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Abstract 

In thit'l investigation the behavior of pin-loaded composite plates is studied ana­

Iytically. A progressive damage model is presented which is capable of predicting the 

three different mechanisms of fltilure: bearing, shearout, and net tension. The model 

consists of three major parts: stress analysis, failure analysis, and material property 

degradation rules. 

Based on the model a computer code is developed. The computer code is capable 

of assessing damage, evaluating residual strength, and predicting ultimate strength 

of pin-Ioaded composite plates. Predicted results are compared with d.vailable exp er­

imental data. Excellent agreement between the predicted and the experimental data 

was found. 

The computer code is used to study geometric parameters thar influence joint 

strength. Such studies are useful in designing mechanical fastened joints using ad­

vanced composites. 
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Résumé 
1 

Cette recherche fait l'object de l'analyse mathématique des plaqucs de I11Htél'iaux 

composites ayant des goupilles. Une méthode de modelage du dommagc proglCS-

sif causé par ces goupilles est présentée. Cette méthode prédit les t.rois différent.s 

mécanismes de rupture pouvant être observés: rupture par flambagc, cisaillcment ct. 

tension. Le modèle comprend trois parties: analyse des contraintes, analyse de la 

rupture et dégradatiop des propriétés du matériel. 

Un logiciel d'ordinateur est développé, basé sur ce modèle. Le logiciel détermine 

les ruptures locales, évalue la résistance résiduelle et prédit la résistance ultime des 

plaques composites. Les résultats prédits par ce modèle se compare dc façoIl cxcellente 

aux données expérimentales. 

Le logiciel est utilisé afin d'étudier les paramètres géométriques qui p'~uvent influ-

encer la résistance des joints. Une telle étude est utile pour prédire le comportement 

des matériaux composites lorsque des joints mécaniques sont utilisés. 

Il 



c 

c 

Ackllowledgments 

The author wishes to express his deepest sin cere gratitude and appreciation to 

Dr. Larry B. Lessard, for his guidance, insight, and support during the investigation. 

The author is indebted to his wife and child, for their patience and support. The 

author appreciates them for their comprehension and tolerance. 

III 



Ta the memOI"y of my (.1 t 11er 

IV 



( 

Contents 

Abstract 

Résumé Il 

Acknowledgments iii 

List of Figures . IX 

List of Tables . X 

( List of Symbols Xl 

1 Introduction 1 

1.1 A Review of Stress Analysis of Pinned and Bolted Joints 2 

1.2 A Review of Failure Analysis of Pinned and Bolted Joints. 5 

1.3 Objective ... . . . . . . . . . . . . . . . . . . . . .... 10 

2 Description of the Problem 12 

2.1 Explanation of the Process . 12 

2.2 Requirements 15 

:; 2.3 Summary .. 17 , 

c 3 Stress Analysis 18 

v 

>, .. 



CONTENTS ri 

3.1 Assumptions .. W ... 
• 3.2 Br"'ndary Conditions 20 

3.3 Types of Element :!2 

.. 3.4 Results . . .... :!a 
1 

ft 
I~ 3.4.1 Comparison of Two Element Types . 26 t 
~ 

1 
3.4.2 Study the Effect of Friction :1:1 

li 
3.5 Summary t · .. ..... . .... :1:1 

f • 
~ 4 Failure Analysis 38 .. 
~. 

~ 4.1 Failure Criteria :W 

~ 
i, 4.2 Summary '12 ~ · .. 

.... 5 Material Property Degradation 43 

.... 
5.1 Material Property Degradation Rules ·14 

5.2 Summary • l , • · .... · .. . . . . 47 

6 Progressive Damage Modeling 48 

6.1 Modeling ..... · .... '19 

6.1.1 Details of The Model ,19 

6.2 Explanation of the Output of the Computer Code fi:1 

6.3 Summary · ... · .... • ••••• 1 •• . , .1.5 

7 Results and Discussions 56 

7.1 Experimental validation of the model .56 

l 7.2 Parametric Study · .... · ... ij!) 



( 

( 

CONTENTS 

7.2.1 Cross Ply Laminate ..... . 

7.2.2 Quasi-15otropic Laminate .. 

8 Conclusions and Recommendations 

8.1 Conclusions . . . . 

8.2 Recornmendations. 

References 

A Transformation Equations 

B Flow Chart of PDPIN 

C Computer Code (PDPIN) 

D Flow Chart of PLOT 

E Computer Code (PLOT) 

Vil 

59 

61 

76 

76 

77 

78 

90 

94 

106 

119 

122 



List of Figures 

2.1 Description of the problem. ( :J 

2.2 Sketch of a laminated composite. ... (.( 

2.3 Different mechanisms of failure in pin-loaded composit.e plate. IG 
~ 

~ 

~ 3.1 Finite element model of a pin-Ioaded composite plate. 21 

J 3.2 Two types of element. .. . .. 2~ 
: .. ... 3.3 On-axis stresses along the line AB . '27 · .. ... 

3.4 On-axis stresses along the line EF. 28 

3.5 On-axis stresses along the arc BE .. :ln 

3.6 On-axis stresses along the line AB. :w 

3.7 On-axis stresses along the line EF. :J 1 

3.8 On-axis stresses along the arc BE .. ... :t~ 

3.9 Comparison between linear and pal'abolic c1emellts. :Jl( 

3.10 On-axis stresses along the line AB. .. · . .~;) 

3.11 On-axis stresses along the line EF. · . · . . . :w 

3.12 On-axis stresses along the arc BE .. · . · . . .. :37 

J 4.1 The five failure modes, viewed at the ply level. . · .. · . .. ~o 

viii 



( 

( 

c 

LIST OF FIGURES IX 

5.1 Dcgraded ply is modeled by an intact ply of lower material properties 43 

6.1 A simplificcl demonstration of the progressive damage mode!. 50 

6.2 Flow chart of the progressive damage mode!. . . . . . . . . .51 

6.3 Graphical rcprcsentation of damage propagation of [0/90]s at different 

load levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 54 

7.1 Predicted mechanism of failure for case (c) of experimental data. . .. 60 

7.2 Variation of ultimate st.rength of a cross ply laminate [0/90]s, under 

tension pin load, with variation of E/D .. .............. , 62 

7.3 Variation of ultimate strength of a cross ply laminate [0/90]s, under 

compression pin load, with variation of E/D ............. , 63 

7.4 Mcchanisms of failure of a cross ply laminate [0/90]s with different 

E/D, for ply 1, under tension pin load. . .............. , 64 

7.5 Variation of ultimate strength of a cross ply laminate [0/90]", under 

tension pin load, with variation of W ID. . . . . . . . . . . . . . . . 65 

7.6 Variation of ultimate strength of a cross ply laminate [0/90]s, under 

compression pin load, with variation of W /D. .. . . . . . . . . . . 66 

7.7 Graphical repl'esentation of damage propagation of [0/90]s, in ply 1, 

under compression at different load levels. . . . . . . . . . . . . . . 67 

7.8 V?l·iation of ultimate strength of a quasi-isotropie laminate [0/ ±45 190] s, 

under tension pin load, with variation of E/D. . . . . . . . . . . . . 69 

7.9 Variation of ultimate strength of a quasi-isotropie laminate [0/ ±45 190]", 

under compression pin load, with variation of E/D. . ....... . 70 



LIST OF FIGURES 

1 
7.10 Graphical representation of damage propagation of [01 ± 45j!)O]~, III 

ply 1, under compression, at different load levels. il 

7.11 Variation ofultimate strength of a quasi-isotropie laminatc [Oj±·15/90] .. 

under tension pin load, with variation of \V jD.. . . . . . . . . . . .. i~ 

7.12 Variation ofultimate strength of a quasi-isotropie lamillale [Oj±45/90]s, 

under compression pin load, with variation of W ID. . . . . . . . . .. 73 

7.13 Graphical representation of damage propagation of [01 ± 4519018, in 

ply 4, under tension, at different load levels. .. . . . . . . . . . . .. 75 

A.l On and off-axis coordinate systems. . . . . . . . . . . . . . . . . . .. !lO 



{ 

( 

ft 

List of Tables 

3.1 Material and physical properties of a pin-loaded composite plate (T300j976 

Graphite/Epoxy). . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 25 

7.1 Experimental data. . . . . . . . . . . . . 57 

7.2 Material properties of T300jSP286 . ... 

7.3 Comparison between predicted and oxperimental data. 

Xl 

58 

58 



, 

List of SYlTIbols 

Symbol Description 

D Hole Diameter 

E Edge Distance 

Ex Longitudinal modulus 

Ey Transverse modulus 

Es Shear modulus 

0 eM+ Matrix tension failure mode parameter 

eM- Matrix compression failure mode parameter 

eF+ Fiber tension failure mode parameter 

eF- Fiber compression failure mode parame ter 

eFM- Fiber-matrix shearing failure mode parameter 

L Length of the plate 

p Applied load 

[QL;-y On-axis modulus of unidirectional composites 

[Q]1-2 Off-axis modulus of unidirectional composites 

t Thickness of the plate 

[T]t; Strain transformation matrix 

[T]u Stress transformation matrix 

Xll 



LIST OF' TABLES xiii 

, W Width of the plate 

Xt Longitudinal tensile strength 

Xc Longitudinal compressive strength 

YI Transverse tensile strength 

Va Transverse compressive strength 

S Shear strength 

Si On-axis strains t i=x,y,s) 

ê J Off-axis strains (j=1,2,6) 

0 Measuring angle around hole 

Ilx Longitudinal POiSSOll'S ratio 

lIy Transverse Poisson's ratio 

C 0'1 On-axis stresses (i=x,y,s) 

0" J Off-axis stresses 0=1,2,6) 

cP Angle of ply 

c 



Chapter 1 

Introductiorl 

Increasing application of composite materials in highly stressed Iight wcighl COnSLI'\lC-

tions necessitates more accurate knowledge of mechanical behavior of such matel"Îals. 

Mechanically fastened joints are used for joining composite malerial components, 

hence access 1') a model for predicting the strength of such joints Îs very import.ant 

for optimum design. 

There are numerous studies on the behavior of pin-loaded composite plates. These 

works can be categorized into two basic groups, stress analyses and failul'e analyses. 

In the first category, no attempt is made to study strength of joints, and only the 

stresses around hole are studied. In the second category, the strcngth of pin-loaded 

joints is studied. 

1 
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1.1 A Review of Stress Analysis of Pinned and 

Bolted Joints 

There are numerous investigations related to stress analysis of pinned or bolted joints 

in composite materials. However, it must be mentioned that, there is no survey paper 

for stress analysis of pin-Ioaded composite plates. 

The investigations can be categorized into four groups, analytical, experirnental, 

numerical, and combined numerical-experimental techniques. It must be iloted that 

no attempt was made in these investigations for failure analysis of pinned or bolted 

joint composite plates. 

Analytical Techniques 

In this category, investigators used analytical techniques for stress analysis of pin­

joint composite plates. 

De Jong [1] investigated the stress distribution around a pin-loaded hole in an 

elasticity orthotropic or isotropie plate. De Jong [2] calculated stresses for infinite 

orthotropoic plates with a circular hole loaded by a perfectly fitting rigid pin with 

arbitrary load direction. He also evaluated the effect of friction at the interface be­

tween pin and plate material. Zhang and Ueng [3] obtained a compact analytical 

solution for stresses around a pin-loaded hole in an orthotropic plate by complex 

stress functions which satisfied the displacement boundary conditions along the hole. 

Mangalgiri [4] developed a method for partial contact of pin-Ioaded holes in compos­

ites. Byer and Klang [5J studied the effects of pin elasticity, friction, and clearance 

on the stresses near the hole in a pin-Ioaded orthotropic plate. They showed that 
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l 
pin elasticity was not as important as clearance, friction, or t.he elastic pl'Opt'rt ics of 

the plate in determining contact stresses. Mangalgiri and Dattagul'U [6] dcvelopcd il. 

method for solving contact problems for an orthotropic plate \Vith a smooth mis fi t pin 

under arbitrary orientated biaxial loading. Hyer et al. [ï] stuciicd the elfccts of pin 

eJasticity, clearance, and friction on the stresses around the hole edge in a pin-loadcd 

orthotropic plate. 

Experimental Techniques 

In this category, investigators used experimental techniques for stress analysis of 

pinned and bolted joint composite plates. 

Prabhakaran [8] applied the methods of photo-orthotropic elasticiLy t.o the study 

of bolted joints in composites. Hyer and Liu [9] discussed the design, fabrication, 

and testing of photoelastic models of double-Iap, multiple-pin connectors. Hyer and 

Liu [10] determined the stresses around the hole in pin-Ioaded fiber-reinforced glass-

epoxy plates by using transmission photoelasticity. Hyer and Liu (11] experimentally 

determined the stresses in transparent glass-epoxy plates loaded by a steel pin through 

a hole. Prabhakaran and Naik [12] described a fiber-.:)ptic technique fol' measuring 

the angle of contact in a dea.rance-fit bolt-loacied hole. Also they [13] studied the 

influence of interfacial friction on the contact angle by using a fibel' optie technique. 

Numerical Techniques 

In this category, investigators used numerical techniques for stress analysis of pin-

joint composite plates. 

Rao [14] presented an elastic analysis of pin joiuts. Wong and Matthews [15] pre-

sented the results of a two-dimensional finite element analysis of bolted joints in fiber 



ft 

C/lAPTER 1. INTRODUCTION 4 

l'einfol'ced plastic. Cl'ews el al. [16] calculated stresses fol' finite-size orthotropic lami­

nates loaded by a frictionless steel pin in a circular hole of the same diameter. Wilkin­

son and Rowlands [17J developed an iterative finite-element method for determining 

stresses and strains ne al' pin-Ioaded holes in fini te orthotropic plates. They studied, 

friction, and clearance between rigid pin and hole. Mattb,ews et al. [18) presented 

a. three-dimensional finite element analysis of bolt- and pin-Ioaded fiber-reinforced 

laminates. Rahman et al. [19] described an iterative finite element technique for 

solving frictional contact problems. Mangalgiri et al. (20) developed a simple fini te 

element technique to handle the moving contact problem at the pin-hole interface in 

a fastener. Naik and Crews [21] developed a simple rnethod for the stress analysis 

of a clearance-fit boIt under bearing loads. They used a finite element method with 

an inverse formulation. Ericksson [22] caIculated contact stresses and stresses in the 

vicinity of the ho le boundary with account taken of the contact problem. He also 

studied the effects of laminate elastic properties, clearance, friction, load magnitude, 

and boIt stiffness. Tsujimoto and Wilson [23] investigated an e1asto-plastic finite eI­

ement analysis of pin-Ioaded joints in laminated composites. Yogeswaren and Reddy 

[24] used a mixed fini te element scheme with a dynamic as well as r:.tatic coefficient of 

friction in the evaluation of contact stresses in pin-Ioaded plates. Marshall et al. [25] 

performed a three dimensional finÎte element analysis of pin·loaded and bolted holes 

in composite laminates. Ramamurthy [26) presented a stress analysis of pin loaded 

lugs accounting for proper interface conditions in a misfit case. He also [27] studied 

the behavior of the interference fit pins in a composite plate subjected to both pull 

and push type of Ioads. 
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Combined Numerical-Experimental Techniques 

In this category, investigators used numerical and experimental t.echniques for 

stress analysis of pin-joint composite plates. 

Wilkinson et al. [28] determined stresses and strains associated with single-

fastener mechanical joints in ,mod, numerically and experimentally. Rowlands el al. 

[29] analyzed stresses of single- and double-bolted mechanical fasteners in ()rthotropic 

materials numerically and experimentally. They studied the effeds of variations in 

friction, material properties, load distribution among the bolts, end distance, boit 

clearance, and boIt spacing. Hyer and Liu, [30J used birefringent glass-epoxy and a 

numerical stress-separation scheme to compute the stresses in the vicinity of a pin-

loaded hole. 

1.2 A Review of Failure Al1.alysis of Pinned and 

Bolted Joints 

Also there are numerous investigations related to failure analysis of pinned joints in 

composite materials. There are incomplete surveys [31-34] of sorne investigations on 

failure analysis of pin-Ioaded composite plates. 

For failure analysis of pin-Ioaded composite plates, investigators lIsed difrel'ent 

methods. Experimental, analytical, numerical, combined analytical-experirncntal, 

and combined numerical-experimental methods have been used by authors. 

Experimental Methods 

In this category, investigators used experimental techniques for failure analysis of 
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pin-joint composite plates. 

Stockdale and Matthews [35J showed experimentally that, in GRP 1 with aD/90° 

lay-up, the clamping effect of the boIt prevents the delamination with consequent 

incrcase in failure load. Quinn and Matthews [36J measured the pin-bearing strength 

of glass fiber reinforced plastic plates. Matthews and Hirst [37J measured the boIt 

bearing strength of single-hale specimens in CFRP 2, GFRp3
, and GRP as the direc­

tion of boIt load was changed. Johnson and Matthews [38] indica.ted experimentally 

ihat, for the fiber reinforced plastics, significant damage occurs when the hole elon­

gates by about 0.4 % of the original diameter. Hyer and lightfoot [39] presented 

the experimental result of a series tests designed ta determined the load carrying 

capacity of composite bolted joints as a function of joint width, boIt diameter, joint 

thickness, and the number of boIts. Godwin and Matthews [40] reviewed published 

work, mostly experimental, relating to aU aspects of screwed, riveted and boIt joints 

in glass and carbon fiber-reinforced epoxy and polyester resin. Tang [41] proposed 

a tension féülure factor to determine the failure mechanisms of composite lamÎnates 

subjected to combined tension and boIt load. 'Vichorek [42J presented the results of 

an experimental program to determine the bolted-joint strength and failure modes of 

graphitejpolyimide laminates. Matthews et al. [43J showed experimentally that, for 

single boIt joints in 0/90° hybrid laminates, the bearing behavior is similar to that of 

other types of fiber l'einforced plastic. Collings [44] derived equations for predicting 

IGlass liber reinforced polyester 

:?Carbon fiber reinforced plastics 

3Glass fiber reinforced plastics 
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the ultimate bearing strengths of constrained pin-Ioaded holes using a scmi-cmpirical 

approach. Godwin et al. [45] presented the results of an cxpcrimcntal study of 

multi-bolt joints in GRP. Collings and Beauchamp [46] described t.he bcaring dcncc-

tion behavior of a loaded, torque-tightened boIt in CFRP laminat.cs. I\rctsis and 

Matthews [47] carried out tests on single-hole bolted joints in a variety of laY-llps 

with two resin systems. Theuer and Arendts [48] studicd boIt bcaring strcngth and 

notch sensitivity of carbon fiber reinforced carbon. Akay [·19] cxamincd pin bear-

ing behavior over a range of laIIÙnate system consisting of unidirectional and wavell 

carbon fiber reinforced epoxy matrices un der statie and dynamic loading. Eriksson 

[50] presented the results of an experimental program which measured t.he bcaring 

strengths of two different types of graphitejepoxy specimens. He also outlincd a new 

approach for predicting bearing failure. 

Analytical Methods 

In this category, investigators used analytical techniques for failure analysis of 

pin-joint composite plates. 

Ueng and Zhang [51] used a compact analytical solution for computing the stresses 

along a eharacteristic curve. They used the Yamada-Sun failure criterion 1.0 cvaluatc 

the ultimate load and the failure mode. Smith et al. [52] presented a simple t.hrce 

dimension al approach for predicting bearing stress at failure in a composite bolted 

joint. 

Numerical Meth(lds 

In this category, investigators used numerical techniques for failure analysis of 

pin-joint composite plates. 
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Waszczak and Cruse [53] used a finite element approach and a distorsional energy 

failure criterion for predicting failure mechanism and ultimate load. Humphris [54] 

investigated the strength of a laminated composite lug structure by using a finite 

clement method. Agarwal [55] used a two dimensional fini te element method and 

average stress criterion for predicting the various mechanisms of failure. Soni [56] 

used two dimensional fini te element method and tensor polynomial failure criterion 

for predicting the strength of pin-Ioaded composite laminates. Chang et al. [57] used 

two dimensional linear elastic finite element method and Yamada's failure criterion 

for predicting the failure strength and failure mechanisms of mechanically fastened 

fiber reinforced composite laminates. Chang et al. [58, 59] extended a.n existing 

model to laminates containing two or more pin-Ioaded holes. Chang et al. [60] 

presented a method for calculating the failure strength and failure mechanisms of 

composite laminates containing a pin-Ioaded hole for materials exhibiting nonlinearly 

elastic behavior. They considered net tension an(. '.:learout mechanisms, but a bearing 

mechanism \Vas not considered in their mode!. Chang [61] performed an analysis to 

evaluate the effect of the assumed pin load distribution on the calculated strength and 

predicted the failure mechanism of pin loaded holes in laminated composites. Chang 

and Chang [62] developed a progressive damage model for bolted joints in laminated 

composites. Again they considered only net tension and shearout mechanisms. Arnold 

et al. [63] used a two dimensional finite element technique and an extension of the 

\Vhitney-Nuismer point stress approach to predict the strength of pinned and bolted 

composite joints. Lessard [64J performed an analytical investigation to study the 

damage in a composite plate containing a pinned joint and subjected to in-plane 
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loading. 

1 Analytical-Experimental Methods 

In this category, investigators used analytical and experirnental lC'chniquf\s fOl' 

failure analysis of pin-joint composite plates. 

Klang and De Jong [65] presented an elasticity solution and experimcntal l'('sldts 

for a finite width joint with one connector. Oplinger [66] summarized t.he results of 

analytical and experimental studies on pinned or boltcd ~oints. Hart-Smith [67] dis-

cussed the various factors affecting the strength of bolted or riveted joint.s in advilllcc'd 

composites. Smith and Pascoe [68] measured the pin-bearing strengths of dirr<'l'cllt 

stacking sequences of quasi-isotropie CFRP laminates. Snuth ct al. [Gn] prcsC'lltcd 

results for the strengths of single-lap bolted joints as functions of width and ('(Ige 

distance. Naik and Crews (70] presented a combined experimental élnd <lna.lylÎ<'(\\ 

study conducted to investigate and predict the darnage-onset failure mechanisrns of 

a graphite/epoxy laminate subjected to combined bearing and bypass loadinp;. 

N umerical-experimental Methods 

In this category, investigators used nurnerical and cxpcrimental techniques fol' 

failure analysis of pin-joint composite plates. 

Tsiang and Mandell [71] investigated the buildup of damage in boit-loader! corn-

posite laminates. Serabian and Oplinger (72J studied pin-loaded compositc plates hy 

a linear and nonlinear elastie, orthotropic, plane stress finite element approximation, 

using laminate mechanical properties found from mechanical testing and the appli-

cation of laminate plate theory for a 0/90 pin-Ioaded laminate. Crews and Naik [nJ 

eonducted a combined numerical and experimental study to determine the behavior of 
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CL graphitcjepoxj laminate subjected to combined bearing and bypass loading. Conti 

[ïtl] investigated the influence of geometric parameters on the stress field generated in 

CL Jaminate with a pin-Ioaded hole. He also used Azzi-Tsai failure eriterion for predict­

ing the laminate strength. JurE and Vinson [75] presented an investigation into the 

bolted joint strength of kevlarjepoxy and graphitejepoxy composite laminates. Tsai 

and Morton [76] investigated a quasi-isotropie graphite/epoxy plate loaded through 

an aluminum pin. They used a hybrid experimental/numerical analysis to determine 

the dis placement and stress fields. 

1.3 Objective 

Progressive damage modelling is a qualitative method for studying the behavior of pin­

loaded composite plates. This method has been use"':' by investigators for studying the 

behavior of bolted joints in laminated composites which may fail in either shearout 

or net tension mechanisms [62]. But no model exists which consider the bearing 

mechanism. 

The objective of this investigation is to study the behavior of pin-Ioaded com­

posite plates. The response of the plates due to local damage as a result of stress 

concentrations is the primary concern. For this purpose a progressive damage model 

is dcveloped. The mode} is capable of predicting the three different mechanisms of 

failure, bearing, shearout, and net tension. 

Based on the modd a computer code was developed. The computer code is capable 

of assessing damage, evaluating residual strength, and predicting ultimate strength of 
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pin-loaded composite plates. Validation of the model and the subsequent computer 

code is examined by predicting sorne experirnental results. 

By using the computer code, the effects of ply orientation, type of IOéldil\g, and 

geometric parameters on the strength and response of the plates are also stlldied. 
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Cllapter 2 

Description of the Problem 

Consider a composite plate with a pin-Ioaded hole, Le., the plate has a circular hole 

filled with a rigid pin. Load is applied at one end of the plate and is resisted by the 

rigid pin. The coordinate axis, dimensions, and nomenclature l.re shown in Fig. 2.1. 

The plate is a. laminated composite (Fig. 2.2) made of layera of continuous fibers 

emhedded in an organic matrix. Each layer of the laminate is called a "ply" or 

"13nidirectional layer". The ply orientation of laminate can be selected arbitrarily, 

but it must be symmetric 1 with respect to the midplane of the plate. 

2.1 Explanation of the Process 

The composite plate is loaded with an in-plane load "P" (Fig. 2.1). By increasing the 

load to a certain value, failure will start at a position neal' the edge of the hole. This 

load is called first ply fai/ure load. If after failure initiation the load is increased, failure 

1 Ply orientation must be symmetric in arder ta prevent out-of-plane deflection. 

12 
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Figure 2.1: Description of the problem. 
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Fiber 
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1 2 n 
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Figure 2.2: Sketch of a laminated composite. 

14 
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will propagate in different directions. Finally at higher load, damage will propagllte 

to an extent that the plate can not tolerate any additionalload. This value is called 

ultimate strength. It has been observed experimentally that mechanically fastened 

joints fail under three basic mechanisms. These mechanisms are net tension, Sheal'Ollt., 

and bearing. Typical damage due to each mechanism is shown in Fig. 2.3. The 

magnitude of the first ply failure load, the position of the initial failurc, the direction 

of the failure propagation (or mechanism of failure), and the ultimate strength depend 

upon the material properties, dimensions, laminate configurations, and many other 

parameters. 

2.2 Requirelnents 

In this research it is desired to develop a progressive damage model 2 for finding: 

• First ply failure load. 

• Direction of failure propagation (failure mechanisms). 

• Residual strength. 

• Ultimate strength. 

in a pin-loaded composite plate. 

In order to establish such a model, a certain procedure must be followed. First, 

the pin-loaded composite plate stresses must be analyzed, and in this research the 

2 A model that is capable of assessing damage with arbitrary ply orientations and of prcdicting 

the ultimatf' tensile strength of the laminates. The model determines the ~tate of propagation of 

damage at any load level, from failure initiation, to ultimate failure. 

• 
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NET TENSION SHEAROUT BEARING 

Figure 2.3: Different mechanisms of failure in pin-loaded composite plate. 
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finite element method J has been used. Afterwards. for prcdicting failurc. the st l'CSS es 

must be checked by a set of failure criteria t. Then, on t.he condition ihnt. I"nilurc 

exists, material properties of the failcd region must he changed and the whole pro('css 

must he repeated until the plate can not tolerate any more load. 

For this purpose a user-friendly computer code was developed. H has becn callcd 

"PD PIN" 5. This code can he used to analyze and design laminated composit.es COII­

taining pin-loaded hole. Details of the model and the computer code are f'xplall\cd il\ 

chapter 6. 

2.3 Summary 

A description of the problem is presented. It is desired to develop a progressive dam­

age model for pin-loaded composite plates. This model must be capable of assessing 

damage, evaluating residual strength, and predicting ultirnate strength of pin-loacled 

composite plates. 

3Refer te chapter 3 for more details. 

4Refer te chapter 4 for more details. 

5 Abbreviation of progressive damage medeling of pin-Ioaded composite plates. 
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Stress Analysi~ 

So far there is no exact closed form solution for a pin-Ioaded composite plate. Fur­

thermore, after failure, due to changing of material properties of failed regions, closed 

form solutions are not valid. For this reason and because of the nature of progressive 

damage modeling 1, the fini te element technique has been utilized for stress analysis 

in this research. The stress analysis was carried out using I-DEAS [77J software. 

For analyzing the stresses in a pin-Ioaded composite plate, two possible choices 

are two dimensional and three dimensional stress analysis. Failure of a mechani­

cally fastened joint is a three dimensional phenomenon. Edge effects, delamination, 

out-of-plane buckling, and staeking sequence are examples showing that for aeeurate 

analysis of a pin-loaded composite plate, three dimensional analysis is needed. But 

eomputational costs are a severe restriction for using three dimensional fini te element 

analysis. On the other hand, two dimensional fini te element analysis has been used 

by many aut.hors, sueh as [15,51,55-62,64J successfully. Therefore by considering sorne 

1 For more details refer to chapter 6. 

18 
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assumptions two dimensional stress analysis has been used in this reseal'ch. 

3.1 ASSUlnptions 

Two dimensional Stress Analysis 

By considering the following restrictions, two dimensional stress analysis ran 1)(' 

used successfully: 

• The thickness of the laminate must be sma.ll cornpared with its length and width 

(plane stress condition). 

• The applied load must be in-plane. [58] 

• The applied load must be symmetric with respect to the mid-plane. 2 [58] 

o 
• Out-of plane displacement in the Z direction (Fig. 2.1) must be ignored (i.e. 

global or geometric buckling is not considered). [15] 

• The influence of the stacking sequence must be ignored (c.g. the diffcrence 

between [0/ ± 45/90]8 and [90/ ± 45/0]8 is not considered. It Ims 10 to 20 

percent error in failure strength in sorne cases). [15,36] 

Friction Between Pin and Hale 

The effect of friction between pin and hole on the stresses around the /tole has bccn 

investigated by many authors [2,5,7,13,17,19,22,24,29}. This parameter is studicd in 

this research h .•. : is not considered in the failure analysis. For more deLails rcfer to 

section 3.4.2. 

o 2For preventing the creation of moment about the axes. 
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Clearance 

The effect of clearance between the diameter of the pin and the hole on the stresses 

around the hole is investigated by [21, 22]. In this research it is assumed that there 

is no clearance between pin and hole. 

Pin Elasticity 

The effect of pin elasticity on the stresses around the hale is investigated by [5, 7]. 

It has been found that this parameter has not a great influence on the stresses around 

the hole. Therefore pin has been assumed rigid. 

Material Properties 

Material properties of the composite plate is assumed linearly elastic. It has 

been found l57, 58, 60} that this assumption provides reasonable results for lami­

nates containing pin-Ioaded hale except for ply orientations [±45}s and [0/90]s, where 

differences up to 40% were noted. 

3.2 Boundary Conditions 

Because of symmetry \Vith respect to the Y-axis (Fig. 3.1) half of the plate can be 

considered for analysis. Thus aH of the nodes on the edges AB and CD are fixed in 

the X-axis direction and are free in the Y-axis direction. 

For modeling the pin load there are two methods. 

Cosine Load Distribution 

In this method the pin load can be modeled by applying a cosine load distribution 

around the hole (arc BE) and applying displacement boundary conditions on the edge 
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1\ G (Fig. 3.1 (a)). N odes on this edge must be fixed in the Y -axis direction and be 

[l'ee in the X-axis direction). This method has been used by [45,54,57,58,61,71], but 

the stresses obtained around the hole by this method are not exact. Although this 

method has been used by many authors, it has been shown [1] that this assumption 

is less valid as the degree of orthotropy increases. Thus when the failure criterion is 

sensitive to the stresses near the hole, this method is not reliable. Also this method 

will be highly inaccurate in the post-failure domain, when hole edge stresses may be 

changed. 

Radial Displacement Boundary Conditions 

In this method pin load can he modeled by applying displacement boundary condi­

tions around the hole (nodes on arc BE must be fixed radially and he free tangentially) 

and applying uniform distributed compressive load over the edge AG or uniform dis­

tributed tensile load over the edge DH (Fig. 3.1 (b)). This method has heen used by 

[22,25,34,55,56,74]. The obtained stresses around the hole by this method are more 

l'eliable. Thus for modeling the pin load in this research this method has been used. 

3.3 Types of Element 

There are two types of suitable elements, in the structural element lihrary of I-DEAS 

[77], that can be used for this study. Those are the linear quadrilateral thin shell 

element, and the parabolic quadrilateral thin shell element. Both these elements 

have been used for stress analysis of the mode!. After checking the stresses extracted 

t'rom these elements it \Vas concluded that the second element is more accurate than 
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the first for this problem, therefore the parabolic quadrilatcral thill shell elcmcllt hn,s 

bcp.n used for stress and failure analysis of the problem. 

Linear Quadrilateral Thin Shell Element 

This is an element with four nodes, and each nocle has threc translational degr('cs 

of freedom and three rotational degrees of freeclom. (Fig. 3.2 a) 

Parabolic Quadrilateral Thin Shell Element 

This is an element with eight nodes, and each node has three tl'anslational dcgl'ces 

of freedom and three rotational degrees of freedom. (Fig. 3.2 b) 

3.4 Results 

In this section the results of the stress analysis of a pin-Ioaded composite plat.e, by 

using linear and parabolic elements are presented. The material and the physical 

properties of the plate, the magnitude of the pin load, and the laminate configuration 

are listed in table 3.1. On-axis 3 stresses (D'x) along the line AB, the arc BE, and 

the line EF (see Fig. 3.1) are computed by using the two diffel'cnt kinds of elemellts. 

After selecting parabolic quadrilateral elements, bccause of accuracy, the effcct. of 

the friction between the pin and edge of the hole on the stresses around the hole is 

studied. 

o 3Stresses in material axis directions. For more details refer to appendix A. 
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Material Properties Symbol (units) 

Longitudinal Modulus Ex (GPa) 156 

Transverse Modulus Ey (GPa) 1:3 

Shear Modulus Es (GPa) 7 

Poisson 's Ratio Vx .23 

Longitudinal Tensile Strength Xt (MPa) 15lï 

Longitudinal Compressive Strength Xc (MPa) 1593 

Transverse Tensile Strength Yi (MPa) ,16 

Transverse Compressive Strength Yc (MPa) 253 

Shear Strength S (MPa) 107 

Physical Properties Symbol (units) 

Length L (mm) 50.8 

Width W (mm) 25.4 

Diameter D (mm) 6.35 

Edge Distance E (mm) 25.4 

Thickness t (mm) 3.429 

Laminate Config. Loading Symbol (units) 

[0/ ± 45/90]8 Compressive Load F (N) 2225 

Table 3.1: Material and physical properties of a pin-loaded composite plate (T300 /976 

Graphite/Epoxy). 
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COlnparisOll of Two Element Types 

Linear Elements 

On-axis stresses (0' x) in the center of each element, along the line AB for each ply 

are shown in Fig. 3.3. 

On-axis stresses (0' x) in the center of each element, along the Hne EF for each ply 

are shown in Fig. 3.4. As shown in this figure the stresses tend to zero in the region 

far from the edge of the hole. 

On-axis stresses (0' x), in the center of each element along the arc BE for each ply 

are shown in Fig. 3.5. As shown in this figure the stresses between 700 and 900 seem 

slightly inaccurate (the curves are not smooth). 

Parabolic Elements 

On-axis stresses (0' x) in the center of each element, along the Hne AB for each 

plies are shawn in Fig. 3.6. 

On-axis stresses (O'x), in the center of each element along the line EF for each ply 

al'e shawn in Fig. 3.7. As shown in this figure the stresses tend to zero in the region 

far from the edge of the hale. 

On-axis stresses (O'x), in the center of each element along the arc BE for each ply 

are shown in Fig. 3.8. As shown in this figure the stresses between 700 and 900 are 

smooth. 

Comparison and Selection 

In Fig. 3.9, on-axis stresses in the center of each element along the edge AB of ply 

number 1, computed by linear and parabolic quadrilateral elements, are compared. 

Aftel' comparison bet ween the extracted stresses from the linear and the parabolic 
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elements. it is obvious that the parabolic element is more aecurate for titis problem. 

Renee this type of element is used for failure analysis. 

3.4.2 Study the E~:f~t of Friction 

For modeling the friction between the pin and the edge of the hole, ail of the nodcH 

around the arc BE are fixed tangentially. By this assumptioll coefficient of friction 

between the pin and the edge of the hole is assumed to be infinite [25J. l3y lIsing 

parabolic quadrilateral elements, stresses in the center of eaeh clement along the line 

AB, the line EF, and the arc BE are computed. The results are shown in figures 3.10, 

3.11, and 3.12. As shown in Fig 3.10 and in Fig 3.11 the stresses for ply number 

1 seem inaccurate (The stress on the edge of the hole is less than t.he stresses far 

from it). Because of this problem it would appear that the model in thh; situation is 

slightly overconstrained. 

3.5 Summary 

After comparison between extracted stresses from the linear and the parabolie cle­

ments, the latter element is used for stress and failure analysis of the pl'Oblem. II. is 

assumed that there is no clearance between pin and hale, and pin is assumcd J'igid. 

Material properties of the composite plate are assumed !inear elastic. As it was men­

tioned in 3.4.2 applying tangential restraints around the hole is not a good assumption 

for modeling the friction between pin and edge of the hole. Therefore the effect of 

friction is not considered in the failure analysis of the problem. 

i 



ClIAPTER 3. STRESS ANALYSIS 34 

-cu 
t:L 
~ -
'0><' 

100 

0 

-100 

-200 

-300 

-400 

-500 

Conlparison Between Linear & Parabolic 
Elements (Stresses For Ply #1) 

--- 1 1 1 1 j -- Il Linear Element 
~ • Parabolic Element 

i~ , 
'-. 

"-" F " III 

"< ~ T300/976 !, / [O/T451- 45/90]s 

~; \ ~ If 0= 6.35 (mm) ~ 

t = 3.429 (mm) \/ 
W/0=4 lit 

!--
ElO=4 

-
-

o IS 30 4S 60 75 90 

Center of Element From Point "E" (deg.) 

Figure 3.9: Comparison between linear and parabolic elements. 



C? 
a. 
~ -
'Ox 

..... 
;Ji 

CHAPTER 3. STRESS ANAL'{SIS 35 

Effeet of Friction 
100 

III Plyl r ----............ • Ply2 

1_ 
....... 

~ • Ply3 
SO 

0 
~ ....... • Ply4 

'" , . -
;ç c 1 \ ------....... '" -SO ~ ._-- -_.-

-100 

~ -150 "1iIlSlI"" 

-200 o 

~ '\ p 
.-(l , 'l, ! --.r- i'.. ., 

,- T300/976 
~ ~ / [0/+45/-45/90]s 

~ 
.. -

. ~ D = 6.35 (mm) i,,~_ . 
t = 3.429 (mm) 

'" F 
W/D=4 
E/D= 4 .. -

S 10 IS 20 25 

Center of Element From Point "B" (mm) 

Figure 3.10: On-axis stresses along the line AB. 



( 

( 

c 

GI-IAPTER 3. STRESS AN ALYSIS 

300 

, 
\ 200 

100 -a:s 
a. 
~ -
'0>< 0 

\ rI\' 1Il 

~ 
19 

..... 
-100 f 

1 
li 

-200 o 

Effect of Friction 

n 
~" T300/976 

[0/+45/-45/90]5 

~~~ 
a Plyl r-

D = 6.35 (mm) • Ply2 
t = 3.429 (mm) ;' F 
W/D=4 • Ply3 

- E/D =4 • Ply4 
!'o.., 

.~ 

~ 
""'111-. 

- - 1:1 -----

2 4 6 8 

Center of Element From Point "E" (mm) 

Figure 3.11: On-axis stresses along the line EF. 

36 

-
-
f-

10 



;l) 
"~" 

o 

CHAPTER 3. STRESS ANALYSIS 37 

-Clj 
a.. 
~ -eX 

300 

200 

100 

0 

-100 

-200 o 

Effeet of Friction 
! t , 

El PI yi T300/976 ._-
• Ply2 [O/+45/-45/901s ..... ',- • Ply3 D = 6.35 (mm) f--

• Ply4 t = 3.429 (mm) 
1-

~ 
W/D=4 

t' ~ E/D = 4 .. ---
q /' ~ '1" , --.......... 

~ ... _._-..1. ... _ .. _ .. 
)< 

~ 
....... 

~ l '-o-!~ 
... 

\ .......... 
1 F : ~ 

"'-. ~ --- -"-p-. -. 
1'. ...- ~ r K : 

~ ~ - -- -,.Il _ 

r'" 
~ .:. , j , j , 

15 30 45 60 75 90 

Center of Element From Point "E" (deg.) 

Figure 3.12: On-axis stresses along the arc BE. 

i 



( 

( 

c 

Cllapter 4 

Failure Analysis 

To analyze the strength of a laminated composite, it would be extremely costly and 

time consuming to perform static tests for aIl possible stacking sequences. Thus for 

this purpose, strength theories are required. Failure analysis is a tool for predicting the 

strength of materials under cornplex loading conditions using strength data obtained 

from uniaxial tests. There are numerous failure criteria for composite materials [78], 

each \Vith sorne advantages and disadvantages. 

For finding the strength of pin-loaded composite plates, different failure criteria 

have been used by authors. Waszczak and Cruse [53] used a distorsional energy failure 

criterion. Oplinger [34] and Hurnphris [54] used the Tsai-Hill criterion. Agarwal [55] 

applied an average stress criterion over a characteristic distance. Soni [56] applied the 

Tsai-Wu failure criterion. Chang et al. [57-61], and Ueng and Zhang [51] used the 

Yamada-Sun failure criterion over a characteriatic distance. Tsiang and Mandell [71] 

applied the Tsai-Hill and maximum stress failure criteria. Conti [74] applied the Azzi­

Tsai fa il ure criterion. Chang and Chang [62] used a modified Hashin failure criteria. 

38 
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Serabian and Oplinger [72] applied Hoffman failure criterion. Recently Lessard [6·IJ 

used another modified Hashin failure criteria . 

. Most of the existing failure criteria are not able to determine the modes of failu7'c l • 

Among them, Hashin failure criteria are suitable for distinguishing between the dif-

ferent modes of failure. In this research Hashin failure criteria [ï9] modified by Cha.ng 

and Chang [62], and Lessard [64] have been used. This set of failure criteria is able t.o 

distinguish between the modes of failure and to find all of the mechanisms of fa il Il 7'C2 • 

4.1 Failure Criteria 

A set of failure criteria have been used in this research. Each of these failure criteria 

corresponds to a certain failure mode. The failure modes are, matl'ix tension fai/ure 

mode, mat7'ix compression failure mode, fiber tension faihl7'e mode, fiber comp7'cssion 

lailure mode, and fiber-matrix shearing lailure mode (Fig. 4.1). 

Matrix Tension Failure Mode 

For predicting matrix tension failure mode ((J'y> 0), the failure critcrion has the 

form 

(4.1) 

This failure criterion states that when, in any one of the plies in a laminate, the 

stresses O'y and (]'s satisfy Eq. (4.1) (with eM+ > 1), the layer fails by matrix tension. 

l For more details about the modes of failure refer to section 4.1 

2For more details about the mechanisms of failure refer to section 2.1 
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Matrix Compression Failure Mode 

For predicting matrix compression failure mode (O"y < 0), the failmc critcrion has 

the form 

(4.2) 

This failure criterion states that when, in any one of the plies in a laminât.e, 

the stresses O'y and O's satisfy Eq. (4.2) (with eM- > 1), the layer rails by matrix 

compressIOn. 

Fiber Tension Failure Mode 

For predicting fiber tension failure mode (0' x > 0), the failure critcrion Ims the 

form 

O"X O"s 2 
( )2 ( )2 

X
t 

+ Sc = eF+ (4.3) 

This failure criterion states that when, in any one of the plies in a la.minal,e, the 

stresses o"x and O"s satisfy Eq. (4.3) (with eF+ > 1), the layer rails by fibcr tellsion. 

Fiber Compression Failure Mode 

For predicting fiber compression failure mode (O"r < 0), the failure criterioll has 

the form 

This failure criterion states that when, in any one of the plies in a laminatc, the 

o stresses U x satisfy Eq. (4.4) (with eF- > 1), the layer fails by fiber compression. 
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This failure critel'ion was developed and used by Chang and Lessard [80] for an-

( 
alyzing compression failure in laminated composites containing an open hole. Fiber 

compression Cailure mode corresponds to the bearing mechanism, therefore by this 

failure critel'ion (Eq. 4.4) the bearing mechanism can be modeled. 

Fiber-Matrix Shearing Failure Mode 

For predicting fiber-matrix shearing failure mode (O'x < 0), the failure criterion 

has the form 

(4.5) 

This failure criterion states that when, in any one of the plies in a laminate, the 

stresses O'x and Us satisfy Eq. (4.5) (with eFM- > 1), the layer fails by fiber-matrix 

( shearing. 

4.2 SUlnlnary 

It is believed that the accu rate study and design of pin-loaded joints in laminated 

composites cannot be achieved without using a progressive damage model, 3 and 

separating the different modes is a required feature for establishing such a model. 

This set of failure criteria (Eqs. 4.1 to 4..5), is a suitable form for modeling the different 

modes of failure and therefore finding the different mechanisms of failure. 

c 3This model is explained in chapter 6. 
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Cllapter 5 

Material Property Degradation 

Conventional stress analysis like laminated plate theory 18 by definition limitcd t.o an 

intact continuum. Thus after failure occurrence in a ply, laminated platc thCOl'y is 

not applicable. But, once failure occurs, a failed ply can be replaced with an intact 

ply of lower material properties (see Fig. 5.1). Therefore in this case conventional 

stress analysis can be applied. 

Decreasing the material properties of failed plies is not arbitrary. It depends 

l~pon the modes of failure explained in the previous chapter. Each modc of [ailure 

Figure 5.1: Degraded ply is modeled by an intact ply of lower material propertics 

43 
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corresponds to a special matcrial property degradation ru le [62, 80]. In the following 

sections material property degradation due to each mode of failure is explained. 

5.1 Material Property Degradation Rules 

Material Property Degradation Due to Matrix Tension Failure Mode 

For matrix tension failure mode (Eq. 4.1) in a ply, the transverse modulus Ey and 

Poisson 's ratio lly are reduced to zero, i.e., the matrix can no longer carry any load in 

tension. However, the longitudinal modulus Ex and shear modulus Es are unchanged, 

Le., in the failed ply, the in plane material properties are reduced as follows: 

For {jy > 0 and eM+ > 1 

c 
Es -+ Es (5.1) 

Vx Vx 

vy 0 

or in the form of stiffness matrix 

~ ~ 0 Ex 0 0 I-v x Vy I-v x Vy 

~ ~ 0 -+ 0 0 0 I- vxVy I-v x Vy 

o o Es o 0 Es 

Material Property Degradation Due to Matrix Compression Failure 

Mode 

The matrix compression failure mode (Eq. 4.2) results in the same type of damage 

c to the composite ply as the matrix tension failure mode. Thus the transverse modulus 

ft 
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Ey and Poisson's ratio lIy are reduced to zero while the longitudinal modulus EJ' and 

shear modulus Es are unchanged. 

For D'y < 0 and eM- > 1 

(5.2) 

Vy 0 

or in the form of stiffness matrix 

---'b- ~ 0 
1-1I".vy 1-lIxlly 

...§!!JL ~ 0 
1-lIxlly 1-lIxlly 

o 0 o 

o o 
Material Property Degradation Due to Fiber Tension Failure Mode 

Fiber tension failure mode (Eq. 4.3) in a ply is a catastrophic mode of failllJ'c and 

when it occurs, the mal,erial in that region cannot sustain any addit.ional loa.d. Thus 

the material properties for the failed ply and aIl other plies arc reduccd to ~Cl'O. 

For D'x > 0 and eF+ > 1 

Ex 0 

Ey 0 

Ell -+ a (.5.:3 ) 

Vx 0 

lIy 0 , or in the form of stiffness matrix 



CHAPTER 5. MATERIAL PROPERTY DEGRADATION 46 

( ~ ~ 0 0 0 0 
t-v.vy I-v.vy 

~ ~ 0 -+ 0 0 0 
I-v.vy I-Vxlly 

0 0 El! 0 0 0 

l\1aterial Property Degradation Due to Fiber Compression Failure Mode 

The fiher compression failure mode (Eq. 4.4) is a catastrophic mode offailure and 

when it occurs, the material in that region cannOl~ sustain any more load. Thus the 

material properties for the failed ply and aIl other olies are reduced to zero. 

For (j x < 0 and e F- > 1 

Ex 0 

Ey 0 

( El! -+ 0 (5.4) 

Vx 0 

vy 0 

or in the form of stiffness matrix 

~ ~ 0 0 0 0 
1-lIx Vy l-lIx lly 

...!&!!L. ~ 0 -+ 0 0 0 I-vxVy l-lIx Vy 

0 0 El! 0 0 0 

Material Property Degradation Due to Fiber-Matrix Shearing Failure 

l\1ode 

In fiber-matrix shearing failure mode (Eq. 4.5), the material can still carry load 

in the fiber direction and in the matrix direction, but shear loads can no longer he 

carried. This is modeled by reducing the shear property and the Poisson 's ratios, Vx c a.nd vYl to zero. 
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For {jx < 0 and eFU- > 1 

(5.5) 

Vx 0 

Vy 0 

or in the form of stiffness matrix 

~ ~ 0 Ex 0 0 
1-IIx lly 1-IIxlly 

E:rlly ~ 0 --+ 0 E 0 
1-lIxlly 1-IIxlly y 

0 0 Es 0 0 0 

5.2 Summary 

Each mode of failure corresponds to a suitable material propcl'ty degradatioll ntle. 

Thus for each mode of failure, predicted by the set of fa il ure cri teria (Eqs. <1.1 tü ,1.5), 

a suitable equation for material property degradatiün (Eqs. 5.1 tü 5.5) is élssüciat.ed. 

These equations are required for establishing a progressive damage mode!. 
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Chapter 6 

Progressive Damage Modeling 

The idea of progressive damage modeling was proposed by Chou et al. [81]. The 

idea of using discrete failure criteria (fiber and matrix failure) was used by Sandhu 

et al. [82]. In 1987 Chang and Chang [62] presented a model, consisting of dis crete 

failure criteria cou pied with material property degradation rules, for analysis of pinned 

composite joints in net tension or shearout failure mec hanism. 

The objective of this chapter is to establish a model which can simulate dam­

age progression from initial failure (first ply failure) to catastrophic failure (ultimate 

st7'ength) for pin-Ioaded composite plates failing in net tension, shear-out, and bearing 

mechanisms. A computer code is developed in IDEAL (I-DEAS language [77]) for 

this pUl·pose. 

The model consists of three major parts, namely, stress analysis, failure analysis, 

and matcrial property degradation. These parts were discussed in chapters 3, 4, and 

5 respectively. In the following section, the model is described in detail. 

48 
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6.1 Modeling 

A simplified demonstration of the progressive damage mode! lS g,ivcn ill Fig. G.I. :\ 

pin-loaded composite plate is modeled by two dimensional finite element Illt'sll<'s and 

suitable boundary conditions. Because of the symmetry, onl)' hait' of the plate is 

considered (Fig. 6.1a). 

Before first ply lailure (failure initiation), the composite plate behavcs Iinearly 

elastic (Fig. 6.1a). As the plate is loaded further, damage 1 will begin Lo appear, 

usually near the stress concentration at the hole boundary (Fig. 6.1 b). 

At this stage, material properties of the failed region must be challged \Vith slIitable 

materiai property degradation rules 2. By increasing the load at this step, damage 

will propagate and will eventually reach the edge of the plate (Fig. (Ue). AL this 

point, composite plate cannat tolerate any more load, therefole the point of ullimal(: 

strength has been reached. 

6.1.1 Details of The Model 

As was mentioned already, the progressive damage model is an integration of st.ress 

analysis, failure analysis, and material property degradation rules. The dctails of the 

model can be best described with the help of the flow chatt shown in Fig. G.2. 

The following procedure is used ta model the damage progression process: 

1) First, the finite element model must be prepared. III this step t.he physicéll 

IDamage can be detected by Cailure criteria (explained in chapter 4.) 

2Material property degradation rules are explained in chapter 5. 
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Figure 6.1: A simplified demonstration of the progressive damage model. 
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Model Preparation 

Stress Analysis 

Ves 

Material property 
Degradation 

Figure 6.2: Flow chart of the progressive damage mode!. 
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properties. material properties, and appropriate boundary conditions of the problem 

must be provided. Then a load increment must be selected. In table 3.1 an example 

of the required parameters is given. 

2) In the next step, a finite element stress analysis is performed at a selected load 

Încrcment. In this step, on-axis stresses, 3 in the center of each ply of each element, 

are obtained. These stresses will be used for failure analysis in the following step. 

3) By using the failure criteria (Eqs. 4.1 to 4.5) failure analysis is performed for an 

elements. If the failure criteria are not met, there is no failure at this load increment. 

At this stage the program returns ta the stress analysis step to calculate the on-axis 

stresses at the selected load increment. These new on-axis stresses must be added to 

the previously obtained on-axis stresses. If there are failures in certain plies of certain 

elements, then the program must continue to the next step. 

4) By using Eqs. 5.1 to 5.5, material property degradation is performed for failed 

plies. In this step a new stiffness matrix is assigned to the mode!. Now the program 

must return to the stress analysis step, and this loop must be continued . 

As the load level increases, more and more elements will fail until ultimate failure 

has been reached. This situation (catastrophic failure) can be detected in one of three 

ways: a) IncrementaI displacement in a load step is much greater than incremental 

displacement in the first load step. b) The failure reaches to the edge of the plate, 

which indicates that the model has completely failed. c) Singularity in stiffness matrix. 

At this stage the program must be stopped. 

The above mentioned model has been implemented into a user-friendly computer 

3Definition of the on-a;<is stress is presented in appendix A. 
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code, designated "PDPIN". The code has been written in IDEAL (1-0 EAS language) 

[77]. The flow chart of the computer program, and the computer code arc presentcd 

in appendix Band C, respectively. 

6.2 Explanation of the Output of the C0111puter 

Code 

By running the computer code "PDPIN", an output file "TABLE2.DAT" is created. 

This file contains the information of the failure mode of each ply of each [ailed clement. 

This file is processed by another file "PLOT .PRG" 4. Artel' processing, the resulL i8 

a graphical representation of the damage propagation for each ply of each clement 

of composite plate. It means that the computer code simulaies the initiation and 

propagation of damage from n.rst ply failure to catastrophic failure. 

As an example of the output of the computer code, the graphical results of t.he 

simulated behavior of a [0/90]s pin-Ioaded composite plate is presentcd in this section. 

The specifications of the plate, material type, loading condition, and graphical 

result of the damage propagation of ply number one (00 ply) are shown in Fig. 6.3. 

Damage is initiated on the hole boundary about 45° from the loading direction aî fi. 

load of 3338 N. By increasing the load, damage propagates around the hole. At a 

load of 4450 N, multiple failure modes occur near the hole boundary. Finally, at il. 

load of 5563 N, failure reaches the edge, and the program is stoppcd. As shown in 

Fig. 6.3, the composite plate failed by the shearout mechanism. 

4Flow chart and computer code of PLOT.PRO is presented in appendices D and E, respectlvely. 
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Figure 6.3: Graphical representation of damage propagation of [0/90]s at different 

load steps. 
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6.3 SUl1Uuary 

" A progressive damage model based on the three major parts, stress analysis. faiIU\'(' 

analysis, and material property degradation, is established. A computer code hélf;('d 

on the model is developed. The model is ca.pable of assessing damage, evaluat.illg 

residual strength, and predicting ultimate strength of pin-loadcd composite pla tes. 

The progressive damage model and the corresponding computer code are capa.ble of 

assessing aU three different mechanisms of failure, !lamely, net tension, shea\'out., ilnd 

bearing. Therefore the model and the computer code can be tlsed for optimum design 

of pin-Ioaded composite plates. 



(~ 

c 

c 

Chapter 7 

Results and Discussions 

In the previous chapter, a progressive damage model \Vas established by implementing 

three major parts, namely, stress analysis, failure analysis, and material property 

degradation in a user friendly computer code "PD PIN" . The model can now be used 

to study the behavior of pin-Ioaded composite plates. 

In the following sections, experimental validation of the model is discussed, and 

il. parametric study of different laminate configurations ([0/90]" and [0/ ± 45/90],,), 

differcnt plate dimensions (W /D, E/D), and different loading conditions (tension or 

compression) is presented. 

7.1 Experimental validation of the Inodel 

For the purpose of comparison between the extracted numerical results from the model 

and the experimental results, the experimental data measured by [83] have been used. 

The experimental data are presented in table 7.1. 
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Case D (mnl) Wjn EjD t/D Lam. Config. 

a .1.76 5.336 2.983 .224 [0/ ± 45/90Js 

b 4.76 8.025 4.013 .224 [0/ ± Li5/90)s 

c 4.76 8.025 2.038 .22'1 [0/ ± 45/90Js 

Table 7.1: Experimental data. 

Aiso the material properties of T300/SP286, used by [83] are presentcd in table 7.'2. 

The results of three case studies are presented in table 7.3. The expcrimclltal 

results from Rer. [83] have been presented for the purpose of comparison. 

In case (a), the predicted failure load by the mode! is 4450 N, and the cxperirncnt.al 

failure load is 4982 N, therefore the absolute error is 10.7%, showing a. good agreement 

between model and experiment. The experimental mechanism of failurc is net tension. 

The predicted failure mechanism is combined shearout and net tension. 

In case (b), the predicteû failure load is 5340 N, and the expcrimcnta.l failurC' load 

is 5137 N. Absolute error is 3.9%, showing a very good agreement bctwccn mode! élnd 

experiment. The experimental mechanistTI of failure is bearing. The predictcd fnihll'!' 

mechanism is combined bearing and shearout. 

In case (c), the predicted failure load by the mode! is 4450 N, and the expcrilllcntai 

failure load is 4226 N. Absolute error is 5.3%, showing a very good agreement bctwecn 

the model and experiment. The experimental mechanism of failure is shcarout. The 

predicted failure mechanism is also shearout. 

As an example of this set of data, the predictecl mechanism of failure of case (c), 
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Material Properties Symbol (unit) 

Longitudinal Modulus Ex (GPa) 130 

Transverse Modulus Ey (GPa) 8 

Shear Modulus E& (GPa) 5 

Poisson 's Ratio Vx .3 

Longitudinal Tensile Strength Xt (MPa) 1231 

Longitudinal Compressive Strength Xc (MPa) 1083 

Transverse Tensile Strength YI (MPa) 50 

Transverse Compressive Strength Yc (MPa) 193 

Shear Strength S (MPa) 50 

( 
Table 7.2: Material properties of T300jSP286. 

Case Predicted Failure A verage Experimental % Error 

Load (N) Failure Load (N) [83] 1 (1 - ~) * 1001 Fe• p • 

a 4450 4982 10.7 

b 5340 5137 3.9 

c 4450 4226 5.3 

Table 7.3: Comparison between predicted and experimental data. 

( 
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for ply 4 at final failure load is shown in Fig. ï.1. 

By comparing of the results of the model and the expel'imcntal l'('sult.s, iL ('ail LH' 

concluded that the model is capable of assessing damage, cvaluating t.he mcchanism 

of failure, predicting the n.:>:;i/_~l1al strength. ;tnd finding the maximul1l st.r(,lIgth or 

laminated composites containing a pin-Ioaded hale. Therefore Cl l'diable paramctl'ic 

study of different laminate configurations ([0/90J. and [0/ ± 45/90J .• ), difrcl'cllt. plat.e 

dimensions (W /D, E/D), and different loading conditions (tension 01' compl'('ssiol1) 

can be performed. 

7.2 Parametric Study 

In this section the results of parametric study of a cross ply laminat.c [0/90J5 a.nd éI 

quasi-isotropie laminate [0/ ± 45/90J" are presented. For each of thcsc configumt.iolls 

under tension or compression pin load, mechanism of failure, and variation of ultimate 

strength \Vith respect to different W /D and E/D arc studied. 

7.2.1 Cross Ply LanlÎnate 

By considering a constant width to diameter ratio (W /D), and cltanging edgc dist.ance 

1.0 diameter ratio (E/D), the behavior of a pin-Ioaded cross ply lall1inat.e [O/DO!, i8 

studied. Variation of strength of the cross ply laminate with variatioll of E/D, under 

tension and compression, is demonstrated in Fig. 7.2 and Fig. 7.3, l'c8pectively. II, 

is weil known from experimental data [40] that, fol' a fixcd large value of E/D (01' 

W /D), bearing strength increases with W /D (or E/D) and rcaches a plateau. The 
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Figure ï.1: Predicted mechanism of failure for case (c) of experimental data. 
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behavior of curves in Fig. Î.2 and Fig. 7.3 corresponded completely to experimental 

evidence [40,43, 47J. 

As an example of this set of data, predicted mechanisms of failure of the cross 

ply laminate, with constant W ID and different E/D, under tension. me shown in 

Fig. 7.4. By increasing E/D, the mechanism of failure is changed from sheal'Out to 

bearing. This behavior corresponds to experimental evidencc. 

Aiso by considering a constant edge distance to dia.meler ratio (EjD), aud chang-

ing width to diameter ratio (W ID), the behavior of a pin-loaded cross ply Jaminate is 

studied. Variation of strength of the cross ply laminate with variation of W ID, und('r 

tension and compression, is demonstrated in Fig. 7.5 and Fig. 7.6, respcdively. The 

behavior of curves in these figures corresponded completely to experimental cvidcnce. 

As an example of this set of data, propagation of failure of the cross ply laminale, 

with W ID=4 and E/D=4, under compression, at different load levels, is shown in 

Fig. 7.7. Damage is initiated on the hole boundary about 30° from the loadillg 

direction at a load of 5563 N. By increasillg load, damage propagates around the 

hole. At a load of 8900 N, multiple failure modes occur near the hole bOlllldary. 

Finally, at a load of 13350 N, because of large deflection, the computer program is 

stopped. As shown in Fig. 7.7, the composite plate failed by the sheal'Out mcchanilirn. 

7.2.2 Quasi-Isotropie Laluinate 

By considering a constant width to diameter ratio ( W ID ), and changing cdge dis-

tance to diameter ratio ( EJD ), the behavior of a pin-loaded quasi-isotropie laminale 

:t [0/ ± 45/90] .. is studied. Variation of strength of this quasi-isotropie laminate with 
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[0/90]s, Under Tension 
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Figure ï.2: Variation of ultimate strength of a cross ply laminate [o/90]s, under 

t.ension pin load, with variation of E/D. 
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[O/90]s, Under Compression 
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Figure ï.4: Mechanisms of failure of a cross ply lanùnate [0/90]s \Vith clifferent E/D, 

for ply l, lluder tension pin load. 
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variation of EIO, under tension and compression, is demonstrated in Fig. ï.8 and 

Fig. 7.9, respeetivcly. The behavior of curves in these figures corresponded com­

pletely to experimenLal evidence. 

As an example of this set of data, propagation of failure of the quasi-isotropie 

Jaminate, with W 10==4 and E/D=4, under compression, at different load levels, is 

shown in Fig. 7.10. Damage is initiated on the hole boundary about 00 from the 

loading direction at a load of 11125 N. By inereasing the load, damage propagates 

around the hale. At a load of 13350 N, multiple failure modes oceur near the hole 

bour'dary. Finally, at a load of 20025 N, because of large deflection, the computer 

proglam is stopped. As shown in Fig. 7.10, the composite plate failed by a combined 

bearing and shearout meehanism. 

Also by eonsidering a constant edge distance to diameter ratio (EjD), and chang­

ing width to diameter ratio (W ID), the behavior of a pin-Ioaded quasi-isotropie lam­

inate is studied. ':ariation of strength of the quasi-isotropie laminate with variation 

of W ID, under tension and compression, is demonstrated in Fig. 7.11 and Fig. 7.12, 

respectively. The behavior of the eurves in these figures eorresponded completely to 

experimental evidence. 

As an example of this set of data, propagation of failu.ce of a quasi-isotropie lam­

inate, \Vith W /D=2 and E/O=4, under tension, at different load levels, is shown in 

Fig. 7.13. Damage is initiated on the hole boundary about 90° from the loading di­

rection at a load of 6675 N. By inereasing the load to 8900 N, damage propagates 

around the hole. At a load of 11125 N, multiple failure modes occur near the hole 

boundary. Finally, at a load of 13350 N, because of large defleetion, the computer 
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program is stopped. As shown in Fig. 7.13, the composite plate failed by the net 

(, 
tension mechanism. 

( 

( 
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Chapter 8 

Conclusions and 

Recommendations 

8.1 Conclusions 

This research examines the behavior of pin-loaded composite plates. For this purpose 

a progressive damage model is developed based on three major parts: stress analy­

sis, failure analysis, and material property degradation rules. The model is capable 

of assessing damage, evaluating residual strength, and predicting ultimate strength 

of pin-Ioaded composite plates. The model is implemented in a user friendly com­

puter code. The progressive damage model and the corresponding computer code 

are capable of assessing ail three different mechanisms of failure, namely, net tension, 

shearout, and bearing. The model is evaluated by available experimental data. An 

excellent agreement between predicted and experimental data shows the accuracy of 

the mode!. 
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8.2 ReC0111111endations 

In order to ex tend the capability of the progressive damage model clcvclopcd in lhi~ 

research, the following recommendations should be considercc\: 

• Failure of pin and holted joint is a three dimensional phcllomenon. IIcl1cc for t.he 

purpose of accu rate study of this phenomenon, an analysis must incllldc t hl'ollgh 

thickness stresses. By this extension, delamination, an important problem in 

mechanically fastened joints, can he taken into account. 

• The constitutive equation for shear stress and shear strain of cOlllposi t.e IÎmteri-

aIs is highly nonlinear. By implementing this nonlinearity in the strcss étnalYHis 

part of the model, accuracy of the results fOl' special laminatc configurat.ions 

will be improved. 

• There are several possible ways to model the boIt/haie contact pl'Oblclll. One 

way is to assume a cosine load distributed around the hole. ft has 1)('('11 proVC'11 

that this method is not very accurate. Another way is Lo apply displacemcllt 

boundary conditions around the hole, which is more accu rate than thc fil'st. ont'. 

Performing a complete contact analysis is a third possibility, which is ccl'taillly 

the most accurate method. 

• Friction between pin and hole Îs an important problem ta be consiclcred.In a l'cal 

situation, the coefficient of friction can vary for the diffcrent plies of ft laminate. 
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Appendix A 

Transformation Equations 

In isotropie materials, physical properties do not change wit.h refer(,rlC<' <'001 d illa\,('s. 

Principal axes are useful for such materials and maximum princIpa.l St.1 êtlllS 1I1Id 

~ 
~ ..,.,.. stresses are applicable in failure theories. 
~ 

~ .... , 
~ 
~ 

In composite materials, properties are not isotropie. thus they change wit.h 1 ('fer· . 
f enee coordinates. Transformation From one eoordinate system to ê\.nother is il lI'Wflll 

t 
tool for stress and failure analysis of composite mat.erials. For il laIl1Jn;ü(' t!lf'n' illl' 

two coordinate systems: 2 
x "on-axis" 

y 

~--,--,.r-, ~ 

Y-~~;II"'--:I1--"":';\ - l "off -ax is" 

Figure A.l: On and off-axis coordinate ..,y~terns. 
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• Off-ans COO7'flzTlfltr: .system. This is a cornmon coordinate system for aIl plies 

of a Idrninatc (Fig. A.1). The symbols "1" and "2" are used as labels for this 

coorùiIlatc system. In thlS thesis, load is apphed in the 2-axis direction. 

• On-axzs cool'dmate system. For each ply this coordinate system is unique and 

coincides with the fiber direction. Thus the on-axis coordinate system is Ilot a 

conilllOll coordinate system for aIl plies. The symbols ".r·' and "y" are used as 

labels for this coordinate system. (Fig. A.l) 

To transforrn strains and stresses from off-axis to on-dxis coordinate system, the 

fJrmulations are respectively 

Cx Cl 

Cy == [T]t: C2 (A.l) 

Cs cs 
Where 

cos2 ifJ sin 2 <jJ cos<jJsm<jJ 

[TJt: == sm 2 ifJ cos 2 <jJ -cosifJsin4> (A.2) 

-'~cos<jJsin<jJ 2cos<jJsin<jJ cos24> - sm2 4> 

a x al 

a y = [TJu a2 (A.3) 

as as 
where 

cos2 ifJ sin 2 </> 2cos4>sm(j) 

[T]" == sm 2<jJ cos 2 4> -2cos<jJsmd> (A.4) 

--cos4>sin4> cosifJszn<jJ cos 24> - sm24> 
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Composite laminatcs arc normally made of oll-axls III tlddlt IUI\ lu llll-c\\i:-. pl\(':-. 

thus the stiffness of un;ùirectlOnal composites \\'Ilh arblll(\I\' pl\' lllH'lIlallllll 1:-. llli 

portant. Ta derive the off-axis modulus of 1I1l1dir('cl ional ('OllIp()~il(':-. :-.1 MI \\'11 lt 1 hl' 

on-axIs constitutive relation: 

( \ ~l) 

\Vhere 

~ Euvr (J 
1- v. Vy 1 -v. Vy 

[Q]x-y = Er lit/ ~ 0 1-1'. vy l-V.l'y 
(.\ (i) 

0 0 E. 
By substituting Eqs. A.! and A.3 ;nto Eq A.5, the IcLttel <'qllcltlull I)('('olw'" 

( A.7) 

By pre-multiplying Eq. A.7 on bath sirles by [T];l, tlH' folluWlIl!!; 1"> ()IJldlll!'d 

(A :-l) 

By comparing Eqs. :\.8 and A .. 5 the off-axis stiffncs~ of IlIIHlm'( l' .I,d (·OJllpfJ"IIf· ... 

is extracted 

(A.!)) 
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Appendix B 

Flow Chart of PDPIN 

~ Main program 

Modul = Post Processing 

Inputs (Model File Name, Material Prop.'s, Number 
of Total Elements, Edges Elements ... ) 

Tas~, = Laminate Modehng 

Creating Material Prop.'s Tables 

Creating Ply Prop.'s Tables 

Go Ta S_Anal (Stress Analysls) I------~ 
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A/JP/iNJJ/X n. FLOW CIIART OF PDPIN 

1 
Main Program 

(Cont.) 

Task =:: Pearl Data Manager 
(Open Data Base) 

Making Table 1, 2, and Table2.dat 

Go Ta S_ Table ( Computing Stresses in the 
Center of Elements) t---~ 

Go Ta S_Failure (Failure Analysis) 

Ves No 

95 

Task = Pearl Data Manager Go Ta S_ Table ( Computing Stresses 
in the Center of Elements) 

Close Data base 

Go To S_Anal (Stress Analysis) t------.... 
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A.PPENDIX B. FLOW CHART OF PDP[i\' 

Analysis Subroutine 

Module = Model Solution 

Module = Post Pree .5sing 

Task = Post Processing 

Creating Ply Stresses 

Current Stress Data Set 

Frame of Reference = Matreial 

Task = Pearl Data Manager 
Open Data Base 

Yes 

Go To S_Table ~-----~ 
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AJJjJEND/X B. FL01V CIIART OF PDPIN 

Table Subroutine 

Task = Post Processing 

Nply=1, Colm1=1, Colm2=2, 
Colm3=3 

Group Ali Elements 

Task = Post Processing 

Contour, Report Data. 
Sigmaxaux=Z_List(1 ) 
Sigmayaux=Z_List(1 ) 
Sigmasaux=Z_List(1 ) 

Task = Pearl Data Manager 

Get Table 1 

Read Table 1 
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APPENDIX B. FLOiV CHART OF PD PIN 

Table Subroutine 
(Continue) 

Sig maxaux=Z_P rLVal+Sig maxo rg 
Sigmayaux=Z_PrLVal+Sigmayorg 
Sigmasaux=Z_PrL Val+Sigmasorg 

Modifying Table1 & Stonng 

Colm1 =Colm1 +3 
Colm2=Colm2+3 
Colm3=Colm3+3 
Nply=Nply+ 1 

Nelem = Nelem+ 1 

Ves 

Ves 

i 
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,\PPENDIX H. FLOW CHART OF' PDPIN 

Failure Subroutine 

Task = Pearl Data Manager 
Get Table2 

Read Nppn(i) & Nppn(i) = Nppn(o) 

Ves 

Colm1 = 1 
Colm2 = 2 
Colm3 = 3 

Get Table1 
Sigmax = Z_Pr'-Val 
Sigmay = Z_Pr'-Val 
Sigmas = Z_Pr'-Val 
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A.PPENDIX B. FLOW CIIART OF PDPIN 

Failure Subroutine 
(Continue) 

No 

Htmm =0 
Hcmm =0 
H tfm = 0 
Hcfm =0 
Hcfmm = 0 

Htfm = Sqrt((Sigmax/)'~t)"~~+(Sigmas/S)"2) 1-----, 

'---"----1 Hcfmm=Sqrt({SigmaxIXc)"2+(Sigmas/S)"2) 
Hcfm =(Sigmax/Xc) 

No 

Htmm = Sqrt((SigmayNt)"2+(Sigmas/S)"2) t---. 

'------4 Hcmm = Sqrt((SigmayNc)"2+(Sigmas/S)"2) 
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Failure Subroutine 
(Continue) 

Colm1 = Colm1 + 3 
Colm2 = Colm2 + 3 
Cülm3 = Colm3 + 3 

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

101 

Nppn(i) = 2 

Nppn(i) = 2 

Nppn(i) = 4 

Nppn(i) = 3 



A.PPENDIX B. FLon' ClI.·\RT OF PDPI.V 

Failure Subroutine 
(Continue) 

No 
Nppn(Tply-i) = Nppn(i+ 1) 1----------' 

& i = O, .. ,Tply/2-1 

lll~ 
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AI)PF:NJJIX n FLOW CHAHT OF PDPIN 

Failure Subroutine 
(Continue) 

Nelem = Nelem + 1 

Up-Date T able2.dat 
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· \PPEXDIX 13. FLa'" ('lIART OF PDPI.'l 1 n 1 

Modifying Subroutme 

Yes 

Delete Analysis Data Sets 

Task = Lammate Modeling 

Modifying Laminate 

Nply = Nply + 1 

Yes 

Modifying Element 
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/\/)!)J-;SD!X H. FLOW CIIART OF PDPIN 

1 Output Subroutine 

Output the Number of Lûad 
Increment 
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Appendix C 

COluputer Code (PDPIN) 

C ***************************************************************** 
C * [ PDPIN ] * 
C ~ [Progressive Damage Model, Pin-Loaded Composite Plate] * 
C * [ By Mahmood M. Shokr1eh ] * 
C * (1991) * 
C * This program is developed in IDEAl (I_DEAS language) for * 
C * predicting the fa11ure load and fa1lure mechan1sms of * 
C * pin-loaded compos1te plates. * 
C * * C ~**************************************************************** 
C 
C *****.*******.************* 
C * MAIN PROGRAM * 
C *************************** 
C 
C 
K "NM" 
K "P" 
C AUTO CLEANING 
K #OUTPUT "AUTO CLEANING" 
K "/" 
K "MF" 
K "US" 
K "AL" 
K "ON" 
K 0 
K "/" 
C 
C 
C ************INPUT************** 
C 
K #DELETE ALL 
C 
K #MFNAME="" 
K #INPUr "ENTER MODEL FILE NAME" MFNAME 
C 
C LONGITUDINAL TENSILE STRENGTH (force!length**2) 
K #XT=1517E6 
C LONGITUDINAL COMPRESSION STRENGTH (force/length**2) 
K #XC=1593E6 
C TRANSVERSE TENSILE STRENGTH (force/length**2) 
K #YT=46E6 
C TRANSVERSE ÇOMPRESSION STRENGTH (force/length**2) 
K #YC=253E6 
C SHEAR STRENGTH (force/lel1gth**2) 
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/\P/)E;\'[)/X (' ('OMPUTER CODE (PDPIN) 

K #S=107E6 
C 
C NUMBER OF LAMINATE DEFINITION 
K #NLD=l 
C NUMBER OF LOAD INCREMENT 
K #NLINC=l 
C 
K #INPUT "NUMBER OF TOTAL PLIES" TPLY 
C NPPN(l)=NUMBER OF PLY PROPERTY -NEW 
K #DECLARE NPPN(TPLY) 
C NPPO(l)=NUMBER OF PLY PROPERTY -OLD 
K #DECLARE NPPO(TPLY) 
C DISPLACEMENT CRITERION 
K #DECLARE DISPCR(30) 
C MAXIMUM DISPLACEMENT 
K #DISPMAX=l 
C NUMBER OF TOTAL ELEMENTS 
K #TELEM=432 
C SINGULARITY CHECKING 
K #SINCHK="" 
C OU1rUT CONTROL 
K #OUT=O 
C 
C #INPUT "PLY THICKNESS (length)" PLYTIK 
K #PLYTIK=.85725 
C 
K #ECHO NONE 
C 
K #DECLARE NCELEM(29) 
K #TCELEM=29 
C 
K #NCELEM 1 =1 
K #NCELEM 2 =2 
K #NCELEM 3 =3 
K #NCELEM 4 =4 
K #NCELEH 5 =5 
K #NCELEM 6 =6 
K #NCELEM 7 =12 
K #NCELEM 8 =18 
K #NCELEM 9 =24 
K #NCELEH 10 =30 
K #NCELEM 11 =36 
K #NCELEM 12 =37 
K #NCELEM 13 =43 
K #NCELEM 14 =49 
K #NCELEM 15 =60 
K #NCELEM 16 =66 
K #NCELEM 17 =72 
K #NCELEM 18 =88 
K #NCELEM 19 =89 
K #NCELEM 20 =90 
K #NCELEM 21 =96 
K #NCELEM 22 =102 
K #NCELEM 23 =103 
K #NCELEM 24 =114 
K #NCELEM 25 =120 
K #NCELEM 26 =126 
K #NCELEM 27 =132 
K #NCELEM 28 =138 
K #NCELEM 29 =144 
C 
C 
C ***CREATING NEW MATERIAL TABLES FOR FAILED LAMINATE*** 
K #OUTPUT "CREATING NEW MATERIAL TABLES FOR FAILED LAMINATE" 
K "TA" 
K "L" 
K "MAT" 
C 
C rnaterial property table for rnatrix cracking situation 
K #OUTPUT "rnaterial property table for matrix cracking situation" 
K "CO" 
K 2 
K 
K "MO" 
K 4 
K 102 
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A.PPENDL'\ C. COMPUTER CODE (PDPIN) 

K 13E4 
K 103 
K 13E4 
K 104 
K lE-3 
K 105 
K lE-3 
K 106 
K lE-3 
K "0" 
K "y" 
C 
C material property table for fiber breakage sjtuation 
K #OUTPUT "material property table for fiber breakage situation" 
K "CO" 
K 2 
K 
K "MO" 
K 5 
K 101 
K 156E4 
K 102 
K 13E4 
K 103 
K 13E4 
K 104 
K lE-3 
K 105 
K lE-3 
K 106 
K lE-3 
K 108 
K 7E4 
K 109 

101'\ 

K 7E4 
K 110 
K 7E4 
K "0" 
K "Y" 
C 
C material p.operty table for fiber-matrix shearing situatlon 
K #OUTPUT "material property table for fiber-matrix shearing situatlon" 
K "CO" 
K 2 
K 
K "MO" 
K 6 
K 104 
K lE-3 
K 105 
K lE-3 
K 106 
K lE-3 
K 108 
K 7E4 
K 109 
K 7E4 
K 110 
K 7E4 
K "0" 
K "Y" 
C 
C mat. property table for matrix cracking & fiber-matrix shearlng sltuatlon 
K #OUTPUT "mat. prop.table for mat. crak.& fiber-matrlX shearlng sltuation" 
K "CO" 
K 2 
K 
K "MO" 
K 7 
K 102 
K 13E4 
K 103 
K 13E4 
K 104 
K lE-3 



b 

APPENDIX C. COMPUTER CODE (PDPIN) 

K 105 
K lE-3 
K 106 
K lE-3 
K 108 
K 7E4 
K 109 
K 7E4 
K 110 
K 7E4 
K "0" 
K "Y" 
K "/" 
C 
C .......... CREATING NEW PLY PROPERTY TABLES ........ . 
K #OUTPUT "CREATING NEW PLY PROPERTY TABLES" 
K #NMPT=4 
K "P" 
K "Cil" 
K .i#LOOP3: 
K "E" 
K 
K NMPT 
K PLYTIK 
K 
K #RMPT=HMPT+1 
K #IF (HMPT LE 7) THEN GOTO LOOP3 
K "/" 
C 
C 
C ••••••••••••••••••• FIRST ANALYSIS •••••••••••••••••• 
C 
K #OUTPUT "FIRST ANALYSIS" 
K #GOTO S_ANAL 
K #M_ANAL1; 
C 
C PEARL DATA MANAGER 
K #OUTPUT "PEARL DATA MANAGER" 
K "/" 
K "TA" 
K "PM" 
K "0" 
K MFNAME 
K 
C 
C OLD STACK LENGTH MUST BE ZERO 
K "MA" 
K "a" 
K 0 
C 
C MAKING TABLE 1 FOR PLY STRESSES 
K #OUTPUT "MAKING TABLE 1 FOR PLY STRESSES" 
K "/" 
K "CR" 
K 1 
K "R" 
K 
K ' ME" 
K "FL2" 
K 
K 0 
K 
C 
C add column 
K "MO" 
K #RPLY=l 
K #IA=2 
K #LOOP4: 
K #IB=l 
K #IF (NPLY BQ 1) THEM #IB=2 
K #D01: 
K "CC" 
K 1 
K IA 
K #IB=IB+1 
K #IA=IA+l 
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K #IF (lB LE 3) THEN GOTO DOl 
K #NPLY=NPLY+l 
K #IF (NPLY LE (TPLY/2» THEN GOTO LOOP4 
C 
C add ro~ 
X #NELEM=2 
X #LOOP5: 
X "CR" 
J( 1 
X #NELEM=NELEM+1 
X #IF CNELEM LE TELEM) THEN GOTO LOOP5 
X "/" 
C 
C save table 1 
X "STO" 
X 
C 
C MAXING TABLE 2 FOR PLY PROPERTIES OF TOTAL ELEMENTS 
K #OUTPUT "MAXING TABLE 2 FOR PLY PROPERTIES OF TOTAL ELEMENTS" 
X "CR" 
X 1 
X "1" 
X 
X 
X 1 
X 
C 
C add column 
X "MO" 
X #NPLY=2 
X #LOOP6: 
X "CC" 
X 1 
X NPLY 
X #NPLY=NPLY+l 
X #IF (NPLY LE (TPLY/2» THEN GOTO LOOP6 
C 
C add ro~ 
X #NELEM=2 
X #LOOP7: 
X "CR" 
X 1 
X #NELEM=NELEM+1 
X #IF (NELEM LE 'l'ELEM) THEN GOTO LOOP7 
X "/" 
C 
C save table 2 
X "STO" 
X 
C 
C MAXING TABLE2.DAT 
X #OUTPUT "MAXING TABLE2.DAT" 
X "TR" 
X "OW" 
X TABLE2 
X 
X 
X 
K "WT" 
K 
K 
K 
K "CW" 
K 
C 
C .**COMPUTING STRESSES IN THE CENTER OF EACH ELEMENT FOR TABLE1". 
K #OUTPUT"COMPUTING STRESSES IN THE CENTER OF EACH ELEMENT FOR TABLE1" 
K #CONTROL=O 
C 
C POST PROCESSING TASK 
K "/" 
X "TA" 
K "P" 
C 
X #GOTO S_ TABLE 
X #M_TABLE: 
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C 
K 
K 
K 
K 
C 
K 
C 
K 
K 
K 
K 
K 
K 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
K 
K 
C 
C 
K 
C 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
K 
K 
C 
C 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
K 
C 
C 
K 
K 

#CONTROL=O 
#!:ELEM=l 
#GOTO S_FAILR 
#M_FAILR: 
nIF (CONTROL EQ 0) THEN GOTO S_TABLE 

"/" 
"TA" 
"PM" 
"CLO" 

••••••••••••• END OF MAIN PROGRAM ••••• ••••••••• 

••••••••••••••••••••••• 
• ANALYSIS SUBROUTINE • ••••••••••••••••••••••• 

:50~~Ô~:" ANALYSIS SUBflOUTINE" 
DEL IS A CHARACTER FOR DELETING ANALYS1S DATA SET IN S_MODIF 
#DEL=O 

"NM" 
"MS" 
"TA" 
"L" 
EXECUTION OPTIONS 
"E" 
"0" 
"SC" 
o 
"D" 
"SR" 
"OF" 
"/u 

CASE SET. USE CASE 1 
"C" 
"U" 
1 

METHOD OF SOLUTION 
"ME" 
"R" 
"1" 

OUTPUT SELECTION 
"0" 
"D" 
"SL" 
"SN" 
"SL" 
11/" 
"SO" 

CHECKING SINGULARIT1 
#IF ( Z_LIST(3) EQ 17761 ) THEN #SIHCHK="SIHGULARITY" 
#IF ( Z_LIST(3) EQ 17761 ) THEM GOTO S_OUTPUT 

CHECKING INFINITE DISPLACEMENT 
"NM" 
"P" 
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K "TA" 
K "P" 
K "A" 
C 
K "CU" 
K 1 
C 
K "GR" 
K "NE" 
K "E" 
K • 
K "y" 
C 
K "/" 
K "CO" 
K "REP" 
K "R" 
K "ON" 
K "E" 
K "T" 
C 
K #IF (NLINC EQ 1) TH EN #DISPMAX=Z_LIST(l1) 
K #DISPCR(NLINC)=Z_LIST(11)/DISPHAX 
K #IF (DISPCR(NLINC) GE 10) TH EN GOTO S_QUTPUT 
C 
C 
C CREA TING PLY STRESSES BY STRAINS 
K #OUTPUT "CREATING PLY STRESS BY STRAINS" 
K "/" 
K "A" 
K "CR" 
K "L" 
K "PS" 
K 2 
K 
K 
K 
K 
K 
K 
K 
C 
C PLY STRESS DATA SET CURRENT 
K "/" 
K "A" 
K "CU" 
K 3 
C 
C FRAME OF REFERENCE MUST BE MATERIAL AXIS, RAW DATA SWITCH OFF. 
K "CO" 
K "DA" 
K "F" 
K "MA" 
K ! 
K ! 
K "REP" 
K "R" 
K "OF" 
K "/" 
C 
K #IF (NUNC EQ 1) TH EN GOTO M_ANALl 
C 
C PEARL DATA MANAGER 
K #OUTPUT "PEARL DATA MANAGER" 
K "TA" 
K "PM" 
K "0" 
K MFNAME 
K "C" 
C 
K #GOTO S_TABLE 
C 
C .* •• ***** •• **END OF ANALYSIS SUBROUTINE***.** •• * •• ** 
C 
C 
C 
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c 
c c ••••••••••••••• * ••• 
C .TABLE SUBROUTINE. 
C ••••••••••••••• ** •• 
C 
K #S_TABLE: 
K #OUTPUT "TABLE SUBROUTINE" 
K #NELEM=l 
C 
CaLO STACK LENGTH MUST BE ZERO FOR GROUP ELEMENT 
K "/" 
K "TA" 
K "P" 
K "GR" 
K "a" 
K 0 
C 
K #LOOP8: 
C 
C POST PROCESSING TASK 
K "/" 
K "TA" 
K "P" 
C 
K #NPLY=l 
K #COLM1=1 
K #COLM2=2 
K #COLM3=3 
C 
C GROPE OF ELEMENTS 
K "GR" 
K "NE" 
K "E" 
K "L" 
K NELEM 
K 
K "y" 
C 
K #002: 
K "/" 
K "TA" 
K "P" 
C 
K "CO" 
C 
C X_STRESS COMPONENT 
K "DA" 
K "S" 
K "L" 
K NPLY 
K "X" 
K "REP" 
K "E" 
K "T" 
K #SIGMAXORG=Z_LIST(l) 
K ! 
C 
C Y_STRESS COMPONENT 
K "DA" 
K "S" 
K "L" 
K NPLY 
K "y" 
K "REP" 
K "E" 
K "T" 
K #SIGMAYORG=Z_LIST(l) 
K ! 
C 
CS_STRESS COMPONENT 
K "DA" 
K "S" 
K "L" 
K NPLY 
K "XY" 
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K "REP" ...... K "E" 
'.'t- li: "T" 

K #SIGMASORG=Z_LIST(l) 
C 
C PEARL DATA MANAGER 
K "/" 
K "TA" 
K "PM" 
C 
K "G" 
K 1 
C 
C DLD STACK MUST BE ZERO 
K "MA" 
K "a" 
K 0 
C 
K If/" 
K "A" 
C 
K "RV" 
K COLM1 
K NELEM 
K #SIGMAXAUX=Z_PRL_VAL+SIGMAXORG 
C 
K "RV" 
K COLM2 
K NELEM 
K #SIGMASAUX=Z_PRL_VAL+SIGMASORG 
C 
K "RV" 
K COLM3 
K NELEM 
K #SIGMAYAUX=Z_PRL_VAL+SIGMAYORG 
C 
K "l'' 

...... K "MO" 
K "E" ....... K COLM1 
K NELEM 
K SIGMAXAUX 
C 
K "E" 
K COLM2 
K NELEM 
K SIGMA SAUX 
C 
K "E" 
K COLM3 
K NELEM 
K SIGMAYAUX 
K "/If 
K "STO" 
K 
K 
C 
K #COLM1=COLM1+3 
K #COLM2=COLM2+3 
K #COLM3=COLM3+3 
K #NPLY=NPLY+l 
K #IF (NPLY LE (TPLY/2» THEN GOTO D02 
C 
K #NELEM=NELEM+1 
K #IF (NELEM LE TELEM) THEN GOTO Loopa 
c 
K #GOTO M_TABLE 
C 
C *************END OF TABLE SUBROUTINE***************** 
C 
C 
C 
C .. C 
C ... C ******************************* 
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c 
c 
C 
K 
K 
C 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
C 
K 
K 
K 
C 
K 
K 
K 
K 
K 
C 
K 
K 
K 
K 
C 
K 
K 
K 
K 
C 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
C 
K 
K 
C 
C 
K 
K 
K 
C 
C 
K 
K 
K 
C 
K 
K 
K 
C 
C 

* FAILURE ANALYSIS SUBROUTINE * 
******************************* 

#5 FAILR: 
#OÙTPUT "FAlLURE ANALY5IS SUBROUTINE" 

#LOOP9: 
#NPLY=l 
READING OLD NUMBER OF PLY PROf'BRTY NPPO(i) FROM TABLE ND. 2 ELEMENT 
"/" 
"TA" 
"PM" 
"G" 
2 
"AI' 
#D0300: 
"RV" 
NPLY 
NELEM 
#NPPQ(NPLY)=Z_PRL_VAL 
#NPPN(NPLY)=NPPO(NPLY) 
#NPLY=NPLY+l 
#IF (NPLY LE (TPLY!2» THEN GOTO D0300 
#NPLY=l 

#COLM1=1 
#COLM2=2 
#COLM3=3 

#0020: 
u/" 
"G" 
1 
"A" 

"RV" 
COLH3 
NELEH 
#SIGMAY=Z_PRL_VAL 

APPLYING FAILURE CRITERION 
#HTFH=O 
#HCFHH=O 
#HCFH=O 
#HTHH=O 
#HCMM=O 

#IF (SIGMAX GT 0) THEN GOTO TFM 
#IF (SIGMAX LT 0) THEN GOTO CFM 

tensile fiber mode 
#TFM: 
#HTFM=SORT«SIGMAX!XT)*(5IGMAX!XT)+(SIGMAS!S)*(SlGMAS/S» 
#GOTO N~XTl 

compresS10n fiber mode 
#CFM: 
#HCFHH=SQRT«SIGMAX!XC)*(SIGMAX/XC)+(SIGMAS!S)*(SIGMA5/5» 
#HCFH=-SIGMAX!XC 

#NEXTl : 
#IF (SIGMAY GT 0) THEN GOTO TMM 
#IF (SIGMAY LT 0) THEN GOTO CMM 

tenslle matrix mode 
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K 
K 
K 
C 
C 
K 
K 
C 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K : 
K : 
K : 
C 
C 
1< 
K 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 

#TMM: 
#HTMM=SQRT«SIGMAY!YT)*(SIGMAY/YT)+(SIGMAS!S)*(SIGMAS!S» 
#GOTO NEXT2 

compression matr~x mode 
#CMM: 
#HCMM~SQRT«SIGMAY!YC)*(SIGMAY/YC)+(SIGMAS!S)*(SIGMAS!S» 

#NEXT2: 
#IF HTMM GE 1) THEN #NPPN(NPLY)=2 
#IF HCMM GE 1) THEN #NPPN(NPLY)=2 
#IF HCFMM GE 1) THE~ #NPPN(NPLY)=4 
#!F HCMM GE 1 OR HTMM GE 1 AND HCFMM GE 1) THEN #NPPN (NPLY) =5 
#IF HTFM GE 1) THEN #NPPN(NPLY)=3 
#IF HCFM GE 1) THEN #NPPN(NPLY)=3 

#COLM1=COLM1+3 
#COLM2=COLM2+3 
#COLM3=COLM3+;, 
#NPLY=NPLY+l 
#IF (NPLY LE (TPLY!2» THEN GOTO D020 

CHANGING ALL TO 3 
#NPLY=l 
#00777: 
#IF (NPPN(NPLY) NE 3) THEN GOTO NEXT777 
#NPLY=l 
#00666: 
#NPPN(NPLY)=3 
#NPLY=NPL Y + 1 
#IF (NPLY LE (TPLY!2» THEN GOTO Dr d6 
#GOTO NEXTS6S 
#NEXT777 : 
#NPLY=NPL y + 1 
#IF CNPLY LE (TPLY!2» THEN GOTO D0777 
#NEXTS66 : 
CBECKING FOR FAILURE IN PLIES OF ELEMENT 
#NPLY=l 
#00400: 
#IF (NPPO(NPLY) NE NPPN(NPLY» THEM GOTO NEXT500 
#NPLY=NPLY+l 
#IF (NPLY LE (TPLY!2» THEN GOTO D0400 
#GOTO NEXTSOO 
#NEXT500: 
#NPLY=l 

CHECKING FOR CATASTROPHIC FAILURE 
#55=1 
#LOOP10: 
#IF CNELEM EQ NCELEM(SS» THEN GOrD NEXT1001 
#55=SS+1 
#IF (S5 LE TCELEM) THEN GOTO LOOP10 
#GOTO NEXT1002 
#NEXTI001 : 
#OUT=l 
#NEXT1002 : 

MOOIFYING TABLE NO. 2 
#CONTROL=1 
#D0700: U/,I 
"G" 
2 
"A" 
"RV" 
NPty 
NELEM 
#IF (NPPO(NPLY) EQ 4 AND NPPN(NPLY) EQ 2) THER #NPPN(NPLY)=5 
#IF (NPPO(NPLY) EQ 2 AND NPPN(NPLY) EQ 4) THER #NPPN(NPLY)=5 
"/,. 
"MO" 
"E" 
NPty 
NELEM 
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K 
K 
K 
K 
K 
C 
K 
K 
K 
K 
C 
K 
K 
K 
C 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
C 
C 
K 
C 
K 
K 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
K 
K 
C 
K 
K 
C 
C 
K 
K 
K 
K 
K 
K 
K 
K 
K 
C 
K 
C 
K 

NPPN(NPLY) 
"/" 
"STO" 

#NPLY=NPLY+l 
#IF (NPLY LE ~TPLY/2» TH EN GOTO D0700 
#NPPN(3)=NPPN 2) 
#NPPN(4)=NPPN 1) 

#GOTO S_MODIF 
#M_HODIF: 
#NEXT600: 

#NELEH=NELEH+ 1 
#IF (NELEH LE TELEH) THEN GOTO LOOP9 

MAKING TABLE2.DAT UP_DATE 
#IF (NLINC EQ 1) THEN GOTO NEXT333 
#OUTPUT "MAKING TABLE2.DAT UP _DATE" 
"/II 
"TA" 
"PM" 
"G" 
2 
"TR" 
"OW" 
TABLE2 
"A" 

"WT" 

"CW" 

#NEXT333: 

NUHBERS n-;- LOAD INCREMENT 
#NLINC=NLINC+ 1 

#IF (OUT EQ 1) THEN GOTO S_OUTPUT 
#GOTO H_FAlLR 

•••••••••••• END OF FAILURE ANALYSIS SUBROUTINE ••••••••••••• 

#S_MODIF: 

•••••••••• ***.******** 
*MODIFYING SUBROUTINE. 
* •••••••• * ••••• * •••••• 

#OUTPUT "HODIFYING SUBROUTINE" 

#DEL=DEL+l 
#IF (DEL NE 1) THEN GOTO NEXT900 

DELETE ANALYSIS DATA SETS 
#OUTPUT "DELETE ANALYSIS DATA SETS" II/fi 
"TA" 
"P" 
"A" 
"DE" 
• "Y" 
#NEXT900: 

#NPLY=l 

"1" 

lli 
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K "TA" 
K "L" 
K "LA" 
K #0040: 
K "MO" 
K "STK" 
K "MOD" 
K NPLY 
K NPPN(NPLY) 
K 
K 
K 
K 
K 
K 
C 
K #NPLY=NPLY+1 
K #IF (NPLY LE TPLY) THEN Gora D040 
K #NLD=NLD+1 
K "STO" 
K N!..D 
K 
K 
C 
C MODIFYING ELEMENT 
K "1" 
K "E" 
K "MO" 
K NELEM 
K "0" 
K "MT" 
K 
K "y" 
K "1" 
C 
K #GOTO M_MODIF 
C 
C ••••• ~ ••• END OF MODIFYING SUBROUTINE •••••••••••••••• 
C 
C 
C 
C 
C 
C C ••••••••••••••••••••• 
C * OUTPUT SUBROUTINE • 
C ••••••••••••••••••••• 
C 
K #S_OUTPUT: 
K #OUTPUT "OUTPUT SUBROUTINE" 
K #OUTPUT "NUMBER OF LOAD INCREMENT=", NLINC 
K #GOTO END 
C 
C •••••••••••• END OF OUTPUT SUBROUTINE ••••••••••••••••• 
C 
C 
C 
C 
C 
C 
j{ #END: 
E •••• END OF SESSION ***. 
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Appendix D 

Flow Chart of PLOT 

~ Main Program 

Input Telem & Nply 

Task = Pearl Data Manager 
Transtering Table2.dat into 

Pearl Data Base 

Finding No. of Iteration 

Nrow = 1 
Itrat = 1 

Task = Pearl Data Manager 
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APPENDIX D. FLOW CHART OF PLOT 

Main Program 
(Continue) 

Task = Pearl Data Manager 

Read Nelem, And Mode of Failure 
Nppn(Nelem)=Z_PrL Val 

NeJem = Nelem + 1 
Nrow = Nrow + 1 

No 
~---t Itrat = Itrat + 1 
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Mam Program 
(Continue) 

Ves 

Task = Pearl Data Manager 

Change the Color of Failed 
Element 

Nelem = Nelem + 1 

Save Graphical Output 
File = "Plot" + Itrat 
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Appendix E 

Computer Code (PLOT) 

e ******************************************************************** c * [ PLOT] • 
e * [ By Mahmood M. Shokneh ] * 
e : * (1991) * e : * This prograrn is developed ln IDEAl (I_DEAS language) for * 
e : * Graphical repr~sentation of damage in pin-loaded * 
C * composite plates. * 
C * * 
C ******************************************************************** 
C 
K #DELETE ALL 
K #INPUT "NUMBER OF TOTAL ELEMENTS" TELEM 
K #DECLARE NPP (TELEM) 
K #INPUT "INPUT PLY NUMBER THAT YOU WANT TO SEE THE RESULT ON IT" NPLY 
K #FILE="" 
C 
K #ECHO NONE 
C 
e TRANSFERRING TABLE2.DAT INTO PEARL DATA BASE. 
e 
K "/" 
K "TA" 
K "PM" 
K "0" 
K TEST 
K 
K "CR" 
K NPPl 
K 
K 
K NPP2 
K 
K 
K 
K 
K "TR" 
K "OR" 
K TABLE2 
K 
K "R" 
K 
K 
K 
K "/" 
K "STO" 
K 
C FINDING THE NUMBER OF ROW OF TABLE2.DAT 
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C 
K "MA" 
K "L" 
K "t" 
K "N" 
K "N" 
K #TROW=Z_LIST(l) 
K #TITRAT=TROW/TELEM 
C C •••••••••••••••••• MAKING PICTURE FILE •••••••••••••••••••••••••••• 
C 
K #NROW=l 
K #ITRAT=l 
K "1" 
K "TA" 
K "PH" 
K "G" 
K "1" 
K #DOOOO: 
K #NELEM=l 
K #D0001: 
K "1" 
K "TA" 
K "PM" 
K "A" 
K "RV" 
K NPLY 
K NROW 
K #NPP(NELEM)=Z_PRL_VAL 
K #NROW=NROW+ 1 
K #NELEM=NELEM+i 
K #IF (NELEM LE TELEK) THEM GOTO 00001 
C C •••••••••••••••••••• CHECKING FAILURE •••••••••••••••••••• *.* ••••••• 
C 
K #NELEM=l 
K #00002: 
K #IF (NPP(NELEM) NE 1) THEN GOTO NEXTOOi 
K #NELEM=NELEM+l 
K #IF (NELEM LE TELEM) THEN GOTO 00002 
K #ITRAT=ITRAT+l 
K #IF (ITRAT LE TITRAT) THEN GOTO DaOOO 
K #HEXT001: 
C C •••••••••••••• CHANGING COLOR OF FAILED ELEMENTS .*.** ••••• ** •••••• 
C 
K #NELEH=l 
K "1" 
K "TA" 
K "HP" 
K "E" 
K #D0003: 
K #IF (NPP(NELEM) EQ 1) THEH GOTO NEXT004 
C C ••••••••••••••••••••••• SELECTING COLOR •••••••••••• * ••••••••••• ft ••• 

C 
K #IF (NPP(NELEM) EQ 2) THEM #COLOR=14 
K #IF (NPP(NELEM) EQ 3) TH EH #COLOR=ll 
K #IF (NPP(NELEM) EQ 4) THEH #COLOR=l 
K #IF (NPP(NELEM) EQ 5) THEN #COLOR=8 
K "MO" 
K "L" 
K NELEM 
K "0" 
K "CO" 
K COLOR 
K 
K 
K #HEXT004: 
K #HELEM=NELEH+1 
K #IF (RELEM LE TELEM) THER GOTO D0003 
C 
C SAVING GRAPHICAL OUTPUT 
K #FILE="PLOT"+ITRAT 
K "/" 
K "DO" 
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K "CT" 
K "E" 
K "/" 
K "MF" 
K "PI" 
K "W" 
K "ON" 
K "F" 
K "B" 
K "REDI" 
K FILE 
K 
K "W" 
K "OF" 
K "DR" 
K #ITRAT=ITRAT+1 
K #IF (ITRAT LE TITRAT) THEN GOTO DOOOO 
E •••• END OF SESSION .**. 

1 ~.J 


