) = C ( I i , J )  

9C COPITINLIE 
DO 1 0 0  K=l,NLAY 
I F ( I B R E A K ( K )  .E@.O)GO TO 1 5 0  

1 0 0  CONTIIIUE 
IFLAG=2 
GO TO 1 5 0  

1 1 0  DO 1 2 0  1.1=1,4 
I L  (14) =l 

1 2 0  L I ( M ) = l  
DO 1 3 0  I(=l,NLAY . 
CALL S T I F F  (K)  
DO 1 3 0  1~1=1,3 
DO 1 3 0  J=1,3 

1 3 8  S 1  (I.i, J , K ) = C ( I . l ,  J )  
1 5 0  RETURN 

END 
C 
C 



SUEROUTiNE STIFF (I:) 
c----- THIS SUBROUTINE CO1,IPUTES INDIVIDUkL STIFFNESS TERMS AS PEE COIIDIT 
c----- SET OUT ItJ SUBROUTIITE LAYSTF. 

COI11~lOM/LOC1/AXE(10,2,2) ,TRANE(10,2,21 ,AXlIU(10,2,5) ,G(10,2,21 
COllIlO~/LOC4/KT.AY, II4ATL ( 24) ,ALPEIi ( 24) 
COIIIIOR/LOC11/LI(4) ,IL(4) ,C(3,3) 
COIII~iOM/LOC13/TS(3,3) ,TE(3,3),rALPtiAK(24) ,C3(3 r3,24) pCALPHA(24) ,ShLP 
*HA(24) 
COI~lNOtl/LOC14/SBAR (3,3) 
II=INATL(R) 
TWJW=AXHU(II,IL(~) ,LI(~))*TRANE(II,IL(~) ,LI(2))/AXE(II,IL(l) ,LI( 
*I)) . 

C(2,3)=0. 
C(3,1)=C. 
C(3,2)=0. 
C(3,3)=G(IIrIL'(3) ,LI(3)) 
ALP~IAR(I() =ALPHA(K) *3.1415927/180. 
DO 10 I=lr3 
DO 10 J=1,3 

10 C3(I,J,K)=C(I,J) 
CALL TFOEt? ( K ) 
CALL IWI1ULT (C ,  TE, SBAR, 3,3,3) 
CALL MXI.IULT(TS,SEARrC,3,3,3) 
RETUNJ 
END 

C 

SUEROUTINE TF0RI.I (K) 
C-----THIS SUEROUTINE COt.lPUTES THE STRESS & STRAIN TRAMSFON.~ATIO~I 1.4ATRI 

COl4b:OIJ/LOC13/TS(3,3) ,TE(3,3) ,ALPHAR(24) ,C3(3,3,24) ,CALPKA(24) ,,SALP 
*HA (24) 
CALPHA(K)=COS(ALPHAR(Io) 
SALPHA(K) =SIEI(ALPHAR(K) ) 
TE(l,l)=CALPHA(K) **2 
TE(lf2)=SALPHAfK)**2 
TE ( 1,3 1 =SALPHA (K) *CALPHA (K) 
TE(2,1)=TE(1,2) 
TE(2,2)=TE(l,ll 
TE(2,3)=-TE(lP3) 
TE(3,11=TE(2,3)*2. 
TE(3,2)=TE(1,3)*2. 
TE(3,3)=TE(l,l)-TE(1,2) 
DO 10 I=1,3 
DO 10 J=1,3 

10 TS(I,J)=TE(J,I) 
RETURN 
END 

C 
C 

SUDP.OUTINE MX1,IULT (XvY, Z rN1 ,N2 110) 
c----- THIS SUBROUTItJE PRE-14ULTIPLIES A (N2XM3) I,lATRIX DY A (tIlXM2) MTRIX. 

DIMENSIOlJ X(3,3) ,Y(3,3) ,Z(3,3) 
DO 10 I=l,l?l 
DO 10 J=lrN3 
Z(I,J)=G.O 
DO 10 K=l,lJ2 

la z(I,J)-~(I,J)+x(I,K)*Y(R,J) 
RETURN 
END . . 

C 
C 

SUBROUTINE I.lATINV(A, Bf IPN, W) 
c----- THIS SUBROUTINE INVERTS A (IJXN) IrATRIX BY GAUSS-JORDAH REDUCTIOH WITHOUT 
c----- PIVOT I 1-IG 

DIMENSION A(3,3) ,B(3,3) 
INV=1 
DO 30 K=l,N 
DO 10 J=l,N 
IF(J.EQ.K)CO TO 10 
IF(AES(A(I:,C)) .LE.1 .OE-20)CO FO 56 
A(K,J) =A(I : ,  Jl/A(KrIO 

10 COtlTIIJUE 



I F ( A C S ( A ( I : , I < l )  .LE.l .OE-2fi)GO TO 50 
A ( K , I : ) = ~ . / A ( s , I : )  
DO 2 5  1=1 ,I? 
I F ( I . E Q . I O G 0  TO 2 5  
DO 2 6  J = l , l J  
I F ( J . E Q . I < ) G O  ?O 2 0  
A(I,J)=A(I,J)-A(I:,J)*A(I,I:) 

2 0  COIITIIIUE 
2 5  CONTINUE 

DO 3 0  I = 1 , 1 J  
I F ( I . E Q . K ) G O  TO 3 8  
A(I,I:)=-A(I,I:)*A(K,I<) 

3 0  CONTINUE 
IW=1 
DO 4 0  I = l , N  ' 

DO d 0  J = l , N  
so B ( I , J ) = A ( I , J )  

GO TO 6 0  
5 0  I W = 8  
6 0  RETURN 

END . . 
C 
C 

SUBROUTII~IE LAMSTP ( I S T O P ,  N L ~ Y )  
c----- T H I S  SUBROUTINE COI.IPUTES LAI.IIMATE S T I F F N E S S  1-IRTRIX I t l  LAbIINATE CO-ORDS. 

COlIl~lON/LOC9/DELTA ( 2 4  ) 
C 0 l l l ~ l O ~ / ~ O C 1 2 / S 1 ( 3 , 3 , 2 4 ' )  
C O H I ~ ~ O M / L O C ~ ~ / S B A R  ( 3 , 3 )  . . 
COliPiOM/LOC15/FDAR ( 3  1 3 )  
DO 1 0  I = l r 3  
DO 1 0  J=1,3 
S D R R ( I , J ) = 8 . 0  
DO 1 0  K=l,NLAY 

l o  SBAR(I, J)=SBAR(I,J)+S~(I,J,K)*DELTA(K) 
I'IIIITE ( 6 , 2 8 )  

2D FON.1AT (/// , 5X,  ' LAMINATE TANGENT S T I F F l J E S S  1,WTRIX : ' ,/) 
DO 3 0  . I = 1 , 3  

3B w ~ 1 T ~ ( 6 , 4 0 )  ( S E A R ( 1 , J )  , J = 1 , 3 )  
4 0  F O R l . l A T ( 5 X , 3 ( E 1 1 . 3 , 3 X ) )  

CALL 1.lATINV ( SEAR, FBAR, INVEI, 3 )  
I F ( 1 W f l .  EQ. 0 )  I S T O P = 3  
RETURN 
END 

C 
C 

SUBROUTINE LAI-IPRT 
c----- T H I S  SUBROUTINE EVALUATES THE LC.I,IINATE ELASTIC PROPERTIES 

COnl~lOti/LOC15/PDAn ( 3 , 3 )  
k!KITE(GllO) 

1 0  FOW~AT (/, 5)1, ' LAI.IINATE TANGENT HODULI h P6fSSOn k%TIOS: ' r / )  . 
A X ~ D A R - ~ . / P D A R ( ~ ~ I )  
TREBAR=l . /FBAf: (2 ,2)  
AMUDAE=-FDRP.(2,1)/FEAR(l,l) 
TNUBm=-FBAE(1,2)/FBRR(2,2) 
GBAR=l . / F D A R ( 3 , 3 )  
I'IRITE ( 6 , 2 0 )  

2 0  FORE.~T(~~X~'YOUNGS'~~X,'POISSOM'~~X,'SHEAR') 
W R I T E ( 6 , 3 8 )  

3 0  F O R I J R T ( ~ ~ X ,  '140DULUS1 , 8 X ,  'RATIO' t8X, 'MODULUS1) 
WRITE ( 6 , 4 0 1  AXEBAR,AEIUBAF.,GBAR 

4 0  FOIU.lAT(/,SX, ' L O N G ' , Z X , 3 ( 2 X , E 1 3 . 6 ) )  
VlRITE ( 6 , 5 0 )  TREBAf:, TNUBAR ,GBM 

5 8  FORI.%T(5X,'TRAN' , 2 X , 3 ( 2 X , E 1 3 . 6 ) )  
RETURN 
END 

C 

C 
SUBROUTItlE S T R E S S  ( L )  

c----- T H I S  SUEROUTINE COEIPUTES LAYER STRESSES & STRAINS I N  LAYER & LAHIHATE 

C-----CO-ORDINATES. 
C O I . 1 I ~ l O l l / L O C / A Y ,  I I W T L  ( 2 4  ) , ALPAIi ( 2 4  ) 
cO~~~I.~O~/L~C~/AL~~ID/LOC~/ALO ( 3 , 1 6 1  ,NLON)S, I E L ,  ELOAD ( 3 , 1 6 1  1NSTRES ( 1 6 )  
COIIPIO~~/LOC~/EEPS(~,~~) , B S I G ( 3 , 2 4 )  ,EPSLP.Y(3,24) , S 1 G L A Y ( 3 , 2 4 )  ,EPSLAtI 



50 CONTINUE 
70 RETURN 

END 
C 
C 

SUBROUTIIJE RATIO(LOOP, JA, IFLAG, ERRrLr ISTOP) 
c----- THIS SUBROUTINE CALCULE.TES 6 STORES FAILURE h BREAK-POIPIT RATIOS & 
c----- COilPARES TO DETECT DOllINABT EFFECT. 

COI1I~ION/LOC5/ALOAD (3 , 16) , NLOADS, IEL, ELOAD (3 16) , NSTRES (16) 
COnblOH/I.OC7/ ISENT ( 9.2) , IBREAIC ( 24 ) 
COllHOl~LOC10/IQB~~~IB1(24) PUB1 (24) ,ILM(3,24) 
CONMON/LOCl6/BRhTIO (3 r 24) ,FRAT10 (3,241 
COI~1k1OH/LOC18/PIF KF FBIGr FBIGP, MFl(24) I KF1( 24 1 IIQF 
COl~II~lOll/LOC19/RB~ hB, BBIGI BBIGP I BEST (3 r 24) 
CO~ll~lON/LOC20/ALOADB(3) ,ALOMF(3) rCCLAHB(3) ,CELAI.IF (3) pGSIG(3 124) 
DO 10 LI1=1,2 . 
CALL RAT (LIl IQRT, JA) 
IF(I@RT.EQ.l)GO TO 170 
IF(IQRT.EQ.2)GO TO 175 

10 CONTINUE 
IB=0 
IFF=B 
IQB=Q 

30 IQF=0 
40 CALL FAEIG(1FF) 

IF(IQF.NE.0)GO TO 120 
IF(IB.NE.0)GO TO 60 

. .  . 

50 CALL ERBIG(1B) , 
IF(IQB.l*E.Q)GO TO 70 
IF(FEIG.EQ.Q.O.AMD.BBIG.EQ.O.)GO TO 160 

60 IF(FBIG.GT.BBIG) GO TO 110 
IE'(NSTRES(L) .ME.~)GO TO 65 
IF((l./(ALOAD(IEL,L)-ALOADB(1EL))) .GT.BBIG)CALL APLOAD(L) 

65 BBIGP=BBIG 
70 IF(ABS((BB1GP-BBIG)/BBIGP).GT.ERR)GO TO 88 

roa= Tgn+i 
RE1 ( IQB) =EB 
14R1 ( IQB) =I.ID 
EPJITIO (l.lRrKB) =-loo .Q 
GO TO 50 

80 CALL BREAK (LOOP,L,JA) 
DO 100 I=l,IQB 
KE@=EBl (I) 
DO 100 1.1=1,3 
IF(BEST(M,KBQ) .LT.O) GO TO 90 
ILN(H,KBQ) =1 
GO TO 100 

90 ILI.I(I.I,I<BQ) 52 . 
100 CONTINUE 

LOOP=LOOP+1 
IFLAG=l -. -. . - - 
GO TO 180 

110 IF(I2STRES (L) .RE. 1) GO TO 1115 
IF((~./(ALOAD(IEL,L)-ALOADB(IEL))).GT.FEIGICALL APLOAD(L) 

115 FBIGP=FEIG 
120 IF(ABS( (FBIGP-FCIG)/EDIGP) .GT.ERR)GO TO 130 

IRF=IQF+l 
KF1( IQF) =I:F 
I.;Fl( JOF) =fiF 
FFJLTIO (I.lFf st') =-1118 .U 
GO 'I'u , G i i  



1 3 0  CALL F R I L ( L )  
DO 1 4 C  I = l , I Q F  
I F ( I . : F ~ ( I )  . E Q . l ) G O  TO 1 5 0  

1 4 C  COMTIFJUC 
GO TO 3 0  

1 5 0  IFLAG=G 
GO TO 1 8 0  

1 6 8  I S T O P = 5  
GO TO 1 8 0  

1 7 0  I S T O P 5 6  
GO TO 1 8 0  

1 7 5  ISTOP=7 
1 8 6  RETUNJ 

END 
C 
C 

SURROUTIAE RAT ( L I l  IQRT,  J A )  
c----- T H I S  SUEROUTINE CONPUTES M T I O S  OF BREAK-POINT & FAILURE STRESSES 
c----- & S T R A I N S  TO A C T U m  STRESSES b STRAINS. 

COIl~lOH/LOC3/CRITE ( 3  1 2  r 1 0  1 2 )  r C R I T S ( 3  1 2  , 1 8 , 2 )  
COI1MOll/LOC4/1;LAY I1.lATL ( 2 4 )  ,ALPHA ( 2 4 )  . . 
CO~lI~ lOt l /LOC6/BEPS(3 ,24)  , B S I G ( 3  1 2 4 )  ,EPSLAY ( 3 , 2 4 1  SIGLAY ( 3 , 2 4 1  ,EPSLAI.I 

* ( 3 )  1 T ( 3 , 3 )  
COI~I[~lOM/LOC7/ I S E N T  ( 9 r 2 )  r IBREAI; ( 2 4 )  
COP1l.l~1J/LOCl6/BRATIO ( 3 . 2 4 )  ,FRAT10 ( 3 , 2 4 1  
DII~lEMSIOC~ X R A T I O ( 3  , 2 4 1 ,  ILX ( 3  , 2 4 1  
IF(ISENT(JArLT1)-2)50120110 . 

1 0  CALL Q R A T ( L I 1  , I Q k T )  
GO TO 1 2 0  

2 0  DO 4 0  K=l,IJLAY 
II=II.IATL (K)  
DO 4 0  11=1,3 
ILX (I.I,I<) =1 
I F (  (EPSLAY (I.IrK) +BEPS(I . l ,K))  .LT.0 .) ILX(I.lrI;) 5 2  
IF(AES(BEPS(I.".K)) .EQ.ABS~CRITE(I.I,ILX(I.I,K) , I I ~ L I ~ ) ) ) G O  TO 3 0  
XRkTIO(I.1,K) =(EPSLAY ( I . ~ , K ) ) / (  ( - 1 )  * * ( I L X ( E I I K ) + 1 )  * A B S ( C R I T E ( I l , I L X ( W , K ) .  
*,II,LIl))-(EEPS(I1,C))) 

GO TO 4 0  
3 0  X M T I O ( l ~ l , K ) = - 1 0 0 . 0  
4 0  CONTINUE 

GO TO 8D 
5 0  DO 7(1 K=l,NLAY 

I I = I I ~ W T L ( K )  
DO 7 0  1,1=1,3 
ILX (1.1, I;) =I 
TFf lSTGI,AY I I . 1 . 1 0  t O S I G ( [ . l , K ) )  .LT1O.) ILX I I , I 0 = 2  
I F ( A B S ( E S I G ( I I r K ) )  .EQ.AR.S(CRITS(rt ,  full?.l) , I I I L I I )  I IGU 'lU 6(l 
I[W,TIO ([;,I<) - (PICLAY (I . : ,K) ) / (  (=.I  ) ** (TTaX[M,K)+I . I  *ABS(CRITS(~~~~&X(~~~,R) 

* , T ~ , L I 1 ) ~ - ~ B S I G ( I ~ l r E 1 ) )  
GO TO 7 0  

60 XRATIO(I~;,K) = - 1 I 0 . 0  
7 0  COMTIElUE 
8 0  I F ( L I 1 . E Q . l ) G O  TO 1 0 0  

DO 9 0  I:=lrl\%AY 
DO 9 0  E 1 = l r 3  

9 0  FFATIO(I:.,K) =XRATIO(M,K) 
ao m 1 2 0  

1EO DO 1 1 0  K=l,NLAY 
I F ( I B R E A K ( K )  .EQ. l )GO TO 1 0 4  
DO 1 8 2  1.1-lr3 

1 0 2  BRATIO (I.IrI;) =XRATIO (I.IIK) 
GO TO 1 1 0  

1 0 4  DO 1 0 6  M=1,2  
1 0 6  BRATIO (l.lrK) =XRATIO(I4rK) 

DRAT10 ( 3  ,l ' .)=-lQQ .O  
I F ( I L X ( 2 , K )  .EQ.l)BRATI0(2,K)=-1(18.0 

1111 COCTTINUE 
1 2 0  RETURN 

END 
C 
C 

SURROIITINE ORAT ( L l l  r IQRT) 
C-----THIS SUEROUTINE EXAI.iINES BREAK-POINT & FAILURE BY QUADPATIC C R I T E R I A  

COIl1~lO~J/LOC2/A11(1~,2l,A22 ( 1 0 1 2 )  ,A44 ( 1 0 1 2 )  1 3 1 ( 1 0 1 2 )  v B Z ( l 0 1 2 )  
COI~II~lOM/LOC4/I:LAY~ II.lATL ( 2 4 )  .ALPFA ( 2 4 )  

. - . . - . - . - . 
COIII.~OW/LOCI/ISEL!T ( 3 , 2 )  , IBREAI; ( 2 4  1 
CUllf.lOll/LOCE/A12 ( 1 0 , 2 )  
COi;lIlOtl/LOC16/BPJ1TI0 ( 3 , 2 4 1  , F P A T I 0 ( 3  , 2 4 1  
cor I ~ ~ ~ O ~ I / L O C ~ ~ / I ? E E ? O I :  ( 2 4  , 2 )  



DItiCMSIOll QRATIO(1,24) tD(2) 
DO 30 I<=l ,t&AY 
IF(IBRC?.I;(K) .W.1 .AI!D.LIl.CC.l)GO TO 25 
IQRT=O 
II=IIlATL(i:) 
A=A~~(II,LI~)*(SIGL?.Y(~,~:)**~)+A~~(II,LI~)*(YI~~LP.Y(~,R)"*~)+A~~(II 
*,LI~)*SICLAY(~,IZ)*SIGLAY(~,I<)+A~~(II,LI~)*(SIGLAY(~,I~)**~) 
B= (Z.*All(II,LIl) *BSIG(l,I<) +A12 (I1,LIl) *ESIG(2,I~)+Bl(II,LIl)) *SIGL 
*AY(1,K)+(2.*A22(II,LIl)*ESIG(2,K)+A12(II,LIl)*CSIG(1,I:)+P2(II,LI1) 
*)*SIGLAY(~,K)+~.*A~~(II,LI~)*ESIG(~,I~)~SIGLAY(~,K) 
C = A ~ ~ ( I I , L I ~ ) * ( E S I G ( ~ , R ) * * ~ ) + A ~ ~ ( I I , L I ~ ) * E S I G ( ~ , K ) * E S I G ( ~ , K ~ + A ~ ~ ( I  
*I,LI~) *(BsIG(~,I:) **2)+~44(1I,LIl) *(ESIG(~,K)**~)+B~(II,LI~)*BSIG(~ 
*,C)+C2(II,LIl)*BSIG(2,R)-1. 
IF(A.EP.O)GO TO 22 
IF((Ef*2-4.*A*C).LT.O)GO TO 50 
DO LV ICOUNT=1,2 

20 D(ICOUPIT) = (-B+(-1) **ICOUEIT*S@RT (~**2-4. *h*C) )/(Z.*A) 
IF((D(l)*D(2)).GC.O.)GO TO 55 
DEI~IOIl(K,LI1) =D(1) 
IF(DENOII(K,LIl) .LE. 0.) DEMOtI(K,LIl) =D(2) 
GO TO 24 

22 DENOI'I(K,LI~) =-C/D 
24 QF3iTIO(l,I:)=1./DENOIl(K,LI1) 

GO TO 30 
25 QRATIO (1,K) =-I00 .Q 
30 COHTINUC 

IF(LI1.EQ.l)GO TO 40 
DO 35 l:=l,IU,AY 

35 F~.TIO(~,IO=QRATIO(~,K) 
GO TO 60 

4C DO 15 K=l,lJLhY 
45 BRATIO(l,K)=QFJ\TIO(l,K) 

GO TO 6 0  - -  - -  - -  
50 IQRT=l 

GO TO 60 
55 IQRT=2 
60 RETUIuI 

END 

C 

SUBROUTINE FABIG (IFF) 
c----- THIS SUBROUTINE CALCULATES THE BIGGEST FAILURE RATIO. 

CO~~U~OF/LOC~/NLAY, II.IATL( 24) VALPHA(24) 
C O l ~ I ~ l O ~ J / L O C l 6 / B R A T I O ( 3 , 2 4 ~  ,FRATIO(~ ,241 
COIIHOH/LOC18/1~:F,l:F,FBIG,FBIGP,MF1(24) ,KF1(24) ,IQF 
FEIG=FPATIO ( 1,l) 
I:iF=l 
KF=1 
DO 10 I<=1 ,NLAY 
DO 10 t.l=1,3 
DELF=FBIG-FRAT10 (M,K) 
IF(DELF.GE.O)GO TO 18 
FBIG=FPATIO (1.1, R) 
MF=N 
KF=I< 

10 COHTTNIIR 
IFF=1 
RETURN 
END 

C 
C 

SUEROUTINE BREIG(1B) 
c----- THIS SUBROUTIIiE CALCULATES THE BIGGEST BREAK-POIIJT RATIO. 

COl~il~ION/LOC4/NLAY, PI4ATL ( 24 ) ,ALPHA ( 24) 
COlil.iOl.1/LOC16/BRATIO (3,241 ,FRkTIO (3.24) 
CO~iI~IOEl/LOC19/1~~~ KB, BBIG, BBIGP, BEST (3,241 
EBIG=EPJ\TIO (1,l) 
!.IF,= 1 
KE=1 
DO 10 I:=~,~JLAY 
DO 10 1.1=1,3 
DELE=EBIG-DRAT10 (Ii, K) 
IF(DELE.GE.O)GO TO 18 
BBIG=ERATIO (I-:, I:) 



L 

SUUROUTIME FhIL (L) 
t. c----- THIS SUEROUTIIJC CALCULATES STRESSES b STRAINS IN EACH LAYER AT FAILURE 

10 

COHI~lON/LOCC/I~IL~,Y, II.V.TL ( 24) ,ALPFA ( 24 ) 
COI1IIOPI/LOC5/ALOAD (3,16) ,IJLOADS, IEL, ELON) (3,161 , NSTRES (16) 
COIII~OI~/I~OC~/BEPS(~ p24) ,BSIG(3,24) ,EPSLAY (3,24) ,SIGLAY (3,241 ,EPSLrJ.i 
*(3) ,T(3,3) 
COlll~iOM/LOC13/TS(3,3) ,TE(3,3) ,ALPAAR(~~) ,C3(3,3,24) vCALPHA(24) ,SALP 
*HA(24) 
COlH~lOM/LOC18/l~fF,KF, FBIG, FBIGP,MFI(24) rKE'l(24) ,IQF 
COfU~lON/LOC20/ALOADB (3) ,ALOADF (3) ,CELAI!B( 3) ,CELAI.iF (3) ,GSIG (3', 24) 
DII~lENSIOPl FSIG(.3 ,24) ,FEPS(3,24) 
WRITE(6.10) 

10 ~0~1.a~ ti.5X. ' FAILURE PREDICTED IN FOLLOtIING LAYERS: ' ./I 

40 ?ORPlAT(2(6X,I2)) 
DO 42 11=1,3 

42 ALOADF (M)  =ALOADB(Pl) +ELOAD (1.1, L)/FBIGP 
WRITE (6,44) 

44 FORI.lAT ( /  ,43X, 'LONGITUDINAL TRAllSVEREE SHEAR' ) 
WRITE(6,45) (ALOADF (M)  ,M=1,3) 

45 FO~IAT(~X,~APPLIED FORCES/LQGTH AT FAILURE:',2X,3(4X,ElQ.3)) 
UO 4 6  b1=1,3 

46 CELAIJF (M) =CELAI,lE (1.1) +EPSLM(M)/FBIGP 
I'JRITE(6,47) (CELMlE(l.1) ,1.1=1,3) 

47 FORl.~T(/,5X,'LAI~lINATE TOTAL S T R A I N S : ' , ~ ~ X , ~ ( ~ X , E ~ ~ . ~ , ~ X ) )  
WRITE(6,SQ) 

50 FORI.IAT (/  I SX, 'LAYER STRESSES h STRAINS IN LAYER CO-ORDS. AT FAILURE 
* : ' I  
WRITE(6.60) 

60 FORRAT( /,l2~, 'ORIENTATION' ,1'5X, 'STRESSES' ,31X, 'STRAINS' 1 
I\'RITE(6,70) 

70 FORYiT(5Xr 'LAYER' ,SX, 'ANGLE' ,3X,2 ( 'LOMGITUDIIIAL' ,2X, 'TRAMSVCRSE' ,5 
*X,'SHEA.R1 ,5X) ) 
DO 186 K=l,NLAY 
DO 00 EI=l,3 
FEPS(~.I,K) =EEPS(I;.K) +EPSLAY (l.l,~)/t"t;TGP 
FSIG(I.I,K) =ESIG(I.I,K) +SIGLAY (I.l,K)/FBIGP, 

88 CONTINUE 
v~RITE(~,~~)K.ALPHA(K) ( F S I G ( I . I ~ K )  ,?!=It$) t (FEPS(I.l,IO tMElt3) 

90 ~0~.1~~(6~,12,6X,F6-2,3X,6(E11.4t2x) k 
108 CODITIblUE 

WRITE(6rllQl ' 

110 FORIIAT (/ ,5X, 'LAYER STRESSES IN LAI4INATE CO-oms AT FAILURE: ' )  
VRITE(6,llZ) 

112 FORI~lAT(/,12X,'ORIENTATION',l5X,'STRESSES') 
WRITE(6,114) 

114 FORlslAT (SX, 'LAYER' ,5X, ' AbJGLE' ,3X, 'LOIIGITUDINAL TRANSVERSE SHEA 
*Re ) 
DO 130 I(-1 ,NLAY 
T(1,l) =CALPHA(K) * * 2  
T(1,2)=SALPHA(K)**2 
T(1,3) =-2.*CALPHA(K)*SALPHA(K) 
T(2,1)=T(1,2) 
T(2,2)=T(l,l) 
T(2,3)=-T(1,3) 
T(3,1)=CALPAA(K)*SALPHA(Io 
T(3,2) =-CALPHA(K)*SALPHA(K) 
T(J,J)=T(l,l)-T(1,2) 
DO 120 1,1=1,3 
GSIG(I~l,K)=Q.Q 
DO 120 J=1,3 

120 GSIG(I.:,K) =GSIG(I.l,I;)+T(I.l, J) *FSIG(J,K) 
131 WR1~~(6,140) K,ALPHA(K), (GSIG(I.l,K) ,1.1=1,3) 
141 FON4AT(6XI 12,6X,F6.2,3X,3(E11.4,2X)) 

RETUNJ 
END * 



I . . 
SUBROUTINE BREAK (LOOP, L, J A )  

c----- T H I S  SUBROUTILlE CALCULATES LIkYEP. STRESSES & STRIrI l lS  IN LAYER CO-CFSS. P.T 
c----- EACH DREAIC-POII.IT. 

C O ~ ~ ~ ~ . I O ~ ~ / L O C ~ / C R I T E ( ~  , 2 , 1 0  $ 2 )  VCRITS ( 3 , 2  , 1 ( ? , 2 )  
COHI~IOIl/LOC4/llLAY, ILIATL ( 2 4 )  ,ALPFA ( 2 4 )  
C O ~ ~ ~ . I O I / L O C / A L O  ( 3 , 1 6 1  , I.JLOI~DS, IEL, ELON) ( 3 , 1 6 1  , IJSTRES ( 1 6 )  
COI;I~lOtl/LOCG/BEPS(3,24~) r B S I G  ( 3 , 2 4 1  ,EPSLf.Y ( 3  r 2 4 )  VSIGLAY ( 3 , 2 4 1  rEPSLA1.i 

* ( 3 )  . T ( 3 . 3 )  
CO~I~: IO~/LOC~/ISEI!T ( 9 , 2 )  , IBREAK ( 2 4 )  , 
CO!.II.IOII/LOC~W/IQB,IIE~ ( 2 4 )  , K n l ( 2 4 ) ,  ILHO , 2 4 1  
C O I I I I O H / L O C ~ ~ / T S ( ~ , ~ )  , T E ( 3 , 3 )  , A L P H I a ( 2 4 )  , C 3 ( 3 , 3 , 2 4 )  ,CALPHA(24)  ,SALP 

*I?A( 2 4 )  
C O ~ ~ ~ O ~ ~ / L O C ~ ~ / E R A T I O ( ~  , 2 4 )  , F R A T I 0 ( 3 , 2 4 )  
COl~ll~lON/LOC17/DEt~1OI~l ( 2 4  , 2 ) 
C O ~ I I ~ I O E ~ I / L O C ~ ~ / ~ ~ I D , K B ~  BBIG, E E I G P r B E S T ( 3 p 2 4 )  
COll~10tl/LOC20/ALOADB ( 3 )  ,ALOADF ( 3 )  ,CELAI.lB( 3 )  ,CELAI.IF ( 3 )  , G S I G  ( 3 , 2 4 1  
KRITE ( 6 . 1 0 )  LOOP . . . - - . - - . - 

1 0  FON~AT ( /  I SX, 'BREAK-POINT NO. ' , I 3 ,  ' PREDICTED 114 FOLLOVlXtlG U Y E R S :  ' 
. / \  

I % ~ T E ( ~  , IS)  
1 5  FORMAT ( SX, (1.IODE l = L Y I A L ;  NODE 2=TRANSVERSE; I.iODE 3=SHEAR) ' ) 

¶,?RITE ( 6  , 2 8 1  
2 0  FORPAT(5Xr'1IODE',4X,'LAYER') 

DO 3 0  1=1 , IQD 
3 0  \ ? R I T E ( 6 , 4 0 ) 1 < D l ( I )  , K B l ( I )  
4 6  F O N . l A T ( 2 ( 6 X r I Z ) )  

DO 4 2  1.1=1,3 
4 2  ALOADE(I,l) =hLOADE(I~l)+ELOAD(I~1,L)/BDIGP 

V ? R I T E ( 6 , 4 4 )  
4 4  FORI'IAT ( /  , 4 3 X  ' LONGITUDINAL TRANSVERSE SHEAR' ) 

V:RITE(6,45) (ALOADD(P1.I) ,EI=1,3) 
4 5  FONdAT(SX, ' A P P L I E D  FORCES/LENGTH AT DREAK-POINT: ' ,3 ( 2 ~ , E l Q . 3 , 2 ~ )  ) 

DO 4 6  E.1=1,3 
4 6  CELAMB (1;) =CELAI.lB (1.1) +EPSLAl.l(I.l) /BBIGP 

t?RITE[G , 4 7 1  ( C E L N l B ( M )  .[.!=I . 3 )  . .~ - 
4 7  F O R P ~ T ( / , S X ,  ~LAMIIIATE.TOTAL. STRAINS: , 1 4 x , 3  ( 2 x ,  E ~ O  . 3 , 2 x )  

I i R I T E ( 6  , 5 0 )  
S Q  FOR1.lAT (/ , 5 X r  'LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT BRERI;-P 

' 

*OINT: ' I .-. - .  

I . ? R I T E ( ~  , 6 0 )  
6 0  FORBP.T(/,12Xr'ORIE~TAT~Otl',15X,'STRCSSES',3~X,'STRAINS') 

W R I T E ( 6 , 7 8 )  
7 0  FOREIAT(5X,'LAYER1r5X,'ANGLE'r3X,2('MMGITUDINAL',2X,'TRANSVERSE',5 

* X , ' S H E A R 1 , 5 X ) )  
DO 8 0  K = l  ,NLAY 
DO 0 0  1.1=1,3 
E E P S ( I ~ , K ) = B E P S ( M , K )  +EPSLAY (I.I,K)/BBIGP 
BSIG(li,K)=BSIG(I.l,K)+SIGLAY (I .I ,K)/BBIGP 

8 0  COtITItIUE 
I F ( I S E N T ( J A , l )  -2)  8 5  , 1 0 0 , 1 2 0  

8 5  DO 9 9  I = l , I Q B  
I I = I I 4 A T L  ( I i B l (  I )  ) 
I L = 1  
IF(BSIG(I;BI(I)  , I ; E ~ ( I ) )  .LT.o.) I L = ~  
BSIG(I.IBI(I) ,KB~(I))=((-~)**(IL+~))*ABs(cRITs(I.;B~(I) , I L , I I , ~ ) )  
DO 90 P1=1,3 

90 DEGT(I~1,KDl ( I )  )mBGIG (I1,I(B1 ( I )  ) 
GO TO 1 4 0  

1 0 0  DO 1 1 0  I = l , I Q B  
I I = I I . X T L ( K B l  ( I )  ) '  
I L = 1  
I F ( B E P S ( K l 3 l ( I )  , K E l ( I ) )  . L T . O . ) I L = 2  
~ ~ E P s ( K B ~ ( I )  ,KBl(I))=((-l)**(IL+l))*AES(CRITE(14El(I) , I L , I I r l ) )  
DO 1 1 8  t l = 1 , 3  

1 1 0  BEST(I.I,KBl(I))=EEPS(l~~KEl(I)) 
GO TO 1 4 0  

1 2 0  DO 1 3 8  I = l , I Q B  
II=II. 'ATL(RI31 ( I ) )  
DO 1 3 0  M=1,3 

1 3 0  BEST(I~l,EB1(I))=BSIG(I~IrRE1(I)~ 
1 4 0  DO 1 5 9  R - l r 1 & W  
150 t m I T E ( 6 , l ( i R )  K,P.LPHA(K) , (ESIG(I ; ,R)  , I i = 1 , 3 )  , (BEPS(IC,IC) ,1.1=1,31 
1 6 0  FOPJ~IAT(6X,I2,6>:,F6.2,3Xr6(El1.4r2X)) 

K R I T E ( 6 , 1 7 0 )  
1 7  0 FORLIAT (/ ,5X , ' L W E R  STRESSES It! LAliINATE CO-ORDS AT E R E M - P O I N T  : ' ) 

KRITE ( G , 1 7  2 )  
1 7 2  FORI4AT(/ , 1 2 X r  'GRIE;.lTI+TIOtl' , 1 5 X r  'STRESSES'  

WRITE(C , 1 7 4 )  
1 7  4 'FON~IAT ( SX, LAYER ANGLE LOIE ITUDINAL , TRN,?SVERSE SKEkP.' ) 

DO ~ B C  K = ~ , P ~ P . Y  
T ( l , l ) = C A L P H A ( l < ) * * 2  



RETURii 
END 

C 
C 

SUEROUTINE APLOAD (L) 
c----- THIS SUBROUTINE COliPUTES STRESSES & STRAINS IN EACH LAYER AT MIY 
c----- PREDETERIrIINED LEVEL OF APPLIED LNlIMATE STRESS. 

COIlI~IOtI/LOC.C/1iLAY, II.lATL ( 24) ,ALPHA (24) 
COiiI~lON/LOC5/ALOAD (3,16) ,NLOADS, IEL, ELOAD (3,16) VNSTRES (16) 
COliIlOCI/LOC6/BEPS (3 , 24) ,IISIG (3,241 , EPSLAY (3,241 ,SIGLAY (3,241 tEPSLfr11 
*(3l .Tf3.3) 
CO~~II~O~/LOC~~/TS(~,~) ,TE(3,3) ,ALPHAR(24) ,C3(3,3,24) ,CALPRA(24) ,SALP 
*IIA(24) 
COllllOtl/LOC20/ALOADB (3) ,ALOADF (3) ,CELAMB(3) , CELAME (3) ,GSIG(3 , 24) 
DIMENSIOI.1 APLODII(~,~~) ,CAPL~'~(~) ,APEPS(3,24) ,AF'SIG(3,24) 
I'7RITE (6 ,lo) 

10 FORI.lAT(//,5X, 'LIU.lINATE LOAD HAS REACHED PREDEFINED LEVEL') 
WRITE (6,201 

20 FORI~~AT(//,~~X,'LONGITUDIMAL TRANSVERSE SHEAR' ) 
DEF=ALOAD(IEL,L)-ALOADB(IEL) 
DO 30 E1=1,3 

30 APLODB (1.1, L) =ALOADB(I.I) +ELON) (LI, L) *DEE 
WRITE(6,4Q) (APLODB(I<,L) ,M=lr3) 

40 FORI.lAT(5X, 'APPLIED FORCES/LEI?GTH: ',13Xt3(4X,E10.3)) 
DO 56 1.1=1,3 

50 CAPLALl(l1) =CELAMB (1.1) +EPSLAH (14) *DEE 
WRITE(6,60) (CAPLAI.l(P1) ,1.1=1,3) 

60 FOR14AT(/,5XI'LAMINATE TOTAL STRAINS:1,14X,3(2X,E10.3r2X)) 
I.7RITE(6.70) 

70 FORI.~AT() , 5 x I  'LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT PREDEFI 
*NED LAKINATE LOAD LEVEL : ' ) 
IdRITE (6,80 ) 

80 FORI.1AT ( /  ,12X, 'ORIENTATIOA1 ,15X, 'STRESSES' ,31X, 'STRAINS' 
IlRITE (6.91 )1 

90 FORI.lAT (5X, LAYER' , SX, 'ANGLE' ,3X, 2 ( 'LONGITUDINAL' ZX, 'TRNCSVERSE' 1 5 
*X,'SHEMI' , 5 X ) )  
DO 120 K-1 ,NLAY 
DO 188 PI=lr3 
APEPS(l4,IO =DEPS(M,K) +EPSLAY (M,K) *DEF 
APSIG(M,K)=BSIG(I~l,K)+SIGLAY (MIK)*DEF 

105 CONTIBUE 
WRITE(6 ,110)K,ALPHA(R) , (APSIG(I.:,I() ,!1=1,3) , (APEPS(l~1~IC) ,1.1=1,3) 

110 FORl~lATf6X.I2.6X.~6.2.3X.6(E~1.4~2>:ll . . .  . . .  . . .  
120 COI~TINUE 

Wt(1'l'E (6,130) 
130 FORI4AT (/ ,5X, ' LAYER STRESSES IN LAtlIIJATE CO-ORDS AT APPLIED LON) : ' ) 

t?RITE(6,140) 
140 FORI~IAT(/,~~X~'ORIENTATIOH'~~SX,'STRESSES') 

WRITE (6,150) 
150 FORl.IAT ( 5X 1 ' LAYER ANGLE LONGITUDINAL TRANSVERSE SEIEAR' ) 

DO 178 K=l,l&AY 
T(1,l) =CALPHA(R) **2 
'l'(1,Z) =ShLIJHli(K)''Z 
T(1,3)=-2.*CALPHA(K)*SALPBA(K) 
T(2,1)=T(lr2) 
T(2,2)=T(l,l) 
T(2,3)=-T(1,3) 
T(3,l) =CALPHA(K) *SiiLPHA(K) 

' T(3,2)=-T(3,1) 
T(3,3)-T(l,l)-T(1,2) 
DO 160 1.1=1,3 
GsIG(l~:,~)=1.8 



9.1.2 Sample Cases 

Case 1: 

- C0lt45/903 G ~ / E P  l amina te .  
s 

- Same m a t e r i a l  i n  a l l  l a y e r s .  

- A l l  n ine  p o s s i b l e  types  of break p o i n t / f a i l u r e  ana lyses  performed. 

- Quadrat ic  i n t e r a c t i o n  c o e f f i c i e n t  s e l e c t e d  by u s e r .  

- No. of load-se t s :  1. 

- S t r e s s  p r in t -ou t  n o t  reques ted  a t  any s p e c i f i e d  lamina te  load .  

- Post-break-point modulus i n  t r a n s v e r s e  t ens ion  inpu t  negatcve 

t o  demonstrate c a p a b i l i t y  of program t o  modei s t r e s s - s t r a i n  

curve w i th  nega t ive  s l o p e .  



F I L E :  B tL4HUC1 D4TA 4 e8.88 VlLL4NOV4 UNIVERSITY 1NTEP4CfIVE SYSTEY -- VM REL 6 r  PLC 1 P4GE C C  

GELPSTD N L 4 H l k l r  NY4TLL' l r  
AXE( l r l r 1 1 = 6 . 2 0 E  96, 
4XEr l r Z r  11=4-5;E 03 r  
T R 4 N E ( l r l . l l = l . 6 5 0 E  06. 
TR4NEt l r Z r l I = 2 . 0 0 E  0 6 1  
Gt lr lr 11=0.63€ Ote  
4 X N U t l r l r l  l=r).3r 
A X E t I r l r 2 1 = 6 . 2 O E  O b r  
4XEt l r  21  2 l=1 -31E 069 
TR4NE( l r . l r2 l=-O.ZBE '30- 
T R 4 N E t l r 2  12) ~ 0 . 1 4 0 E  0 6  * 
Gt lr1.2)=0.0475E 06. 
4XNU( l r1 .2  l = 0 - 3 r  
A XNUf 1 r1 -3  )=Om3 r 
4XNUt 1 * 1 r 4 1 ~ 0 -  3. 
4XNU(1~1,5l=O.J. 
EEYD 
CCR [ T I C  
C R I T S t l r  1 9 1 ,  l l = 2 3 0 0 - E  0 3 r  CR ITS~  l r Z r  lr 1 1 ~ 1 0 0 -  OE. 039 
t R I T S t 2 r l r l  r l l = 7 3 . l O E  0 3 9  CRITS ( 2 * 2 * 1 r l l ~ 2 O . O E  0 3 r  
C R I T f 1 3 r l . l r 1 1 = 6 . 6 2 E  03. C R I T S t 3 r t * l r l l d r 6 2 E  0 3 9  
C R t T S f I r l r l r 2 l f 2 2 9 r O E  0 3 r  C R I T S ~ l t Z r l r 2 1 = 1 3 4 .  OE '03. 
CRfTStZrlr1.Zl~25.OE*OTI CRITS t 2 r 2 r  1. 2)=25.OE+Oft 
t R I T S t 3 * 1 r l r 2 1 = 6 6 . 2 E  03. CR lTSt3 r2 .1 r21166 .2E  0 3 r  
C R T T E t l r  l r  I t  1 1 ~ 3 i O . E - 0 3 r  C R t T E f  1 ~ Z ~ 1 ~ l l = 1 6 r  lE-039 
C R I T F 1 2 r 1 r 1 ~ 1 1 ~ 1 4 . 0 0 E - 0 3 r  C R t T E I 2 r t r l r  l b l Z . I E - 0 3 r  
CRlTF~3.lrl~ll=IO~5E-O3r C R I T E l 3 r 2 r 1 r l l = 1 0 . 5 E 4 3 r  
C R l T E ( l r  1, I r2)=37.00E-O3r  . C R I T E t  1r : ! r l rZ l=22.0E-O3r  
C R l T E t 2 r l r l r l l ~ 2  .90E 03. C R I T E f Z r Z *  l*ZI=70.0€-03. 
C Q I T E t 3 r  l r I r 2 1 ~ 1 3 0 . O E - 0 3 r  C R I T E t 3 r 2 * 1  r21=130-06-03. 
&EN0 
COPT1 NL040S=1 r 412 11  r l  1=169).OtNANS=9 
t E  Nn 
EnPTION ISENTf l ~ l l = l r l S E N T t 1 ~ 2 1 = 1 ~  
ISENT t Z r  1 1 ~ 1  r ISENT t 2 r Z l =  21 
I S E N T t 3 * 1 l = I  . ISENTf3*21=3r  
ISENTt  4 . 1 1 ~ 2 * I S E N T l 4 r Z 1 = 1 r  
1 S E N T f 5 r l l = 2 t t S E N T 1 5 r 2 1 = 2 r  
I S E N T t 6 r l l = Z  r I S E N T t 6 * 2 1 = 3 t  
I S ~ T t ~ r l l = 3 t I S E N T t 7 r Z l ~ l r  
ISENTtR.11'3r t S E M f  R r 2 1 ~ 2 r  
ISENTt9.1l=3 r t S E N T f 9 ~ 2 1 = 3 *  
EEND 
hLO4D 
~ L O A D ~ I  ; l ~ = l  .or At -nanr?? i  111 .n. 
t E  M) 

~GEOMED N L ~ Y - R .  1 9 4 n a ~ t  
ALPH411 1dl .nr  4CPH4 121=45.0r 41PH4(31=-45.0.4LPH4( 49=90.0r 
4LPH4f 5 l = 9 0 . O r A L f f l A f 6 ) = - 4 5 . 0 ~ A L P H 4 t 7 1 ~ 4 5  -01 ALPHAlBIm-0.0. 
DNT4=8+0.125 
t END 

H4TERI4L  ELASTIC PROPERTIES: 

.. . - PROPERT 1ES 0 EFORE RR E4K-PO I N  1: 

VATL 4x1  AL YOUNGS MODULUS TRANS YOUNGS ~OOULUS SHEAR A XI AL 
Nil MCCULUS P C I S S C N  

TENS ION COMPR TEN S ION COMPR P 4 T l C  

PROPERTIES AFTER BREAK-POlNT: 

H4TL 4X t 4 L  Y D U N ~  YOOULUS TR4NS VCLNGS *ODULUS SEEBP 
NC UODULUC 

TENSION COHPR TENSION CObPR 



******* 4X I A L  PCISSONS R4T I 0  ******* 
4x  COMPR SHEARIT TENS TR COMPR CL'AO 

0.3000E 0 0  0.3000E 0 0  013000E 0 0  0.3000E 0 0  

STRESSES 

M4TL 4X 14L TRANS WE4R 4 x 1  l L  TRANS S EEAR 

INPUT UTIH~TE' SIRE SSES t STR4INS: 

STRESSES 

OUADRATlC 1NTERAC.TION CD-EFFIC I  ENTS : 

L4YER MAIERf 4L THICKNESS 
1 1 0.1250 
2 I 0 -1250  
t ' 1  0.1250 
4 1 0.1250 
I; I o . ~ a s o  
6 1 0.1250 
I 1 0.1250 
R 1 0.1250 

\ 

LONGITUDINAL TR4NSVERSE SHEAR 
4PPL I E D  L 4 R l N 4 T E  FORCESILENGTH: 0. 1OOE 0 1  0.10M 0 1  0.0 

4N4LVSIS NUMBER 1: 

SRE4K-PC1 NT 4MALVSI S= I :  FAILURE 4hALYS I S =  1 

11=R4X STRESS CRITERION; 2oM4X ST441N CRITER IflN; 3=Q040R4TIC I N l E R 4 C f I C L  CRITERICK) 



L4MINATE T4NGENT STIFFNESS M4 l R l  X': 

'L4YINATE T4NGENT MODULI t POISSON RPTIOS: 

Y OUNGS POISSON SHEAR 
nonu~us~ R ~ T I C  , ~ C D U L U S  

LONG 0.312623.E 0' 0.30964;~ 0 0  0.119354E 07  
TR AN 0.31262.3E 07 0.309647E 0 0  0,119354E 07  

BRE4K-POINT NO. I PREDICTED IN MLLOYING LAVERS: 

l MODE 
MODE 

2 
2 
2 
2 
2 
2 
2 

' 2  

114 XIAL: MODE 2=TR4NSVERSE: 
L 4Y ER 

1 
2 
4 
5 
T 

A 

3 . , 

.- 6 

LONGITUDINAL TRlNSVERSE SPE4R 
4P?L IEO FORCESIL ENGTH AT BRE4K-POINT: k 4 7 6 E  05 O.476E C5 0 .O 

LAYINATE TOTAL STRAINS: 0.105E-01 O.lO5E-01 -0.138E-07 

LAYER STRESSES t STRAINS I N  L4YER CO-ORDS. AT 8RE4K-PCIRT: 

LAYER 
I 

2 
3 
4 
5 
6 
7 

8 

ORIENTAT1 ON 
ANGLE LONGITUOINIL 

0 .O 0.721OE 05 
45.00 0.7210F 05 

-45.00 0.T2lOE 05 
90.00 0.721OE 05 
90.00 Q721OE 05 

-45.00 O.rZ1OF 05 
45.00 O.'ZIOE 0 5  

, 0.0 0.7210E 0 5  

STRESSES 
TRINSVERSE 
0.231OE 05 
O.2310E 0 5  
0.2310E 05 
0.2310E 0 5  
0.2310E 05 
U.L.31Ut U'L 

0.231OE 05 
Q2310E 05 

SHEAR - 0. e 6 6 9 ~ - 0 2  
-0.4134E-08 
-0.4134E-08 

0.8669E-02 
008669E-02 

- 0 . 4 1 3 4 C ~ @ 8  
-0 e4134E-08 
-0.8669E-02 

LONGITUC INAL 
0. 1CSlE-El 
0.1051E-01 
0.1051 F-01 
O.lC5IE-Cl 
0.1051E-01 
0.109lC-01 
0.105 IF-0 1 
0.1OSlE-01 

STRAINS 
TRANSVERSE 
0.1051 E-01 
0.105lE-C1 
0.1051 E-01 
C. 1051E-Cl 
0.1051E-01 
06 1051 C-01 
C.1051E-C1 
0.1051 E-01 

L4YEP STRESSES I N  L4MIN4TE CO-OROS AT BRE~K-POINT: 

LAVER 
1 
2 
3 
4 
5 
6 
7 
8 

OR IENTITION 
ANGLE LONGtWDtbJhL 

0.0 O.72lOE 05 
45.00 0.4160E 05 

4 5  - 0 0  0 -4760E 0 5  
90.00 0.231 0E 05 
99-00  0.2JlbE 0 5  

-45.00 0.4760E 0 5  
45.00 0.4760E 05 

0 - 0  0.721OE 05 

STRE s SE S 
TRANSVERSE 
0.2310E 05 
0.4760F 05 
0.476OE 05 ' 

O.721OE 05 
O.72lOE 05 
0.4760E 05 
0.4760E 05 
0.2310E 05 

SHE4R &/OR TRANSVERSE BRE4K-POI KT RE ACHED I N  EVERY LAYEP 

LAMlN4TE TANGENT STIFFNESS 34TRlx: 

YrJUNGS POI  SSQN NE4R 
MODULUS RAT IC YODULUS 

SPEAR 
-0.13'6 E-0' 
-0.6562E-14 
-0,6562E-14 

C. 1310F-07 
0.137CE-07 

-0 .bSGlC 1% 
-0.6562E-14 
-0 .13 r6~ -07  

LONG 0.210846E 07 .0. 319851E 00 0.1Q8750E 06 
TRAN 0.210846E 0 7  0.319e51E 0 0  ' 0.198'50E C6 

F41LUP.E PREDICTED I N  FllLLCWING LPYERS: 

f MODE 1=4X 14L: MODE Z=TRPNSVERSE; MODE 3SHE4R I 



LONG'l lUOIN4L . TRANSVERSE SHE DR 
APPLIED FORCESlLENGTH AT FAILURE: 0.126E 06 0.126E 06 0.0 

LAMIN4TE TOTAL STRAINS: 0.358E-01 0-358E-01 -0.771 E-07 

ST RE SSE S 
T RANSVEPSE 
0.2310E OS 
0.231CE 05 
0 .231bE 0 5  
.Om 231  0E 05 
0.2310E 0 5  
.0.2310€ 0 5  
O.2310F 05  
0.2310E 05 

SHEAR 
-0.11 68 E-01 

0. 121lE-62 
-0.1271E-02 

0.11 68E-01 
O.1168E-01 

-0.127 lE-02 
b l211E-02 

-0.1168E-01 

LAYER STRESSES I N  LAMIN4TE CO-OROS 4 1  . F ~ ~ L U R E :  

LAYER 
1 
2 
3 
4 
5 
6 
7 

8 

OR IENTATION 
ANGLE LONG1 TUDI N4L 

0.0 0.2290E 06  
45.00 0 .1260E06  

-45.00 0.126OE 06 
90.03 0.2310E 05 
90.00 0.231 OF 05 

-45.00 0.1260E 06 
45.00 0.1260E 06  

0. 0 O.2290E 06 

STRESSES 
TRANSVERSE 
O.2310E 05 
0.1260E 0 6  
0.1260E 06 
0.2290E 06 
0.2290E 0 6  
0.1265 06 
0.1260E 06  
0.2310E 0 5  

SHEAR 
-0.11CBE-01 

0.1029E 06 
-0.1029E 06 

0.24S3E 00 
O.2493E 00  

-0. 1029E 0 6  
0.1029E C6 

-0.1168E-01 

LONGITUO INAL 
0.3582E-0 1 
0.3582E-01 
0.3582F-01 
0.3582E-01 
0.3582E-01 
0.3582E-0 1 
0.358ZE-01 
0.3C82E-C1 

STRAIhS 
TRANSVERSE 
0.3582E-01 
0.3582E-01 
0.3582F-C1 
0.3582 E-01 
0.3582E-01 
0,3582eo1 
0-3582 E-01 
0.3582E-C1 

SHEAR 
-0.111IE-01 

O.26'6E-07 
-0.26l tE-01 

0 -7713E-07 
0.'713E-O? 

-0.267CE-07 
0.2676 E-07 

-0.7713E-07 

FIRST FIRER FAILURE 

ANALYSIS MJMBER 2: 

BREAK-POINT 4NALYS1 S= 1: FAILURE ANALYSIS= 2 

I I - M A X  STRESS CRIT ER ION: Z=H 4X STR4 I N  CR ITER ION : 3=PUAORATlC INTERACTION CRITERIONI 

LAMINATE TANGEnlT STIFFNESS MATPI X: 

LAMINATE TANGENT MOO1111 C POISSON R4IIOS: 

YCUNGS PC1 SSON SHEAR 
RODUL US R ~ T I O  MOO UL US 

LONG 0.3I2623E 0' 0.30964'E 0 0  0.119354E 0' 
TRAN 0.312623E 07 0.300C47E 00  0.119354E 07 

BREAK-POIM NO. 1 PPEOlCTEO IN FOLLOYING' LAVERS: 

(HOOF l a 4  XIAL: MODE 2oTRLINSVERSE: PODE 3nSHEARI 
MODE LAVER 

2 I 
2 2 
2 4 
Z 5 
2 7 

2 .  8 
2 3 
7 b 



LON61TUOINAL TRANSVERSE SHEAR 
4PPL IEO FORCES/L ENGTH AT BREAK-POINT: 3.41bE 05 O.476E C5 0 -0 

LAMINATE TOTAL STRAINS: O.lO5E-01 0.105E-01 -0.138E-07 

LAYER STRESSES E STP41NS I N  LAYER CO-CROS. AT ARE4K-PCIKT: 

ORIENTATION 
LAYER ANGLE LONGlTUOlN4L 

1 0.0 0 .-'21OE 05 
2 45.00 O.721OE 05 
3 -45.00 O.TZ1OF 05 
4 90.00 0.7210 E 05  
5 90.00 0. 12 lOE 05 
6 -45-00 0.72lOE 0 5  
7 45.00 0.721OE 05 
8 0.0 O.121OE 05 

STRESSES 
TRANSVERSE 
0.2310E. 0 5  
0.2310E 05 
0.2310F 05 
0 -23 10E 05 
0.2310E 05 
0.2310E OC 
0.2310E 0 5  
0.2310E 05 

SHEAR 
-0. ~ ~ C ~ E - O Z  
-0.4134E-08 
-0.4134E-08 

0.8669FC2 
0.8669 E-02 

- 0.41 34E- C8 
-0.4134E-08 
-0.8669E-02 

STRAINS 
TRANSVERSE 
0.1051E-01 
0.1051E-01 
0.1051E-01 
0.1051E-01 
O.1051E-01 
0.1051 E-01 
0.1051E-01 
0.1051F-01 

LAYER STRESSES , I N  LAMINATE CO-ORDS AT BREIK-POINT: 

. "OR IENTATION 
i AY ER ANGLE LONGlTUO1NAL 

1 0.0 . ", 0.7210E 05 
+5-09 0 ~ 4 1 6 0 E  05 

3 4 5 . 0 0  0.4760E 0 5  
& . - 90.00 0.2310E 05 
5 90.00 ' n .2310~  05  
h . -45 - 0 0  0 -4760E 05 
7 . 45.00 0- 4760E 05 
R 0.0 0.7210E 05 

STRE 5R S 
TRANSVERSE 
0.2310E 05 
0.416OE 05 
0.4V6OE 05 
O.721OE 0 5  
O.~ZIIE 05 
0.4'60E 05  
0.4760E 05 
0.2310E 05 

SHEAR 
-0.8669 E-02 

0.2450E 05 . 
-0.245OE C5 

0.5344E-01 ' 

0.5344E-C1 
-0.2450E C5 

0.2450E 05 
- 0. e669E-C2 

SHEAR &/OR TRANSVERSE BRE4K-POI FiT RE ACHE0 I N  EVERY LAVER 

LA'WNATE TANGENT STIFFNESS MATRIX: 

LAMlNATE T4NGENT YOOULI G POISSON RATIOS: 

YOUNG S PO1 C<nN %FAR 
YOOULUS RATIO MODULUS 

LONG 0.210846E 07  0.319e51E 00  0.198750E 06 
TR4ll 0 ~ t l 0 0 C G E  0- 0 e319051C 00  0.'90?50C 06 

F8lLUI)E PREDICTED I N  FOLLOWING L ~ W R S :  

I CODE 1=4X14L: MODE 2-TRANSVERSE: MOOE 3=SHEARt 
MOOE LAYER 

1 3 
1 6 
1 4 . . 

1 5 
1 1 
i 8 

LONGITUDINAL TRAY SVER $E SHEAR 
APPLIED FORCES/LENGTH AT FAILURE: 0.130E 06  0-130E 06  0 .O 

LAYER STRESSES E STRAINS I N  LAVER CO-CROS. AT FAILURE: 

ORIENT AT ION 
LAYER ANGLE L@NGI TUOtNAL 

1 0.0 0.2363E 06  
Z 45.00 0 .2363E06  
3 - 49.00 0.2363E 0 6  
4 90.00 012363E 06  
5 90.00 n.2363E 06 
6 -45.00 0.2363E 06 
I 45.00 0.2363E 06  
A 0.0 0.2363E 06 

STRESSES 
TRANSVERSE 
0.231CE Of  
0.2310E 0 5  
0.231 OE 05 
0.2310E 05 
0.2310E 0 5  
0.2310E 05 
0.2310E 0 5  
0.2310E 05 

SHEAR 
-0.11 EZE-01 

0 .1330e02 
-0.1330E-02 

a. II~ZE-CI 
0 . 1182F01  

-0.1330E-02 
0.1310E-02 

-0.1182E-01 

LONG ITUO IN& 
0.3100E-01 
0.31COE-01 
0 -3100 E-O 1 
0.3100E-01 
0.?700E-01 
0.3100E-01 
0.31CCE-01 
0.370GE-01 

STRAINS 
TRAN SVER SE 
0.3700E-01 
0.3'00E-0 1 
0.3700E-01 
0.3700E-01 
C. 37OOE-01 
O . ~ ~ O O E - O  1 
0.37OOE-01 
0.37C0+C01 

SHEAR 
-0.8009E-01 

0.2eOlE-07 
- o . z ~ o ~ E - o ~  

0.8009E-07 
0. BOOS€-07 

-0 .2801E-07 
0.2801E-07 

-0.800SE-07 

LAYER STRESSES I N  LAMINATE CO-OROS 47 FAILURE: 



LAY ER 
1 
2 
3 
4 
5 
6 
7 

8 

ORIENTATION 
ANGLE LONGITUDINAL 

0.0 0.2363E 06 
45.00 0.1297E 06 

-45.09 0.1291F 06 
9o.no 0 . 2 3 1 0 ~  05 
90.00 O. 2310E 05 

-45.0Q 0.1297E 06 
45.00 0 .1297E06 

0.0 0.2363E 06 

STRESSES 
TRANSVERSE 
O.231OE 05 
0.1291F Oh 
'3.1297E 06 
r).236'?E O t  
O.2363E 06 
0.1291E 06 
0.1297E 06  
0.2310E 05 

SHEAR 
-0.1192E-Cl 

0.1066E 06 
-0.1066E C.6 

0.2585E 00  . 
0.2585E 00 

-0.1066E C6 
0.1066E 06  

-0.118ZE-01 

FTRST FIBER FAILURE 

ANALYSIS NUMBER 3: 

BREAK-POTNT ANALYStS= 1: FAILURE ANALYSI S= 3 

I !=MAX STRESS CRITERION: 2=MIX STRAIN CRITERION: 3=CVAORATIC INTERACT ION CR ITEQ ION1 

LAMINITE TANGENT MODULI G POI SSflN RATlOS: 

YOUNG S POISSON . SHEAR 
MOnUCUS RA T I 0  MODULUS 

LONG 0.312623E 07 0- 309647E 00 0.119354E 07 
TRAN 0-312623E 0 7  0.30964T 00  0.119354E C7 

BREAK-POI NT NO. 1 PREOICTED IN FOLLOWING LAYERS: 

f MnOE 1= A X  141 ; MOO€ Z=TRANSVERSE : MOO€ 3=SHEAR I 
MODE LAYER 

2 1 
2 2 
2 4 
2 5 
2 7 
2 8 
2 3 
2 6 

LONG1 TUOINAL TRANSMRCE SHEIR 
4PPLlEO FORCES/LENGTH AT 8l(EAK-PIJINT: 0.416E 05 0.476F: 05 0.0 

LAMINATE TOTAL STRAINS: 0.105E-01 0.lOSE-Cl -0.138E-07 

LAYER STRESSFS f. STRAINS 1 N  I AVFR Cfl-rJROS. AT BP.EAU.-POI#T: 

flR 1SNTATION 
ANGLE LONGITUOINIL 

0.9 0.72lOE 05 
45.00 0.7ZlOE 0 5  

4 5 . 0 0  O.721OE 05 
90.00 0.721OE 05 
90.03 O.IZ1OE 05 

-45.00 0.721 OE 05 
45.00 0.721OE 05 

0.0 O.'ZIOE 05 

STRE SSE S 
T RANSVERS E 
O.231OE 05 
0.2310E 05 
0.2310E 05 
0.2310E 05 
0.2310E 05 
0.2310E 05 
O.2310E 05 
0.2310E 0 5  

SHEAR 
-0. A669E-02 
-0.4134E-C8 
-0 .4134F08 

O.8669E-02 
0.8669E-02 

-0 e4134E-08 
-0.41346-08 
-0.8669E-02 

LAYER STRESSES I N  LAMINATE CO-CROS AT BREAK-POINT: 

ORIENTATION ' 

.AVER ANGLE LONG1 IUD1 NAL 
1 0.0 0.7210E 05 
Z 45.00 0 .4760E05  
3 -45.00 0.4760E 05 
4 90.00 0.2310E 05 
5 90.00 0.2310E 05 
6 -45.00 0.4760E 05 
r 45.00 0 .4760E05 
I 0.0  0.721OE 05 

STRESSES 
TRANSVERSE 
0.2310E 05 
0.4760E 05 
0.4760F 05 
0.7210E O5 
O.7ZIOE 35 
0.47COE 05 
9.4'60E 05 
O.2310E 05 

SHEAR 
-0. e 6 6 9 ~ - 0 2  

0.2450E 05 
-0.L450E 05 

0.5344E-C1 
0.5144E-0 1 

-0.2450E 05 
0.2450E C5 

-0.8669E-02 

LONG ITUDlNAL 
0.1051E-01 
0. I 0 5  1E-01 
0.1G51E-01 
0.1OSlE-01 
0. lC5 lE-C1 
O.lOS1E-01 
0.1 051 E-01 
O.lC51E-01 

STRA1 PS 
TRANSVERSE 
0.1051F-01 
0.1051 E-01 
0. l 051E-61  
0.1051 E-01 
0.1051 E-01 
0.1051E-C1 
0.1051 E-01 
0.1OSlE-01 

SHEAR 
-0.1?7CE-07 
-0.6562E-14 
-C.6562E-14 

0.1376E-07 
0.1316E-07 

-0.6562E-14 
-0.6562E-14 
-0. 1376E-07 

SHEAR ClOR TRAhlSVERS E BREAK-POINT REICHEO I N  EVERY LAVER 



LAYlNATE TANGFIT STIFFNESS MATRIX: 

LAM INATE TANGENT MI?DULI & POI SSON RATIOS: 

Y OUNGS PO ISSON SHEAR 
MOO UL US R A T T O  roou~us 

LCNG 0.210846E O7 0.319851E 0 0  0.798750E 06 , 

TRAN 0.210846E 07  0.319851E 00  0.798750E 06  

[MODE 1=4X 14L; MODE 2=TRANSVERSE: MODE 3mSHEARI 
MODE LAYER 

1 3 
1 . 4  
I 5 
1 6 
L 1 
1 8 
1 2 
1 7 

LONG1 TUDINAL TRANSVERSE SHE 6R 
APPLIED FORCESlLENGTH AT FblLURE: 0.126E 06 0-126s  06 0.0 

LAM INATE TOTAL STRAINS: 0.358E-01 0-358E-01 -0.771 € 4 7  

LAYER STRESSES & STRAINS I N  LAYER CO-OROS. bT FAILURE: 

ORIENT ATION 
LAYER ANGLE LONGITUOINAL 

0, 0 0.2290E 06 
' 45.00 0.2290E 06  2 

3 -65.00 O.2290F 06 
4 90.00 0- 2290E 06 
5 90.09 0.2290E 06 
6 -45.00 0.2290E 06 
7 45.00 0*2290E 06 
8 0.0 b . i N 6 E  06 

STRE SSE 5 
T RANSVERS E 
0.2310E 05 
0.2310E 05 
9.2310F 05  
0.231 4 05 
0.2310E 0 5  
0.2310E 0 5  
002310E 05 
0.2310E 05 

SHEAR 
-0.11 68E-01 

0.1271E-02 
-0.127lE-02 

0.1168E-01 
O.l lb8E-01 

-0. l271E-02 
Q1271E-02 

-0. I l t B E - 0 1  

LONGITUDINAL 
0.3582E-01 , 

0.3582E-0 1 
0.35R2E-01 
0.3582E-01 
0. ~ ~ ~ Z E - C I  
0.35eiE-C1 
0.3582E-01 
U.35BZt-U I 

STRAILS 
TRANSVERSE 
003582E-01 
0.3582E-01 
0 .45eze  CI 
6.3582 E-01 
0.3582 E-01 
0-3582E-01 
0.3582E-01 
u. jjuiS=U L 

LAYER STRESSES I N  LAMINATE CO-OQDS 4 1  FAILURE: 

LAYER 
1 
2 
3 
4 
5 
6 
T 

8 

OR fENTAT1 ON 
ANGLE LONGI TUDI N4L 
0 .O rd.df9OE 06 

45.00 0.1260E 06 
-45.00 fl- 1260F 06 

90.09 0.2310E 05 
90.00 0.2310E 05 

-45.00 0.1240E 06 
45.00 0 .1260E06  

0. 0 0.2290E 06 

ST P ESS ES 
TRANSVERSE 
Or2310E 05 
0.1260E 06  
0,1260E 06 
0.2290E 06  
0.2290E 06 
0.126OE 06 
0 11260E 06  
0.2310E 05 

SHEAR 
-0 . l l t eE -01  

0.1029E 0 6  
-0.1029E 06 

0.2493E 00  
0.2493E 00 

-0.1029E C6 
Om1027E 06 

-0.1168E-01 

FIRST FIBER FAILURE 

4NALYSlS NJHBER 4: 

BREAK-PO I N 1  ANALYSI S= 2: FAILURE AKALVS 1 S= 1 

f l=RAX STRESS CRITER {ON: 'SMAX STR4IN CR ITERION: 3=QUAORATlC INTERACTION CRITERION( 

LAMINATF TANGENT STlFFYESS MATRI X I  

LAY INATE TANGEYT MODULI & POI SSON RATIOS: 

Y CUNGS PCISSON SHEAI? 
YODULUS RATIC POOULUS. 



LONG '3.312623E 0 7  0.30964'E 0 0  0.119354E 07 
TR4N 0.312623E 0 1  0.70964TE 00  0.119354E 07 

LONGfTUOlNPL TRANSVERSE SEEbR 
APPLIED FORCESILENGTH AT BREAK-POINT: O.634E 05 0.634E C5 0.0 

L4HINATE TOTAL STRAINS: 0-  140 E-01 0-14OE-01 -0.183E-07 

LAYER STRESSES t STR4lNS I N  LAYER CO-ORDS. AT BREPK-PCIKT: ' 

OR IENTATION . 
L AY ER ANGLE LONGITUOINAL 

1 0.0 0.9603E 05 
2 45.00 0.9603E 05 
3 -45.00 0.9603E 05 
4 90.00 0.9603 E 05 
5 ' 90.00 0.9603E 05 
6 4 5 . 0 0  0.9603E 05 
7 45.00 0.9603E 05 
8 0.0 CI.9603E 05 

STRESSES 
TR4NSVERSE 
0.307TE 05 
0.3077E 05 
0.3071E 05 
0.3017E 05 
0.3077E 05 
0.30''E 05 
0-3071E 05 
0 - 3 0 1 T  05 

LAYER STRESSES I N  LAMINATE CO-CUDS AT CREbK- 

OR TENT AT ION 
LAVER ANGLE LONGlTUOlh'bL 

1 0.0 0.9603E 05 
2 .45.00 0.6340E 05 
3 -45.00 0.6340E 05 
4 90.00 0.3011E 05 
5 90.00 0.307'€05 
6 -45. 00 0.6340E 05 
T 45.00 0,634OE 05 
9 0.0 0.9603 E 05 

STRESSES 
T RANSVERS E 
Ol3017E 05 
0.6340E 05 
0.634OE 0 5  
0.9603E 05 
0.9603E 0 5  
0.634OE 0 5  
0.634OE 05 
0.30"E 0 5  

SHEAR 
-0.1155E-01 

0.3263E C5 
-0.3263E 0 5  

0.71 1BE-01 
O.Tl18E-01 

-0.3263E 0 5  
0.3263E 05 

-0.1155E-C1 

SHEAR t I r )R TRANSVERSE BREAK-POINT REACHED 'IN EVERY LAVER 

L4Y 1N4TE T4NGENT S T I F F M  SS M4TRI X: 

LAHI NATE TANGEN I WUllULl E P U l  SSON RfbT IQS: 

Y DUN GS POISSON WEIR 
MODULUS R A T  IC HOWLUS 

LONG 0.210846E 07 0-319851E 00  0.798150E 0 6  
TR4N 0.210846E O7 0.31985lE 00  0.798750E C6 

F4ILURE PREDICTED I N  FnLLOWING LAYERS: 

(MODE 1=4XI4L: MODE 2=TRANSVERSE: MODE +SHEAR) 
YODE LAYER 

1 3 
1 4 
1 5 
1 6 
1 1 
1 8 
1 2 
1 7 

STRAINS 
TRbNSVERSE 
0.14COE-C1 
0.140OE-01 
Cm1400E-01 
0.14GOE-C1. 
.0-1400 E-01 
C. 1400E-01 
0.14OOE-01 
0.1400 E-0 1 

LGNGITUCINLL TUbNSVERSE SFEbR 
APPLIED FORCESILENGTH AT FA ILIIRE: 0-130E 0 6  0.13OE C6 0 .O 

LAMtNATE TOTAL STRAINS: 0.354E-01 0.394E-01 -0.120E-07 



LAYEP STRESSES G STPAINS I N  LAYFR CO-OPDS. AT FAILURE: 

LAYER 
1 
2 
3 
4 
5 
6 
7 

8 

OSIENTATION 
ANGLE LPNGI TUOIYAL 

0.0 0.2290E 06 
45.00 0.2290E 06 

-45.00 0.2290E 06 
90.00 0.2290E 06  
90.00 0.2290E 06 

4 5 . 0 0  0.2290E 06  
45.00 O.2290E 06  

0.0 0.2290E 06  

STRESSES 
TRANSVERSE 
0.30V7E 05 
0.3077E 05 
0.30'71E 05 
0.30'7E 05  
0.3077E 0 5  
0 .307T.  05 
0.3077E 0 5  
0.3077E 0.5 

SHEAR 
-0.1410E-01 

0.1077E-02 
-0.1 OTW-02 

0 .1410E01  
0.1410E-01 

-0. 1077E-02 
O.lO77E-02 

-0.1410E-01 

STRA INS 
,TRANSVERSE 
0.3545s-C1 
0 .3545601 
0.3545 E-01 
C. 3545E-Cl 
0.3545E-01 
0.3545E-01 
0.3545E-01 
0.3545E-01 

LAYER STRESSES I N  LAMINATE CO-OROS AT FAILURE: 

LAYER 
1 
2 
3 
4 
5 
6 
7 
8 

OR IENTATION 
ANGLE LONGITUOINAL 

0. 0 O.2290E 06 
45.00 0.1299E 06 

4 5 . 0 0  . 0.1299E 0 6  
90. 00  0.3077E 05 
90.00 0.3077E 05 

4 5 . 0 0  0 .1299EOb 
45.00 0.1299E 06  

9.0 O.PP?OE 06 

STRESSES 
TRAN SVER SE 
0.3077E 0 5  
O.1299E 06 
0.1299E 06  
0.2290E 0 6  
0.229aE 06 
0.1299E 0 6  
0.1299E 06 
0.30778 @5 

SHEAR 
-0.14 10E-0 1 

0.9912E 05 
-0.9912E 05 

0.2372E 00 
0.2372E C O  

-0.9912E CS 
0.9912E 05 
0. 14  14.* . ,01 

F.IRST FI.BER FAILURE 

ANALYSI S NUWBER 5:. 

BREAK-PCIM ANALYSIS~ 2; FAILURE ANALYSIS= 2 

I l=MAX STRESS CRI TEPION: 2=*4X STRIlIN CRITERION: 3-CUbORAT I C  INTERACT ION CRITERION) 

LA41 NATE TANGENT STIFFNESS MATRIX: 

LAMINATE TANGENT HOWL1 G POISSON RATIOS: 

YOUYC S PC1 SSON SHEAP 
YCQIJLIJS R ATTn MOOULUS 

LONG 0.312623E 07 0.309647E 00 0.119354E 07  
TRAN 0.312623E 07 0.30964fE 00 0.119354E @7 

RREAK-POI NT NO. 1 PREOICTEC I N  FOLLOWING LIVERS: 

LONGITUDIN AL TRAN SVER IC SMEAR 
APPLIED FORCE SlLENGTH AT BREAK-POINT: 0.634E 05 0-634E 05 0 00 

LAMINATE TOTAL STRAINS: 0.14OE- 01 0.140E-Cl -0.183E-0' 

LAYER STQESSE S G STRAINS I N  LAYER CO-OROS. bT 8RE6K-PCINT: 

LAYER 
1 
2 
3 
4 
5 
6 
7 

8 

ORIENT AT ION 
ANGLE LONGITUOINAL 

0.0 0.9603E 05 
45.00 0.9603E 0 5  

-45.00 a 9 6 0 3 E  05 
90.00 0.9603E 05 
90.00 0.9603E 05 

-45.00 0.9603E 05 
45.00 009603E 05 

0.0 0.%09F 05 

STRESSES 
TRANSVFRSE 
0.30'7E 05 
0.30VVE 0 5  
0.3077E 0 5  
0.3077E 05 
0.301'E 05  
0.3077E 05 
0.3077E 05 
0.3077E 0 5  

SHEAR 
-Q ! 155E-01 
-0.54C6EC8 
-0.55 06 E-08 

0. 11 55E-Ql 
0.1155E-01 

-0.55 06 E-08 
- @.55C6E-08 
-0.1155E-01 

LONG lTUO INAL 
0.1400E-01 
0.140CE-Cl 
0.1400E-01 
0.1400E-01 
0.1400E-01 
0.1400E-01 
0.140CE-01 
0.1400E-01 

$1RAIRS 
TR AN SVER SE 
0.1400 E-01 
C. 14CCE-01 
0.14OOE-01 
0.1400E-01 
0.14OOE-0 1 
0-14OOF-01 
0.14OOE-01 
0.1400E-01 

SHEAR 
-0 -1833E-07 
-0.8139E-14 
-0.873SE- 14 

0 .1 833 E-0' 
o. le33e-07 

-0.873SE- 14 
-9..8739 E-14 
-0 .  I'833E-07 



L4VEP STRESSES IN  L4MIN4TE CO-OROS 4T BREAK 

STRESSES 
TR4NSMRSE 
0.30T7E 05 
0.6340E 0 5  
0.6340E 05 
0.9603E 05 
0.9603E 05 
0.6340E 05 
0.6340E 05 
0.3077E 05 

SHEAR &/OR TRANSVERSE RRE~K-PCINT REbCHEO I N  EVERY LAVER 

LAMI NIT€ TLNGENT STIFFNESS H4TR IX:  

O.235E 07  O.751E 06 0.62%-01 
0.751E 06 0.235E 07 0.194E 0 1  

: 0.62%-01 0.194E 01  0.7996 06 
. . 

L4MIN4TE T4NCENT MOOULI C POISSON R4TIOS: 

Y CUNG S 001 SSON SHE4R 
Y O ~ U L  US 9 4 ~ 1 0  MODULUS 

LONG 0.210846E07 0 .319851E00 0.19875OE 06 
TP4N 0.210R46F fl7 0.319A51E flfl 0.79R750F Oh 

FI ILURE PREDICTED I N  FOLLOWING LAYERS: 

fHODE 1=4X14L: MODE Z=TRINSVERSE: MODE 3=SHE4Rl 
MCOE L4Y ER 

1 3 
1 6 
1 - 4  
1 5 
1 1 
1 8 '  
1 2 
1 7 

LONGlTUOIN4L TR4NSVERSE SHE bR 
- 4PPLIED F@RCES/LENCTH 4T FIILURE: 0.135E 06 0.135E C(5 0. C 

L?YER STVESSES G STR4fNS I N  LAVER CO-OROS. AT FAtLURE: 

SIRE SSE S 
TR4NSVERSE 
0.30TIE 05  
0.3071E 05 
0.3017E 05 
0.30776 05 
0-3077E 05 
0.3077E 05 
0.3077E 05 
0 .3017~  05 

L4VER STRESSES I N  L4MIN4TE CO-OROS 47 FAILURE: 

ORIENT AT ION 
LAYER 4tGLE LONGITUCINbL 

1 0.0 O.2386E 06 
2 45.00 0 .1347E06 
3 -45. 00  0.1341E 06 
4 90 -00  0.3077E 05 
5 90.00 0.3077E 05 
6 -45.00 0.1341E 06 
7 45.00 0.1347E 06 
8 0.0 0.2386E 06 

STRESSES 
TRANSVERSE 
0.30772: 05 
0 .1347E 06 
0.1347E 06  
0.2386E O C  
0.2386E 06 
0.1347E 06 
0.134fE 06 
0.3077E 05 

SHEAR 
-0.1428E-01 

0.1039E 06 
-0.1039E 0 6  

0.2412E 00 
0.2492E CO 

-0.1039E 06  
b 103% 06 

-0.1428E-01 

STR4 INS 
TRANSVERSE 
O.~~OOE-OI  
0.3700 E-0 1 
0.3100E-01 
0.3700E-01 
0.3700E-01 
0. ? 7 a o ~ - c 1  
0.f700E-01 
0.3700E-01 

SHEAR 
-0.1592E-07 

0.2432E-07 
-0.2432E-07 

0.7592E-07 
0.7592 E-07 

-0.2432E-07 
0.2432E-0.7 

-0.7592 E-0' 

FIRST FIBER FIILIJRE 



f l=M4X STRESS CQ ITEP ION; 2=Y 4X STR4IN CQ ITER ION: 3=CUAORATlC I HTERACTICh' CRITERICNI 

LAWINATE T4NCENT STIFFNESS M4TRIX: 

LAMINATE TANGENT MODULI t POI SSCN RATIOS: 

VWNGS POTSSON SHEAR 
YCDULUS RATID MODULUS 

LONG 0.312623E 0 7  0.30964- 00  0.119354E 07 
TRhN 0.312623E 0 7  0 -309647E 0 0  0.119354E C7 

BREAK-POINT NO. I PREOICTEO I N  FOLLOW1 M, LAVERS: 

[MOO€ l=AXIAL:  MUUt 2=IHdN5VtRSt: MUUt F S H t A U  l 
YOOE LAYER 

2 1 
2 2 
2 4 
2 5 
? 7 

2 8 
2 3 
2 . 6  

LON6ITUOINM TRAN SVER CE . SHEAR 
APPL IEO FORCES/L ENGTH 4T 9RE4K-POINT: 0.634E 05 00634E 05 0 .O 

LAMINATE 'TOTAL STRAINS: 0.14OE-01 0.140E-01 -0; 183E-07 

LAYER STRESSES t STPA INS I N  LAYER CfI-OROS. 4 1  BREAK-PClhT: 

ORIENTAT1 ON 
LAVER 4NGLE LONGITUDINAL 

1 0.0 0.9603E 05 
2 45.00 0.9603 E 05 
3 -45.00 0.9603E 05 
4 90.00 0.9603E 0 5  
5 PO. 01) 019603E 05 
6 -45.00 0.9603E 05 . 
T 45.00 0.9603E 05 
0 0 - 0  Oa 9603E 05 

STRESSES 
TRANSXRSE 
0.30"E 05  
0.307TE 05 
0.307fE 05 
0.307'E 05  
0 .3077~ ns 
0.3071E 05 
0.3077E 05 
OvZ077F 65 

SHEAR 
-0~1!55E-Ol  
-0.5506E-08 
-0.55C6E-C8 

0.1155E-01 
0.1.1 55F-01 

-0.9506E- 08 
-0.55C6E-0% 
-0.1 15SF-01 

LONG ITUClNdL 
0.140CE-CI 
0-140OE-61 
0.1400E-01 
0.14CCE-C1 
0.140OE-01 
0.1 400E-01 
0.1400E-01 
0.1400E-01 

LAYER STRESSES I N  LAMINATE CO-OROS AT BRE4K-POINT: 

OR 1ENfATION 
LAVER ANGLE LONGITUDINAL 

1 0. 0 0.9603E 05 
2 45 -00  0.634OE 05 
3 -45 - 00  0.6340E 09 
4 90.00 0.3077E 05 
5 90.00 . 0 . 3 0 7 7 ~  05 
6 4 5  -00  0.6340E 05 
7 45.00 0.6340E 05 
8 0 -0  0.9603E 05 

STRESSES 
TR4N SVER SE 
0.3071E 05 
006340E 05 
0.634OE 05 
0.9603E 0 5  
0.9603E 05 
0.6340E 0 5  
b 6 3 4 0 E  05 
0.3077E 05 

SHEAR 
-0.1155E-01 

0.3263E C5 
-0.3263E 05 

0.7118E-01 
0.71 18E-01 

-0.3263E 05 
0.3263 E 05 

-0.1155E-CI 

SHEAR &/OR TQ4NSVERP BREAK-POI NT REACHED I N  EVERY LAVE$ 

LAMINATE TANGENT STIFFNESS MATRIX: 

LAY1 NATE TANGENT MflOUL I t POISSCN RAT IOS: 

YOUNG S POI SSON SHEAR 
MOOULUS R ~ T I O  YOOULUS 

LOYG 0.210846E 07 0o319851E 0 0  0 ~ 7 9 8 1 5 0 E  06 
TRAN 0 .210846~  07 . 0.319851~ 00 0 . 7 9 e l 5 0 ~  06 

STRAINS 
T R ANSV ERS E 
0.140OE-01 
0.14bOE-bl 
0.1600 E-01 
C. 14OOE-01 
0.1400E-01 
0.1400 E-0 1 
0.1400E-01 
091~00E-01  

SPEAR 
-0.1833E-0' 
-b.BT?qE- 1 4  
-0 . 8 ~ 3 9 ~ - 1 4  

0.1833E-07 
0. i e 3 ? ~ - 0 1  

4.8'39E-14 
-0.8739E-14 
-0 - l e?3E-07  

FA1 LURE PREDICTED I N  FOLLOYING LAVERS: 



fMOOE 1= 4X14L ; WlOF ZIlT4YSVERSE ; HOOE ?=SHE4Rl 
r o o E  L ~ Y F R  , 

1 3 
1 6 
1 1 
1 4 
1 5 
1 R 
1 2 
1 7 

LONG1 TUOINAL TR4NSVERcE SHEBR 
APPLIED FORCESlLENtTH AT FAILURE: 0.1?0E 0 6  0.130E 0 6  0.0 

LAYER STRESSES t S W A I N S  I N  LAYER CO-CROS. 

LAYER 
1 
2 
3 
4 
5 
6 
7 

8 

IENT4T ION 
ANGLE LONGITUOIN4L 

0.0 0.2290E 0 6  
45.03 O.2290E 0 6  

-45.00 0.2290E 0 6  
90.00 0.2290E 0 6  
90.00 O.2290E 0 6  

-45.00 0.2290E 0 6  
45.03 0.2290E 06 

0.0 0.2290E 0 6  

STRESSES 
T RANSV ERS E 
0.3071E 0 5  
0.3077E 0 5  
0.3377E 0 5  
0 . 3 0 7 T  '05 
0.30-97E 0 5  
0.3077E 0 5  
0.3077E 0 5  
0.30'-E 0 5  

SHEAR 
-0.141OE-01 

0.10-97E-C2 
-0.1077E-02 

0.1410E-01 
0.1410E-C1 

-0.10'7 E-02 
QL077E-  0 2  

- 0 . 1 4 1 0 F C l  

LONGITUDINAL 
0.3545E-01 
0.3C45E-C1 
0.354tE-01 
0.354.5E-01 
0.354%-C1 
0.3545 E-0 1 
0.3545E-01 
0.3545E-01 

STRAI PS 
TR 4N SVER SE 
0.3545 6 0 1  
0.3545E-01 
0.3545E-CI 
0 -3545  E-0 1 
0.3545E-C1 
0.3545E-01 
0.3545 E-01 
0. ?545E-E l  

SHE 4R 
-0.7203E-07 

0.226RE-0' 
-0-226eE-07 

0.720?E-07 
0.7203E-07 

-0. z 2 6 e ~ - o i  
6.2268E-07 

-0.1203E-07 

LAYER STRESSES I N  L4HINATE CO-OROS 4 7  F41LURE: 

STRESSES 
TRANSVERSE 
0.3017E 0 5  
0.1299E 0 6  
0.1299E 0 6  
0.2290E 0 6  
O.2290E 0 6  
0.1299E 0 6  
O . l t 9 9 E  0 6  
0.3017E 05 

F I R S T  FIBER F L I L U R E  

4N4LYS1S NUMBER 7: 

f l=VAX STRESS CRITERION: Z=HAX STRAIN CRITERION: 3=QUADRATlC 1NlER4CT ION CRITERIONl  

L4Y I N I T E  T4NGENl STIFFNESS Y4TR IX: 

L4H lN4TE T4NGENT YODULI t POISSON R4TTOS: 

Y OUNGS POISS CN SHEAR 
'400 ULUS R4T10  YCOULUS 

LCNG 0.312623E 0' 0.30964'E 0 0  0.119354E 0 7  
TR 4N 0.312623E 0 7  0.309647E 0 0  0.119354E 0 7  

BRE3K-POINT NO. I PREDICTED I N  FOLLOYING L4YERS: 

f MODE 
MODE 

1 
1 
1 
1 
1 
1 
1 
1 

l o 4  X14L: MODE ~ ~ T R ~ N S V E R S E :  RODE 3mSHE4R) 
L 4Y eR 

1 
2 
4 

5 
7 

8 

3 
6 



kHYOITUOlN4L TRANSVERSE .SHE4R 
4POL [ED FORCES/LENCTH 4 1  8RE4K-POINT: 0.641E 05 0.641 E C5 0.0 1 ,  1 3  

LAYlN4TE TOTAL STR4INSt 0.142E-01 0.142E-01 -0.185E-07 

L4YER STRESSES C STPAINS IN  L4YER CD-OROS. A T  BREAK-PCIKT: 

OR IENT4 T I  ON 
LAY EP 4NGL E Ln  NGITUD IN4L 

1 0.0 0.9715E 0 5  
2 45.00 0.971% 05 
3 45 .00  0.9715E 05 
4 90.00 0.9715 E 05 
5 90.00 0.9115E 05 
6 -45.00 0.9'15E 05  
7 45.00 0.9715E 05 
A 0.0 0 . 9 7 1 5 ~  05 

STRESSES 
TR4NSVER SE, 
0.3113E 0 5  
0.3113E 0.5 
0.3113E 05 
0.3113E 0 5  
0.31 13E 05 
0.3113E 0 5  
0.3113E 0 5  
0.3113E 05 

STRAINS 
TRANSVERSE 
0.1416E-01 
0.1416E-01 
0.1416E-01 
001416E-C1 
0.1416 F O l  
0.1416E-01 
0.1416E-01 
0.1416 E-0 1 

LAYER STRESSES I N  LAMINATE CO-OROS 4 1  BREbK-POINT: 
?c 

OR IPJT PT ION 
L 4Y ER ANGLE LRNGITUOINAL 

1 . .  0.0 0..9715E 05 
2 45.00 0.641CE 05 
3 - -45.00 0.6414E 05 
4 90.00 0.3113E 05 
5 90.00 0.3113E 05 
6 -45.00 n.64146 0% 
T 45.00 0.6414F 05 
9 0.0 0 .9T15E 05 

STRE S SE S 
TRANSVERSE 
0.3113E 05 
0.64146 63 
0 m6414E 05 
0.9715E 05 
0.9715E 0 5  
0.6414E 05 
0.6414E 05 
0.3113E 0 5  

SHEAR 
-0.1168E-01 

0.33ClE 65 
-0.3301E 05 

0.72 01 E-01 
O.lZO1E-0 1 

-0.3301E 05 
0.3301E C5 

-0.1168E-C1 

QU4OR4T I C  BRE4K-PO I N 1  REACHED I N  EMRY LAYER 

L 4M INATE TANGENT STIFFNESS W4TRI X: 

LAMI NATE TANGENT MOOUL! C POI SSCN RATIOS: 

tOuN GS POI SSON SPie4R 
MODULUS RAT I@ ~ O O U L U S  

LONG 0.210846E 07  0.319851E 00 0.798150E 
TRAN o.iio846~ 09 6 . 3 i 3 8 S i ~  00 0.798750~ c6  

FAILURE PREDICTED I N  FOLLOWING LAYERS: 

(MODE 1=4X14L: . MODE 2=TRANSVERSE: YOOE +SHEAR) 
MOW? LAYER 

1 3 
1 4 
1 5 
1 6 
1 1 

I 8 
1 2 
1 7 " 7 %  

LONGITUDINAL TRAN SVER SE SHEAR 
APPLIED FORCES/LENGTH 4 1  F4lLURE: 0.130E 0 6  0.130E 06 0 -0 

L4MTNATE T V 4 L  STRAINS: 0 .354FC1 0.354E-Cl -0.71 RC-07 

L4YER STRESSES C STR4INS I N  LAVER CC-CRDS. I T  FAILURE: 

LAYER 
1 
2 
3 
4 
5 
6 
7 

8 

STRESSES 
TR4NSWRSE 
003113E 0 5  
0.3113E 0 5  
0 . 3 l l X  05  
0.3113E 05 
0.3113E 05 
9.3113E 05 
0.3113E 05 
0.3113E 05 

STRdINS 
TRINSVERSE 
0.3543E-01 
0.3543E-01 
0 -354% E-6 1 
C. 2543E-C I 
0.35436-01 
0.3543E-01 
0.3543E-C1 
003543E-01 

STRESSES I N  L4MIN4TE CO-OROS AT FAILURE: 



STRE SSF S 
TR4NSVERSE 
0.3113E 05 
0.1301E O t  
0.1301E 06 
0.2290E 06  
Q.2290E OC 
0.1301E 06  
0-1301E 06 
0.3113E OC 

FIRST FIBER FhILURE 

11=M4X STRESS CRITERION: 2aM4X STR4IN CRITERION: 3=CU40RATlC INTER4ClION CRlTERIONl 

LAMINATE TdNGENT STIFFNESS M4TRIX: 

L4MlN4TE T4NCfNT MODULI G PCISSON RATIOS: 

YOUNGS POI f SON SHE4R 
SOWLUS R4TIO MOOULUS 

LONG 0-312623E 07 0-309647E 00  0-119354E 07 
TR4N 0.312623E 0 7  0-309647E 00 0.119354E @7 

RREAK-POINT Nn. 1 PREDICTED I N  FOLLOYING L4Y ERS: 

IMODE 1-4X 14L: *ODE *TR4NSVER SE: YOOE ?=SHE4RI 
MODE LAYER 

1 1 
1 2 
1 4 
1 5 
1 7 

1 8 
1 3 
1 6 

LONG1 TUD1N4L TRANSVERSE SHE dR 
IPPLIEO FORCESILENGTH AT BREAK-POINT: 0.641E 05 0.641E 05 0.0 

LAM IN4TE TOT4L STRAINS: , 0.142E-01 0-142E-C1 -0.185E-07 . 

LAYER 
1 

2 
3 
4 
5 
6 
7 

8 

OR IENT4T LrlN 
ANGLE LONGITUOINAL 

0.0 0.9715E 05 
45.00 0.9'15E 05  

-45.00 0.9715E 05 
90.00 0.9715E 05 
90.00 0.97.15E 05  

-45.00 0-9715E 05 
45-00  0.9715E 05 

0.0 0.9715E 05 

STRE SSE S 
TRAWSVERSE 
0-3113E 05 
0.3113E 0 5  
9.31 13E 0 5  
0.3113E 05 
0.3113E 0 5  
0.3113e 05 
0.3113E 005 
0.3113E 0 5  

SHEAR 
-0.116BE-01 
-0.5510E-CR 
-0.5570E-08 
' QI lCBE-01  

O.l l68E-01 
-0.5570E-08 - 0.5510E-CB 
-0.1168E-0 1 

STRESSES I N  LAM IN4TE CO-ORDS AT OPEbK-POINT: 

ORIENTATl CN 
LAYER 4MGLE LONG1 TUOI N4L 

1 0.0 0.9715E 05 
2 45. 00 0.6414F 05 
3 -45.00 0.6414E 05 
4 90.00 . 0.3113E 05 
5 90.00 0.3113E 05 
6 -45.00 0.6414E 05 
t +5.00 o - a ~ l 4 ~  05 
8 0.0 0.9715E 05 

LONG ITUD IN44 
0.1416E-01 
0.1416E-C1 
0-1416E-01 
0.1416E-01 
0'. 141tE-01 
0-141bE-01 
0.1416E-01 
0.1416E-01 

STRESSES 
TR4NSMRSE 
0.3113E 0 5  
3.6414E 05 
0.6414E 05 
0.9'15E 05  
9.9715E 05 
0.6414E 05 
O.b't14E 05  
0.3113E 05 .  

STRdIbS 
TR 4N SVER SE 
0.1416F-01 
0.1416E-0 1 
0,1416E-01 
0.1416E-01 
0.1416I?Ol 
0.1416E-01 
0.1416E-01 
0.1416E-01 

SHE 4R 
-0.1854E-01 
-0.8842E-14 
-0,ee42E- 14  

0.1854E-07 
0.1854E-07 

-0.8e4iE-14 
-0.8842 € - I 4  
-0. l e s 4 ~ - 0 7  

OU4nRATIC BREAK-PO1 NT RE4CHEC I N  EVERY LAYER 



L4YIN4TE TANGENT STIFFNESS M4TR I X :  

YnUNGS PCISSCN SHEAR 
v m m u s  R ~ T I ~ I  MCDULUS 

LtNG 0.21 0846E 07  0 .319851E 00  . 0.798+S0E 06 
TRAN 0.210R46E 07  0.319851E 00 . 0.798750E 06 

F41LURE PREDICTED I N  FOLLOWING LAYERS: 

LA91 NATF TOTAL STR4INSS 0 -370 E-01 0 -370E-01 -0.757E-07 

LAVER STRESSES C STR4TN.S I N  L 4 M R  CO-OROS. 4 1  F41LURE: 

STRESSES 
TR4NSIIERSE 
0.3113E 0 5  
R 3 1 1 3 E  05 
0.3113E 02 
0.3113E 0 5  
0.3113E 05 
0.31 13E 0 5  
0.3113E 0 5  
0.311E 05 

STR41NS 
T RdNSV ERS E 
0.3700E-01 
0.370OE-0 1 
0.37OOE-01 
0.3700E-C1 
0.3700 E-01 
a. 3 7 0 0 ~ - 0 1  
0.370OE-01 
0 -3700 E-0 1 

L4YFQ STRESSES f N  LAMlN4TE CO-UPOS AT FAILURE: 

STRE SSE S 
1 R4NSVERS E 
0.3113E 05 
n. 1 3 4 s  06 
0.1349F 06  
0 . t 3 o r ~  06 
0.2387E 0-5 
3.1349E 0 6  
0.1349E 06 
0.3113E 0 5  

SHEAR 
-0.1440E-01 

0. 103RE 06 
-6.1038E 06 

0.1488E 00 
O.2488E CO 

-0.1038E 06 
0.1038E 06 

-0.1440E-CI 

P [ 9 S T  FIBER FAILURE 

8RE4K-POtNT ANALYSIS= 3: FAILURE ANALYSIS= 3 

(1=*4X STRESS CR ITEP. ION: 2=Y4X SfR4IN CRITERION: 3=CUAOQ4TIC INTEPACTIOH CR 1TER ION I 

L4Y INATE T4NGENT STIFFNESS W4TRI X: 

LAl(lN4TE TPNGENT MOOULI C PCISSCN R4TIOS: 

VOUNGS POI SSON %E4R 
YOOULUS R4T 10 MOOUL US 

LOYG 0.312623E 0 7  0.309641E 00  0.119354E 07 
TRaN 0.312623E O7 0.309647E 0 0  0.119354E 07 



9RE4K-POINT NO. 1 PQEDICTED I N  FCLLflYIYG LAYERS: 

(MODE I= 4x1 4L: MODE 2-TR4NSVERSE: NODE +SHEAR) 
nnnE L ~ ~ E R  

1 1 
I Z 
1 4 

LONGITUDINAL TRANSVERfE SHEAR 
APPLIED FORCE SfLENGTH 4 T  BRE~K-POI  NT: 0,641 E 0 5  0.641E 0 5  0 -0  

L431N4TE T m 4 L  STRAINS: 0.142E-01 0 .  1 4 2 ~ - ~ 1  ' -0. ~ .@SE-O'  

C R l E M  4T I C N  
LAYER ANGLE LONGITUCINAL 

1 0.0 0 -9715E 0 5  
2 45.00 0.9115E 0 5  
3 4 5 . 0 0  0 . 9 7 1 5 ~  0 5  
4 90.00 0.S715E 05 
5 90.00 ' 0.S715E 0 5  
6 -45.00 0.9'15E 0 5  
7 45.00 0.9715E 05 
8 0.0 0.9715E 0 5  

STRESSES 
TRANSVERSE 
0.3113E 0 5  
0.3113E 0 5  
0.3113E 0 5  
0.3113E 0 5  
0 . 3 1 1 k  0 5  
0.3113E 0 5  
0.3113E 0 5  
0 . 3 1 1 K  0 5  

LONG ITUC INAL 
0.141 6 E-01 
0.1416E-01 
0 . 1 4 l t E - C l  
0.1416E-01 
0.1416 E-01 
0.1416E-C1 

'0 -1416E-01  
0.1416E-01 

STRAINS 
TRANSVERSE 
0.1416 E-01 
0.1.416 E-01 
0.1416E-01 
0. I41CE-C1 
0.1416 E-01 
C. 1416E-01  
0.1416E-01 
O.1416E-01 

SHE 4R 
-0.1854E-07 
-0.8842E- 1 4  
-0.8842E-14 

C. l e 5 4 ~ - 0 7  
6.1854E-07 

-0.8842E-14 
- 0 . e e 4 i ~ -  1 4  
-0.1854E-07 

L4-R STRESSES I N  LAMINATE CO-CROS AT BREbK-Pfllh7: 

r?R IENT 4 1  ION 
L4YEQ 4NGLE LONGITUDINAL 

1 0.0 0.9715E 0 5  
2 45.09. 0.6414E 0 5  
3 -45.00 0.6414E 05 
4 90.00 0.3113E 0 5  
5 90.00 0.3113E 0 5  
6 -45. 9 0  6.64146 0 5  
r 45.00 0.6414E 0 5  
9 0.0 0.9'15E 0 5  

STRESSES 
TRANSVERSE 
0.3113E 0 5  
0.6414E 0 5  
0.6414E 0 5  
0.9715E 0 5  
0.9'15E 0 5  
0.6414E 0 5  
9.6414E 0: 
0.3111E 0 5  

SHEAR 
-0.1 1 6 8  E-01 

0.33C1E c 5  
-0.3301E 0 5  
O. 7201E-01  
0.72ClE-01 

-0.3301E 0 5  
"fI.33ClE C5 

-0.11C9E-01 

W4r )RbT IC  BRE4K-POINT REPCHED I N  EVERY L4-R 

LAM IN4TE T4NGENT STIFFNESS r 4 1 R I  X: 

LAMlhlATE T4NGENT MOnULI 6' PCISSCN R4T ICS: 

VllUNGS p o l  SSON SHE4R 
YODULUS R4T I C  MOCULUS 

LONG 0.210846E 0 7  0.319e51E 0 0  0.198750E 0 6  
TR&N 0.210846E 0' 0.319851E 0 0  0.198750E 0 6  

F41LURE PREDICTED I N  FOLLOWING L4YEQS: 

f CODE I=IXI~L: n o o E  P ~ T R A N S V E R S E :  MOOE >SHEAR)  
WODE LAYER 

LONG ITUDINAL IRAN SVER I€ SHEAR 
4PpL lFD FORCESfLENGTH 4 1  F I I L U R E :  0.130E 0 6  0.130E 0 6  0 -0  

\ 

L4Y INATE TCfT4L STR4INS: 0.354E-C1 0 . 3 5 4 ~ - ~ 1  -0.71 RF-07 



ORIENT 41 ION 
L4VER 4NCLE LONGITUDINAL 

1 0.0 0.2290E 06 
2 45.00 0.2290E 06  
3 -45.00 0.2290E 06 
4 90.09 O.2290E 06 
5 90.00 0.2290E 06 
4 -45.00 0.2290E 06 
I 65.00 O.2290E 0 6  

8 0. 0 0.2290E 06 

VEQ CO-CPOS. 

STRESSES 
TRANSVERSE 
0.3113F 05 
0.3113E 0.5 
0.3113E 0 5  
0.3113E 05 
0.3113E 0 5  
0.3113E 05 
0.3113E 0 5  
0.3113E 0 5  

LAVER STRESSES 1N LAMINATE C O - C ) R ~ S  4 1  F4lLURE: 

STRESSES 
TR4NSMRSE 
0e3113E 0 5  
0.130l t  Ob 
0.13ClE O C  
O.2290E 06  
0.22902 06  
0.1301F 06 
0.1301E 0 6  
0.3113E 05 

F IRST FIRER FATLURE 

S l P 4 l h S  
TR 4N SVER SE 
0.3543 E-01 
C. 3543E-C1 
0.3543E-01 
0.3543 E-01 
0-3543E-Cl  
0 03543 f-0 1 
0.3543E-C1 
0-3543E-0 1 

SHE 4R 
-0 -7 179E-01 

0.2248E-07 
- o . z 2 4 e ~ - o i  

0.7179 E-07 
0.717FE-07 

-0.2248E-07 
0.2248E-07 

-0-7179E-01 



9.1.2 Sample Cases ( con t ' d )  

Case 2: 

- [0/?30/f h0/90] G I / E ~  l amina te .  

- Same m a t e r i a l  i n  a l l  l a y e r s .  

- Breakpoint and f a i l u r e  stresses and s t r a i n s  i n  compression a r e  

i npu t  w i th  a nega t ive  s i g n  t o  i l l u s t r a t e  t h a t  i t  does n o t  a f f e c t  

the  a n a l y s i s .  

-. Types of  break p o i n t l f a i l u r e  ana lyses :  d e f a u l t .  

- Quadrat ic  i n t e r a c t i o n  c o e f f i c i e n t :  d e f a u l t . *  

- Number of load sets: 2.  

- Option exe rc i s ed  t o  p r i n t  l a y e r  s t r e s s e s  and s t r a i n s  a t  predetermined 

l e v e l  of i n p u t  laminate  l oads .  



F I L E :  S IL4HQC2 DATA A **be* V ILLANOVA UNlVERS I T Y  INTERACTIVE SVSTE'4 -- bM REL 6. PLC 1 

C R l T S ( 1  i2 .1 r1 l= -100-0E  03. 
C R I T S I  2 1 2 r l r l l = - 2 0 .  OE' 0 3 r  
CRXTS f3.2r l e  l l= -6 .62E 03s 
C R I T S l l  + t  i l r Z I = - 1 3 4 r O E  0 3 1  . 3 . . . .  . . 
C R I T S ~ Z r Z r 1 r 2 ~ ~ 2 5 . O E + O l r  
CRITS f l r  21 11 7)=-66.2E O f *  
C R I T E f 1  r 2  r l  r l 1 ~ 1 6 . 1 € 4 3 +  . . 
C R I T E f 2 r 2 r l r 1 1 * 1 2 . 1 € - 0 3 r  
CR f T E ( 3 r 2 r l r  1 )=-1O.SF-O3* 
CRrTE(1  r 2 r L r Z I ~ - Z Z . O E - 0 3 r  
C R I T E f Z r 2 r l  r2)=70.OE-O3r 
C R I T E f 3 r  Z + l r Z l ~ - 1 3 0 . O E - O 1 .  

&OPTI NLOADS=~INSTRES~ 1)=1 
KENO 
L L C 4 0  
ALOfiDf l r  l)=S.OE 0 4 r A L O A D l l r Z l ~ 6 . 3 E  0 4 . 4 L C A D f Z r Z l ~ 6 . 3 E  0 4  
EEYD 
EGECFEO NLAV=lZr f H 4 T L = l t * I r  
A L P H 4 f l l  =O. OrALPHAf ZI=3O.OrALPHA13 I= -30  .OVALPUB f4)=60.0r 
4LPHAf 5I=-601014LPH4f  C,l=900 OrALPH41 7 I ~ 9 O ~ O r A L P H 4 l B ~ ~ - b O ~ O ~  
4LPHAf91=60.Or4LPHAl  l o )= -309  ILPHA( 11 1=30.0..ALPHA( 12)00.O+ 
DELTA=12*0.0 813  
t END 

M4TER14L EL 4STIC PROPERTIES: 

PROPERTIES REFORE BPEaK-POINT: 

M 4 T l  AX T4L YOUNGS ROrJULUS TRANS W W G S  MODULUS SHE 4R 4 X I A L  
NO MOOULUS P O I  SSON 

TFNSION COMPR . TENSION COFPR R ~ T  TO 

.,, . 
PROPERTI E S AFTER BPEAK-POI NT: 

M4TL 4X 14L YOUNGS YODULUS TRANS WIUNGS MODULUS SHE 4R 
NO noou~us 

TPNSIDN GOHPR T F N ~ ~ ~ N  C Q P ~  

PAGE 

b****b* 4X14L  POISSONS R4T 1 0  ******* 
AX t u n p i t  SHE~RIT TENS TR COMPR QUAD 

0.3000E 0 0  0 . 3 0 0 4  0 0  0 -3000E 0 0  0 - 3 0 0 0 E  0 0  



IYRJT  SPE4K-PnfYT STRESSES t STRAINS: 

STQF S SE S 

V4TL 4X 14L T94NS SHE4R 

TEWS 1 9.230E 0 7  0.231E 0 5  0.462E 0 4  
CWHP -0.106E 0 6  -0.203E 0 5  0.662E 0 4  

INPUT U L l I H 4 T E  STRESSES t STRAINS: 

STRESSES 

M 4 T l  4XIAL TR4NS 

STRAINS 

4 x 1  dL  TRANS 

QU4DQATlC lNTER4C TION CO-EFFlClENTS : 

M4TERIAL BREAK-POINT F4 ILURE 

1 -0.500E- 0 9  -0.299E- 1 3  

R4 TER I 4 L  
1 

THICKNESS 
0.0833 
0.0833 
0.0833 
0.0873 
0.0833 
0 .0833 
0.0817 
0.0833 
0.0833 
0.0673 
9.0833 
ll.nR33 

LONG ITUO 1N4L T RANSV ERS E SPEAR 
4PPLIE9 L ~ H ~ N ~ T E  FORCES/LEYGTH: O.5OOE 05 0.0 0.0 

4N4LYSIS NIIHBER 1: 

SRE4K-PPlW 4N4LYSlS= I: FAILURE 4NALYSIS- 1 

l I = Y 4 X  STRESS CQtTEPICY: 2=Y4X 5 f U 4 l N  CRITERION: 3=QU40R4TlC lYTER4CTIClN CRITEPIONI  



LA?I 1Y4TE TANGENT "ODULI G POISSON QATIDS: 

LCNG 0.312498E 07 5.30964'E 00  0.119306E C7 
TRAN 0.31249RE 07 0.3094476 03  0.119306E 0 1  

9REAK-"DlfilT YO. 1 PREDICTED I N  FOLLOWING LAYERS: 

I Y'oI)E 1=bV14L: MODE 2=.TRAh(SVEPSE: MOCE 3=St!EARl 
nnDE L 4YER 

3 4 
3 5 
3 R 
3 9 .  
1 2 .  : 
3 3 

10 , : ,, 3 
3 1 1 

LONGITU DINAL rR4NSV ERSE SHE AR 
APPLIED FORCES/LENGTH AT BREAK-POINT: 0.290E 05 0.0 0 .O 

LAMINATE TnTAL STRAINS: 0 . 9 2 6 ~ 0 2  -0 .ZB?E-OZ 0 .192~-08 

L4YER STPFSSES G STP4INS I N  L4 

ORIENTATION 
L AYER ANGLE LONG1 TU3IN41 

1 0 . 0  0.5740E QJ 
1 ' 10.09 O.1967E 05 
3 -30.00 0.3967E 05 
4 60.00 0.4706E 0 4  
5 -h0.00 0.4206E 04  
6 90.00 -0.1352E 05 
7 90.00 -0.1352E 05 
9 -60.00 0.42066 04 
9 60.00 0.4206E 04  

10 -30.00 0.3961E 05 
I 1 30.00 0.3967E 05 
12 0.0 0.5740E 05 

IYER CO-ORDS. 

STRESSES 
. TQ4NSMRSE 

-0.1511E 03  
0.3438E 04  
0.3438E 0 4  
0.1062E 05 
0.1062E 0 5  
0.142lE 05 
0.1421E 05 
0.1062E 05 
0.1062E 05 
0.3438E 04  
0.343RE 04 

-011511E 0 3  

AT BREAK-PCII 

STRA INS 
TRANSVERSE 

-0.2869E-02 
0.1646F-03 
0.1646 E-03 
0.6231E-02 
0.C23 1E-02 
0.9265 € 4 2  
0. S265E-02 
0.6231E-02 
0.6231 E-02 
0.1646E-03 
0.1646 E-03 

-0.2869E-02 

L4YEQ STPESSES I N  L4MINATE C0--OR09 AT BREAK-POINT: 

'STRESSES 
TRANSVERSE 

-0.151 1F n3 
0.6762E 04  
0.6'62E 04 
0.1557~ a2 
0.155GE 02 

-0 .135E 05 
-b.1352€ 05 

0.7556E 02 
0.7557E 02 
0.6762F 0 4  
0.6762E 04 

-0.1511E 03 

LAM INATE TANGENT STIFFNESS M4TQlX? 

LAMINATE TANGEYT YODULI t POISSCbl RATIOS: . 

VtWFlGS POISSON SHEAR 
!4OI)UL US RATIC MODULUS 

L ~ V G  0.233602E 0 7  01346518E 00  0.992519E 06 
TRAN 0.233601E 0' 0.346517E 0 0  0.992519E 06  

RPEAK-POINT 3O. 2 PREDTCTED I N  FOL,LOWI NT, LAYERS: 

f MODE =4X1.4L:. YnDE Z=TRhNSVERSE: . MODE 3=SHEARI 
YO?€ LAYE* 

? h 
Z 7 

LnNGI TUDT N4L TP4NSVERSE SHEAR 
APPLIEO F'lRCESILENGTH 4T BRE4K-PO INT: 0.427E 05 0.0 0.0 

LAMINATE TOTAL STRAINS: 0.151 E-01 -0 -490 E-02 0.360E-08 

-72- 



LAYER STRESSES C STq4INS I N  L4YEQ CO-'lROS. AT BRE4K-PClhT: 

OR IENTA TI 
4N GL E 

0.0 
30.00 

-30.00 
60.00 

-60. 00 
90.00 
99. 90 

-60.00 
60.00 

- 19.00 
30.00 

0.0 

STRESSES 
TR4NSVER SE 

-0.6128E 03  
9.343RE 04 
0.343RE 0 4  
l l . l 062E 05  
7.1062E 05 
0.2310E 0 5  
7.2310E 05 
O.1062E 05 
0.1062E 05 
0.3438E 04 
0.343RE. 04  

-0.6128E 03  

SHE 4 R 
0.2268E-92 

-0-6945F 04 
0 . 6 9 4 9  04 

-0.6945E 04  
0.6945E 04  

-0.342'E-01 
-0.3427 € 4 1  

0.694% 04.  
-0.6945E 0 4  

0.6945E 04 
-9.694% 04 

0.226RE-02 

1 STRAINS 
LONG1 TUOI N4L TRANSVERSE 

0.151'4F-01 -0.4903E-02 
0.1013Ez01. 0.1065E-03 
O.lC13E-01 0.1065E-03 
9.106CE-03 0.1013E-01 
9.1065E-93 0.1013E-'31 

-0.45O?E-C2 0.1514E-01 
-0.4903F-02 O.1514E-01 

0.1065E-03 0.1013E-01 
0.10t6E-03 0. 1013E-01 
0.1013E-01 0.1065E-03 
O.IC13E-C1 0.1065E-03 
0.1514E-01 -0.4903E-02 

LAYER STRESSES IN  L AH IN4TE .CO-OROS 4 1  BREAK-POINT: 

OPIENTATION 
ANGLE LONGITUDINAL 

0.0 0.9366 E 05 
30.00 . d 5 4 7 3 E  05 

-30.00 0.5473E 05 
60. 00, 0.1494E 95 

-60.00 0.1494E 05 
90.00 O.2310E 05 
90. 00 0.231 0E 05 

' -69.07 0.1494E 05 
150.00. 0 .1494E05 

-70.00 0.5473s 05 
10.00 0 .5473E05 

0.0 0.9366E 05 

STRESSES 
TR4NSVERSE 

-0.6128E 03  
3.1252E 05 
O.1252E 05 

-0.4760E 0 3  
-0.4760E 03 
-0.234"E 05 
-0.2347E 05 
-0.4760S 03 
-0.4'6OE 03  

0.1252E 05 
O.1252E 05 

-0.6129E 03  

SHEAR 
0.2268E-02 
0.2267E 05 

-0.226- 05 
0.5404E 0 3  

-0.5404E 03 
-0.24'6E-C1 
-0.2476E-01 
-0.5404E 03 

0.54C4E C3 
-0.2267E 05 

0 . 2 2 6 7 ~  05 
0.2268E-02 

LAYIN4TE TANGENT STIFFNESS MATR l X :  

L491N4TE T4NGENT MODULI & POISSON RATIOS: 

YOUNG S PC1 SSON SHEAR 
YODULUS R4T10 HCOULUS 

LONG 0.210T71F 07  0.317725E 0 0  0.895475E 06 
TRAN 9.233533E 07 0.352037E 0 0  0.895475E 06 

LAMIN4TE LOAO HAS REACHEO PREDEFINED LEVEL 

LONGlTUOIN4L TRANSVERSE SHEAR 
0 -500 E 0 5  0 .O 0.0 

L4!llN4TE 10141 STR4 INS: 0.186E-01 -0.601 E-02 0 -499 € 4 8  

LAYEP STRESSES & STRAINS I N  LAYER CO-OROS. AT PREnEFINEO LAYINATE LOAO LEVEL: 

OR IENTATIO 
LAYER 4NCLE 

1 0.0 
2 30.00 
3 -30.00 
4 60.00 
5 -60.09 
6 .  90.00 
I 90.00 

8 -60.00 
9 60.00 

10  -30.00 
11 30.00 

12 0.0 

I R 
LnNG ITUO I NAL 

0. 115ZE 06  
0.7AZRF 05 
n.7RZRE 05 
0.4098E 04 
0.4098E 04 

-0.3032E 05 
-0.3032E 05 

0.4098 E 0 4  
0.409RE 04 , 

0.7828E 05 
O.'RZRE 05 

0111 5ZF 06 

STRF SSE S 
T RANSVFRS E 

-0.71,70E 03 
9.343eE 04 
0.3418F 0 4  
0.'1062E 05 
0.10tZE 05 
0.2310E 0 5  
0.231OE 05 
0.1062E 05 
0.1062E 05 
0 .343e~ 04 
0.3438E 0 4  

-0.71 TOE 03 

SHEAR . 
0.3135E-02 

-0,7134E 04 
0.7134E 04  

-0.7134E 04 
0.7134E 04 

-0.3489E-0 1 
-0.3489E-01 

0.7134E 04  
-0.7134E 04  

0.7134E 04 
-0 .?134E 0 4  

093135E-Of 

LAYER STRESSES I N  LAYTNATE CO-OPOS AT APPL lEO LOAO: 

LONCITUO INAL 
O.186lE-01 
0.1246E-01 
O.1246E-01 
0.1473E-03 
0.1473E-C3 

-0.6009E-02 
-0.6009E-02 

0.1411E- C3 
0 -1473E-03 
0.1246E-01 
0.1246E-01 
0,1861F-01 

STRAIhS 
TRANSVERSE 

-0.6009E-02 
0.1473E-03 
0.1473E-C3 
0.1246E-01 
0.1246E-01 
0.1861E-C1 
0.1861E-01 
0.1246F-01 
0.1246E-01 
0.1473E-03 
0.1473E-03 

-0.6009E-02 

SHEAR 
0.4577tk08 

-0.2132E-01 
0.2132E-01 

-0.2132E-01 
O.2132E-0 1 

-0.674CE-07 
-0 .6740E-07 

0.2132E-01 
-O.Zl'?tE-01 

0.2132E-01 
-0.2 1 3 E - 0 1  

0.4977E-08 

OR lE5JTATlnN STRE S SE S 
LAYER 4NGLE LOPIC,lTl101L14L TR4N5VEP SE SHE4R 

1 0. r )  0.1152F 06 -0.7173E 03 0.3135E-02' 
10.07 0.6575E 05 0.159'E 05 0.2994E.C5 

1 -30.00 0.6575E 05 0.1597E 05 -0.2884E 05 
4 60.00 0. 1 5 1 T  05 -0.4499E 03 0.7440E 03 
5 -60.00 0.151'E 05 .-0.'+499E ,03 -0eT440E 03 



F4lLURE DRFfIl CTEO I N  FCILLnW IFIC L4YEpS: 

IMDDF 1=4 X14L : MOqF 2=TR4NSVERSE: HOOE 3=SHE4RI 
MOO€ - L4YER 

1 1 
1 12 

LONGlTUOIY4L TRANSVERSE SHEAR 
4PPLlEO FORCES/LENGTH 47  FAILURE: 0.887E 05 0 -0 0 .O 

L4MlNATE TOTIL STR41NS: 0.37OE-01 -0.1 IRE-CI 0.123E-Or 

LAVE9 SlRESSES t STP4INS I N  LAVER CO-OROS. AT FAILURE: 

LAVER 
1 
7 

3 
4 
5 
h 
7 

8 
9 

10  
1 1  
12 

OR I E M  4T I n N  
ANGLE LONCITUOINAL 

0.0 0.2290E 06 
3n .m n . 1 4 4 7 ~  n h  

-30.00 0.1547E 06 
60.00 0.5433F 04  

-60.00 0.5433F 0 4  
9n.m - 0 . 6 6 5 3 ~  05 
90.00 -0.6653E 05 

-60.00 0.5433E 04 
60.06 0.5433s 04 

-30.00 0 .1547E06 
30.00 0.1547E 05 

0.0 0.2290E 06 

STRESSES 
TR4NSVERSE 

-0.126eE 04 
ft.143RF tl4 
0.3438E 0 4  
0.136tE 05 
0.1062E 0 5  
0.2310E 05 
0.2310E 05 
0.1062E 3 5  
O.lOb2E 05 
0.3438E 04  
0.3438E 04  

-0.1268E 04 

LONG ITUO INAL 
0.3700E-61 
n. 7479F-C1 
0 -2479F-0 1 
0.3625E-03 
0.3C25E-03 

-0.1185E-01 
-0.11 8 5 - C 1  

0.3C25E-03 
0.3625E-03 
0.24lSE-C1 
0.2419E-C1 
0.3/00E-01 

STRAIRS 
TRAN SVER SE 

-0.1185E-01 
n. 1 ~ 7 4 ~ - n x  
0.3624E-63 
0.2419 E-0 1 
0.2419E-C1 
O.3TOOE-01 
0.3700E-01 
0. 2419E- C 1  
0.2479E-01 
0.3624E-03 
0.3624E-03 

-0.1185E-01 

SHE 4R 
.0.1225€-07 . - . 
,n.b n n S 9 n 1  

0.423CE-01 
-0.4230E-01 

0.4230E-01 
-0.1!61€-06 
-0.1361 €-Oh 

O.4230E-01 
-6.4230E-61 

0.4230E-01 
-0.4230E-01 

0.1225E-07 

LAVER STRFSSES I N  LAMINATE CO-090s AT FAILURE: 

OR IFNTATION 
L4YFR AYGLE LONGITUDINAL 

1 0. 0 0-2290E 06 
2 30.00 0.1239E 06 
3 -30.00 0.1239E 06  
4 60.00 O.lh3hE 05 
5 -60.00 0.1636E 05 
6 90.00 0.2310F 05 
7 90.00 O.23lOE 05 
8 -60.00 9.1636E 05 
9 60.00 0.1636E 05 

1 U -3U.UfJ U - 1 I J Y t  Ub 
I I 30.00 0.1739E 06'  
12 0.0 0.2290E 06 

STRE S R  S 
TRANSVERSE 

-0.1268E 0 4  
0.342lE 05 
0.3421E 05 

-6.3121E 03 
-6.3122E 02 
-0.6653E 65 
-0.6651E 05 
-0.3127E 03  
-0.3121E 0 3  

tJ. 3 4 2  LF 1.:5 

Q.3471.F ' I 5  

-0.1269F 04 

SHEAR 
0.712OE-02 
0.6143~ as 

-0.6143E 05 
0-1420E 04 

-0.lAZOE 04 
-0 e7547E-01 
-0.75 47 E-6 1 
-0.1820E 04 

0.182OE 04 
- ' ! . ~ ~ t , ' l C  ? 5  

^ .. .-': r r  . . - .  
03.'"?3 F-92 

F IRST FIRFR FAILURE 

ANALYSIS NUMRER 2: 

BQE4K-POINT 4N4LVSIS= 2: F41LURE 4N4LVSI S= 2 

(I=M4X STRFSS CRITERION: Z=MIIX 5TRAIN CRITERION: 3=OUAORATlC INTERACTION CRITERION1 

.LAYINATE TANGENT STIFFNESS MATRIX: 

L4HlNATE T4NGEVT HOOUL I t POISSON R4TIOS: 

YUUYGS P O I  SSUN SPEAR 
MO~)IRUS RATIO HO')ULUS 

LCNG 0.312499E 07  0 .3Q9647E 00  0.119306E 0' 
TQAY 0.312499E 07 0.309647E 00 0-119306E 07 

BREAK-DOINT NO. 1 PUEDICTEO IN FOLLOhING L4YERS: 



LONGITUOINAL TRbNSVERSE SHEAR 
4PDL 1Fr) CP~CESIL ENGTH 4 T RRE4K-Pl l INTI  9.2e9E C5 0.0 0 .O 

L4'4IN4TE TOT4L STRAINS: 0 .92 '6~-02 -0.237E-02 0.192E-08 

L4YFQ STQFSSES t STP4 I N S  I N  LIYFR, CO-IlRDS. AT BREAK-PCILT: 

ORlFNTbTl  
ANGLE 

0.0 
30.00 

-3o.on 
60.00 

- 60. o n  
9 0  .or) 
90.00 

- 60. or) 
60.00 

-70.00 
10.00 
9.9 

I ON 
LPNGI TIJOIN41 

rl.5735E 05 
0.3964E 0 5  
0.3964E 0 5  
0.4703E 0 4  
0.4203E 04 

-3.1151F 0 5  
-0.1351E 0 5  

0.4203E 0 4  
0.42Q3E 9 4  
0.3964F 05 
0.3966F 0 5  
0.5715E 0 5  

STRESSES 
. TR4NSWRSE 

-0.1510E 0 3  
0.3436 E 0 4  
0.3436E 0 4  
O.1061E 0 5 .  
0.1061E 0 5  
0.142OE 0 5  
0.1420E 0 5  
0.1061F 0 5  
0.1061E 0 5  
0.3416F 0 4  
0.3436F 0 4  

-0.15IOE 0 3  

OR05 AT BPEAK- 

STRESSES 
TR4NSMRSE 

-0.1510E 0 3  
0.6757E 0 4  
0.6757S 0 4  
0.'551E 0 2  
0.7551E 02 

-0.1351F 65 
-0.1351F 0 5  

O.7551E 02 
0.7551E 0 2  
9.675TE 0 4  
0.0757F 0 4  

-0.1510E 0 3  

LONGITUOINAL 
0.9258E-02 
0.6221E-02 
0.6227F-02 
O.l t45E-C3 
0.1645F-03 

-0.2 867E-02 
-0.2867E-02 

0.1645E-03 
0 . l t 4 5 E - 0 3  
0.6227E-02 
0 .627 lF -02  
0 . 9 2 s e ~ - c t  

STR41NS 
TRANSVERSE 

-0.2067E-02 
0.1645E-03 
0.1645 E-03 
0. 6227E-02 
0.6227E-02 
0.925RE-02 
0. S258E-02 
O.622TE-02 
0. 622TE-02 
0.1645GC3 
0.1645 E-03 

-0.286'E-02 

L AYIY4TE TANGENT STIFFNESS "14 1'1; I .A: 

0.265F 0 7  0.920E 06 7.625E-01 
0.929E Oh 0.265F 0 7  0.100E C1 
0.h25E-01 0.100E 0 1  3.993E 0 6  

L4Nl.IATE TANGENT '4 r l nU l I  G POI  SSClN R4TlOS: 

BRE4K-PCINT NO. 2 PREDICTED 1N FOLLOWING L4VERS: 

1 NODE 114x1 AL: YOOE Z=TR4NSVEQSE; MCOE ~ = s H E ~ R )  
MODE L4YER 

2 6 
2 7 

LONG1 TUOI N I L  TRANSVERSE SHE bR 
APPLIED, FORCESILENCTH AT BREIK-POINTI 0.400F 05 0 .O 0.0 

L 4 V l N 4 T E  TOTAL STR4 INS: 0.140E-01 -0.451 E-02 0.32TE-08 

LPYER STPESSES G STRAINS I N  LAYER CO-OROS. AT BREAK-POINT: 

STRE SSE S 
TQ4NSVERSE 

-0.5239E 0 3  
0.3416E 0 4  
0.1416E 0 4  
0.1061E 0 5  
O.lrJ6lE ' I 5  
0.211RF 0 5  
0.2139E 0 5  

SHEAR 
0,2063 E-02 

-0.6878E: 04 
O.68'8E C4 

-O168TAE 0 4  
0.68TRE C4 

-0.3163+01 
-0.3163E-01 

SHEAR 
0 . 3 2 7 t ~ - o e  

-0.1609E-01 
0.1603E-01 

-O.ltO?E-01 
0.1603E-01 

-0. 5CZCE-07 
-3.5020l?-d7 



LAYEQ STPFSSFS I N  LAMINATE CO-l 

OF 1FITPT ION 
4NCLE LONGITUCINPL 

0. 0 0. R664E 05 
30.0'l 0 . 5 1 1 ~ E 0 5  

-30.00 0.5117E 05 
60.00 0,1489E 05 

-60.00 9.14A9E 05 
90.00 0.21385 05 
90.00 0.2139E 05 

-60.00 0.1489E 05 
60.00 0-1489E 05 

-30.00 0.5117F 05 
30.00 0.511'E 05 

0. 0 0.8664E 05 

STQE SSE S 
T R4rJSVERSE 

-0.5239E 03 
O.ll41E 05 
0 . l l i l E  05 

-0.370OE 03 
-0.3'00E 03  
r0.2155E 0 9  
-0.215T 05 
-0.3700E 03  
-0.3700E 0 3  

0.1141E 05 
0.1141E 05 

-0.5239E 03 

LAMINATE TANGENT STIFFNESS PPTR 1X: 

0.237E 07 0.835E 06  0.625E-61 
0.835E 06 0.263E 07  0.131E 0 1  
0.625F-01 0.131E 01 0.995E 06 

L4MIN4TE TAYGEYT YOCULI G PCISSOY PATIOS:  

YOUNG S POI SSIIN SHE4R 
YOWLUS R4TIO MODULUS 

LONG O.210771E 07  0.317725E 00  0.895475E 06 
TR4N 0.233533E 07  0.352037F: 00  0.895475E 06 

LONUITUDlNAL TR4N SVER SE SHEAR 
4PPL IED FORCES/LEYGTH: O.5OOE 05 0 -0 0 00 

L4YE9. STDFSSES t STPIINS I N  L4YER CO-GROS. 4T PREDEFINEC L4MIh4TE LC40 LEVEL: 

STRESSES 
T ? . b f 1 ' 3 Y C V 3 C  

-0.6559E 07 
0.343hE 04 
0.3436F 04 
0,1061E 05 
0.1061E 05 
0.213RE 05 
0.213eE 05 
0.1061E 0 5  
0.1061E 05 
0.3436E 04 
0.3436E 04 

-0.6659E 03 

LAYER STQESSES I N  L4YlN4TE CO-ORDS AT 4PPLIED LOAD: 

LAYER 
STRESSES 

TRANSVERSF 
-0.6659S 03 

0.1611F 05 
0 . 1 6 l l F  05  

-0.3345E 03 
-0.3345E 03  
-0.3089E 05 
-0.3089E 05 
-0.3345E 03  
-0.3345E 07 

0.1611E 05 
0 . 1 6 1 ~ ~  ns 

-0.665- 03 

SHEAR 
0.3245E-02 
O.2909E US 

-0.2909E 05 
0. C162E 03 

-0.e162E 03  
-0.3378E-01 
- 0.3378E-01 
-0.8162E 0 3  

O.Rlfv2C 03 
-0.2909E 05 

0.2909E 05 
0.3245E-02 

FAILURE PSEDICTED I N  FCLLCW ING LAVERS: 

LQMC ITUP 1NA1. 
9.1 B74E-01 
0.1259E-Cl 
0.1755E-01, 
0.173 1 E-03 
0.1731E-03 

-0.6015E-02 
-0.6C16E-02 

0.1131E-03 
0.1TjlE-03 
O.1255E-01 
O.1295f-01 
O. 1 e 7 4 ~ - 0 1  

STRAI )IS 
TU AN SVER SF 

-0.6016 E-02 
0.1T3lE-09 
0 -  1731E-02 
0.1255 E-01 
0 .1255FC l  
0.1874E-01 
0.18'4E-01 
0.1255E-C1 
0.1255 E-01 
0.1731E-03 
04 17 31  E.-03 

-0,6016 E-02 

SHEAR 
0.5152E-OR 

- O *  2144C--01 
0*2144E-01 

'-0.2144E-01 
0.2144E-01 

-0.6192E-07 
.-O.6792E-07 

0.2 144E-01 
-0 -2144E-01 

O.2144E-01 
-0.2144E-01 

0.5152E-08 

(MODE 1= 4X14L ; NODE Z=T94NSVER SE ; MODE 3=SHE4RI 
MODE L4YER 

1 1 



LflNGlTtJOINAL TRANSVER SE SHEAR 
APOLIED FnqCESlLENCTH 4 1  F4,ILUQE: 9.RR5E 05 0 .0 a 3 - 0  

LAYE0 STDESSES E STRAINS I N  L4YEQ CO-CQDS. dT FA~LURE:  

LAYER 
1 
2 
3 

4 
5 
6 
7 .  

9 
9 

10  
11 
12 

LAYER 

OR 1 ~ r m  AT ION S T R E S S E S  
ANGLE LCNGI TUOIHAL TR4NSVEPS E SHEAR ' 

0.0 0.2290E 06 -0.1213E 04 0.780OE-02 
30.00 0.1548E 06 9.3416E. 04 -0.8124E 04 

-10.09 0.154RE 06 0.3436E 0 4  O.Rl24E 04 
60.00 0 .5581~ 04 0 .1061~  05 -0. e 1 2 ~  04 

-60.00 0.5591E 0 4  0.1061E 05 O.el24E C4 
90.00 - 0 . 6 6 ~  .05 0 . 2 1 3 ~ ~  05 -0.3571 E-01 
90.00 -0.6686E 05 0.2138E 05 -0.3511E-El 

6 0 . 0 0  0.5581E 04 0.1061E 05 0.8124E 0 4  
60.00 0.55RlE 04 O.lOblE 05 -&8124E 04 

-30.00 0.1548E. 06 0.3436E 04  O..BI24E 04 
730.90 0.1544F 06 9.3436E 04  -0.8124E 0 4  

0.0 0.2290E Oh -0.1213E 04 0.18OOE-02 

STRESSES I N  LAYINATE CO-ORDS AT FAILURE: 

OP IENT AT ION STRESSES 
ANGLE LONGITUnlNAL TRANSVFPSE SHEAR 

0.0 0.2290E 06 -0- 1213E 04 O.7900E-02 
30.00 0.1740E 06 0.3423E 05 O.tl46E 05 

-30.00 O.124OF 06 9.3423E 0 5  -0.6146E 05 
60.00 0.1639s 05 -0.1916E 01  0.1885E04 

-60.00 O.lb39E 05 -0.197-E 03 -0.1RR5E C4 
90.00 O.213AF 05 -0.6686E 05 - 0 - 7 6 1 4 E 0 1  
90.00 0.2134E 05 -0.6696E 05 -0.1614F-01 

6 0 . 0 0  0.1639E 05 -0.197'E 03 -0.1885E 04 
60.00 0.1639E 05 -0- 197bE 03 0.1885 E 94 

-30.00 0.1240E 06 9.3423E 05 -0.6146E 05 
30.00 0.1240E 06  0.3423E 05 0.6146E 05 

0.0 0.2290E 06 -0-1213E 04 0.7800G02 

LONG ITUnlNAL 
0.3700E-01 
0.248CE-Cl 
0.2480E-01 
0.3869E-03 
0.386e~-oz 

-0 r1182E-01 
-9.1182E-01 

0.3e68E-03 
0.3869E-03 
O.248GE-C1 
0.2480E-0 1 
0.3700E-01 

STPAI hS 
TR4N SVER SE 

-0.1182E-01 
0.3868E-03 
0.3868F-03 
0.2480E-01 
0.2480E-Cl 
0.3700E-01 
C. 3700E-01 
0.2480E- C l  
0.2480 E-01 
0.3868E-03 
0.38C8E-03 

-0.1182E-01 

FIRST FIRER FAILURE 

ANALYSIS NIJHRER 3: 

f 1 = 8 ~ Y  TTYFSF C4ITFRlOhl: 2 = V f i Y  S T P . 4 1 Y  CRITER ION: 308UAORATIC INTERACTlON CRITERION) 

LAHlN4TC TANGEYT ST IFFNESS 94TR 1 X :  

'3.346E 07 0 . 1 0 ~  07 0.625E-01 
0 . 1 0 7 ~  Q T  9 . 3 4 6 ~  07 9 . 1 0 0 ~  01  
0.625E-91 O.lQOE 01 0,119E 07 

LA.rllN4TE T4N tWT HOnll l-I  E POISSON RATIOS: 

YflUNG S PPISSCN SREAR 
MODULUS RATIO MODULUS 

LONG 0.31249RE OT 0.309647E 0 0  0.119306E 07 
TP.4N 9.31249RE 07  0.30'4441E 00  0.L19306E 07 

RREAU-POINT NO. 1 PREOtCTEO IN FOLLOW ING LAYERS: 

IMOOE 1=4XIAL: MODE 2=TRANSVERSE: POOE 3=SHEARI 
MODE LAVER 

1 4 
1 9 
1 5 
1 R 

Ll7NGITUOlYAL TR4NSVERSE S PEbR 
PPPLIED FORCESILENGTH AT RREAK-P9 INT: 0.275E 05 0.0 0.0 

LAYER STRESSES E STRAINS IN  LAVER CO-OROS, 4 1  BREAK-PCINT: 



L AYEQ 
1 
2 
3 
4 

SHEAR 
0.1150E-02 

-0.62996 0 4  
0.6299E C4 

-r).h?99E 0 4  
0.6799E 0 4  

-0 .1959E-01 
-0.19 59 E-01 

0.6Z99E O4 
-0.6299E 0 4  

0.6299E 0 4  
-0.6299E 0 4  

0.115OE-02 

L 47 ER STRESSES I N  L L Y I N 4 T E  CO-ORDS 4 1  BRE4K-POINT: 

LAYER 
1 
7 
3 
4 
5 
h 
7 

q 
9 

ORIENTATION 
4 N t L E  LONGITUOIN4L 

0.0 0.5461E 0 5  
30.00 0.3458E 05 

-30.00 0.3458E 0 5  
b0 ,00  f l .1403E 0 5  

-60.00 O r  1403E 05 
90.00 0 . 1 3 5 2 ~  05 
90.00 0.1352E 05 

-60.00 0.1403E 05 
60.00 0 * 1 4 0 3 E 0 5  

-30.00 0.3458E 05 
30.00 0 . 3 4 5 ~  05 
0.0 0 .5461E 0 5  

STRESSES 
TR4NSVERSE 

-0.1438E 0 3  
0.6434E 0 4  
0.6434E 04 
0.'191E 0 2  
0.71QClc I)? 

-0.1287E 05 
-0.1287E 0 5  

0 .7190~  02 
.0.71q1F 0 2  
0.6434E 0 4  
0.6434E 04 

-0.1438E 0 3  

LAMIN4TE T4NGEYT ST IFFYESS M4TR 1X: 

LAMlh lLTE T4NCPIT MODULI t POISSON R4TIOS: 

YOUNG S POT SSOY SPEAR 
YOriUL US R4 1 1 0  MCOULUS 

LCNG 0.251642E O7 0.312557E 0 0  0.1092'9E 0' 
TRAN 0 . 2 9 4 5 4 E  0 7  0.339919E 0 0  0.109279E 0 7  

- - -  . I ?  I .  .? PnECfCTFD I N  FOLLOW~NC LAYERS? 

\ 
[ " O D F I I - C  y I 4 L  : Y C 7 F  ?=TDANSVERSE: WOE ~ = s H E L R I  
MOOE L4YEQ 

1 7 

1 1 0  
1' 2 
1 11 

LCNGITUOINAL TRANSVERSE SHEAR 
4P"L IEO FORCESA ENGTH 4 T  RRE4K-PqIFIT: 0.347E 05 0.0 0.0 

LA'4IN4TE TOT4L STRAINS: 0. i16l%01 -0.359P-02 0.245E-08 

I,4YER STRESSES C STR4INS I N  L4YER CO-OROS. 4 1  BRE4K-PCILT: 

STRESSES 
TRLNSWI?SE 

-0.7019E 0 3  
0.4278E 0 4  
0.4278E 0 4  
0 . IOlOE 0 5  
0.1OlOE 0 5  
0.1772E 0 5  
0.1777F 0 5  
0.101OE 0 5  
O.1OlOE 05 
9 . 4 2 7 ~ ~  n 4  
0.427EF 0 4  

-0.2019E 0 3  

L I V E R  STRESSES I N  LAHIN4TE CO-nRDS AT BRE4K-PC1 KT: 

LCNG ITUD t k b L  
0.1156E-CI 
O.7770E-02 
0 -7770E-02  
0.1S91E-03 
0.1993E-03 

-0.358CE-C2 
-O.?58tE-02 

0.1993 E-03 
0.1593C-03 
0.7770 t 0 2  
0.777OE-02 
0.1156E-01 

ORIENT4TIIJN STRESSES 
LAYER 4NGLE LOVGITUDI N4L  TPIYSVERSE SHE4Q 

1 0.0 fl.7158E 0 5  -0.2019E 0 3  0.1545E-02 
2 30.00 0.4532E 05 0.8418E 0 4  0.1543E 0 5  
3 -30-  0 0  0.4532E 0 5  0.9412E 0 4  -0.1543E 0 5  



LAYIY4TE T4NGENT MOOULI t POISSCN R4TIOS: 

Y WNGS PDISSON SHE4R 
MODULUS R4T1C MCOULUS 

LOYG ' 0.233602E 0 7  0.346518E 0 0  0.992519E 0 6  
IRAN 0.233601E O7 0.346511F 0 0  0.992519E 0 6  

BREPK-POINT Y O .  .3 PREDICTED I N  FOLLClkING L4'lERS: 

(MODE 1=4XIAL: MODE 2=TRANSVEQSE: YOOE 3=SHEAR I 
MODE LAYER 

1 6 
1 7 

LONG1 TUDl k 4 L  TRdNSVERSE StiEIIR 
4PPLI  ED FORCESIL ENGTH 4 1  RRELK-PO INT: 0.3tbE 0 5  C. 0 0.0 

LAYER STRESSES t S T R I I N S  I N  L4YER CO-IIROS. 4 1  BREIK-PCIKT: 

STRESSES 
TRAN SVER SE 

-0.2hhOF 0 3  
0 . 4 2 7 8 ~  04 
O.4278E 0 4  
0.1010E 0 5  
0.1010E 0 5  
0.1895E 0 5  
0.1895E 0 5  
O.IOlOE 0 5  
0.1010E 0 5  
0 . 4 2 7 e ~  0 4  
0.4278E 0 4  

-0.2660E 0 3  

SHEAR 
0.1692E-02 

-0.8306E 04 
0.8306E 0 4  

-0.6492E 0 4  
0.6492E 0 4  

-0.2763 E-01 
-0.2763E-01 

0.6492E 0 4  
-0.6492E 0 4  

0.8306E C4 
-0.8306E 0 4  

0.1692E-02 

LAVER STRESSES I N  LAMINATE CO-OROS AT RREbK-POINT: 

nR IE"iT4TTON 
PNSLE LONGlTUOlN4L 

0.0 0.7662F 05 
30.00 0 .4TB7E05  

-30.00 0.4787E 05 
60. 0 0  0.1425F 0 5  

-69.00 0.1425.E 0 5  
90.00 0.1895E 05 
90.00 0.1R95E 05 

-60.00 0.1425E 05. 
60.00 0.1425E 05 

-3n.06 0.4787E 05 
3 0 . 0 0 .  0.47A'E 0 5  

0. 0 0.7662E 05 

SHEAR 
0.1692E-62 
r).l6e6E 0 5  

-0.1hebE C5 
0 - 6 9 1 3 s  03 

-0.6913E 03 
-0.1959E-01 
-0.1959E-01 
-0.6973E C? 

0.6913E 0 3  
-0.1686E 09 

0.1686E 0 5  
0.1692 E-02 

LAHINATE TPNGENT STIFFNESS CATRIX: 

0 . 2 3 7 ~  07 0 . 8 3 5 ~  01 o . ~ ~ ~ F - o I  
0.91'5E 06 r l . 1 8 1 ~  0 7  0 . 3 1 l E  0 0  
0.625E- 0 1  0.313E 00 0.R95E Oft 

L4YIN4TE TINGENT MOCUL I & POISSON R4TInS :  

VOUNG S PC1 SSCN SHEAR 
MOOVL US R4T10  MCOULUS 

. STRAINS 
TRlNSVERSE 

-0.38tBF-C2 
0.1912 E-03 
0.1912E-03 
0.8311E-02 
O. ~ ~ I ~ E - Q Z  
0,1237~-01 
Oe l237E-01  
c . e 3 1 1 ~ - c z  
0.8311E-02 
0.1912E-03 
0.1912E-C? 

-0.3868 € 4 2  



LAY1 W A F  LO40 H4S REACHED PRFDEFINFO LEVEL 

LOWGITUO I N4L TRAN SVER SE SHEAR 
0.506E 05 0.0 0.0 

LAYINATF TVTAL STPAINS: 0.191E-'31 -0.697E-02 0.330E-08 

LAYEP STQFSSES t STPAIVS I N  LAVE9 CO-OROS. d l  PQEOEFINEC LAMINATE LOAD LEVEL: 

CQ. I EhlT hT I 
LAYS9 ANGLE 

1 0.0 
? 30. On 
3 - 30.00 
4 60  .OO 
5 -60.00 
h 90.00 
T 90.00 

9 -60.00 
9 60.00 

1'3 -30.00 
11  30.00 
12 0.0 

L AYES 

LAYER 
1 
2 
3 
4 
5 
6 
r 
R 
9 

10 
11 
12 

nN 
LCYGITUOINAL 

0. 11  78E Of, 
0.7929F 05 
0.7929E 05 
0.2424E 0 1  
0.2424F 0 1  

-0.2236E .05 
-0.2216E 0 5  

O.2424E 03 
0.2424E 0 3  
0.7929E 05 
0.7929E 05 
0.11TRE 06 

STRESSES 
TRANSVERSE 

-0.2090E 04 
0.427RE 0 4  
0.427RE. 04 
0.1010E 05 
0.1010E 05 
0.1895E 05 
0.1895E 05 
0.1010E 0 5  
0.lOlOE 05 
0.4Z78E 0 4  
0.42'8E 04 

-0.2090E 04 

STRESSES I N  LAMINATE CO-OPOS AT APPLl 

03  IENT AT 
ANGLE 

0.0 
30.00 

-30.00 

TON 
LONG1 TUOINAL 

0.117RE 06 
0.68I)BE 0 5  
0.6RORE 05 

60.00 0.1361E 05 
-60.00 0.1361E 05 

90.00 0.1895E 05 
90.06 0.1R95F 05 

-60.00 0.1361E 0 5  
60.06 0.1361E 05 

-30.00 0.6808E 0 5  
30.00 0.6808E 05 

0.0 0.1178E 06 

STRESSES 
TRANSVERSE 

-0.2090E 04 
0.1549E 0 5  
0.1549E 05 

-0.3265E 04 
-0.3265E 04  
-0.2236E 05 
-0.2236E 05 
-0.3265E 0 4  
-0.3265E 04 

0.1544E C5 
O.1549E 0 5  

-0.2090E 04 

SHEAR 
0.2077~-02 

-0.8711E 04  
0 . 8 r 1 1 ~  04 

-0.6R96E 04 
0.6896E 04 

-0.2884E-01 
-0.2884E-01 

0.6896E 04 
-0.6896E 04 

0 .8T l lE  04  
-0.8711 E 04 

O.2017E- C2 

LONCITUOINAL 
0.191 0E-01 
0.1258E-01 
0.125R E-01 

-0.4497E-C3 
-0.4497E-03 
-0.6S66E-02 
-0. tS66E-02 
-0 -4497 E-0 3 
-0.4497E-03 

0.1258E-01 
0.125RE-01 
0.191CE-01 

S lRA l  hS 
TR AN SVER SE 

-0.6966 E-02 
-0.4497E- C 3  
-0.4491 E-03 

0.125flE-01 
0.1258E-Cl 
0.191OF-01 
0.191 0E-0 1 
0.1258E-01 
0.1258E-01 

-0.4497E-C3 
-0.4491E-03 
-0.696bE-02 

SHE A Q  

0.3298E-08 
-0.2257E-01 

~ . Z Z S ~ E - O L  
-0 -2257E-0 1 

C.2257E-01 
-0.b938E-01 
-0.6938E-07 

0-2251E-01 
-0.2257E-01 

0.2257E-01 
-0.2257E-01 

0.3298E-08 

SHEAR 
O.ZO77E-02 
0.2813E 05 

-0.2813E 65 
-0. e214E 03 

0.8214E 03 
-0.2352 E-01 
- 0.2352E-dl 

0.8214E 03  
-0.R214E 03 
-0.2813E 05 

O.2813E 05 
0.2077C-C2 

FAILURE PREDICTED I N  FOLLOWING LAYERS: 

INODE I= AXlAL : MODE 2=TRANSVCR S :  POnE ?=SHEAR) 
PCOE LAYER 

1 1 
1 12 

LONGITUDINAL TR4NSVERSE SHE AR 
APPLIEI) FnRCES/LENGTH AT FAILURE: 0.861 E 05 0 -0 0 -0 

LAVE'? STQFSSES t STRAINS I N  LAYES CO-CRoS. bT F ~ [ L U R E :  

ORIENT AT1 
LAYER ANGLE 

1 0.0 
2 30.03 
1 - 30.00 
4 60.00 
5 -60. 00 
6 90  -00 
7 90.00 

8 -60.00 
9 60.00 

1 0 -30.00 
I 1  30.00 
12 0.0 

ON 
LCNGI TUCI N I L  

0.2290E 06 
0.1508E 06  
0.1508E r)6 

-0.1049E 05 
-0.1049F 05 
-0.3332E 05 
-0.3332E 05 - 0.1049E 05 
-0 .10f+9 E 05 

O.15ORE 06 
0.1508E 0 6  
(J.229OE 06  

STRESSES 
TRANSVERSE 

-0 .7017~ 04 
0.42'8E 04 
0.4278E 0 4  
0.1010E 05 
0.1010F1 0 5  
0.1R95E 05 
0.18956 0 5  
0.1010F 05 
O.lO1OE 05 
O.4278E 04  
0.421fE 04 

-0.7017E 04  

SHEAR 
6 3 1  18E-02 

-0.9802E C4 
0.9802F 04 

-0.7988E a4 
o.tssee 04 

-0.3212E-C1 
-0.3212E-01 

0.7988E 0 4  
-0.'9@8E 04 

0.9802E 0 4  
-0.9802E 04 

0 .3118F02  

L AVER 

LAYER 
1 
2 
3 
4 
5 
6 
7 

9 
9 

t o  
I I 
1 Z 

STRESSES IN LAMINATE 

CRIENTATlON 
A NG LE LONG 1 1UD 

0.0 0.2290E 
30.00 n . lZ27E 

-30.00 O.122TE 
60.00 o.11an 

-60.00 0.11 RTE 
90. on O. 1 ~ 9 5 ~  
9n.00 0 . 1 4 9 5 ~  

-60. 00 0.11 RIE 
60.09 0.1187E 

-30.00 0 . 1 2 2 7 ~  
30.00 O.1227E 

9.0 0.2290F 

CO- .OROS AT FAILURE: 

STRESSES 
. TRANSVERSE SHEAR 

-0.7017E 04 0.3118E-02 
0.3243E 0 5  0.5856E 05 
0.3243E 05 -0.5856E 05 

-0.122EE 05 -0.4S24E 04 
-0.1226E 05 0,4924F 04  
-0.3332E 05 -0.3414E-01 
-0.1332E 0 5  -0.3414E-C1 
-O.I226E 05  0.4924E 04 
-0.1225E 05 -0.4924E C4 

0.3243E 05 -0.5856E C5 
0.3243F 05 0.585bE 05 

-0.7317E 04 0.3118E-02 

LONG ITUOINAL 
0.3727E-01 
0.2412E-C1 
0.24lZE-r) 1 

-0.2181E-02 
-0.2101E-62 
-0.1533E-01 
-O.lC??E-01 
-0.2 181 E-02 
-0.218lE-C2 

0.2412E-0 1 
O.2412E-01 
0.3727E-C1 

STRaIKS 
TR AN SVER SE 

-0.1533E-01 
-0.2181E-02 
-0-2181E-02 

0.2412E-01 
0.2412E-C1 
0.3727E-01 
0.3727E-C1 
0.2412E-01 
0.2412E-01 

-0.218lE-02 
-0.2181E-02 
-0.1533E-61 

SHE 4R 
?-4949E-08 

-0.4556E-01 
0.455t.E-C1 

-0.4556 E-01 
0.4556E-01 

-0.1383E-06 
-0.1383E-06 

0.4556€-01 
-0.655bE-01 

0.455tE-01 
-0.4556E-01 

O.4949E-08 

F I Q 5 T  FIRER FAILURF 



4 N 4 L v S l S  NUYRER 1: 

I !=MAX STRESS CRITFPIOY: 2 = ~ 4 ' ~  STR4IN  CRITERION: 3=QUdOR4TIC INTERACTION CRITERIOYI  

LLUINLTE TINGENT STIFFNESS H4TR IX: 

LAU lNbTE T4NGENT YOOUl1 t POISSON R4TlOS:  

YOUNG S POISSON SHEAR 
YODULUS R4 T I  0 VOOULUS 

RRELK-PClW NO. 1 PREOICTEO IY FOLLOWING L4VERS: 

(MODE 1=4 XIAL : WOO€ 2=TR4NSVER SE: COOF 1=SHE4RI 
MOQE L IVER 

2 1 
Z 1 2  
Z 2 
7 3 
2 4 
Z 6 
Z I 

Z 9 

2 1 0  
2 11 ' 
7 5 
? R 

L4Y 1N4TF TOTAL STR4lNS: 0.1 0 5  E-01 0.105E-01 4 .936E-08  

LLVER STRESSES t STRAINS I N  L4VER CO-OROS. /IT BREAK-POINT: 

STQESSCS 
TRAY SVER SE 
0.231OE 0 5  
O.2310E 0 5  
0.2310E 0 5  
0 . 2 i t o ~  os 
0.2310E 0 5  
0.2310E 0 5  
0.2310F 0 5  
O.2310E 0 5  
'3.2310E 0 5  
0.2310E 0 5  
O.2310E 0 5  
'3.2310E 0 5  

L AVER STRESSES I N  L4MlN4TF CO-OROS 4 1  BRE4K 

CRl  ENTATION STRESSES 
4NGLC LPNGITUDIN4L TRI\NSV€RSE 

0.0 Oa72lOE 0 5  0.2310E 0 5  
30.00 0.5985E 05 0.3535E 0 5  

-30.00 0.5985F 0 5  0.3535E 0 5  
60.00 0.3535E 0 5  0.5985E 0 5  

-60.00 0.3535E 05 0.59A5E 05 
90.09 n . 2 3 1 0 ~  0 5  0 . 7 2 1 ~ ~  05 
90.00 0.2310E 05 0.72lOE 0 5  

-60.09 .0.3535€ 05 0.5985E 05 
60.00 0.3535E 0 5  0.5995E 0 5  

-30.00 0 . 5 9 8 5 ~  0s 0 . 3 5 3 5 ~  n5 
30.00 o.ssnsE a s  0 . 3 9 3 5 ~  0 5  

0.0 O.72lOE 0 5  0.2310E 0 5  

SHEAR 
-0.5897E-02 

O.2122E 0 5  
-0.2122E 05 

0.2122E 0 5  
-0.21ZZE 05 

D. 5622E-S.1 
0 -5622E-0  1 

-0.2122E 95 
0.2122E C5 

-0.2122e 0 3  
0.21226 05 

-0.5897E-C2 

$ H E A R  C/r )Q TP LY SVER SE J R E 4 K . . - ~ l l  r(T 9E4CtlEI) I N  FVFRV LAVER 

-8 1- 



L4M 1N4TE TANGENT STIFFNESS MATRI X: 

9.235E O7 0.751 E 06  0.625E-g1 
n . 7 5 1 ~  06 0.235E 07 7.131E 0 1  
9.h25E-91 0.131F 9 1  0.'9RE 06 

LAYINATE TANGENT !4OnULI t PCISSCN RAT 105: 

YOU?IGS POI SSDN WEAR 
\(OOULUS RAT l C  VOOULUS 

LONG 0.210762E 07  0. 319952E 00 0.,79!3430E 06 
TRAN 0.219'761E 0' 0.319851E 00 0.'98430E 06 

FAILURE PREOICTED IN  FOCLOYING LAVERS: 

LOYGITUDINAL TRANSVERSE SHEAR 
APPLIED F!YRCES/LENGTH AT FAILURE: 0.126E 'I6 0-126E 06  0 .O 

LAMINATE TOT aL STRAINS: Q . ~ ~ ~ E - c I  O . ~ S ~ E - C I  - O . S ~ ~ E - O T  

LAYE? STQESSES 6 STRAINS I N  LAVE4 CO-URDS. AT FAILURE: 

LAVER 
1 
2 
3 

1 Q  I E N 1  AT ION 
ANGLE LONGITUDINAL 

0. 0 0.2290F 06 
30.03 O.2290E 06  

-30. 00 O.2290E Ob 
60.00 0.2290E 06 

-60.00 0.2290E Oh 
9fl. fln 0,229flF Oh 

90.00 O.2290E Oh 
-60.00 O.2290E 06 

60.00 0. 2290E 06  
-9Or3q O s t P 9 0 E  Oh 

30.00 O.2790F 06 
0.0 0.2290E 06 

STRESSES 
TRANSVERSE 
0.2310E 05 
0.2310F 05  
0.2310E 0 5  
0 . 2 3 1 ~ ~  05 
0.2710E 05 
O.ZJ1OF: 05  
0.2310E 05 
0.2310F 0 5  
0.2310E 05 
OaP710F 05  
0.2310E 05 
0.2310E 05 

LONG ITUO INbL 
0.3582S-01 
0. ~ ~ ~ Z E - C I  
0.3582E-01 
0.3587E-01 
0.3582E-01 
0.3582E-01 
0.3582E-Cl 
0.35RZE-01 
0.3582E-01 
0.35CZE..Cl 
o. ? : e x - o l  
0.3502~-61 

SHE 4R 
-9.5294E-07 

0.2988E-07 
-0.8282E-07 

0 -7836 E-07 
-0.2542E-07 

0.9294E-07 
0 -5294 E-0'7 

-0.2542E-01 
r).'7a'6F- 17 

.,.. fj,n,.cl?c..?. 

0.29eeF-c7 
-0.5294E-67 

LAYER STRESSES I N  L69INATE CO-CROS AT FAILURE: 

DR IENTATlON 
L LVER ANGLE LCNG1TU.C INAL 

1 0. 0 O.ZZ90E 06  
2 30.00 9.17'5E 06 
3 -30.00 0.1"SE 06  
4 60.00 0.7458F 05 
5 -60.00 Q.7458E 05 
h 90.00 O.2310F 05 
I 90.00 0. t310E 05 
R -60.6Q 0 .7458E05 
9 60.00 0.7459E 05 

10 -30.00 0.1'75E 06 
I I 30.00 O.l"5E 06 
12 0. 0 4.21'IOE 06 

STRE S SE S 
1 RANSVERS E 
6.2310E 05 
0.7457E 05 
0 -7457E 05 
0.1'75E 06 
O.lTl5E OC 
0.2290F 0 6  
0.2290E 06 
0.1775F 06  
0-1775E 06  
0.7457F 05 
0.745'E 05  
0.231 OE 05 

SHEAR 
-0.7968 E-02 

0.8916E 05 
-0.8916E 05 

0.8916E 05 
-0.e916E 05 

0.2530E 03 
0.25 30E 60  

-0.8916E 05 
0.8916E 0 5  

-0.8916E 05 
0.8916E C5 

-0.?968 E-02 

FIRST FIBER .FAILURE 

BREAK-P@IM ANALVS IS- 2: FAILURE ANALYSIS= 2 

I l=MAX STQFSS C!?lTERION: 2=*4X STRAIN CRITERION: 3=CUADRATIC INTERACTION CRITERION) 

LAMINATE TANGENT STIFFNESS MATRIX: 

9.34hF 97 0-IOTE 97 '7.625E-01 
0 . 1 0 ~ ~  07 0.346E 07 9.100E 0 1  
O. 6 2 s ~ -  01 0.1 OOE 01 0 . 1 1 9 ~  07 



YOUYG S POI CSrN SHEAR 
'4OOIILUS 9ATIO ' YODULUS 

BREAK-POI NT NO. 1 PREOICTEC I N  FOLLOW lNG L 4Y ERS: 

(HrlOE 1=4X14L ; HOOE 22;TR4NSVERSE: CODE ?=SHE4RI 
MCOE L4YER 

2 1 
' 1 2  
2 Z 
2 3 
2 4 
Z 9 
2 10 
2 1 I 
2 5 
2 6 
2 7 
Z 8 

L!YNGlTUOINAL TRINSVERSE SHEbR .' 
APPLIED FORCESfLENGTH 4 1  BRELK-PO INT: ' 0.6346 0 5  0.634E C5 0.0 

L4YER STRESSES C STP4IFIS I N  L4YER CO-OROS. 4 1  ORE4K-PCIKT: 

STRESSES 
TR4N SVER SE 
0.3077E 0 5  
0,3077E 0 5  
0.307TE 0 5  
0.3077E 0 5  
0.1077E 0 5  
0.39'7E 0 5  
0.3077E 0 5  
0.3017E 0 5  
0.30"E 0 5  
0.3017E 0 5  
0.3077E 0 5  
0.3077E 0 5  

LAYER STIESSES I N  LAM IN4TE CO-ORDS 4 1  BRE4K-POINT: 

STRESSES 
TR4NSVERSE 
0.30'7E 0 5  
0.470dE 0 5  
0.4708E 0 5  
0.1971E 0 5  
0.7911E 0 5  
0 e 9 6 0 3 E  0 5  
0.9603F 0 5  
0.7911E 05 
0;1971 E 05 
0.4708E 05. 
0.4708E 0 5  
0.3017E 0 5  

SHE4R C f  OR TR LNSVERSE BRE4K-POINT REACHED I N  EVERY LAVER 

L 4 Y  IH4TE T4NGWT STIFFNESS M4W.IX: 

L4H INATE TINGENT MODULI C POI SSCN R4TICS: 

Y CUNGS POISSON SHE4R 
YOOULUS R4TIO MCOULUS 

STRAINS 
TRANSVERSE 
0. 14OOE-01 
0.140OE-01 
0.1400E-01 
0.1400E-GI 
0.1400 E-0 1 
C. 1400E-01 
0.1400E- 0 1 
0.1400 E-01 
0.1400E-01 
0.1400E-01 
0.1400E-01 
0. l4OOE-01 



1=4XlAL; YOOE 2=TRdNSV€QSE: YOCE 3=SHEARI 
LAYER 

LONGITUCINAL TRANSVERSE SHEAR 
4PPLIES FORCES/LENGTH 4 1  F4ILURE: 0.135E 06  0.135E 06 0 .O 

L4YIY4TE TOT4L STRAINS: 0.370E-01 0.370E-Cl -b.TZIE-b' 

L4YER ST9ESSE S G STR4INS I N  LdYER CO-CROS. 4T FblLURE: 

OR I ENT AT ION 
LAYER ANGLE LONGITUDINAL 

1 0.0 0.219hE Oh 
? 30.00 0.2386E 06  
1 -33.00 0-2386E 06 
i 60.06 0.23R6E 06 
5 -60.00 0.23866 06  
6 90.00 Oe'23RbE 06 
r 90.00 .0.2186E 06 
8 -60.00 0 .2386E06  
9 60.00 O.238CE 06 

19 -30.09 O.2386E 06 
11  70.00 0.23R6E Oh 
12 0.0 0.2306E 06  

STRESSES 
TRPNSVERS E 
0 - 3 0 7 T  05 
0.30T7E 05 
0.3077E 05 
0.307F 05 
0.3077E 05 
0.3077E 05 
0.30TrE 05 
0.3077E 05 
0.3077E 05 
0.3071E 05 
0.3077E 05 
9 . 3 0 7 7 ~  05 

SHEAR 
- 0.9736E-C2 

0.1048E-01 
-0.2022 E-01 

0.2002E-01 
-0.1029F-01 

0.9736E-02 
0,9736E-0 2 

-0.10 29E-0 1 
0.2002E-01 

-0 .2022E-01 
0.1008E-01 

-0.9'36E-C2 

LONG ITUD INAL 
0.3700E-01 
0.31CCE-Cl 
0.3700E-0 1 
0.3700E-01 
0.3100F-01 
0.3700E-0 1 
0.37OCE-01 
0.3700E-01 
0.37OOE-01 
0.370GE-0 1 
0.3700E-01 
0.37CCE-01 

S7RAIPiS 
TRAN SVER SE 
0.3700E-01 , 

0..3'00€-01 
0.3700E-0 1 
0.3'00 E-01 
0.3100E-C 1 
0.37OOE-01 
0.3700E-01 
0.3-'00E-01 
0.3700 € 4 1  
0.37OOE-01 
0.3700 E-0 1 
0.3'00E-01 

SHE 4R 
-3.5298E-07 

0.3204E-07 
-0 .8411e07 

0 -8006 E-07 
-0.27SSE-07 

0 . 5 2 ~ ~ ~ - 0 7  
0.520RE-07 

-0- 279SE-07 
0.8006E-07 

-C,8411E-07 
0.3204E-07 

-0.5 208E-0' 

' : LIVER STRESSES I N  L4MlNaTE CO-CROS 4 1  FAILURE: 

OR I ENT AT ION 
L AYE9 4NGLE LONG1 TUDl N4L 

1 0.0 0.2386E 06 
7 .3U.UU U . t u o f E  66 
3 -30.00 O~IR6'E 06 
4 60.00 b.BZ'3E 05 
5 -60.00 O.Rt?F 05 
6 90.03 0.3077E 05 
7 90.00 0 .307 fE03  
9 -60.00 0.R273E 0s 
9 60.00 0.R273E 05 

10 -30.00 0.186'E 06  
11 30.00 0.1867E 06 
12 0.0 0.2306E 06 

FIRST FIRER FAILURE 

ANALYSl S NUMBER 3: 

BREAK-POINT 4NALYSIS= 3 ;  F4ILURE 4N4LYSISs 3 

(1-MAX STRESS CRITERION: 2=M4X STRAIN CRITERION: 3=CUAORATIC INTERACT ION CRITERION) 

LAYI n(4TE TANGENT STIFFNESS MATRIX: 

6.346E 0' 0.107E O-' '3.625E-01 
0.107E O7 0.346 E 6' 0.IOOE 0 1  
0.625E- 01  0.100E 0 1  0-119E 07 

LIHINATE TANGENT MODUL 1 G POISSON R4T 10s: 

YOUNG S PC1 SSCN SHEAR 
'4OOULUS RATIO YODGLUS 

LONG 
TP4N 



r4ILURE DoEOlCTE0 I N  FOLLOW lNC LAYERS: 

(YflrlE 1=4X1AL : MflQE 2=ll?4YSVFQSE: YOOE 3=SHEARI 
YCDE LAYER 

1 6 
I 7 

1 5 
1 8 
1 3 
1 4 
1 9 
1 1 0  
1 I 
1 2 
1 1 1  
1 12 

LONG1 TUO1 N4C TRANSVEQSE ' SEEMR 
APDLIED Fr)RCES/LENGlH 41  FAILURE: 0.151E 06 0.151E C6 0.0 

LAMIN4TE TOTAL STRAINS: 0.334E-01 0.334E-01 -0.291E-07 

LAYER STRESSES t STRAINS IN  LAYER CO-OROf. AT FAILURE: 

09 IENTATION 
ANGLE LONGITUDINAL . 

0.0 0.2290E 06  
30.00 0.2290E 06 

-30.00 O.229OE 0 6  
60.00 d 2 2 9 0 E  06 

-60.00 0.2290E 06 
90.00 0.2290E 06 
90.00 0.2290E 06 . 

-66.00 0.2290E 0 6  
60.00 0.2290E 06 

-30.00 0.2290E 06  
30.00 0.2290E 0 6  

0. 0 0.2290E 06 . 

STRESSES 
TR4N SVER SE 
O.7338F 0 5  
0.7338E 05 
0.7338E 05 
0.7338F 05  
o . n j e ~  05 
0.73386 0 5  
O.73lUE 05 
0. l338E 05  
0.7338E 0 5  
0.133W 05 
0.7338F 05  
0.7338F 05 

SHEAR 
-0.1873E-01 

0.2311E-01 
-0.4184E-01 

0.5184E-01 
-0.2311E-01 

0.1813E-0 1 
0.1 b13E-01 

-0.2311E-01 
0.4184E-01 . 

-0. ~ I ~ ~ E - O L  
0.2311E-01 

-0.1813E-01 

L4YER STRESSES t N  LMMTN4TE COdlROS AT FAILURE: 

OR IENTATIOY 
ANGLE LONGlTUDINAL 

0.0 0.2290E 0 6  
30.00 0.1901E 06  

-30.00 0.1901E 06 
60.06 0 .1123F06 

-60.00 0; 1123E 06 
90.00 0 .7338E05 
90.00 0.7338E 05 

-60.00 0.1123E 06 
60.00 0.1123E 06 

-30.00 0.1901E 06 
30.09 0.1901FO6 

0.0 0.2290E 06 

STRESSES 
TRAY SVER SE 
0.7338 F 05 
0.1123E 06 
O. l l2?E o t  
0.1901E 0 6  
0.1901E 06 
0.2290E 06  
0.2290E 0 6  
0.1901E O t  
0.1901E 06  
O.ll23E 06 
0.1123E O t  
Oe7338E 0 5  

SHEAR 
-0.2474E-07 

0.3668 E-07 
-0. t t 4 2 F - 0 7  

O.tt42E-07 
-0.3668 E-07 

0.2974E-07 
0.2974E-07 

-0.3668E-07 
0.6t42E-07 

-0.6642E-01 
0.3668E-07 

-0.2914E-C7 

WEAR 
-0 -18736-01 

0.6140E 05 
-0.6740E 05 

0.6740t 05  
-0.6140E 0 5  

0.1786E 00 
0.1786E 00  

-0.6740E 05 
0.b14OE C9 

-0.6740E 05 
0.6740E C5 

-0.1873E-01 

FlRST FIBER FAILURE 



9.2 DETAILED FLOWCHARTS 



MAIN PROGRAM SUBROUTINE DATA1 SUBROUTINE DATA2 

I 
00 
w 
I 

CALL LAMANS e 

C 
READ AXE. TRANE, G, AXNU, NLhMM. NMATLL 

I 1 
f 

f DO 5 FOR ALL INPUT MATERIALS I 

I 
S!3 PRE-BREAK POINT PROPERTIES 

I EQUAL IN TENSION 6 COMPRESSION I 

SET POST-BREAK POINT VALUES OF G AND AXNU ' 

ECHO PRINT ALL INPUT VALUES 

I I 
CALL DATA2 h. 

READ CRITE. CRITS 55 
DO 9 0  FOR BREAK POINT 6 FAILURE 

I 
t 

DO 5 FOR ALL MATERIALS 

I I 

6 STRAINS EQUAL I N  TENSION 6 

COMPRESSION FOR AXIAL SHEAR 
LOADING 

I 
90 

ECHO PRINT ALL INPUT VALUES I 

I CALL QDRCFS I 
RETURN 13, 



SUBROUTINE LAMANS 

I INITIALIZE NANS = 0 I 

PEAD NANS, NWAJS,  A12 I 

DO 1 0  FOR ALL LOAD SETS t+* 
L 

I 

I N I I I A L I Z E  ALOAD = 0 [DEFAULT VALUE) 

I 

NAKS = 3 
(DEFAULT VALUE) 

SET ISENT VALUES FOR LEAJ ISENT 

'r=;=1 

DO 2 4 0  FOR ALL L0P.D SETS 

I 
DO 2 4 0  FCR ALL TYPES OF ANALYSES : 

I 

INITIALIZE FLAG FOR ERROR MESSAGES h F U G  
FOR PLO- TERMINATION: ISpJ&= O., 

in*-... - . . 

NO PRINT ERROR MSG 1 
( t t t t t t t ' ~ - - . J  

DO 1 4 0  FOR ALL LAYERS 

IBREAK = 0 

BRAT10 = -100  
FRAT10 = -100  

BSIG 

4 DO I 4 5  Fop i L L  MODES 1 
INITIALIZE 

ALOADB = 0 
ALOADF = 0 

Y 

-r -.-- 

INITIALIZE: ERR = 0 . 0 0 1  

IPRINT = 0 



CALL LAYSTF - 
CALL LAHSTF 

LAMINATE S T I F F -  & B S S  MATRIX SINGULA YES , 
13 . *  

CALL STRESS 

YES 

231 

CONTINUE L2+ 
RETURN r"l 



SUBROUTINE QDRCFS 

START 0 

DO 10 FOR BF.EAKPOINT 6 FAILURE u 
COMPUTE QUADRATIC COEFFICIENTS A l l ,  4\12, 

(DEFAULT VALUE) A22,  A 4 4 ,  B1. B2 

3UBROUTINE GEOMET SUBROUTINE LAYSTF 

E A D  NLAY. IMATL, ALPHA. DELTA * 
ECHO-PRINT 

. GI- . ,  

RETURN .z 
DO 130 FOR ALL LAYERS u DO 90 FOR ALL LAYERS WHICH 

HAVE J U S T  REACHED BREAK 

I I I I POINT I N  PREVIOUS LOOP I 

SELECT PRE-BREAK- 

POINT PROPERTIES 

,.ol , 
STORE S T I F W E S S  

SET ELASTIC PROPERTIES I N  
RELEVANT MODES TO POST- 
BREAK-POINT VALUES (INCLUDE 
INTERACTION BETWEEN SHEAR 

&/OR TRANS TENSION BREAK 
POINTS)  

TO KEEP TRACK OF WHICH 
.LAYERS HAVE REACHED I 

MATRIX FOR LAYER 

w 

1 STORE NEW S T I F F N E S S  
MATRIX FOR LAYER 



SUBROUTINE STIFF 

PERTY-SET EOR THE LAYER 

COMPUTE STIFFNESS MATRIX C FOR 

LAYER I N  LAYER CCORDS 

STORE STIFFNESS MATRIX 

CONVERT ALPHA TO RADIANS * 
CAT-L TFORM r"l 

CALL HXHULT TO CONVERT C 

SUBROUTINE TFORM 

START 0 

I 
COMPUTE TRANSFORMATION MATRIX TO 

CONVERT STRESS FROM'LAYER TO LAM- 

INATE COORDS 

I 

I 

SUBROUTINE MXMULT . 

This subroutine pre-multiplies a (N2xN3) matrix by a (NlxN2) matrix. 

, 

SUBROUTINE MATINV 

Thls subroutine inverts a (AxN) matrix by Gauss-Jordan reduction with- 

our pivoting. A check has been incorporated to detect any singularities 

in the matrix. I f  the matrix cannot be inverted, the subroutine wlll 

rerurn a value of 0 for the flag INV. I N V = l , i f  the matrix is not 

singular. 

COHEUTE TRANSFORMATION MATRIX TO 

CONtZRT STRAMS FROM LAMINATE COORDS 

TO LAYER COORDINATES 



SUBROUTINE LAMSTF 

- 

COMPUTE C BY ADDING LAYER 

STIFFNESS MATRICES C WEIGHTED 

BY THEIP. THICKNESS WTION 

I CALL MATINV TO COMPUTE 
- - -1 

I 
s s c  . 

SET nw: ISTOP = 3 

TO SIGNAL SUBROUTItlE 

LAMANS 

SUBROUTINE LAMPRT 

START 0 
COMPUTE LAMINATE ELASTIC PROPER- 

TIES AXEBAR, TREBAR, ANUBAR AND 

SUBROUTINE STRESS 

START n 
COMPUTE IAMINATE TOTAL STRAINS TO UNIT 

INCRPlENTAL LOAD 

DO 5 0  FOR ALL LAYERS s. 
1 

COMPUTE TRANSFORMATION MATRIX TO CONVERT 

STRAINS TO LAYER COrlRDS I 
I 

COMPUTE LAYER STRAINS IN LAYER COORDS I 

USE LAYER STIFFNESS MATRICES IN LAYER COORDS 

TO COMPUTE LAYER STRESSES IN LAYER COORDS 4' 
I 

4 .  
I 

C RETURN 

1 
I . . 



SUBROUTINE RATIO 

DO 1 0  FOR BREAK POINT b FAILURE 
10 1 

CW RAT FOR 
BREAK P O m  b FAILURE M T I O S  

1 

YES 

TO 51- SUBROUTINE 

CALL. BRBIC TO DETECI BIGGEST 

gmae urn NO. 
BRebg POIM (B .P ,) BAIIO 

r n E  OF F A I L o a e  OF 

SET PLAG I 
LKbC - 0 , mn sm C O m r E U  IQP 

To Keep TUCK OF 
BOW XBNP LAYERS 

w m 46 TO CHECK 

b S l B A I H S  M LAYER 
c m s  AT APAPPLIrn 
STRESS 

LAYER STRESSES b - 
STUINS A1 BReAK 

ZBAT U E A m  
BaeAK POINT 

I 
CO TO 5 0 .  CHECK 

CONTINUE EXECUTION 



SUBROCTINE QRAT 

, START 0 
DO 30 FOR ALL LAYERS s 

INITIALIZE FLAG 

IQRT = 0 

COMPUTE QUADRATIC 

FAILURE (FRABIO) RATIOS TO SIGNAL 

SUBROUTINE RAT 

SUBROUTINE RAT - 



SUBROUTINE BRBIG 

START Q 
i 

I N I T I A L I Z E  F B I G  = FRATIO '1.1) 

I 

I N I T I A L I Z E  HE IF 1 -1 
t 

DO 10 FOR ALL LAYERS I 
I 
i 

DO 10 FOR ALL W D E S  I 
I 

I COMF'ARE F B I C  WITH FRATIO VALUES AND 

STORE BIGGER VALUB 

I 

I I STORE LAYER NUMBER 6 MODE I 
I I . (W 6 MF) O F  BIGGER FRAT10 I 

I 

CONTINUE 1 

I. 
I I N I T I A L I Z E  BRBIG = BRATIO (1 .I) ( 

I N I T I A L I Z E  MB = 1, [-I 
I 

I 1 DO 10 FOR ALL LAYERS 1 

DO 10 FOR ALL MODES 7 
COHPARE BBIG WITH BRATIO VALUES AND 

STORE BIGGER VALUE 1 
I 
I 

STORE LAYER NO. 6 MODE (KB 6 MB) 

O F  BIGGER BRATIO i 
10 

CONTINUE 

1 
I 

SET FLAG 1-1 



SUBROUTINE FAIL 

START 0 
1 PRINT STATUS MSG STATING: I 
I (i) WHICH LAYERS KSVE FAILED I 
I (ii) IN WHAT MODE I 

COMPUTE C PRINT APPLIPD CUMUIATIVE I LAMINATE LOAD AT FAILURE 

I 

COMPUTE C PRINT CUMULATIVE LAMINATE 
STRAINS AT FAILURE 

SUBROUTINE .BREAK 

PEINT STATUS MSG STATING 

( i )  mICH LAYERS HAVE REACHED BREAK POINT 

(2  i) IN WHAT .MODE 

I 
I C W U T E  C PRINT CUMULATIVE I 
1 APPLIED LPMINATE MAD AT BREAK POINT 1 

SUBROUTINE AFLOAD 

START 0 
PRINT STATUS MSG 

I 
COMPUTE C PRINT APPLIED LAMINATE LOAD 

AT SPECIFIED LEVEL I 

CCMPUTE C PRINT CUMULATIVE 

- , , - , 
, , &- DO €0 F O ~ o A L ~  LAYERS 1 oJ . 1 

DO 1 0 0  FOR ALL LAYERS COMPUTE C PRINT LAYER STRESSES C STRAINS 
i I 

\O IN LAYER COORDINATES AT APPLIED LOAD 
Cr\ CCMPUTE LAYER STRESSES C 

I COMPUTE 6 PRINT LAYER STRESSES 6 STRAInS STRAINS IN LAYER COORDINATES AT BREAK P 
IN LAYER COORDS AT FAILURE 

I I I I 1 LAMINATE OlORDS 1 1 COMPUTE TRANSFORMATION MATRIX TO CONVERT STRESSES~ 

i I 

1 I 1 ' 

FROM LAYER TO LAMINATE COORDINATES 
1 0 0  . WITCH SUBS(ldl1PTS IN RELEVANT EDDES TO READ P3ST 

COHPUTE 6 PRINT LAYER STRESSES WEAE POINT PROPERTIES IN NEXT LOOP 

IN LAMINATE COGRDINATES I 

COMPUTE TRANSFORMA~ION MArRIX TO 

, -9 DU 1 9 0  FOR ALL LAYERS 1 

DC FOR ALL LAYERS WHICH 
HAVE REACHED B W  I'OINT 

I 1 .  

COMPUTE C PRINT LAYER STRESSES 

IN LAMINATE COORDINATES 
I 

CONVERT STRESSES F3OM LAYER TO I 

t 
COMPUTE TfMlSFORMATION MATRIX TO CONVERT STRESSES 
FROM LAYER 'LY) LAMINATE COORDINATES 

I COMPUTE C PRINT LAYER STRESSE 
IN lAMINATE COORDINATES 



y.3 COMPARISON OF BILAM RESULTS WITH LINEAR ELASTIC ANALYSIS 

9.3.1 In t roduc t ion  

Comparisons have been made between f a i l u r e  p r e d i c t i o n s  us ing  

t h e  BPLAM code and those  made by t r a d i t i o n a l  l i n e a r  e l a s t i c  lamina te  

a n a l y s i s .  S ince  ma.teria1 p r o p e r t i e s  a r e  c r u c i a l  t o  a c c u r a t e  ana lyses ,  

two m a t e r i a l  systems were chosen which have undergone cons ide rab le  

m a t e r i a l  t e s t i n g  under t h e  LLNL-operated Mechanical Energy Stor -  

age  P r o j e c t  - namely, au toc lave  cured 3M SP250-S2 S2-glass/epoxy 

and Cel ion  6000./Narmco 5213 graphi te lepoxy.  I n  s p i t e  of the 'larg! 

amount of in format ion  a v a i l a b l e  on t h e s e  m a t e r i a l s ,  t h e r e  were 

s e v e r a l  t e s t s  r equ i r ed  f o r  BILAM a n a l y s i s  which had no t  been per- 

formed. These t e s t s  were performed a t  Vi l lanova  a s  a . p a r t  of t h e  

c u r r e n t  program, and t h e  r e s u l t s  were used i n  making t h e  a n a l y t i c a l  

l amina te  f a i l u r e  c a l c u l a t i o n s .  

The lamina tes  analyzed f o r  l i n e a r  e l a s t i c  and BILAM f a i l u r e  pre- 

d i c t i o n s  were those  f o r  which f a i l u r e  d a t a  under u n i a x i a l  t e n s i o n  

were a v a i l a b l e :  [0/+45/90], [0/+30/+60/90]~ and [a-91 (ref .  9-3-11> l ayups  of 

t h e  S2-glass/epoxy; and 10/+45/90] and [0/+30/+60/90] g r a p h i t e  epoxy 

( see  r e f .  (9.3-1) a t  t h e  end of t h i s  s e c t i o n ) .  A l l  l amina tes  were 

analyzed under t e n s i l e  load p a r a l l e l  t o  a  f i b e r  d i r e c t i o n  (along a x i s  

loading)  and b i s e c t i n g  f i b e r  d i r e c t i o n s  (of f -ax is  l oad ing ) .  D e t a i l s  

of t h e  ana lyses  and r e s u l t s  a r e  d iscussed  below. 

9.3.2 Ma te r i a l  Proper ty  Determination 

Inputo t o  l i n e a r  e l a s L l c  laminare a n a l y s i s  a r e  t h e  usua l  i n i t i a l  

tangent  moduli of a  u n i d i r e c t i o n a l  lamina te  i n  a x i a l  normal ' (EA), 

t r a n s v e r s e  normal (ET), and a x i a l  shea r  (G ) modes; a x i a l  and 
AT 

t r a n s v e r s e  Po i s son ' s  r a t i o s  (vAT, vTA ) ;  f a i l u r e  s t r e s s e s  and s t r a i n s  

i n  a x i a l  normal, t r a n s v e r s e  normal, and a x i a l  shear  loading;  and a  

q u a d r a t i c  i n t e r a c t i o n  c o e f f i c i e n t  (A ) i f  a  q u a d r a t i c  i n t e r a c t i o n  
12  

f a i l u r e  p r e d i c t i o n  i s  t o  be made. The graphi te/epoxy p r o p e r t i e s  

used i n  t h e  p re sen t  e l a s t i c  lamina te  a n a l y s i s  a r e  t hose  developed 

f o r  a  prev ious  lamina te  f a i l u r e  s tudy ,  r e f .  (9.3-2), t o  which t h e  

reader  is  r e f e r r e d  f o r  more d e t a i l .  The,S2-glass/epoxy p r o p e r t i e s  



have been modif ied s l i g h t l y  from r e f .  (9.3-2) t o  r e f l e c t  new 

exper imenta l  r e s u l t s ,  bu t  were obtained i n  a  f a s h i o n  s i m i l a r  t o  

t h a t  desc r ibed  i n  r e f .  (9.3-2). A l l  p r o p e r t i e s  used i n  t h e  l i n e a r  

e l a s t i c  l amina te  a n a l y s i s  a r e ' p r e s e n t e d  i n  Table 9.3.1. 

Determinat ion of a c c u r a t e  u n i d i r e c t i o n a l  l a y e r  p r o p e r t i e s  f o r  

t h e  BILAM code was more d i f f i c u l t  because of t h e  l a c k  of c e r t a i n  t e s t  

d a t a  r equ i r ed  f o r  t h e  a n a l y s i s .  Po i s son ' s  r a t i o s a n d  i n i t i a l  tan-  

.gent  moduli  were r e a d i l y  a v a i l a b l e  f o r  both S2-glass/epoxy and 

graphi te /epoxy and a r e  t he  same a s  t hose  used i n  t h e  l i n e a r  e l a s t i c  

a n a l y s i s .  However, t h e  "break-point" s t r e s s e s  and s t r a i n s  ( s ee  , . 

main body of r e p o r t )  and f a i l u r e  s t r e s s e s  and s t r a i n s  r equ i r ed  

t e s t i n g ,  a n a l y s i s ,  and engineering judgment. 

Break-point s t r e s s e s  and s t r a i n s  and post-break-point moduli 

a r e  found from t e s t s  of [&45] t e n s i o n  ( f o r  shear  p r o p e r t i e s ) ,  [o] 
a x i a l  compression, [o] t r a n s v e r s e  compression, and [0/90] t e n s i o n  

( f o r  [O] t r a n s v e r s e  t e n s i o n  p r o p e r t i e s ) .  For both t h e  S2-glass/  

epoxy and graphi te /epoxy m a t e r i a l s ,  [+45] t e s t  r e s u l t s  were a v a i l a b l e  

( r e f s .  9 .3-1 ,3 ,4 ,5) .  Complete compr.essive . s t r e s s - s t r a i n  curves we.re not 

a v a i l a b l e ,  and t h e  f.01 a x i a l  and t r a n s v e r s e  compressibn break p o i n t s  of 

bo th  m a t e r i a l s  had t o  be es t imated  us ing  q u a l i t a t i v e  information from com- 

p r e s s i o n  t e s t s  of o t h e r  m a t e r i a l s  ( r e f s .  9.3-6,7). Huwevrr, s111ct. a x i a l  

and t r a n s v e r s e  compressive l a y e r  s t r e s s e s  were no t  l a r g e  i n  any of 

t h e  lamina tes  ana lyzed ,  t h e s e  s t r e s s e s  were not  c l o s e  t o  break-point 

and t h e  break-point p r o p e r t i e s  were no t  c r i t i c a l  t o  t h e  a n a l y s i s .  

Transverse  t e n s i l e  break-point  p r o p e r t i e s  and post-break-point ulodull 

a r e  extremely important  t o  f a i l u r e  a n a l y s i s .  Since no [0/90] lami- 

n a t e  test r e s u l t s  w e r e  a v a i l a b l e ,  t e s t s  were performed bn s e v e r a l  

[0/90] samples of 3M SP-250-S2 S2-glass/epoxy and Cel ion  6000/Narmco 

5213 graphi te /epoxy.  Break-point s t r e s s e s  and s t r a i n s  and post-  

break-point  moduli  were determined by f i t t i n g  a  b i l i n e a r  curve t o  

t h e  r e s u l t i n g  d a t a .  It i s  noted t h a t  f o r  t h e  S2-glass/epoxy, t h e  

r a t i o  of break-point  s t r e s s  t o  i n i t i a l  t r a n s v e r s e  t e n s i l e  f a i l u r e  

s t r e s s  ( t h e  l a t t e r  found from LO] l a y e r  t r a n s v e r s e  t e n s i l e  t e s t s )  

was about 3.0. Thi s  ag rees  very  c l o s e l y  wi th  a  s i m i l a r  break-point- 



T a b l e  9 . 3 . 1  - U n i d i r e c t i o n a l  Lamina te  P r o p e r t i e s  Used i n  L i n e a r  E l a s t i c  

Lamina te  A n a l y s i s .  

[O] PROPERTY 

MODULI AXIAL , EA 

(msi)  TKANS, ET 

SHEAR, GAT 

AXIAL POISSON'S RATIO, vAT 

FAILURE 
STRESSES AXIAL TENS 

( k s i )  AXIAL COMPR 

TRANS TENS 

TRANS COMPR 

AXIAL SHEAR 

FAILURE 
STRAINS AXIAL TENS 

( 1ij3in/  i n )  
AXIAL COMPR 

TRANS TENS 

T U S  COMPR 

AXIAL SHEAR 

QUADRATIC INTERACTION 
COEFFICIENT, A12 

(1610psi-2) 

- 

3M SP-250-S2 
S2-Gl/Ep 

6 .5  

1 . 7  

0 .56  

0 . 3  

218 

1 3 4  

7 . 9  

28 .0  

.s 1 2 . 3  

3 3 . 5  

22 .0  

4.67 

11 .8  

134 .0  

-2.67 

MATERIAL 

C e l i o n  ,60OO/Narmco 5213 
Gr/Ep 

21.0  

1 . 4  

0 .7  

0 . 3  

259 

1 7 7  

7 . 0  

20.0 

1 0 . 4  

1 2  

11 

5 .2  

3 0 

1 1 0  

-2.82 



t o - i n i t i a l - f a i l u r e  r a t i o  obta ined  on a  d i f f e r e n t  g l a s s  epoxy 

m a t e r i a l  - Scotchply Type 1002 ( r e f .  9.3-8).  The t r a n s v e r s e  t e n s i l e  

b r e a k - p o i n t - t o - i n i t i a l - f a i l u r e  r a t i o  found f o r  t h e  graphi te/epoxy was 

about  1 .9 .  It  i s  a l s o  n o t e d . t h a t  nega t ive  post-break-point t r a n s v e r s e  

t e n s i l e  moduli  were requi red  t o  f i t  t h e  [0/90] d a t a  f o r  both m a t e r i a l s .  
. . 

F a i l u r e  s t r e s s  and s t r a i n  i n p u t s  t o  BILAM must be  c a r e f u l l y  

chosen a s  d i scussed  i n  the  main body of t h i s  r e p o r t .  I n  t r ans -  

v e r s e  t e n s i o n  and a x i a l  shea r ,  t h e r e  i s  no " f a i l u r e "  o t h e r  than 

m a t r i x  c racking  which has a l r eady  been modelled i n  t h e  break-point.  

S ince  i n p u t  t r a n s v e r s e  t e n s i l e  f a i l u r e  va lues  w i l l  a f f ec t "o the r  

f a i l u r e  modes through maximum s t r a i n  and q u a d r a t i c  i n t e r a c t i o n  

f a i l u r e  equa t ions ,  a r b i t r a r y  va lues  cannot be chosen. For t h e  

lamina tes  analyzed,  choices  were made which gave r e a l i s t i c  l a y e r  

f a i l u r e  p r e d i c t i o n s  under combined a x i a l  s h e a r  and a x i a l  aAd t rans-  

v e r s e  t ens ion  o r  compression. It i s  again  noted t h a t  compressive 

p r o p e r t i e s  were n o t  important  t o  t h i s  a n a l y s i s  s i n c e  compressive 

l a y e r  s t r e s s e s  were w e l l  below break-points  i n  a l l  l a y e r s .  

' T a b l e  9.3.2 p r e s e n t s  m a t e r i a l  p r o p e r t i e s  used f o r  BILAM inpu t  

da t a .  

9.3.3 F a i l u r e  C r i t e r i a  

!I'wo of t h e  most popular  l a y e r  f a i l u r e  c r i t e r i a  used i n  lamina te  

f a i l u r e  a n a l y s i s  a r e  t h e  maximum s t r a i n  c r i t e r i o n  and the  q u a d r a t i c  

i n t e r a c t i o n  c r i t e r i o n .  For t h e  l i n e a r  e l a s t i c  a n a l y s i s ,  bo th  l a y e r  

f a i l u r e  c r i t e r i a  were used. Two laminate  f a i l u r e  methodologies were 

analyzed f o r  each f a i l u r e  c r i t e r i o n .  For q u a d r a t i c  i n t e r a c t i o n  

i a y e r  c r i t e r i o n ,  t h e  two lamina te  f a i l u r e  methodologies were: 

1) Laminate f a i l u r e  occurs  a t  f i r s t  l a y e r  f a i l u r e .  

2) Laminate f a i l u r e  occurs  when a l l  l a y e r s  have f a i l e d .  

For t he  maximum s t r a i n  c r i t e r i o n ,  t h e  two lamina te  f a i l u r e  methodolo- 

g i e s  were : 

1)    am in ate f a i l u r e  occurs '  a t  f  irs't l a y e r  f a i l u r e .  

2) Laminate f a i l u r e  occurs  when e i t h e r  a l l  l a y e r s  have f a i l e d  

i n  t r a n s v e r s e  t ens ion  o r  s h e a r ,  o r  t h e  f i r s t  f i b e r  f a i l u r e  

occurs .  



Table 9.3.2 - Unid i rec t iona l  Laminate P r o p e r t i e s  Used i n  BITAM Analys is  

[O] PROPERTY 

MODULI (msi) 

AXIAL TENS 

AXIAL COMPR 

TRANS TENS 

TRANS COMPR 

SHEAR, GAT 

AXIAL - 
POISSON'S 

RATIO, VAT - 
CRITICAL 
STRESSES ( k s i )  

AXIAL TENS 

AXIAL COMPR 

TRANS TENS 

TRANS COMPR 

AXIAL SHEAR 

CRITICAL 
STRAINS 

(16)io/ i n )  
AXIAL TENS 

AXIAL COMPR 

TRANS TENS 

TRANS COMPR 

AXIAL SHEAR 

QUADRATIC 

i 

MATERIAL 

3M SP-250-S2, 

Pre-Break-Point 

6.5 

6 .5  

1.7 

1.7 

0.56 

0.30 

Break-Point 

327 

100 

23.8 

20.0 

6.68 

B r  eak-Point 

50.3 

15.4 

14 .0  

11.8 

11.9 

F a i l u r e  

-2 67 

Cel ion  6000/Narmco 

Pre-Break-Point 

2 1 

2 1 

1.4 

1 .4  

0.70 

0.30 

B r  eak-Point 

390 

100 

13.3 

15.0 

6.3 

Break-Point 
r 

18.6 

4.76 

9.48 

10.7 

9.0 

Break-Point 

O 

INTERACTION 
COEFFICIENT,A12 

( 1 6 l O ~ s i - ~ )  

S2 GlIEp 

Post-Break-Point 

6.5 

5.14 

- 0.68 

0.114 

0.046 

0.30 

F a i l u r e  

218 

134 

26.0 

28.0 

12 .3  

F a i l u r e  

33.5 

22.0 

2.9 x 1 0  
6 

70.0 

134 

5213, ~ r / E p  

Post-Break-Point 

21 

12.3 

- 4.0 

2.6 

0.0376 

0.30 

F a i l u r e  

259 

177 

16.5 

20.0 

10.4 

F a i l u r e  

12.3 

11.0 

2.9 x 10 
6 

30.0 

110 

F a i l u r e  

-2.82 
." 

B r  eak-Point 

o 



BILAM has  t h e  op t ion  of t h r e e  break-point c r i t e r i a  and t h r e e  

f a i l u r e  c r i t e r i a .  Under t h e  types  of lamina tes  and loadings  con- 

s i d e r e d ,  break-points  occur  i n  t r a n s v e r s e  t e n s i o n  and a x i a l  shea r .  

Other modes do n o t  appear .  S ince  t h e  t r a n s v e r s e  t e n s i o n  and a x i a l  

shear  break-poin ts  a r e  caused by t h e  same f a i l u r e  phenomena, v i z .  

c r acks  i n  ma t r ix  m a t e r i a l  p a r a l l e l  t o  f i b e r s ,  a  q u a d r a t i c  i n t e r a c t i o n  

c r i t e r i o n  w a s  chosen f o r  break-point occurence. F a i l u r e  i n  t r a n s -  

v e r s e  t e n s i o n  and a x i a l  shear  has  no meaning p a s t  t h e  break-point ,  

s o  a  non- in t e rac t ive  maximum s t r a i n  f a i l u r e  c r i t e r i o n  was chosen 

b u r  layer t a i l u r c .  

It i s  noted t h a t  a f i r s t  l a y e r  f a i l u r e  methodology which uses  

[0] L ~ a r l s v e r s e  t e n s i l e  and a x i a l  shear  f a i l u r e  s t r e s s e s  w i l l  y i e l d  

t h e  same r e s u l t  from e i t h e r  l i n e a r  e l a s t i c  o r  BILAM a n a l y s i s ,  s i n c e  

t h e s e  f a i l u r e  s t r e s s e s  a r e  w e l l  below break-points .  R e s u l t s  of t h i s  

l a y e r  f a i l u r e  a n a l y s i s  f o r  l i n e a r  and BILAM models a r e  t h e r e f o r e  

presented  toge the r .  

9 . 3 . 4  R e s u l t s  and Discuss ion  

R e s u l t s  of f a i l u r e  ana lyses  f o r  t h e  S2-glasslepoxy and g r a p h i t e l  

~ p n x y  l amina te s  art! shown i n  'Table 9.3.3 w i t h  experimental  r e s u l t s .  

The fo l lowing  p o i n t s  a r e  noteworthy f o r  t h e  S2-glasslepoxy r c o u l t s :  

1) For S2-glass/epoxy, f i r ~ t  f n i l u r e  p r e d i c t e d  by BlLAM 

and l l n e a r  e l a s t i c  a n a l y s i s  r ep re sen t  f i r s t  ma t r ix  

c r ack ing ,  bu t  do not  p r e d i c t  l amina te  f a i l u r e .  

2) F i r s t  l a y e r  break-point  s t r e s s e s  from BILAM a r e  con- 

s i d e r a b l y  below f a i l u r c  s t r e s s e s .  

3 )  A l l  l i n e a r  e l a s t i c  lamina te  f a i l u r e  p r e d i c t i o n s  f o r  

t e n s i l e  load p a r a l l e l  t o  f i b e r  d i r e c t i o n  along-axis  

a r e  much too  high.  

42 The a l l - l a y e r s - f a i l u r e  lamina te  f a i l u r e  p r e d i c t i o n s  

by l i n e a r  e l a s t i c  a n a l y s i s  e x h i b i t  q u a l i t a t i v e  b u t  

n o t  q u a n t i t a t i v e  agreement w i t h  t e s t  r e s u l t s .  

5) The BILAM l amina te  f a i l u r e  p r e d i c t i o n s  from t h e  

all-layers-break-point/firs.t-fiber-failure methodology 

show good q u a l i t a t i v e  and reasonable  q u a n t i t a t i v e  



Table 9.3.3 - Failbre Analysis Results for ~2-~lass/E~ox~ and Graphite/ 

*KEY : - 
ALF = ALL LAYERS FAILED 

Epoxy Laminates. All Stress in ksi. 

1st FIB = FIRST FIBER FAILURE (AXIAL TENSION) 

- 

FIRST FAILURE LINEAR ELASTIC B~~ 
(LINEAR ELASTIC 

AND BILAM) W 
LAMINATE QUADRATIC BREAK PT., 

ALM/FF = ALL LAYERS MATRIX FAILURES, OR FIRST FIBER FAILURE 
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** See Refs. 9.3-1, 9.3-9, 9.3-10. 
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agreement wi th  experimental  d a t a  f o r  both along-axis 

and o f f - ax i s  ~2 -g la s s / epoxy .  

For t h e  graphi te lepoxy lamina tes ,  t h e  fo l lowing  r e s u l t s  a r e  

ev ident  : 

1)  Graphi telepoxy lamina tes  loaded along-axis e x h i b i t  s t r e n g t h s  

.. . which a r e  most c l o s e l y  matched by t h e  BILAM a l l - l a y e r s -  

break-point/first-fiber-failure p r e d i c t i o n s .  The a l l  l a y e r s  

f a i l u r e  p r e d i c t i o n s  from l i n e a r  e l a s t i c  a n a l y s i s  a r e  s i g n i f -  

i c a n t l y  h ighe r  than  BILAM r e s u l t s ,  bu t  t h e  d i f f e r e n c e  i s  not  

a s  g r e a t  a s  f o r  t h e  g l a s s .  This  is  expected since r a t i o  y L  

u n i d i r t c ~ l u n a l  t r a n s v e r s e  Young's modulus t o  a x i a l  Young's 

modulus i s  much l e s s  f o r  g r a p h i t e .  

2) Linear  e l a s t i c  f i r s t  f a i l u r e  s t r c s s e s  and BILAM's f i r s t  

break-point s t r e s s e s  a r e  much lower than  along-axis  t e s t  

r e s u l t s .  

3) Off-axis  t e s t  r e s u l t s  a r e  c l o s e l y  approximated by BILAM 

f i r s t  break-point and t h e  BILAM/linear e l a s t i c  f i r s t  

f a i l u r e  p r e d i c t i o n s .  All- lay ers-f a i l u r e  p r e d i c t i o n s  by 

BILAM and l i n e a r  e l a s t i c  a n a l y s i s  a r e  t oo  high.  

A - - .  
LIUL~! of c a u t i o n  must be i n s e r t e d  a t  t h i s  p o i n t .  Data on 

m a t e r i a l  p r o p e r t i e s  have been obtai.ned from marly sources  and may o r  

may n o t  r e p r e s e n t  ma te raa l  p r i r p e ~  ties ot l amina tes  used f o r  f a i l u r e  

a n a l y s i s  comparisons. I t  has  been determined t h a t  v a r i a t i o n s  i n  , 

moduli, break-point  s t r e s s e s  and s t r a i n s ,  and f a i l u r e  s t r e s s e s  used 

a s  i n p u t s  can cause  l a r g e  d i f f e r e n c e s  i n  f a i l u r e  p r e d i c t i o n s  by 

BILAM and l i n e a r  e l a s t i c  ana lyses .  Therefore ,  t h e  r e s u l t s  presented  

h e r e  should be  d iges t ed  wi th  t h e  r e a l i z a t i o n  t h a t  a  c a r e f u l l y  ob- 

t a i n e d  exper imenta l  s e t  of i npu t  m a t e r i a l  p r o p e r t i e s  w a s  no t  a v a i l -  

a b l e  f o r  t h i s  a n a l y s i s .  

9.3.5 Conclusions 

I n  g e n e r a l ,  i t  i s  seen  t h a t  r ea sonab le  q u a l i t a t i v e  and quant i-  

t a t i v e  agreement w i th  t e s t  d a t a  is  obta ined  wi th  t h e  BILAM a n a l y s i s .  

The BILAM p r e d i c t i o n s  a r e  c o n s i s t e n t l y  c l o s e r  t o  exper imenta l  d a t a  

t han  a r e  t h e  p r e d i c t i o n s  of l i n e a r  e l a s t i c  lamina te  a n a l y s i s .  



It is evident that BILAM and linear elastic failure predictions 

differ most greatly when transverse and axial moduli of unidirectional 

layers are of the same order of magnitude, as with S2-glass/epoxy. 

For such laminates, BILAM analysis gives good qualitative and qua*ti- 

tntive predictions of laminate failure by an all-layers-break-point/ 

first fiber failure methodology. 

For laminates where layer axial modulus is considerably greater 

than transverse modulus, BILAM and linear elastic analysis predictions 

are closer cogether, but RILAM is nearer to test data. Along-axis 

test results are best approximated by BILAM all-layerslfirst-fiber 

laminate analysis predictions, but results are high. Off-axis test 

results are best predicted by first layer cracking or first layer 

break-point; indicating that interlaminar stresses or stress concen- 

trations due to matrix cracks may be initiating failure. 

As a result of these comparisons, it can be concluded that BILAM 

analysis represents a significant improvement over linear elastic 

laminate analysis provided that care is taken to obtain accurate input 

properties. A secondary c6nclusion is that a complete ability to model 

the failure mechanics of composite laminates still does not exist, and 

perhaps it will be necessary to include the effects of interlaminar 

stresses and adjacent layer overstresses when laminate failure. 

This is supported by.the range of test results for off-axis [a-91 

laminates where the lower (41 ksi) failure stress was for a specimen 

designed to contain large interlaminar stresses, while the higher (80 ksi) 

failure stress resulted when the stacking sequence was selected to mini- 

mize interlaminar. stresses. 
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9.4 FEASIBILITY STUDYOFTHERMAL STRESS ANALYSIS 

9.4.1 Introduction 

Code BILAM analyzes response of composite laminates to mechanical., 

in-plane loads. This appendix examines the feasibility of extend- 

ing BILAM1s capability to include the in-plane effects of thermal 

loading, and makes recommendations for its implementation. 

9.4.2. Feasibility Analysis: 

A generalized analysis of thermal stresses would typically have 

the following capabilities: 

(i) Temperature-dependent material elastic propert2es. 

(ii) Provisions for applying thermal and mechanical loads 

either simultaneously or sequentially. 

(iii) Sequential loading that would include all possible load 

histories, i . e . , mechanical loading followed by thermal or 
vice-versa, or any other arbitrary sequence of applied mech- 

anical and thermal loads. 

The following subsections analyze these possible capabilities for inclu- 

sion in the current BILAM code: 

Temperature dependence of material properties 

Investigations made indicate that it would not be feasible to 

incorporate temperature dependence of material elastic properties in 

BILAM1s analysis method' since such a change would necessitate a non- 

linear, incremental analysis, altering the material thermo-elastic 

properties at small increments of temperature. This incremental 

procedure would defeat.BILAM's,purpose of reducing analysis complexity 

by eliminating iterative techniques in favor of a bilinear analysis. 

It is therefore recommended that the elastic properties .be treated as 

independent of temperature in BILAM. 

Method of application of mechanical and thermal loads - 

Since BILAM uses a finite increment loading scheme, simultaneous 

application of mechanical and thermal loads would be possible only 

if some combined loading scheme were defined between the, temperature 

r- 



and mechan ica l  l o a d  inc rements .  T h i s  cou ld  be  accomplished by 

d e s c r i b i n g  e i t h e r  l o a d  a s  a f u n c t i o n  of t h e  o t h e r ,  o r  by d e s c r i b i n g  

e a c h  a s  a f u n c t i o n  o f  a t h i r d  independent  pa ramete r ,  e . g . ,  t i m e .  Such 

a n u m e r i c a l  p r o c e d u r e  would r e q u i r e  e x t e n s i v e  r e s t r u c t u r i n g  o f  t h e  

i n p u t  r o u t i n e s  and s u b r o u t i n e  STRESS, and i s  t h e r e f o r e  n o t  recommended. 

B e s i d e s ,  s i n c e  most p h y s i c a l  l o a d i n g  s i t u a t i o n s  a c t u a l l y  i n v u l v e  

s e q u e n t i a l  l o a d i n g ,  a s i m u l t a n e o u s  l o a d i n g  scheme a p p e a r s  t o  b e  un- 

w a r r a n t e d .  Cons ider  f o r  example, a compos i te  f l y w h e e l  r o t o r  where 

s ~ l s t a i n c d  o p e c a l n i i  would add I r i c t i o n a l  h e a t i n g  ( t h e r m a l  l o a d )  t o  

a n  e x i s t e n t  c e n t r i f u g a l  s t r e s s  f i e l d .  T h i s  cou ld  b e  ach ieved  i n  

BILAM by l c t t i n g  Lhe mechanica l  l o a d  b u i l d  up t o  o p e r a t i n g  stresses 

and t h e n  a p p l y i n g  t h e r m a l  l o a d  i n c r e m e n t s  u n t i l  o p e r a t i n g  t e m p e r a t u r e s  

are a t t a i n e d .  The r e v e r s e  l o a d i n g  sequence  would b e  t r u e  i n  a c r u i s i n g  

a i r c r a f t  where  a i r - f r i c t i o n  w i l l  set up a the rmal  f i e l d  t o  which 

mechan ica l  stresses w i l l  b e  added when maneuvering s u c h ' a s  d i v i n g ,  

bank ing ,  e t c . ,  are performed.  I n  t h e  program t h i s  cou ld  b e  s i m u l a t e d  

by a p p l y i n g  t h e  mechan ica l  l o a d s  a f t e r  t h e  t h e r m a l  l o a d .  

S c l c c t i u ~ l  u f  a sequence  f o r  l o a d  a p p l i c a t i o n  

The sequence  i n  which mechan.ica1 and t l ~ e r m a l  l o a d s  a r e  a p p l i e d  

would be  s i g n i f i c a n t  i n  deteri t l lning t h e  s t a t e  of t h e  l a m i n a t e  i f  t h e  

m a t e r i a l  p r o p e r t i e s  were  t o  b e  c o n s i d e r e d  temperature-dependent .  

However, s i n c e  t e m p e r a t u r e  dependence i s  c o n s i d e r e d  u n f e a s i b l e  t o  

i n c o r p o r a t e ,  e l a s t i c  p r o p e r t i e s  w i l l  h e  c o n s i d e r e d  t empera tu re -  

i n v a r i a n t  i.n BILAM ' s a u a l y s i s  . 
For  p r o p o r t i o n a l  l o a d i n g ,  o r  i f  che un load ing  p a t h  of s t r e s s  and 

s t r a i n  i,s r e q u i r e d  tu b e  t h e  same a s  t h a t  d u r i n g  l o a d i n g ,  t h e  sequence 

I n  which mechan ica l  and the rmal  loads a re  a p p l i e d  i s  i r r e l e v a n t .  

However, s i n c e  BILAM i s  des igned  t o  c o n t i n u e  t o  f a i l u r e ,  i t  cou ld  b e  

o f  impor tance  t o  d e c i d e  which load  (mechanical  o r  t h e r m a l )  t o  a p p l y  

l a s t ,  i . e . ,  which l o a d  shou ld  b e  c o n t i n u e d  t o  f a i l u r e  i n  o r d e r  t o  simu- 

l a t e  as c l o s e l y  a s  p o s s i b l e ,  a c t u a l  l c a d i n g  c o n d i t i o n s .  It  would b e  

d e s i r a b l e  frorn1:this p o i n t  of v iew t o  g i v e  BILAM's u s e r s  some d e g r e e  o f .  



f l e x i b i l i t y  i n  s e l e c t i n g  t h e  load ing  sequence. It can  be  shown 

t h a t  t h e  two a l t e r n a t i v e  sequences l i s t e d  below w i l l  enabl; t h e  u se r  

t o  s jmu la t e  any loading  cond i t i on :  

( f )  Mechanical l oads  app l i ed  t o  p r e s e t  l e v e l  - thermal  load  a p p l i e d  

t o  p r e s e t  l e v e l  and cont inued p r o p o r t i o n a t e l y  u n t i l  l amina t e  

f a i l s .  

( i i )  Thermal l oads  app l i ed  t o  p r e s e t  l e v e l  - mechanical l oads  

a p p l i e d  t o  p r e s e t  l e v e l  and cont inued p r o p o r t i o n a t e l y  u n t i l  

l amina te  f a i l s .  

To i l l u s t r a t e  t h e  v e r s a t i l i t y  of t h e s e  sequences,  cons ider  a  

s i t u a t i o n  where s p e c i f i e d  mechanical l oads  a r e  fol lowed by s p e c i f i e d  

thermal  l o a d s  and p r o p o r t i o n a l  mechanical load ing  i s  resumed u n t i l  

f a i l u r e  occurs .  S ince  t h e  lamina te  s t a t e  i s  p a t h  independent ,  i t  is  

i r r e l e v a n t  whether t h e  p r e s e t  mechanica l . load  precedes  t h e  p r e s e t  

thermal  load  o r  fo l l ows  i t .  Thi s  load  sequence t h e r e f o r e ,  reduces  t o  

( i i )  above. By t h e  same r a t i o n a l e ,  t h e  fo l lowing  loading  sequence can  

be recognized t o  be  t h e  same a s  o p t i o n  ( i )  above: Thermal load  t o  p r e s e t  

l e v e l  fo1.lowed by mechanical load t o  p r e s e t  l e v e l  fol lowed by thermal  

load ing  t o  f a i l u r e .  

I f  t h e  u s e r  wishes t o  ana lyze  on ly  f o r  mechanical l oad ing ,  o p t i o n  

( i i )  could be  used by s e t t i n g  t h e  i npu t  thermal  load  t o  ze ro  ( i . e . ,  

d e f i n i n g  l a y e r  tempera tures  same a s  ambient) .  Option ( i )  s i m i l a r l y ,  

would a l l ow  a p p l i c a t i o n  of only thermal  l oads  i f  i n p u t  mechanical  l o a d s  

a r e  set t o  zero .  

It i s  noted t h a t  r e s t r i c t i n g  l oad ing  p a t h s  and un load ing ,pa rhs  t o  

t h e  same s t r e s s - s t r a i n  curve  may n o t  be  p h y s i c a l l y  r e a l i s t i c .  I f  i t  

is  d e s i r e d  t o  have a  more a c c u r a t e  d e s c r i p t i o n  of s t r e s s - s t r a i n  proper-  

t ies  dur ing  thermal  changes which cause  mechanical unloading,  t h e  above 

arguments concerning p a t h  independence cannot  be  made. To cover  g e n e r a l  

combinat ions of . s e q u e n t i a l  mechanical and thermal  loads' would thcn  

r e q u i r e  development of a  s e q u e n t i a l  l oad ing  scheme which can  i n c o r p o r a t e  

d i f f e r e n t  m a t e r i a l  p r o p e r t i e s  i n  load ing  and unloading.  Th i s  s i t u a t i o n  

i s  c l e a r l y  most r e p r e s e n t a t i v e  of t h e  a c t u a l  p h y s i c a l  behavior ,  and 

should produce t h e  most a c c u r a t e  r e s u l c s .  

O 



Recommended applications 

It is noted that code BILAM is designed specifically for 

laminate response to in-plane loads and no flexural coupling has 

been incorporated in the stiffness matrix. This will enable BILAM 

to examine either transient thermal fields that are symmetric about 

the laminate midplane (applicable only to symmetric laminates) or 

arbitrary thermal fields acting on a laminate where flexure is 

mechanically prevented,e.g.,a laminate sandwiched between two rigid 

plstoc. ArLiL~ary chermal i-ields acting on a laminotc free to flex 

cannot be analyzed by this code. 

The following section discusses briefly the modifications required 

in the code to include thermal analysis: 

9.4.3 Recommended Program Modification: 

The stiffness matrix in subroutine STIFF would need several 

modifications: 

(i) The thermal expansion terms would need to be included. 

(ii) It is noted that thermal loads,though monntnnic, if imposed on 

an existing stress field could cause stress (and/or strain) 

reversals i.n some layers. This nlakes it necessary to define a 

physically realistic return path (i.e.,a set of ela~tic.moduli 

and Poisson's ratios) for the stress reversal to follow. It is 

recommended that in BILAM the "current" secant moduli be ,used to 

analyze such reversals. The term "current" refers to the instan- 

taneous secant moduli at the stress (or strain) level at which 

the reversal occurs. (ref. fig. 9.4.1.). Thus, provisions must 

be made to compute an alternate modulus (equal to the ratio of 

existing stress to existing strain) for the layer in which the 

stresses (and /or strains) have reversed. Subroutine LAYSTF 

would also require appropriate modification to ensure the selection 

of the right set of moduli. Subroutfne STRESS would need to be 

modified to enable it to apply the input thermal loads to the 

laminate . 



LOADING PATH IS OABCBDEDF 

LOAD = OAR, CBD, EDF' 
UNLOAD = BC, DE 

F 

STRESS 
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Fig .  9.4.1 Current s ecan t  modulus model f o r . c o n s t r a i n e d  

. , f i b e r  composite l a y e r  undergoing load ing  and 
unloading p a s t  break po in t  A. 



The i n p u t  c l a s s e s  ELASTD, OPT1, and LOAD i n  s u b r o u t i n e s  DATA1 and 

LAMANS r e s p e c t i v e l y  would need t h e  f o l l o w i n g  m o d i f i c a t i o n s :  

CLASS ELASTD: A new a r r a y  would b e  r e q u i r e d  t o  d e f i n e  t h e  t h e r m a l  

expans ion  c o e f f i c i e n t s  f o r  e a c h  i n p u t  m a t e r i a l  i n  e a c h  mode ( a x i a l  

and t r a n s v e r s e ) .  Zero  v a l u e  (by d e f a u l t )  would s e r v e  t o  bypass  the rmal  

a n a l y s i s .  

CLASS OPT1: S i m i l a r  t o  a r r a y  NSTRES, a n  a r r a y  NTEMP cou ld  be  used t o  moni tor  

t h e  l a m i n a t e  s t a t e  a t  a  p r e d e f i n e d  t h e r m a l  l o a d  l e v e l .  NTEMP = 0 

(by d e f a u l t )  would a u t o m a t i c a l l y  bypass thin o p t i o n ,  Now, lluwever, ~ h e s e  

v a r i a b l e s  would a l s o  have t h e  a d d i t i o n a l  f u n c t i o n  of t r i g g e r i n g  t h e  

changevver  from one l o a d  t y p e  t o  a n u t h e r ,  e . g . ,  NSTRES would s e t  t h e  use r -  

d e f i n e d  stress ( o r  s t r a i n  l e v e l )  a t  which mechan ica l  l o a d i n g  would s t o p  

and t h e r m a l  l o a d i n g  would commence. A new a r r a y  ( e . g . ,  ISEQ) would be  

r e q u i r e d  t o  e s t a b l i s h  t h e  sequence  of a p p l i c a t i o n  of thle mechan ica l  and 

t h e r m a l  l o a d s .  

CLASS LOAD: Thermal l o a d s  cou ld  b e  i n p u t  u s i n g  a r r a y  ATEMP ( s i m i l a r  t o  

ALOAD) which would s p e c i f y  t h e  a v e r a g e  t e m p e r a t u r e  of e a c h  l a y e r .  A  z e r o  

v a l u e  (by d e f a u l t )  would bypass  t h e  t h e r m a l  a n a l y s i s  wlll le a  z e r o  v a l u e  

(by d e f a u l t  a g a i n )  f o r  ALOAD would bypass  t h e  mechan ica l  a n a l y s i s .  

9.1.4. C o n c l u s i a n s  

'!he re'commended c a p a h i l i t i e s  f o r  the rmal  a l l a l y s i s  a r e  summarized 

below: 

Thermal a n a l y s i s  c o u l d  b e  performed a t  t h e  u s e r ' s  o p t i o n  i f  (i) t h e  the rmal  

f i e l d  is  symmetric a b o u t  t h e  midp lane  of a symmetric l a m i n a t e ,  o r  ( i i )  t h e  

the rmal  f i e l d  i s  n o t  symmetric,  b u t  z e r o  c u r v a t u r e  i s  e x t e r n a l l y  enforced 

on t h e  l a m i n a t e .  The u s e r  would have t h e  o p t i o n  o f ' a p p l y i n g  t h e  t h e r m a l  and 

mechan ica l  l o a d s  i n  a n y  sequence  b u t  n o t  s i m u l t a n e o u s l y .  Average,  temp- 

e r a t u r e  i n d e p e n d e n t ,  e l a s t i c  p r o p e r t i e s  would be  used s i n c e  mode l l ing  of 

t h e i r  t h e r m a l  dependence i s  n o t  a d v i s a b l e  f o r  t h i s  program. I n  a d d i t i o n ,  

c o n s t r a i n t s  a l r e a d y  e x i s t i n g  on mechan ica l  l o a d s  ( e . g . ,  monotonic,  

p r o p o r t i o n a l  l o a d i n g  o n l y )  w i l l  a l s o  ho ld  f o r  t h e r m a l  l o a d i n g .  It i s  

e s t i m a t e d  t h a t  BILAM c o u l d  b e  modi f i ed  w i t h  moderate  e f f o r t  t o  i n c l u d e  t h e  

c a p a b i l i t y  of a n a l y s i n g  the rmal  l o a d s  s u b j e c t  t o  t h e  above c o n s t r a i n t s .  



A s i g n i f i c a n t  outcome of t h e s e  mod i f i ca t ions  would be  t h e  c a p a b i l i t y  

of BILAM t o  compute a n  e f f e c t i v e  s t i f f n e s s  ma t r ix  f o r  ana lyz ing  load 

r e v e r s a l s .  However, f o r  handl ing non-monotonic loading ,  s e v e r a l  a d d i t i o n a l  

mod i f i ca t ions  would a l s o  be  r equ i r ed ;  e .g . ,  ( i )  a n  a l t e r n a t i v e  scheme 

f o r  te rmina t ing  t h e  a n a l y s i s  s i n c e , t h e  loads  could r e v e r s e  thereby pre-  

vent ing  lamina te  f a i l u r e  (which i s  used a s  t h e  c u r r e n t  t e rmina to r )  

( i i )  a n  e f f e c t i v e  modulus f o r  counter - reversa l ,  i . e . ,  resuming t h e  o r i g i n a l  

loading a f t e r  a temporary load r e v e r s a l ,  and so  on. 
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