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Abstract:

The use of composite materials in structural components has increased dramatically in recent years. As
applications become more demanding, the need for reliable prediction of their mechanical properties is
increasing as well.

Four different loading paths were applied with multi-axial testing, and the corresponding FEM
modeling was created. After carrying out optimization, the optimum engineering constants were
obtained. This set of optimum properties is very close to those obtained with standard unidirectional
testing. Fewer tests are required, less time is taken, and more precise properties are gained with this
procedure.
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ABSTRACT

The use of composite materials in structural components has increased
dramatically in recent years. As applications become more demanding, the need for
reliable prediction of their mechanical properties is increasing as well.

Four different loading paths were applied with multi-axial testing, and the
corresponding FEM modeling was created. After carrying out optimization, the
optimum engineering constants were obtained. This set of optimum properties is very
close to those obtained with standard unidirectional testing. Fewer tests are required,
less time is taken, and more precise properties are gained with this procedure.




CHAPTER 1

INTRODUCTION

' The use of composite materials in stru;:tural components has i-ncfeased dramatically
in recent years as their cost of production céntinues to decline and advances in composite
design methodology become increasinély widespread, As applications become more
" demanding, the need for reliable prediction of their mechanical properties and behavior is
becoming ever more important .

As a result of the increased demands on the structural applications of composites,
efforts have been made to investigate the mechanical properties in composite materials at

structural levels U

1. However, familiarity with Oﬁhot;opic behaviors is needed to
characterize the material beﬁavior of composites. These behaviors require detaﬂéd and
well organized test methods to determine the associated laminate propertiés.

The Montana State University (MSU) composite team built an In Plane Loader (or
.IPL). The IPL is designed and built for gaining a better understanding of material -
properties, especially composite material properties. The IPL is a highly computerized
autoﬁlatic machine which can collect the reaction forcés and displacements af\specific
points when applying a variety of pre-selected loading paths. Moréover, the IPL built by
MSU allows tile lqw cost, simple, and easy experiments to be used for acquiring
composite properties. The IPL in MSU composite lab is illustrated in Figure 1.01.

On the other hand, there are some numerical approaches for predicting composite

' properties as well. Finite element method (FEM) modeling is an appropriate way to gain
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Motivation

Conventional approaches for determining the constitutive law of composites require
conducting multiple experiments. Significant time is often spent collecting and analyzing
the' experimental data in order '.[O estimate the material constitutive properties. However,
convention characterization procedure is time—consurm:ng, tedious, labor-intensive,
inaccurate, and often prohibitive to complete characterization.

A more practical approach, which is rﬁore efficiént and accurate, is strongly desired.
This more desirable approach would involve limited experiments and would yield a more
precise constitutive law by employing ﬁultiple loadings on a simple sample combined
with numerical techniques, such as finite element analysis, optimization, and boundiné
techniques.\

The constitutive behavior of a composite laminate in structural components is
complicated. The lamina properties éan be estimated by micromechanical analysis
procedures, and lamina properties can be measured by physical means in 'é
macromechanical analysis of the structure. In thié work, micromechanical analysis deals
with the individual constituent materials mechanical response to determine the equivalent‘
combined continuum mechanical response. Real design power is realized when the
micromechanical estimate of the properties of a lamina agree with the measured
properties. However,' it should be noted that a micromechanical analysis has inherent
limitations. The micromechanical theories must be Validated.by careful experimental

work &,
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Because this discrepéncy exists between the micro-structure of the composites in
practical analysis and the assumed perfect micro-structure of composités ‘in theoretical
analysis, it is inevitable that the engineering constants of composites estimated by
micromechanical analysis will not agree. with the experimental data of tﬁe physical tests.
The purpose of this study is to find more accurate engineering constants which agree well
with the experimental data. Several numeﬁcal analysis techniques are employed to

explore whether or not the approach is feasible.

14

Obiecfive and Approach

Our goal of this research is to find an appropriate methodology to determine the
composite laminate properties. Note that this research is restricted to linear elastic

behavior.

Micromechanical analysis and macromechanical analysis are used in numerical
modeling and experimental approaches respectively. Furthén_nore, the mechanics of
" materials approach and elasticity approach are employed to estimate the eﬁgineering
constants of a composite, to examine the f_easibility of the technique, and determine the

upper and lower bounds of each engineering constant.

Coupons with a notch were selected to determine the composite constitutive law by

means of the IPL tests and mathematical modeling.

As mentioned above, the MSU composite team has built the IPL in the materials lab.
The IPL machine is used to conduct the tests and to obtain the reaction forces é’nd

displacements of a specific point in each test specimen.
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FEM modeling is used to simulate the experiments on the IPL and to gain the
corresponding reaction forces and displacements'at a specific point. ANSYS was the
program used for the FEM modeling. |

The IPL is a testing machine capable of providing any combination of in-plane loads
on a sample. Four Ioading paths were designed and applied to the coupons in this
research. These were tensile (open/close), tensile + shear (sliding), rotation (moment),.
and tensile + she;ar + rotation. Upon.applying the loading sequences to the coupons, data
of réaction fo.rces and displacements were acquired. Meanwhile, the‘ FEM model was
uéed to calculate the corresponding reaction forces and displacements as well. The
optimi‘zation procedure was needed if there was a discrepancy between the results of
FEM modeling and-experiments.

The feaction forces and displacements depend on the composite properties,

geometry and the specific loadings. The following function dépicts the .relationship‘.
F!, 0] =F,6/(E,G,0,g,f,0) (1.01)

where E,G and v are the elastic moduli of fiber reinforced composite, g stands for the
specific geometry of the sample, f and J are respectively the applied forces and applied
displacements, and F, and J, are the reaction forces and displacements at the specific
nodes respectively.

The optimization is accomplished by minimi.zing'the discrepancy between the FEM

modeling results and the experimental results.

l(F "" ’ 5nr )Computer - (Fnr 3 5:: )Experiment‘ =e (102)

where ( ’ 5;)

n?

is the data of reaction forces and displacement obtained by

Computer

computer modeling, ( N )Experimem is the reaction forces and displacement obtained by

experiments, and e is the error to be minimized.
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Organization of Thesis .

In Chapter 2, theories of elasticity and mechanics of composite materials are

introduced briefly as these theories are used to determine the initial constitutive law of

composites with the aid of the numerical analysis techniques. In chapter 3, the fabrication
of cémposite samples and experimental procedures are described. In Chapter 4, the

details of numerical approaches of composite engineering constants are demonstrated,

and finite element analysis modeling, optimization and bounding techniques are"

described. In chapter-5, experimental results* are presented, numerical results and

experimental data are compared. In chapter 6, the conclusions from this study are

presented as well as a list of items that should be included in future studies.




CHAPTER 2

BACKGROUND

This researcfl involves elasticity theory and focuses upon composite materials. The
theory of elasticity and mechanics of composite materialé are introduced briefly in this
chapter. A key concept is that the nqjcromechaﬁical estimation of "the engineeﬁng
constants of a composite must agree with the experimental data, thus leading to an
approach of determining more accurate engineering constants by means of a combined
empirical and numerical analysis technique. The In-Plane Loader machine, which is
designed to facilitate the testing of mechanical behaviors of composites is described in

this chapter as well.

Introduction to Linear Elastic Solids

Concepts and Definitions

. The current research is limited to linear elastic behavior. Generalized anisotropic

Hooke’s constitutive law states ™!
Oy, = Cijklgkl ‘ ' ' (.01

& = S i Ou (2.02)
where, Ciin is the elastic stiffness tensor,
S, 1s the elastic compliance tensor,

ij
g, 1is the second order strain tensor.

O .. is the second order stress tensor,

-
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