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Abstract

In this investigation the behavior of pin-loaded composite plates is studied ana-
lytically. A progressive damage model is presented which is capable of predicting the
three different mechanisms of failure: 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-loaded composite plates. Predicted results are compared with available exper-
imental data. Excellent agreement between the predicted and the experimental data
was found.

The computer code is used to study geometric parameters tha: influence joint
strength. Such studies are useful in designing mechanical fastened joints using ad-

vanced composites.




Résumé

Cette recherche fait 'object de ’analyse mathématique des plaques de matériaux
composites ayant des goupilles. Une mdéthode de modelage du dommage progies-
sif causé par ces goupilles est présentée. Cette méthode prédit les trois différents
mécanismes de rupture pouvant étre observés: rupture par flambage, cisaillement ot
tension. Le modele comprend trois parties: analyse des contraintes, analyse de la
rupture et dégradatior des propriétés du matériel.

Un logiciel d’ordinateur est développé, basé sur ce modele. Le logiciel détermine
les ruptures locales, évalue la résistance résiduelle et prédit la résistance ultime des
plaques composites. Les résultats prédits par ce modéle se compare de fagon excellente
aux données expérimentales.

Le logiciel est utilisé afin d’étudier les parametres géométriques qui peuvent influ-
encer la résistance des joints. Une telle étude est utile pour prédire le comportement

des matériaux composites lorsque des joints mécaniques sont utilisés.
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Chapter 1

Introduction

Increasing application of composite materials in highly stressed light weight construc-
tions necessitates more accurate knowledge of mechanical behavior of such materials.
Mechanically fastened joints are used for joining composite material components,
hence access i » a model for predicting the strength of such joints is very important
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 failure 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 strength of pin-loaded

joints is studied.
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CHAPTER 1. INTRODUCTION

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-loaded composite plates.

The investigations can be categorized into four groups, analytical, experimental,
numerical, and combined numerical-experimental techniques. It must be noted 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 isotropic 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-loaded holes in compos-
ites. Hyer and Klang [5] studied the effects of pin elasticity, friction, and clearance

on the stresses near the hole in a pin-loaded orthotropic plate. They showed that
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CHAPTER 1. INTRODUCTION 3

pin elasticity was not as important as clearance, friction. or the clastic properties of
the plate in determining contact stresses. Mangalgiri and Dattaguru [6] developed a
method for solving contact problems for an orthotropic plate with a smooth misfit pin
under arbitrary orientated biaxial loading. Hyer ef al. [7] stuaied the elfects of pin
elasticity, clearance, and friction on the stresses around the hole edge in a pin-loaded
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 elasticity to the study
of bolted joints in composites. Hyer and Liu [9] discussed the design, {abrication,
and testing of photoelastic models of double-lap, multiple-pin connectors. Hyer and
Liu [10] determined the stresses around the hole in pin-loaded 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-optic technique for measuring
the angle of contact in a clearance-fit bolt-loaded hole. Also they [13] studied the
influence of interfacial friction on the contact angle by using a fiber optic 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
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reinforced plastic. Crews el al. [16] calculated stresses for finite-size orthotropic lami-
nates loaded by a frictionless steel pin in a circular hole of the same diameter. Wilkin-
son and Rowlands [17] developed an iterative finite-element method for determining
stresses and strains near pin-loaded holes in finite orthotropic plates. They studied,
friction, and clearance between rigid pin and hole. Matthews et al. [18] presented
a three-dimensional finite element analysis of bolt- and pin-loaded fiber-reinforced
laminates. Rahman et al. [19] described an iterative finite element technique for
solving {rictional contact problems. Mangalgiri et al. [20] developed a simple finite
element technique to handle the moving contact problem at the pin-hole interface in
a fastener. Naik and Crews [21] developed a simple method for the stress analysis
of a clearance-fit bolt under bearing loads. They used a finite element method with
an inverse formulation. Ericksson [22] calculated contact stresses and stresses in the
vicinity of the hole boundary with account taken of the contact problem. He also
studied the effects of laminate elastic properties, clearance, friction, load magnitude,
and bolt stiffness. Tsujimoto and Wilson [23] investigated an elasto-plastic finite el-
ement analysis of pin-loaded joints in laminated composites. Yogeswaren and Reddy
[24] used a mixed finite element scheme with a dynamic as well as static coefficient of
friction in the evaluation of contact stresses in pin-loaded plates. Marshall et al. [25]
performed a three dimensional finite 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 loads.
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Combined Numerical-Experimental Techniques

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

Wilkinson et al. [28] determined stresses and strains associated with single-
fasten‘er mechanical joints in wood, numerically and experimentally. Rowlands et al.
[29] analyzed stresses of single- and double-bolted mechanical fasteners in orthotropic
materials numerically and experimentally. They studied the effects of variations in
friction, material properties, load distribution among the bolts, end distance, bolt
clearance, and bolt spacing. Hyer and Liu [30] 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 Analysis 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 some investigations on
failure analysis of pin-loaded composite plates.

For failure analysis of pin-loaded composite plates, investigators used different,
methods. Experimental, analytical, numerical, combined analytical-cxperimental,
and combined numerical-experimental methods have bheen 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 [35] showed experimentally that, in GRP ! with a 0/90°
lay-up, the clamping effect of the bolt prevents the delamination with consequent
increase in failure load. Quinn and Matthews [36] measured the pin-bearing strength
of glass fiber reinforced plastic plates. Matthews and Hirst [37] measured the bolt
bearing strength of single-hole specimens in CFRP 2, GFRP3, and GRP as the direc-
tion of bolt load was changed. Johnson and Matthews [38] indicated experimentally
that, 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 to determined the load carrying
capacity of composite bolted joints as a function of joint width, bolt diameter, joint
thickness, and the number of bolts. Godwin and Matthews [40] reviewed published
work, mostly experimental, relating to all aspects of screwed, riveted and bolt joints
in glass and carbon fiber-reinforced epoxy and polyester resin. Tang [41] proposed
a tension failure factor to determine the failure mechanisms of composite laminates
subjected to combined tension and bolt load. Wichorek [42] presented the results of
an experimental program to determine the bolted-joint strength and failure modes of
graphite/polyimide laminates. Matthews et al. [43] showed experimentally that, for
single bolt joints in 0/90° hybrid laminates, the bearing behavior is similar to that of

other types of fiber reinforced plastic. Collings [44] derived equations for predicting

1Glass fiber reinforced polyester
?Carbon fiber reinforced plastics

3Glass fiber reinforced plastics

e
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the ultimate bearing strengths of constrained pin-loaded holes using a semi-empirical
approach. Godwin et al. [45] presented the results of an experimental study of
multi-bolt joints in GRP. Collings and Beauchamp [46] described the bearing deflec-
tion behavior of a loaded, torque-tightened bolt in CFRP laminates. Kretsis and
Matthews [47] carried out tests on single-hole bolted joints in a variety of lay-ups
with two resin systems. Theuer and Arendts [48] studied bolt bearing strength and
notch sensitivity of carbon fiber reinforced carbon. Akay [19] examined pin bear-
ing behavior over a range of laminate system consisting of unidirectional and woven
carbon fiber reinforced epoxy matrices under static and dynamic loading. Friksson
[50] presented the results of an experimental program which measured the bearing
strengths of two different types of graphite/epoxy specimens. He also outlined 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 characteristic curve. They used the Yamada-Sun failure criterion to evaluate
the ultimate load and the failure mode. Smith et al. [52] presented a simple three
dimensional approach for predicting bearing stress at failure in a composite bolied
joint.

Numerical Methads

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 finite element method and
average stress criterion for predicting the various mechanisms of failure. Soni [56]
used two dimensional finite element method and tensor polynomial failure criterion
for predicting the strength of pin-loaded 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 an existing
model to laminates containing two or more pin-loaded holes. Chang et al. [60]
presented a method for calculating the failure strength and failure mechanisms of
composite laminates containing a pin-loaded hole for materials exhibiting nonlinearly
elastic behavior. They considered net tension anc < 1earout mechanisms, but a bearing
mechanism was not considered in their model. 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
Whitney-Nuismer point stress approach to predict the strength of pinned and bolted
composite joints. Lessard [64] 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.

Analytical-Experimental Methods

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

Klang and De Jong [65] presented an elasticity solution and experimental results
for a finite width joint with one connector. Oplinger [66] summarized the results of
analytical and experimental studies on pinned or boltcd joints. Hart-Smith [67] dis-
cussed the various factors affecting the strength of bolted or riveted joints in advanced
composites. Smith and Pascoe [68] measured the pin-bearing strengths of different
stacking sequences of quasi-isotropic CFRP laminates. Smith et al. [69] presented
results for the strengths of single-lap bolted joints as functions of width and edge
distance. Naik and Crews {70] presented a combined experimental and analytical
study conducted to investigate and predict the damage-onset failure mechanisms of
a graphite/epoxy laminate subjected to combined bearing and bypass loading,

Numerical-experimental Methods

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

Tsiang and Mandell [71] investigated the buildup of damage in bolt-loaded com-
posite laminates. Serabian and Oplinger [72] studied pin-loaded composite plates by
a linear and nonlinear elastic, 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-loaded laminate. Crews and Naik [73]

conducted a combined numerical and experimental study to determine the behavior of
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a graphite/epoxy laminate subjected to combined bearing and bypass loading. Conti
[74] investigated the influence of geometric parameters on the stress field generated in
a laminate with a pin-loaded hole. He also used Azzi-Tsai failure criterion for predict-
ing the laminate strength. Jurf and Vinson [75] presented an investigation into the
bolted joint strength of kevlar/epoxy and graphite/epoxy composite laminates. Tsai
and Morton [76)] investigated a quasi-isotropic graphite/epoxy plate loaded through
an aluminum pin. They used a hybrid experimental/numerical analysis to determine

the displacement 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 useu 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-loaded 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 developed. The model is capable of predicting the three different mechanisms of
failure, bearing, shearout, and net tension.

Based on the mode! 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 some experimental results.
By using the computer code, the effects of ply orientation, type of loading, and

geometric parameters on the strength and response of the plates are also studied.




Chapter 2

Description of the Problem

Consider a composite plate with a pin-loaded hole, i.e., 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 re shown in Fig. 2.1.

The plate is a laminated composite (Fig. 2.2) made of layers of continuous fibers
embedded in an organic matrix. Each layer of the laminate is called a “ply” or
“unidirectional layer”. The ply orientation of laminate can be selected arbitrarily,

but it must be symmetric ! 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 near the edge of the hole. This

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

1Ply orientation must be symmetric in order to prevent out-of-plane deflection.

12
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Pin

Figure 2.1: Description of the problem,

13
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Figure 2.2: Sketch of a laminated composite.
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will propagate in different directions. Finally at higher load, damage will propagate
to an extent that the plate can not tolerate any additional load. 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, shearout,
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 failure, 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 Requirements

In this research it is desired to develop a progressive damage model ® for finding:
e First ply failure load.
e Direction of failure propagation (failure mechanisms).
¢ Residual strength.

e 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

2A model that is capable of assessing damage with arbitrary ply orientations and of predicting
the ultimate tensile strength of the laminates. The model determines the state of propagation of

damage at any load level, from failure imitiation, to ultimate failure,
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y
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Figure 2.3: Different mechanisms of failure in pin-loaded composite plate.
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finite element method ® has been used. Afterwards, for predicting failurc, the stresses

must be checked by a set of failure criteria .

Then, on the condition that failure
exists, material properties of the failed region must be changed and the whole process
must be repeated until the plate can not tolerate any more load.

For this purpose a user-friendly computer code was developed. It has been called
“PDPIN” 5. This code can be used to analyze and design laminated composites con-

taining pin-loaded hole. Details of the model and the computer code are explained in

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 ultimate strength of pin-loaded

composite plates.

3Refer to chapter 3 for more details.
4Refer to chapter 4 for more details.

SAbbreviation of progressive damage modeling of pin-loaded composite plates.




Chapter 3

Stress Analysis

So far there is no exact closed form solution for a pin-loaded 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 !, the finite element technique has been utilized for stress analysis
in this research. The stress analysis was carried out using I-DEAS [77] software.

For analyzing the stresses in a pin-loaded 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 stacking sequence are examples showing that for accurate
analysis of a pin-loaded composite plate, three dimensional analysis is needed. But
computational costs are a severe restriction for using three dimensional finite element
analysis. On the other hand, two dimensional finite element analysis has been used

by many authors, such as [15,51,55-62,64] successfully. Therefore by considering some

For more details refer to chapter 6.

18
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assumptions two dimensional stress analysis has been used in this research.

3.1 Assumptions

Two dimensional Stress Analysis

By considering the following restrictions, two dimensional stress analysis can be

used successfully:

o The thickness of the laminate must be small compared with its length and width

(plane stress condition).
o The applied load must be in-plane. [58]
o The applied load must be symmetric with respect to the mid-plane. 2 [58]

e 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 (e.g. the difference
between [0/ + 45/90], and [90/ £ 45/0], is not considered. It has 10 to 20

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

Friction Between Pin and Hole

The effect of friction between pin and hole on the stresses around the hole has been
investigated by many authors [2,5,7,13,17,19,22,24,29]. This parameter is studied in
this research b-.* is not considered in the failure analysis. For more details refer to

section 3.4.2.

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 hole 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 |57, 58, 60] that this assumption provides reasonable results for lami-
nates containing pin-loaded hole except for ply orientations [+45], and [0/90],, where

differences up to 40% were noted.

3.2 Boundary Conditions

Because of symmetry with respect to the Y-axis (Fig. 3.1) half of the plate can be
considered for analysis. Thus all 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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Figure 3.1: Finite element model of a pin-loaded composite plate.
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AG (Fig. 3.1 (a)). Nodes on this edge must be fixed in the Y-axis direction and be
free 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 be modeled by applying displacement boundary condi-
tions around the hole (nodes on arc BE must be fixed radially and be 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 been used by
[22,25,34,55,56,74]. The obtained stresses around the hole by this method are more

reliable. 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 library 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 model. After checking the stresses extracted

from these elements it was concluded that the second element is more accurate than
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the first for this problem, therefore the parabolic quadrilateral thin shell element has
been used for stress and failure analysis of the problem.

Linear Quadrilateral Thin Shell Element

This is an element with four nodes, and each node has threc translational degrees
of freedom and three rotational degrees of freedom. (Fig. 3.2 a)

Parabolic Quadrilateral Thin Shell Element

This is an element with eight nodes, and each node has three translational degrees

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-loaded composite plate, 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 ? stresses (o) along the line AB, the arc BE, and
the line EF (see Fig. 3.1) are computed by using the two different kinds of elements.
After selecting parabolic quadrilateral elements, because of accuracy, the effect of
the friction between the pin and edge of the hole on the stresses around the hole is

studied.

3Gtresses in material axis directions. For more details refer to appendix A.
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(a) Linear Quadrilateral Element

(b) Parabolic Quadrilateral Element

v
Edge 2
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Figure 3.2: Two types of element.
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-
- Material Properties Symbol (units)
Longitudinal Modulus E, (GPa) 156
Transverse Modulus E, (GPa) 13
Shear Modulus E, (GPa) 7
Poisson’s Ratio Vg .23
Longitudinal Tensile Strength Xi (MPa) 1517
Longitudinal Compressive Strength | X, (MPa) 1593
Transverse Tensile Strength Y, (MPa) 46
Transverse Compressive Strength Y. (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) 254

Thickness t (mm) 3.429

Laminate Config. | Loading Symbol (units)
[0/ £ 45/90]5 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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3.4.1 Comparison of Two Element Types

Linear Elements

On-axis stresses (o) in the center of each element, along the line AB for each ply
are shown in Fig. 3.3.

On-axis stresses (o) in the center of each element, along the line 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 (o), 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 70° and 90° seem
slightly inaccurate (the curves are not smooth).

Parabolic Elements

On-axis stresses (o) in the center of each element, along the line AB for each
plies are shown in Fig. 3.6.

On-axis stresses (o), in the center of each element along the line EF for each ply
are shown in Fig. 3.7. As shown in this figure the stresses tend to zero in the region
far from the edge of the hole.

On-axis stresses (o), 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 70° and 90° 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.

After comparison between the extracted stresses from the linear and the parabolic
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Figure 3.3: On-axis stresses along the line AB.
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Figure 3.4: On-axis stresses along the line EF.
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Figure 3.5: On-axis stresses along the arc BE.
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Parabolic Element
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Figure 3.6: On-axis stresses along the line AB.
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Figure 3.7: On-axis stresses along the line EF.

10



o, (MPa)

CIHIAPTER 3. STRESS ANALYSIS 32

300

200

100

-100

=200

-300 |

400 |1

-500

Parabolic Element

. -
X—-—Mh /3/
b
/
——p—0"] L
nG - -
N>
Mk‘ >,
F \\ B A
T300/976 | § -y
(0/+45/-45/90)sI T—a— p1y1 [T Al .
D =6.35 (mm) M———-.—— \B\
t = 3.429 (mm) [ Ply2 | B 2 g
W/D = 4 -+~ Ply3 “t |F
ED =4 |—— Ply4 |-
15 30 45 60 75 90

Center of Element From Point "E" (deg.)
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elements, it is obvious that the parabolic element is more accurate for this problem.

Hence this type of element is used for failure analysis.

3.4.2 Study the Ef»+ of Friction

For modeling the friction between the pin and the edge of the hole, all of the nodes
around the arc BE are fixed tangentially. By this assumption coefficient of friction
between the pin and the edge of the hole is assumed to be infinite [25]. By using
parabolic quadrilateral elements, stresses in the center of each element 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 the stresses far
from it). Because of this problem it would appear that the model in this situation is

slightly overconstrained.

3.5 Summary

After comparison between extracted stresses from the linear and the parabolic cle-
ments, the latter element is used for stress and failure analysis of the problem. It is
assumed that there is no clearance between pin and hole, and pin is assumed rigid.
Material properties of the composite plate are assumed linear 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.
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Figure 3.9: Comparison between linear and parabolic elements.




CHAPTER 3. STRESS ANALYSIS 35
L 4
&b
Effect of Friction
100 : T
%\ — = Pyl |
50 o —— Ply2 ||
-
; \\ —=— Ply3
. \\ —o—  Ply4 |
" VS et ®
s .
= R
= -50 ~
° RINE: cum = i
-~ il N Y
B -100 T300/976 Y
< / [0/+45/-45/90] \ Al ol
D = 6.35 (mm) N | Bl
-150 P t = 3.429 (mm)
o N i
E/D =4 ™
-200 * ‘
0 5 10 15 20 25
Center of Element From Point "B" (mm)

Figure 3.10: On-axis stresses along the line AB.
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Figure 3.11: On-axis stresses along the line EF.
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Figure 3.12: On-axis stresses along the arc BE.




Chapter 4

Failure Analysis

To analyze the strength of a laminated composite, it would be extremely costly and
time consuming to perform static tests for all possible stacking sequences. Thus for
this purpose, strength theories are required. Failure analysis is a tool for predicting the
strength of materials under complex loading conditions using strength data obtained
from uniaxial tests. There are numerous failure criteria for composite materials [78],
each with some 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 Humphris [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 characteristic distance. Tsiang and Mandell [71]
applied the Tsai-Hill and maximum stress failure criteria. Conti [74] applied the Azzi-

Tsai failure 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 [64]
used another modified Hashin failure criteria.

Most of the existing failure criteria are not able to determine the modes of failure!.
Among them, Hashin failure criteria are suitable for distinguishing between the dif-
ferent modes of failure. In this research Hashin failure criteria [79] modified by Chang
and Chang [62], and Lessard [64] have been used. This set of failure criteria is able to

distinguish between the modes of failure and to find all of the mechanisms of failure®.

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, matriz tension failure
mode, matriz compression failure mode, fiber tension failure mode, fiber compression
failure mode, and fiber-matriz shearing failure mode (Fig. 4.1).

Matrix Tension Failure Mode

For predicting matrix tension failure mode (o, > 0), the failure criterion has the

form

(2) +(2) =4 (.1)

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

stresses o, and o, satisfy Eq. (4.1) (with ep+ > 1), the layer fails by matrix tension.

1For 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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Figure 4.1: The five failure modes, viewed at the ply level.
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Matrix Compression Failure Mode
For predicting matrix compression failure mode (g, < 0), the failure criterion has

the form

(2) +(2) = (4.2)

This failure criterion states that when, in any one of the plies in a laminate,
the stresses o, and o, satisfy Eq. (4.2) (with ep- > 1), the layer fails by matrix
compression.

Fiber Tension Failure Mode

For predicting fiber tension failure mode (o, > 0), the failure criterion has the

form

=

oz \2 os\?
('X—) + (3—) = ehy (4.3)

This failure criterion states that when, in any one of the plies in a laminale, the
stresses o, and o, satisfy Eq. (4.3) (with ep+ > 1), the layer lails by fiber tension.

Fiber Compression Failure Mode

For predicting fiber compression failure mode (0, < 0), the failure criterion has

the form

(%)2 =k (4.4)

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

@ stresses o, satisfy Eq. (4.4) (with ep- > 1), the layer fails by fiber comnpression.
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This failure criterion was developed and used by Chang and Lessard [80] for an-
alyzing compression failure in laminated composites containing an open hole. Fiber
compression failure mode corresponds to the bearing mechanism, therefore by this
failure criterion (Eq. 4.4) the bearing mechanism can be modeled.

Fiber-Matrix Shearing Failure Mode

For predicting fiber-matrix shearing failure mode (s, < 0), the failure criterion

has the form

oz \? o5\ ?
(%) +(3) = 1)
This failure criterion states that when, in any one of the plies in a laminate, the

stresses o, and o, satisfy Eq. (4.5) (with epp- > 1), the layer fails by fiber-matrix

shearing.

4.2 Summary

It is believed that the accurate study and design of pin-loaded joints in laminated
composites cannot be achieved without using a progressive damage model, 2 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.

3This model is explained in chapter 6.
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Chapter 5

Material Property Degradation

Conventional stress analysis like laminated plate theory is by definition limited to an
intact continuum. Thus after failure occurrence in a ply, laminated plate theory 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

upon the modes of failure explained in the previous chapter. Each mode of failure

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

43
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>4

corresponds to a special material property degradation rule [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 £, and
Poisson’s ratio v, are reduced to zero, i.e., the matrix can no longer carry any load in
tension. However, the longitudinal modulus £, and shear modulus F, are unchanged,

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

For o, > 0 and epr+ > 1

(E.) (E:)

E, 0

4 E,f—HE,f (5.1)
Vg Vi

[ vy ) ( 0 )

or in the form of stiffness matrix
E Eyv.
—t . 2T
I=vxvy  l-wyyy 0 E. 0 0

Erv E
Iy v —
I—vxvy  1-uvxiy 0 0 0 0

0 0 E, 0 0 E

Material Property Degradation Due to Matrix Compression Failure

Mode

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

to the composite ply as the matrix tension failure mode. Thus the transverse modulus
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- E, and Poisson’s ratio v, are reduced to zero while the longitudinal modulus E, and
et shear modulus F, are unchanged.
For 0, < 0 and epr- > 1
(E, W (E;)
E, 0
j E, L - E, (5.2)
Vs Vg
\ Yy ) L 0 )
or in the form of stiffness matrix
- 1—’_5{,—7 0 E. 0 0
%v; l_ﬂ-y; 0[—1{0 0 0
-, 0 0 E, 0 0 L
< Material Property Degradation Due to Fiber Tension Failure Mode

Fiber tension failure mode (Eq. 4.3) in a ply is a catastrophic mode of failure and
when it occurs, the material in that region cannot sustain any additional load. Thus
the material properties for the failed ply and all other plies are reduced to zecro.

Foro, >0and ep+ > 1

(E, ) (0)
E, 0

{E, } =<0} (5.3)
Vg 0

L vy ) L 0)

% or in the form of stiffness matrix
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i B 000

T=vyvy 1—vxvy

Ew B g1 S100 0
1—wxvy T=vxvy

0 0 E, 0 0O
Material Property Degradation Due to Fiber Compression Failure Mode

The fiber compression failure mode (Eq. 4.4) is a catastrophic mode of failure and
when it occurs, the material in that region cannor sustain any more load. Thus the

material properties for the failed ply and all other plies are reduced to zero.

For 0, < 0 and ep- > 1

(E,)  (0)
E, 0

le, b= lol (5.4)
Vg 0

\ Vy ) .0 )

or in the form of stiffness matrix

B _Ew:._ 0 0 0
T=uxpy 1—-uey

Eru, E,
Ery . Ty
1wy 1-vxvy 0 - 0 0 0

0 0 E, 0 0O
Material Property Degradation Due to Fiber-Matrix Shearing Failure

Mode
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 be

carried. This is modeled by reducing the shear property and the Poisson’s ratios, v,

and vy, to zero.
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For 0, < 0 and egpy- > 1

( E:) E.)
E!/ E!/
1B —=10 ¢ (5.5)
Vg 0
L Yy ) (L 0 )

or in the form of stiffness matrix

E; Eyv
I
l—llxlly 1—Vxlly 0 Ex 0 0

Ezuy Ey
z
1—~vyvy 1—wyuy 0 - 0 E!I 0

0 0 £ 0 0 0

5.2 Summary

Each mode of failure corresponds to a suitable material property degradation rule.
Thus for each mode of failure, predicted by the set of failure criteria (Eqs. 4.1 to 4.5),
a suitable equation for material property degradation (Eqgs. 5.1 to 5.5) is associated.

These equations are required for establishing a progressive damage model.




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 discrete
failure criteria coupled with material property degradation rules, for analysis of pinned
composite joints in net tension or shearout failure mechanism.

The objective of this chapter is to establish a model which can simulate dam-
age progression {rom initial failure (first ply failure) to catastrophic failure (ultimate
strength) for pin-loaded composite plates failing in net tension, shear-cut, and bearing
mechanisms. A computer code is developed in IDEAL (I-DEAS language [77]) for
this purpose.

The model consists of three major parts, namely, stress analysis, failure analysis,
and material 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 model is given in Fig. 6.1. A
pin-loaded composite plate is modeled by two dimensional finite element meshes and
suitable boundary conditions. Because of the symmetry, only half of the plate is
considered (Fig. 6.1a).

Before first ply failure (failure initiation), the composite plate behaves linearly
elastic (Fig. 6.1a). As the plate is loaded further, damage ! will begin to appear,
usually near the stress concentration at the hole boundary (Fig. 6.1b).

At this stage, material properties of the failed region must be changed with suitable

2, By increasing the load at this step, damage

material property degradation rules
will propagate and will eventually reach the edge of the plate (Fig. 6.1c). At this

point, composite plate cannot tolerate any more load, therefore the point ol ullimale

strength has been reached.

6.1.1 Details of The Model

As was mentioned already, the progressive damage model is an integration of stress
analysis, failure analysis, and material property degradation rules. The details of the
model can be best described with the help of the flow chart shown in Fig. 6.2.

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

1) First, the finite element model must be prepared. In this step the physical

1Damage can be detected by failure criteria (explained in chapter 4.)

2Material property degradation rules are explained in chapter 5.
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First Ply Ultimate
Load Load Failure Load Strength
Shortening Shortening Shortening

(@) (b) (©)

Figure 6.1: A simplified demonstration of the progressive damage model.
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Model Preparation

Stress Analysis

Failure Analysis

Material property
Degradation

Figure 6.2: Flow chart of the progressive damage model.
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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
increment. In this step, on-axis stresses, 2 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 (Egs. 4.1 to 4.5) failure analysis is performed for all
elements. If the failure criteria are not met, there is no failure at this load increment.
Al this stage the program returns to 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 model. 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) Incremental 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-axis stress is presented in appendix A.
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code, designated “PDPIN”. The code has been written in IDEAL (I-DEAS language)
[77]. The flow chart of the computer program, and the computer code are presented

in appendix B and C, respectively.

6.2 Explanation of the Output of the Computer

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 failed element.
This file is processed by another file “PLOT.PRG” *. Alter processing, the result is
a graphical representation of the damage propagation for each ply of each eclement
of composite plate. It means that the computer code simulates the initiation and
propagation of damage from first ply failure to catastrophic failure.

As an example of the output of the computer code, the graphical results of the
simulated behavior of a [0/90], pin-loaded composite plate is presented in this section.

The specifications of the plate, material type, loading condition, and graphical
result of the damage propagation of ply number one (0° ply) are shown in Fig. 6.3.
Damage is initiated on the hole boundary about 45° from the loading direction af
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 a
load of 5563 N, failure reaches the edge, and the program is stopped. As shown in

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

4F|ow chart and computer code of PLOT.PRG is presented in appendices D and E, respectively,
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Figure 6.3: Graphical representation of damage propagation of {0/90]; at different

load steps.
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6.3 Summary

A progressive damage model based on the three major parts, stress analysis, failure
analysis, and material property degradation, is established. A computer code based
on the model is developed. The model is capable of assessing damage, cvaluating
residual strength, and predicting ultimate strength of pin-loaded composite plates.
The progressive damage model and the corresponding computer code are capable of
assessing all three different mechanisms of failure, namely, net tension, shearout, and
bearing. Therefore the model and the computer code can be used for optimum design

of pin-loaded composite plates.




Chapter 7

Results and Discussions

In the previous chapter, a progressive damage model was established by implementing
three major parts, namely, stress analysis, failure analysis, and material property
degradation in a user friendly computer code “PDPIN”. The model can now be used
to study the behavior of pin-loaded composite plates.

In the following sections, experimental validation of the model is discussed, and
a parametric study of different laminate configurations ([0/90], and [0/ + 45/90],),
diflerent plate dimensions (W/D, E/D), and different loading conditions (tension or

compression) is presented.

7.1 Experimental validation of the model

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.

56
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Case | D (mm) | W/D [ E/D | t/D | Lam. Config.

a 476 | 5.336 | 2.983 | .224 | [0/ £ 45/90],
b 476 | 8.025 | 4.013 | .224 | [0/ + 45/90],
c 476 | 8.025 | 2.038 | .224 | [0/ & 45/90),

Table 7.1: Experimental data.

Also the material properties of T300/SP286, used by [83] are presented in table 7.2.

The results of three case studies are presented in table 7.3. The cxperimental
results from Ref. [83] have been presented for the purpose of comparison.

In case (a), the predicted failure load by the model is 4450 N, and the experimental
failure load is 4982 N, therefore the absolute error is 10.7%, showing a good agreement
between model and experiment. The experimental mechanism of failure is net tension.
The predicted failure mechanism is combined shearout and net tension.

In case (b), the predictea failure load is 5340 N, and the experimental failure load
is 5137 N. Absolute error is 3.9%, showing a very good agreement between model and
experiment. The experimental mechanism of failure is bearing. The predicted failure
mechanism is combined bearing and shearout.

In case (c), the predicted failure load by the model is 4450 N, and the experimental
failure load is 4226 N. Absolute error is 5.3%, showing a very good agreement between
the model and experiment. The experimental mechanism of failure is shearout. The
predicted failure mechanism is also shearout.

As an example of this set of data, the predicted mechanism of failure of case (c),
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Material Properties Symbol (unit)
Longitudinal Modulus E. (GPa) 130
Transverse Modulus E, (GPa) 8
Shear Modulus E, (GPa) 5
Poisson’s Ratio Vg 3
Longitudinal Tensile Strength X: (MPa) 1231
Longitudinal Compressive Strength | X, (MPa) 1083
Transverse Tensile Strength Y: (MPa) 50
Transverse Compressive Strength Y. (MPa) 193
Shear Strength S (MPa) 50
Table 7.2: Material properties of T300/SP286.
Case | Predicted Failure | Average Experimental % Error
Load (N) Failure Load (N) [83] | |(1- f&=) +100|

a 4450 4982 10.7

b 5340 9137 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. 7.1.

By comparing of the results of the model and the experimental results, it can be
concluded that the model is capable of assessing damage, evaluating the mechanism
of failure, predicting the recidnal strength. and finding the maximum strength of
laminated composites containing a pin-loaded hole. Therefore a reliable parametric
study of different laminate configurations ([0/90], and {0/ £ 45/90],), different plate
dimensions (W/D, E/D), and different loading conditions (tension or compression)

can be performed.

7.2 Parametric Study

In this section the results of parametric study of a cross ply laminate [0/90], and a
quasi-isotropic laminate [0/ £ 45/90], are presented. For each of these configurations
under tension or compression pin load, mechanism of failure, and variation of ultimate

strength with respect to different W/D and E/D are studied.

7.2.1 Cross Ply Laminate

By considering a constant width to diameter ratio (W/D), and changing edge distance
to diameter ratio (E/D), the behavior of a pin-loaded cross ply laminate [0/901, is
studied. Variation of strength of the cross ply laminate with variation of /D, under
tension and compression, is demonstrated in Fig. 7.2 and Fig. 7.3, respectively. [t
is well known from experimental data [40] that, for a fixed large value of E/D (or

W/D), bearing strength increases with W/D (or E/D) and rcaches a platcau. The
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FAILURE MODES T300/SP286
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E/D =2.038
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~
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et

Ply 4 at Final Failure Load

Figure 7.1: Predicted mechanism of failure for case (c) of experimental data.
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behavior of curves in Fig. 7.2 and Fig. 7.3 corresponded completely to experimental
evidence [40, 43, 47).

As an example of this set of data, predicted mechanisms of failure of the cross
ply laminate, with constant W/D and different E/D, under tension. are shown in
Fig. 7.4. By increasing E/D, the mechanism of failure is changed from shearout to
bearing. This behavior corresponds to experimental evidence.

Also by considering a constant edge distance to diameter ratio (12/D), and chang-
ing width to diameter ratio (W /D), the behavior of a pin-loaded cross ply laminatc is
studied. Variation of strength of the cross ply laminate with variation of W/D, under
tension and cornpression, is demonstrated in Fig. 7.5 and Fig. 7.6, respectively. The
behavior of curves in these figures corresponded completely to experimental evidence.

As an example of this set of data, propagation of failure of the cross ply laminate,
with W/D=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 loading
direction at a load of 5563 N. By increasing load, damage propagates around the
hole. At a load of 8900 N, multiple failure modes occur near the hole boundary.
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 shearout mechanism.

7.2.2 Quasi-Isotropic Laminate

By considering a constant width to diameter ratio ( W/D ), and changing edge dis-
tance to diameter ratio ( E/D ), the behavior of a pin-loaded quasi-isotropic laminate

[0/ £ 45/90], is studied. Variation of strength of this quasi-isotropic laminate with
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[0/90]s, Under Tension
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-|W/D = 4
300 Q/ {17
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Bearing Strength, P/Dt (MPa)

Figure 7.2: Variation of ultimate strength of a cross ply laminate [0/90],, under

tension pin load, with variation of E/D.
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[0/90]s, Under Compression

650
)
-
= 620
<+ W4
S /
R« 590 5
g aul
gﬂ T300/976
o 560 E D, |1 D = 6.35 (mm)
T = 1 t = 3.429 (mm)
b ) Y4 - Hwmp=4
T y4
£ 530 1
£ 7 —
2 f
500
1 2 3 4 5

E/D

Figure 7.3: Variation of ultimate strength of a cross ply laminate {0/90],, under

% compression pin load, with variation of E/D.
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FAILURE MODES
Fiber (Tens./Comp.) mA BSglg?S
™Matrix & Shearing 127 Is O
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P
=
E/D =1 ED=2 ED =3 ED = 4

Figure 7.4: Mechanisms of failure of a cross ply laminate [0/90], with different E/D,

for ply 1, under tension pin load.
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Figure 7.5: Variation of ultimate strength of a cross ply laminate [0/90],, under

% tension pin load, with variation of W/D.
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[0/90]s, Under Compression
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Figure 7.6: Variation of ultimate strength of a cross ply laminate [0/90],, under

compression pin load, with variation of W/D.
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FAILURE MODES T300/976 @P
Fiber (Tens./Comp.)  ®| ([0/90]

Matrir & Shearing D = 6.35 (mm)

Matrix (Tens./Comp.) t = 3.429 (mm) O
Fiber/Matriz Shearing m| |w,;p - 4.

E/D = 4.

5562 N 7787 N 8900 N 13350 N

Figure 7.7: Graphical representation of damage propagatios of [0/90],, in ply 1, under

compression, at different load levels.
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variation of E/D, under tension and compression, is demonstrated in Fig. 7.8 and
FFig. 7.9, respectively. The behavior of curves in these figures corresponded com-
pletely to experimental evidence.

As an example of this set of data, propagation of failure of the quasi-isotropic
laminate, with W/D=4 and E/D=4, under compression, at different load levels, is
shown in I'ig. 7.10. Damage is initiated on the hole boundary about 0° from the
loading direction at a load of 11125 N. By increasing the load, damage propagates
around the hole. At a load of 13350 N, multiple failure modes occur near the hole
houndary. Finally, at a load of 20025 N, because of large deflection, the computer
progiam is stopped. As shown in Fig. 7.10, the composite plate failed by a combined
bearing and shearout mechanism.

Also by considering a constant edge distance to diameter ratio (E/D), and chang-
ing width to diameter ratio (W /D), the behavior of a pin-loaded quasi-isotropic lam-
inate is studied. Variation of strength of the quasi-isotropic laminate with variation
of W/D, under tension and compression, is demonstrated in Fig. 7.11 and Fig. 7.12,
respectively. The behavior of the curves in these figures corresponded completely to
experimental evidence.

As an example of this set of data, propagation of failuse of a quasi-isotropic lam-
inate, with W/D=2 and E/D=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 increasing 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 deflection, the computer
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Figure 7.8: Variation of ultimate strength of a quasi-isotropic laminate [0/ £ 45/90],,

t under tension pin load, with variation of E/D.
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[0/£45/90]s, Under Compression
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Figure 7.9: Variation of ultimate strength of a quasi-isotropic laminate [0/ +45/90},,

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




CHAPTER 7. RESULTS AND DISCUSSIONS 7l

- FAILURE MODES T300/976 @P
ht Fiber (Tens./Comp.)  ®| |[0/+45/-45/90]¢

Matrix & Shearing B |p=6.35(mm

Matrix (Tens./Comp.) B [{_3429 ((mm)) O

Fiber/Matrix Shearingm| (wp = 4.

ED= 4.
L = il
-
-
11125 N 13350 N 20025 N
Figure 7.10: Graphical representation of damage propagation of [0/ & 45/90},, in ply

! x 1, under compression, at different load levels.
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Figure 7.11: Variation of ultimate strength of a quasi-isotropic laminate [0/ £45/90],,

under tension pin load, with variation of W/D.
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Figure 7.12: Variation of ultimate strength of a quasi-isotropic laminate [0/ £45/90],,

t under compression pin load, with variation of W/D.
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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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Figure 7.13: Graphical representation of damage propagation of [0/ £ 45/90],, in ply

E 4, under tension, at different load levels.




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-loaded composite plates. The model is implemented in a user friendly com-
puter code. The progressive damage model und the corresponding computer code
are capable of assessing all 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 model.
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8.2 Recommendations

-
A
In order to extend the capability of the progressive damage model developed in this
research, the following recommendations should be considered:

e Failure of pin and bolted joint is a three dimensional phenomenon. Hence for the
purpose of accurate study of this phenomenon, an analysis must include through
thickness stresses. By this extension, delamination, an important problem in
mechanically fastened joints, can be taken into account.

e The constitutive equation for shear stress and shear strain of composite materi-
als is highly nonlinear. By implementing this nonlinearity in the stress analysis
part of the model, accuracy of the results for special laminate configurations

:: will be improved.

e There are several possible ways to model the holt/hole contact problem. One
way is to assume a cosine load distributed around the hole. It has been proven
that this method is not very accurate. Another way is to apply displacement
boundary conditions around the hole, which is more accurate than the first one.

Performing a complete contact analysis is a third possibility, which is certainly

the most accurate method.

e Friction between pin and hole is an important problem to be considered.In a real

situation, the coefficient of friction can vary for the different plies of a laminate.
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Appendix A

Transformation Equations

In isotropic materials, physical properties do not change with reference coordinates.
Principal axes are useful for such materials and maximum principal strains and

stresses are applicable in failure theories.

<N
e
In composite materials, properties are not isotropic, thus they change with 1efer-
ence coordinates. Transformation from one coordinate system to another is a uscful
tool for stress and failure analysis of composite materials. FFor a laminate there are
two coordinate systems: 2
' X "on-axis"
AN /
“
7
/ —=1 "off-axis"
7/
-
A

Figure A.1: On and off-axis coordinate systems.

90
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o (ff-aris coordinate system. This is a common coordinate system for all plies

of a laminate (Fig. A.1). The symbols “1” and “2” are used as labels for this

coordinate system. In this thesis, load is applied in the 2-axis direction.

o On-ams coordinate system. For each ply this coordinate system is unique and

coincides with the fiber direction. Thus the on-axis coordinate system is not a

common coordinate system for all plies. The symbols “z” and “y” are used as

labels for this coordinate system. (Fig. A.1)

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

formulations are respectively

Where

7]

&

where

7]

Er

Es

cos?¢
stnl¢

~3cospsing

GI
Ty

Os

cos?¢
sin2e

—-cospsind

&1

1l

5]

7]

€

or

sin’é
cos’¢

2cospsing

01
=T, { o2

Jg

sin’g

cos’¢

cospsing cos*d — sin’d

cospsing

—cospsing

cosp — sin%¢

2cospsind

—2cosgsingd

(A.3)
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Composite laminates are normally made of off-axis m addition 1o on-azis phes.

Ll
- thus the stiffness of unidirectional comnposites with arbittary plyv onentation s 1m
portant. To derive the off-axis modulus of unidirectional composites. start with the
on-axis constitutive relation:
Oy g
a-y = [(2]'(-1/ E!] ( \ -’)}
Os S
Where
E; Eyue 0
1—vxvy F—uvywy
E:v, Ey .
[Q]r_'!l = I—U‘l:y l—uxuy O (‘\ ())
0 0 L,
-~ By substituting Eqgs. A.1 and A.3 into Eq A.5, the latter equation hecomes
g
o1 €1
[T}, § 72 ¢ = [Q),_,[T].1 <. (A7)
Os Ea
By pre-multiplying Eq. A.7 on both sides by ['[’];] , the following 1s obtamed
(23] €1
-1 . - )
oz ¢ =[T177[Q,_, [T, 2 (A N)
TJg Es
By comparing Eqs. A.8 and A.5 the off-axis stiffness of umdirect: gal composites
is extracted
-~ -1
e [QJI—Z = [7 ]a [Q]z;—y[[]c ("\‘))
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After simphfyvimg g

(1
oF
(1.2
Qoo

cc)lh

Qlﬁ;

TRANSFORMATION EQUATIONS

m

Il,l

mn*
'o2
mn

111‘571

| mn?

AY we have

n 2men*
m! 2m?n?
m?n? —2m’n?
mn® mt 4+ n!
3 3 3

—mn mnT —1mn

3

—-771371 777371 — mn

Whete = coso and n = sinep.

£

im*n

im?*n?

i 2
—dm*n-

3

2 (mn® — m“n)

2 (m?

2 -

( Q2
ny
Qay

n — mn”) |

Qss )
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(A.10)
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Appendix B

Flow Chart of PDPIN

i Main Program l

Modul = Post Processirg

!

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

{

Task = Laminate Modeling

!

Creating Material Prop.'s Tables

!
Creating Ply Prop.'s Tables

1
lter=0

{
Go To S_Anal (Stress Analysis)

!

iter = 1 =

®

94
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Main Program
(Cont.)

§

Task == Pearl Data Manager
(Open Data Base)

|
Making Table 1, 2, and Table2.dat

]

Conrol=0

!

Go To S_Table ( Computing Stresses in the
Center of Elements)
O,

!

Conrol=0

!

Nelem=0
i

Go To S_Failure (Failure Analysis)

|

@o

, ]

Task = Pearl Data Manager o Go To S_Table ( Computing Stresses
]_' in the Center of Elements)

Close Data base

!
Go To S_Anal (Stress Analysis) ,@
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APPENDIX B. FLOW CHART OF PDPIN

iAnaIysis Subroutine l

2

Del=0

!
Module = Mode! Solution

!

Solve

Checking Singularity

Module = Post Proc ssing

!

Task = Post Processing

hecking Large Defelection

Creating Ply Stresses

1

Current Stress Data Set

!

96

Go To S_Output

®

| Go To S_Output

Frame of Reference = Matreial

iter=0

No

Task = Pearl Data Manager
Open Data Base

!

Y

Go To S_Table
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§ i Table Subroutine l

Nelem =1

Y
Old Stack=0

Loop8
!

Task = Post Processing

!

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

¥
Group All Elements

iﬁ Do2
1

Task = Post Processing

!
Contour, Report Data.
Sigmaxaux=2Z_List(1)
Sigmayaux=2Z_List(1)
Sigmasaux=Z_List(1)

|

Task = Pearl Data Manager

1
Get Table 1

Y
Old Stack=0

[}
Read Table 1

‘ ®
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APPENDIX B. FLOW CHART OF PDPIN

Table Subroutine
(Continue)

®

Sigmaxaux=Z_Prl_Val+Sigmaxorg
Sigmayaux=Z_Prl_Val+Sigmayorg
Sigmasaux=Z_Prl_Val+Sigmasorg

!
Modifying Table1 & Storning

Y

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

No
Nelem = Nelem+1

Nelem . LE. Tele

I8
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i Failure Subroutine l

Loop9
K
Nply =1
1

Task = Pearl Data Manager
Get Table2

—

Do300
]

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

¥
Nply = Nply+1

1

Coim1 =1
Colm2 =2
Colm3 =3

(tve—

Do20

!

Get Table1

Sigmax=2Z_Prl_Val
Sigmay =Z_Prl_Val
Sigmas =Z_Prl_Val

®
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- Failure Subroutine
(Continue)

Htmm =0
Hemm =0
Htm =0
Hefm =0
Hefmm =0

No

Sigmax .GE. 0

Yes

' [
| Htfm = Sqrt((Sigmax/>t)*2+(Sigmas/S)*2)

Hetmm=Sqgri((Sigmax/Xc)*2+(Sigmas/S)*2)
Hcfm  =(Sigmax/Xc)

Y

oy,

s No

! Htmm = Sqrt((Sigmay/Yt)"2+(Sigmas/S)*2)

Hemm = Sqrt((Sigmay/Yc)*2+(Sigmas/S)*2)

!

Htmm .GE. 1 ygs Nppn(i) = 2

©

¢ 4
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Failure Subroutine
(Continue)

:

Hemm .GE.

;

<@

;

No

Yes
No

Yes

;

No i
No

cmm.GE.1 or HHmm.GE. 1
and Hefrmm GE.1

Yes

Nppn(i)

5

No
L ]

Colm1 =Colm1 +3
Colm2 = Colm2 + 3
Cuim3 =Colm3 + 3

101




APPENDIX B. FLOW CUHART OF PDPIN

o5
= Failure Subroutine
(Continue)
“
L.* 4

¢

Failure

Control = 1

1

Do 700

Kl
Get Table2

hecking for Catastrophic

Nply.LE Tply/2

Nply = Nply+ 1

' Nppn(i) =5

 Nppn(i) =5

[ Nppn(Tply-i) = Nppn(i+1)

&i=0,.Tply/2-1

®
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Failure Subroutine
(Continue)

Yes

Nlinc = 1

Up-Date Table2.dat

S
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iModifying Subroutmel @

Del = Del + 1

Yes

Del .NE. 1

No

Delete Analysis Data Sets

| |

!

Task = Laminate Modeling

Do 40
!

Modifying Laminate

1
Nply = Nply + 1

Yes @

No

Modifying Element

®

1014
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i Output Subroutine ’

©

Output the Number of Load
Increment
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Appendix C

Computer Code (PDPIN)

o ok ok ok R ok ok ok ok ok ok K K o o o R o o ok o o ok ok ok ok o e e ok o ok o ot o R R ok ok Ok Ok i KO Rk ko
[ PDPIN ]
[ Progressive Damage Model, Pin-Loaded Composite Plate ]

[ By Mahmood M. Shokrieh ]

predicting the failure load and fa:lure mechanisms of

*

* *

* *
Pox (1991) *
: * This program is developed in IDEA1l (I_DEAS language) for  *
- *
* pin-loaded composite plates. *

* *

* *

2 3 2 2 ok o ok 3 ok ke oo ok e ok K o Aok o ok KK A o ok o oK ko ko ok koK ok ok ok ook o K ok ok ok K K ok kR

3 o o o ke ok o ok o ok OK K KOk K ok ok KOk ok ok ok K

* MAIN PROGRAM *
A oK KoK KK KK K A KK Kok K

P

: AUTO CLEANING
: #OUTPUT "AUTO CLEANING"

IIMF"
IIUSH
I|AL"
IIONI!

: 0
: n/u

wkgkkak ko TNPUTRR Ak ook k& k&

. ®DELETE ALL

: H#MFNAME=" "
. #INPUT "ENTER MODEL FILE NAME" MFNAME

: LONGITUDINAL TENSILE STRENGTH (force/length**2)

: #XT=1517E6
: LONGITUDINAL COMPRESSION STRENGTH (force/length#*#2)

: #XC=1593E6
: TRANSVERSE TENSILE STRENGTE (force/length**2)

1 #YT=46E6
: TRANSVERSE COMPRESSION STRENGTH (force/length*#*2)

: #YC=253E6
: SHEAR STRENGTH (force/length*+*2)

QR AOROAOR AR AQARKAOAROQOQOOARRRRNR AN RNTOAORROAOQOQAOQOAQAO OO OO Q Qa0

106




APPENDIX ¢ COMPUTER CODE (PDPIN)

IR KR = no:,::x:::::cono?:x:x:x:xv:xxx::xxxm:nxxxxxxmxxxx::x:xox:xoxox QAOARARARORAROAROARORORAROQCR

. #S=107E6

: §gg%£? OF LAMINATE DEFINITION
. NUMBER OF LOAD INCREMENT
: #NLINC=1

: #INPUT “NUMBER OF TOTAL PLIES" TPLY

NPPN(1)=NUMBER OF PLY PRCPERTY -NEW

: #DECLARE NPPN(TPLY)

: NPPO(1)=NUMBER OF PLY PROPERTY -OLD
: #DECLARE NPPO(TPLY)

: DISPLACEMENT CRITERION

: #DECLARE DISPCR(30)

: MAXIMUM DISPLACEMENT

: #DISPMAX=1

: NUMBER OF TOTAL ELEMENTS
: #TELEM=432

: SINGULARITY CHECKING

: #STNCHK=' "

: QU1PUT CONTROL

: #0UT=0

: #INPUT "PLY THICKNESS (length)" PLYTIK
: #PLYTIK=.85725

. #ECHO NONE

: #DECLARE NCELEM(29)
: ®TCELEM=29

: #NCELEM(1)=1

: #NCELEM(2)=2

: #NCELEM(3)=3

: #NCELEM(4)=4

: BNCELEM(5)=5

: #NCELEM(6)=6

: #NCELEM(7)=12

: #NCELEM(8)=18

: #NCELEM(9)=24

: #NCELEM(10)=30
: #NCELEM(11)=36
: #NCELEM(12)=37
: #NCELEM(13)=43
: #NCELEM(14)=49
: #NCELEM(15)=60
: #NCELEM(16)=66
. HNCELEM(17)=72
. #NCELEM(18)=88
: #NCELEM(19;=89
: #NCELEM(20)=90
: #NCELEM(21)=96
: #NCELEM(22)=102
: #NCELEM(23)=103
: #NCELEM(24)=114
: #NCELEM(25)=120
: #NCELEM(26)=126

: #NCELEM(27)=132
: #NCELEM(28)=138
: ¥NCELEM(29)=144

: *x«CREATING NEW MATERIAL TABLES FOR FAILED LAMINATE**#
: ﬁ%HEPUT "CREATING NEW MATERIAL TABLES FOR FAILED LAMINATE"

: “MAT"
. material property table for matrix cracking situation
: #0UTPUT "material property table for matrix cracking situation”
: llcoll
s

; IIMOIl
4
. 102

107
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APPENDIX C. COMPUTER CODE (PDPIN) N

: 106

RRRIRNRIR R RN 58 OO0 5% R ER 5K 50 PN DR IR e R DX 58 8 0 O o8 53 Ot 8 08 COIDREIR 3R DR PR DR DR O 08 DR DRI DR DR DR OR8  OR0 DR IR DR SR D DR BRSO () R R O 8 ot B RS URS OR ERS

: 13E4

103
13E4

: 104

1E-3

: 105

1E-3
1E-3

; llDll
. llYH
* material property table for fiber breakage situation

: #OUTPUT "material property table for fiber breakage situation"
: IICOH
2

; HMOII
. 5

101

. 15BE4

102

: material property table for fiber-matrix shearing situation

1 #OUTPUT "material property table for fiber-matrix shearing situation"
: llCOll

: 2

; L ol
: 6

! mat. property table for matrix cracking & fiber-matrix shearing situwation
: #0UTPUT "mat. prop.table for mat. crak.& fiber-matrix shearing situation”
. NCOII

: 2

; IIMON

7

102

: 13E4
103
. 13E4

104

: 1E-3
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~

. 106

)
: MAKING TABLE 1 FOR PLY STRESSES
: #QUTPUT “MAKING TABLE 1 FOR PLY STRESSES"

:x::r:::s:xxm:c:x:cx::oo:cxxxxxxxxxxooa:x::oo:cxxxxxxooxxxooonxx::xm::xxx::x:x::nox:wxx:xx:’:x:x:x:x:-:

1E-3
106

wexkhxxxxeCREATING NEW PLY PROPE%TY TABLES***#x%%x%

§ #0OUTPUT "CREATING NEW PLY PROPERTY TABLES"
: HNMPT=4

: NMPT
: PLYTIK

: #NMPT=NMPT+1
: g}g (NMPT LE 7) THEN GOTO LOOP3

kkkkkkkkkkkkkkkkdkkFIRST ANALYS IS okok ok ook ok sk ok ok ik ok ok ok ok ok ok

: #OUTPUT "FIRST ANALYSIS"
: #GOTO S_ANAL
¢ #M_ANALZ1:

: PEARL DATA MANAGER
: #QUTPUT "PEARL DATA MANAGER"

HTA"
IIPH“

NOII

: MFNAME

gkR"STACK LENGTH MUST BE ZERO
"0"

"CR'I
1
HR"
"FL2"
0

add column
NHO

=1
#IF (NPLY EQ 1) THEN #IB=2
#D01:

IICCH :
i

IA
#IB=IB+1
RIA=IA+1
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#IF (IB LE 3) THEK GOTO DOt
#NPLY=NPLY+

#IF (NPLY LE (TPLY/2)) THEN GOTO LOOP4
: add row

¢ #NELEM=2

: #L0OOP5:

. IICRN

HE |
: #NELEM=NELEM+1
: #IF (NELEM LE TELEM) THEN GOTO LOOPS

II/II

save table i
IISTOH

MAKING TABLE 2 FOR PLY PROPERTIES OF TOTAL ELEMENTS
ﬁgg"I:PUT "MAKING TABLE 2 FOR PLY PROPERTIES OF TOTAL ELEMENTS"

i
HIH
1

add column

: NPLY
: #NPLY
#IF (NPLY LE (TPLY/2)) THEN GOTO LOOP6

: add row
: #NELEM=2

1
: #NELEM=NELEM+1
: g}ﬁ (NELEM LE TELEM) THEN GOTO LOOP7

save table 2
NSTOII

: MAKING TABLE2.DAT
: g%g;r'pm' "MAKING TABLE2.DAT"

. oW
: TABLE2

“HT"

IIC""

: ***xCOMPUTING STRESSES IN THE CENTER OF EACH ELEMENT FOR TABLE1#%x
: gggggggzggﬂPUTING STRESSES IN THE CENTER OF EACH ELEMENT FOR TABLE1"

: g9§r PROCESSING TASK

lel
: #GOTO S_TABLE
#M_TABLE:

AMEROARREKOQAOQARRQOARRIR AR R INR RN ARNOQOORKROAQRR RN RR RO R RIS RN O QSRR IR RN IR Q QIR RO QRS R R O Oy o 5

110
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: #CONTROL=0

: #LELEM=1

: #GOTO S_FAILR
: #M_FAILR:

. #IF (CONTROL EQ O) THEN GOTO S_TABLE

. "pM*

. "cLo"
. #GOTO S_ANAL

sxnnsreankkksEND OF MAIN PROGRAM* sk kkkshkkk

ok ok e o ok ok ok ok ok ok o dekokoiok ok ok ok

* ANALYSIS SUBROUTINE =*
T T L r e e T L B

: #S_ANAL:
. #0UTPUT "ANALYSIS SUBROUTINE"

' DEL IS A CHARACTER FOR DELETING ANALYSIS DATA SET IN S_MODIF
. #DEL=0

: (1] Hll

: "Hsll

: NTA"

: "Lll

. EXECUTION OPTIONS

: llDll

; “scll
: HTY e

; IISR"

: IIOFH
3 ll/"
. CASE SET, USE CASE 1

: HCII

: llUH

1

: METHOD OF SOLUTION
: HME'l

: llnll

S III"

: gggpur SELECTION

sk
: !ISLN

; llsoll

: CHECKING SINGULARITY

: #IF ( Z_LIST(3) EQ 17761 ) THEN #SINCEK="SINGULARITY"
: #IF ( Z_LIST(3) EQ 17761 ) THEN GOTO S_OUTPUT
ggEEKING INFINITE DISPLACEMENT

; HP"

REOQORROQGRRRRIRIUROAQARKEOQAOARKRROAOQARRRRR AN ROQQAR KRR ORAQARROQAQOAQAQQQAQAQAQAGONRRRERRRAOQXROQR KR RO
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: "REP"
: IIRII

H HDNI'
. NE'I

; HT"

: #IF (NLINC EQ 1) THEN #DISPMAX=Z_LIST(i1)
: #DISPCR(NLINC)=Z_LIST(11)/DISPMAX
: #IF (DISPCR(NLINC) GE 10) THEN GOTO S_QUTPUT

QQOQAQARAQRRERREREROAQROQRRRARRRRRROQOQRR RN OO PRI ISR IR R RN IR QO QR RO BRI IR IR QSRR R IR O RN QR RS

T

; ”A.'

; “cU.l
i

; "GR!

. "NE®

: 'lEl'

HEE 3

: ||Y|'

: CREATING PLY STRESSES BY STRAINS
: #QUTPUT "CREATING PLY STRESS BY STRAINS"

: llchl

: ‘IL“

; nupgH
2

RLX STRESS DATA SET CURRENT
. IIAH

; ney
: 3

: 5%55 OF REFERENCE MUST BE MATERIAL AXIS, RAW DATA SWITCH OFF,
: IIDA"

: lIFll

: OIHAIO

N

.

: "REP"

: IIRH

: "OF"

: !I/ll

: #IF (NLINC EQ i) THEN GOTO M_ANAL1

: PEARL DATA MANAGER
: ﬁ%g"!"PUT "PEARL DATA MANAGER"

P

: #GOTO S_TABLE

*rkknxkonkkkkEND OF ANALYSIS SUBROUTINE#kkkkdkknsknsk ¥




e

APPENDIX C. COMPUTER CODE (PDPIN) 113

ok kR kR

*TABLE SUBROUTINE#*
Tt R R Tt

: #3_TABLE:
: #0UTPUT "TABLE SUBROUTINE"
: #NELEM=1

: OLD STACK LENGTH MUST BE ZERO FOR GROUP ELEMENT

L TA”

; "GR"

: IQOII

: 0

: #LOOPS:

: POST PROCESSING TASK

: HTAU

; llpll

: #NPLY=1
. #COLM1=
. #COLM2=
. #COLM3=
: ggggs OF ELEMENTS

; IINEII

. HEN

1
2
3

: NELEM
; IIYH
: #D02:

; “TA"
: llpll

; |ICOII
: ﬁﬁEIRESS COMPONENT

; IISH

: ICL"

i NPLY
: "REP"
: E

§ #SIGMAXORG=Z_LIST(1)

: Xﬁixnass COMPONENT

5!
: NPLY
WREP"

: #SIGMAYORG=Z_LIST(1)

xx:v:::xx:x:x:r:on:r:xx:x:-::ﬂ:-::x:x:::ooxox::::xoxx:x:&::xzooxx’xxox:’:xnnxo:x:’:::x:’:xoox:’:xnnooon

: gﬁignass COMPONENT
lls"

: NLII
: NPLY
- NxY"

EERRX=OAOR
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: "REP"

. IIEII
- llTll

. #SIGMASORG=Z_LIST(1)
: PEARL DATA MANAGER

E npMY

; IIGII

: 1

: gﬁBHSTAcx MUST BE ZERO
; lloll

: 0

; DIAII

; "Ry
: COLM1

: NELEM
: #SIGMAXAUX=Z_PRL_VAL+SIGMAXORG

; vRY"
1 COLM2

: NELEM
: #SIGMASAUX=Z_PRL_VAL+SIGMASORG

; WRY*
: COLM3

: #SIGMAYAUX Z_PRL_VAL+SIGMAYORG
S IIHOH

: llE'l

: COLM1

: NELEM

: SIGMAXAUX

; IIEII

. SIGMASAUX

; ugn
: COLM3

: NELEM
: SIGMAYAUX
: "STO"

: #COLM1i=COLMi+3

; #COLM2=COLM2+3

: #COLM3= COLH3+3

: #NPLY=NPL

: RIF (NPLY LE (TPLY/2)) THEN GOTO DO2

. #NELEM=NELEM+1
: #IF (NELENM LE TELEM) THEN GOTO LOOPS

: #GOTO M_TABLE
kkkkkkkkkkkkkEND OF TABLE SUBROUTINE* * % %k hkkkkkkkkknk

AOQOQAQAQAQAQQARAOREROQRKARIROQORRR RN RNRNOAR KR NOARNR RN AR KNAQARRARNKORNINRKNOARWRNARNOARNARKNROAQRKOARRKNNOQOQRIN RN

ko Ak ok ok ok ok ok R o K oK K o ok o ok

111
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* FAILURE ANALYSIS SUBROUTINE #
A AR RO R KRR kR KK R X K

: #S_FAILR:
: #00UTPUT "FAILURE ANALYSIS SUBROUTINE"

: #LODP9:
: #NPLY=1

: ﬁ;ﬁDING OLD NUMBER OF PLY PROPERTY NPPO(i) FROM TABLE NO. 2 ELEMENT
.: IITA“

. IIPHII

. HG"

llAl'

: NELEM

. #NPPO(NPLY)=Z_PRL_VAL
. #NPPN(NPLY)=NPPO(NPLY)
. #NPLY=NPLY+1

. #IF (NPLY LE (TPLY/2)) THEN GOTO D0300
. #NPLY=1

. #COLM1=1

. #COLM2=2

: #COLM3=3

: #D020:

HGII

1

NAll

s BRYM
: COLM1

: NELEM
: #SIGMAX=Z_PRL_VAL

; "Ry
: COLM2

: NELEM
: #SIGMAS=Z_PRL_VAL

. M"RY"
: COLM3

: NELEM

: #SIGMAY=Z _PRL_VAL

: APPLYING FAILURE CRITERION
: #ATFM=0

1 #HCFMM=0

: #HCFM=0

: #HTMM=0

: HECMM=0

: #IF ESIGMAX GT Og THEN GOTO TFM
: #IF (SIGMAX LT O) THEN GOTO CFM

: tensile fiber mode

: #TFM:
: #HTFM=SgRT((SIGMAX/XT)*(SIGMAX/XT)+(SIGMAS/S)*(SIGMAS/S))
: #GOTO NEXTI

: compression fiber mode

: #CFM:

: #HCFMM=SQRT((SIGMAX/XC)*(SIGMAX/XC)+(SIGMAS/S)* (SIGMAS/S))
: #HCFM=-SIGMAX/XC

: #NEXT{:
. #IF éSIGHAY GT 0; THEN GOTO THM
: #IF (SIGMAY LT O) THEN GOTO CMM

: tensile matrix mode

QAORRROAR XN QORKKOQORKOAORRKXRNAOQOOARKRKNARRNKNROARARARNKNORRKRRARARXOAORRROAORXARARARNDARNNXRARNDRN AR NAQAARKRQARNXOOQNO
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: #GOTO
: #NEXT77I

: #NPLY=N

: #%F (NPLY LE (TPLY/2)) THEN GOTO DO777

DSOS SR I 5] SR B SN AR R SR SR DR BN SR QY QO SRR SRR S UARI DU QO IR PR MU IR U O QSRR R RN R R R R R RN R QOQR KRR R R OQOR KRR RN R R RNCGRN QQRXRER

. #TMM:
: #HTMM=SQRT((SIGMAY/YT)*(SIGMAY/YT)+(SIGMAS/S)* (SIGMAS/S))
. #GOTOC NEXT2

; compression matrix mode

. #CMM:

. BHCMM=SQRT((SIGMAY/YC)*(SIGMAY/YC)+(SIGMAS/S)* (SIGMAS/S))
. #NEXT2:
: #IF

HTMM GE 1; THEN #NPPN§NPLY;=
#IF (HCMM GE 1) THEN #NPPN(NPLY)=
#IF (HCFMM GE 1) THEN #NPPN(NPLY)=4
#IF (HCMM GE 1 OR HTMM GE { AND HCFMM GE 1) THEN #NPPN(NPLY)=5
#IF (HTFM GE 13 THEN #NPPN&NPLY%
#IF (HCFM GE 1) THEN #NPPN(NPLY)=

: #COLM1=COLM1+3

: #COLM2=COLM2+3

: #COLM3= COLM3+3

1 #NPLY=NPLY+1

: #IF (NPLY LE (TPLY/2)) THEN GOTO D020

: CHANGING ALL TO 3
: #NPLY=1

: #DO777:
: #IF (NPPN(NPLY) NE 3) THEN GOTO NEXT777
#NPLY=1

. #D0666:
: #NPPN(NPLY) 3
: #NPLY-

(NP%Y %E (TPLY/2)) THEN GOTO DC ¢6

: CHECKING FOR FAILURE IN PLIES OF ELEMENT
#NPLY=1

: #D0400:

: z%ngNggo(NPLY) NE NPPN(NPLY)) THEN GOTQ NEXT500
: #IF (NPLY LE (TPLY/Z)) THEN GOTO D0400

: #GOTO0 NEXT60

: #NEXT500:

: #NPLY=1

: CHEC?ING FOR CATASTROPHIC FAILURE

#S585=
#LOOP1

g gég_(NELEM EQ NCELEM(SS)) THEN GOTO NEXT100i
: #IF (SS LE TCELEM) THEN GOTO LOOP10

: #GOTQ NEXT1002

: #NEXT1001:

#0UT=1

: #Nzxr1ooz

: MODIFYING TABLE NO. 2
. #CONTROL=1

: ﬁDQ?OO:

: HG"

;2

: IIAII

: IIRVII

: NPLY

: #IF (NPPO(NPLY) EQ 4 AND NPPN(NPLY) EQ 2) THEN #NPPN(NPLY)=5
: #IF (NPPO(NPLY) EQ 2 AND NPPN(NPLY) EQ 4) THEN #NPPN(NPLY)=5
: IIMOII

: llEll

: NPLY

: NELEM
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. #NPLY=NPLY+1

; IIDE"
;o

:-:n:wo:-::x::x:wx:&:xx:‘:ooxxnx::onooo0oooooxxnxnnxxwmx:&xxxx:::»‘.:x:x:x:xx:x AR QOIIRIR YRR IR DR R IRIR YR 5 R R e

: NPPN(NPLY)
: "STO"

LY/2)) THEN GOTO DQ700

: #GOTO S_MODIF
: #M_MODIF:
. #NEXT600:

: MNELEM=NELEM+1
: #IF (NELEM LE TELEM) THEN GOTO LOOP9

: MAKING TABLE2.DAT UP_DATE

: #IF (NLINC EQ 1) THEN GOTO NEXT333
1 #OUTPUT "MAKING TABLE2.DAT UP_DATE"
E IITA"

: HPHII

: IlGN

;2

: lITRII

: Ilgw”

: IQELEZ

; Hw'rll

; llcu"
. BNEXT333:

: NUMBERS N7 LOAD INCREMENT
: #NLINC=NLINC+1

: #IF (OUT EQ 1) THEN GOTO S_OUTPUT
: #GOTO M_FAILR

s#wxxsxssxssEND OF FAILURE ANALYSIS SUBROUTINE###ksksiskhns

e ot o ok ok ok o o K oK sk o o o o ok ok ok ok ok

*MODIFYING SUBROUTINE*
LR P P LT

: #S_MODIF:
: #0UTPUT "MODIFYING SUBROUTINE"

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

: DELETE ANALYSIS DATA SETS
: g?HTPUT “DELETE ANALYSIS DATA SETS"

IITAII
Npll
HAN

llyll

: #NEXT900:
: HNPLY=1

u/u
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K
K
K
K
K
K
K :
K
K
K :
K :
K :
K :
K :
K :
C
K
K
K
K :
K :
K :
K :
C
C
K
X :
K
K
K
K :
K :
K :
K :
(o}
K
C
C :
c :
C :
C :
C :
C :
C :
C :
C :
C :
C
K
K
K
K :
C
C :
C :
C :
C :
C :
C :
o
£
E :

Ty

: #0040 :

: "STK"
- "MODII

: NPLY
: NPPN(NPLY)

. #NPLY=NPLY+1
: #IF (NPLY LE TPLY) THEN GOTO D040
. #NLD=NLD+1

: H?RIFYING ELEMENT

llHOll

: NELEM
: IIDII

MHT"

: u/u

: #GOTO M_MODIF

*xekkxkkdEND OF MODIFYING SUBROUTINE#®*%kskkkkkkhkhrn

e o o R o o ok o ok e ok ol Aok KOk ok

* QUTPUT SUBROUTINE =*
T T P Lt

: #S_QUTPUT:

: #OUTPUT "QUTPUT SUBROUTINE"

: #OQUTPUT "NUMBER OF LOAD INCREMENT=",NLINC
: #GOTO END

xkkkxkkkkkkkEND OF OQUTPUT SUBROUTINE # % ok s ok ok o ok s ko ok ok

: HEND:
: sx%xx END OF SESSION *xxs
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Flow Chart of PLOT

i Main Program l

Input Telem & Nply
[

Task = Pearl Data Manager
Transfering Table2.dat into
Pearl Data Base

™

1
Finding No. of Iteration

]

Nrow = 1

ltrat = 1

Task = Pearl Data Manager
1
Get Table2.dat

¢ ®
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Main Program M1
(Continue)
Y

Do000
9

? Nelem = 1

\
Do001
1

Task = Pearl Data Manager

i
Read Nelem, And Mode of Faiiure A
£ Nppn(Nelem)=Z_Prl_Val
é {
Nelem = Nelem +1
‘ - Nrow = Nrow + 1

T PR R TR R

G E WTAPALT

©

 ltrat = ltrat +1

Checking Failure in All
Element

Failure

Nelem = 1

®

¢4
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3{ Main Program
(Continue)

Task = Pearl Data Manager

|

Change the Color of Failed
Element

!

Nelem = Nelem + 1

elem .LE. Telem

Save Graphical Output
File = "Plot" + Itrat

( )

ltrat = Itrat +1

Yes @




R

AT S TEERNIART TR

4

Appendix E

Computer Code (PLOT)

C : ***#**M*****ut****#*#*t***tuﬁ****u]*****uut***t*u****n******u
C: * PLQT )
C: * [ By Mahmood M. Shokrieh ] *
C: * (1991) *
C: * This program is developed in IDEAl (I_DEAS language) for #
cC.: * Graphical repr-sentation of damage in pin-loaded *
C.: * composite plates. *
C: *x *
C 1 Aok Aok o o Ao oo oo o KK o K AR KKk KKk K
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
Ié : #FII E=" "

Ié : #ECHO NONE

g : TRANSFERRING TABLE2.DAT INTO PEARL DATA BASE.

K : n/n

K : HTAH

K : IIPHII

K : " "

K : TEST

K :

K : HCRN

K : NPP1

K :

K:

K : NPP2

K.

K :

X :

K :

K : HTRH

K : HORIl

K : TABLE2

K :

K . IIRN

X :

K :

K :

K : ll/ll

I¥ : IISTOH

C : FINDING THE NUMBER OF ROW OF TABLEZ2.DAT

122
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PRFOQOQRRIR KR EE IR X IR RNOAOARRKRERRARNKMNOAOOAOOAMNKRNRARKRROAQOARARAEBAARATAEARNARRNAREARNRRARARARARQOORRRERREARAO

. IIMA"

: I|LH

: " 1 1]

N

. #TROW=Z_LIST(1)

: #TITRAT=TROW/TELEM

é senkdnnkakkrknkrxs MAKING PICTURE FILE #kskakakikiknkkasihhknkrihks

: #NROW=1
: g}xnnr=1

; UITAII

" Mll

P

: #DD000:
: #NELEM=1
: ngOOl:
; IITAM
ik

; "RV"

: NPLY

: NROW

: #NPP(NELEH) Z_PRL_VAL

: #NROW=NRO

: #NELEM=N E

: #IF (NELEM LE TELEH) THEN GOTO D0001

¢ asannssanseerrneskes CHECKING FAILURE *#¥nkkikibbimdkkbhhdhhrsdsrs

: #NELEM=1

: #D0002:
: #IF (NPP(NELEM) NE 1) THEN GOTO NEXTOO1

: #NELEM=NELEM+1
: #IF (NELEM LE TELEM) THEN GOTO D0002

: SITRAT=ITRAT+
. RIF (ITRAT LE TITRAT) THEN GOTO D000O

: #NEXTOO1:
D sssxesessnrisx CHANGING COLOR OF FAILED ELEMENTS wkkackikiksokskdskbhs

: #NELEM=1

; IIHP"
: HE"

: #D0003:
. #IF (NPP(NELEM) EQ 1) THEN GOTO NEXTO004

o amarkpkkksiokkkkxkkkkks SELECTING COLOR #ddsdaskdkbdkdkddbbkihhbkkrk hsn

: #IF (NPP(NELEM) EQ 2) THEN #COLOR=14
: #IF (NPP(NELEM) EQ 3) THEN #COLOR=11
: #IF (NPP(NELEM) EQ 4) THEN #COLOR=1
: ﬁgg”(NPP(NELEM) EQ 5) THEN #COLOR=8

: NELEM

IIDII

; neot
: COLOR

; #NEXTO
: #NELEH—NELE
: #IF (NELEM LE TELEM) THEN GOTC DO0003

: SAVING GRAPHICAL QUTPUT
. ¥FILE="PLOT"+ITRAT

OlDON
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e
llull
HONII
HFN

. IIBII

: “REDI"
: FILE

: l|wll

» 'IO "

: IIDR"

: #ITRAT=ITRAT+i

: #IF (ITRAT LE TITRAT) THEN GOTO D0000
: %x%kx END OF SESSION **%x

[o Eat e e e S S Y




