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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




the knowledge of material behavior by means of simulation. ANSYS, the powerful
computer program, was selected to accomplish FEM modeling. [3] Besides the FEM
model, two numerical techniques, bounding techniques and optimization, were also used

to determine the composite properties.

Figure 1.01 The In-Plane Loader machine

Although many numerical approaches have been developed to predict composite
properties, these may not be accurate and must be verified with experimental results.
Namely, the FEM modeling results have to be compared with the experimental data
obtained by the IPL machine. If both data match, the FEM modeling results can be
considered accurate. If not, an optimization procedure can be carried out in order to find
values that optimize the difference between FEM modeling and experimental data.

This methodology may be a more effective approach than the traditional ones used
to estimate a composite’s properties. The current research provides an investigation into

the efficiency, cost, and precision of this methodology to determine composite properties.
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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 &,




4
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.




The objective of this research is to determine the constitutive law (or engineering
constants) of composites by means of several numerical analysis techniques and

experimental data by IPL. The operation procedure is illustrated in Figure 1.02.

Acquire the constituent material
properties, layup and thickness of
the lamina

Initial estimates of the
constitutive law of
composites

Fabrication of composites
Make the coupons
Test on the IPL

FEM Modeling by ANSYS
Input Geometry, assumed
material properties and
sepcific applied loads

Obtain experimental data

. ) by the IPL
Optimization process Obtain computer data by

ANSYS

Minimize the the
discrepancy between the
modeling and experimental
results

/ | Acceptable\"
tolerance between
experimental and
~analysis data""""

Obtain final
constitutive law

Chart 1.02 Flow chart of determining the composite constitutive properties
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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,

-




The relationship between elastic stiffness and compliance can be expressed as:
Syu ~ " iM (2.03)

Hooke’s law written in matrix from Eq.(2.01) becomes:

CT ™ rcil ¢l!2 cH3s c123 ciBl C11B8 cJB2 cuB cig1  EU”
az2 C2211 €22 (2233 C2223 c2231 C22B C2232 C22B C222! E22
as3 C33H 3322 (3333 3323 3331 C3312 (3332 C33B C3321 E33
azs3 C2311 (C2322 C2333 (2323 2331 C2312 ¢2332 C23B (2321 E23
@Bl - caur c3122 €3133 €312 c3131 C3112 C3132 C3H3 c321 ¢ BB
a1 C13H c122 C1233 c1223 c131 CI212 cB32 c¢BB CB21 £12
as? C3211 (C3222 (3233 (3223 C3231 C3212 C3232 C32B C322! E32
ai CI3l CB2 Ci1333 Ci323 Cit cB12 CIB32 CI313 CB2! £13
cn . <C21H CA22 c2133 C2!123 C2131 C2112 C2132 C2H3 C2B!

(2.04)

In this model, er and Ej are the second order stress and strain tensors, and Cij{
and Si are referred to as fourth order stiffness and compliance tensors. Young’s moduli,

shear moduli, and Poisson ratios, {E,G and v), which are the physical interpreters of
materials and are useful in engineering analysis. Hence, the stiffness and compliance in
terms of engineering constants represent the characterized properties of material, and are
referred to as the constitutive parameters of a solid material [3].

Fortunately, there is no need to deal with these fourth order tensors and 81 elastic
constants because various symmetry conditions simplify the equations considerably in
practice. As shown in any mechanics of materials book, both stresses and strains are

symmetric (i.e., cr -0 ji, and Ejj =Eji), so that there are only six independent stress

components and six independent strain components. This means that the elastic constants



10
must be symmetric with respect to the first two subscripts and with respect to the last two

subscripts (i.e., Cijd - C jid and Cild = Cijk where - 1,2,3), and that the number of
nonzero elastic constants is now reduced to 36. Furthermore, since C,, = Cu-, the

number of independent constants is reduced to 21. These simplifications lead to a

contracted notation. With this contracted notation the generalized Hook’s law can be

written as:
Qi =Cijgj i,j =1,2,...6  or {ay= [cKf} (2.05)
Ei = SijC] i,j =1,2...6  or {f} = [5|cr} (2.06)

where the stiffness and compliance matrices (or elastic constant matrices) are now 6 X 6
with 21 independent components and the stresses and strains are column vectors.

Further simplifications of the stiffness and compliance matrices are possible if the
material properties have some forms of symmetry. If a linearly elastic solid has two
mutually perpendicular planes of symmetry, say plane | with unit ex and plane 2 with

unit €, then automatically the plane 3 with a normal in the direction of e3 s also a plane

of material symmetry. The material is called an orthotropic material, (see Figure 2.01).

Symmetry
Planes

Figure 2.01 Illustration of the orthotropic material (Three planes of symmetry)
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The stiffness and compliance matrices of orthotropic materials are expressed by

equation (2.07) and (2.08), where Cij and Sij are all 6 x 6 matrices and the number of

independent components is nine.

"Cu cl2 c13 O 0 0

Cl2 Cc22 Qz3 © 0 0

Ci3 Cc23 C33 O 0 0

Qj=
0 0 0 c44 0 0
0 0 0 0 C55 0
10 0 0 0 0 c 66/ (2 07)
"Sn 512 sI13 O 0 0
s12 s22 s23 O 0 0
B Si3 s23 s33 O 0o 0
Sjj =
0 0 s44 O 0
0 0 0 0 S55 0
0 0 0 0
<0 S66 (2.08)

If there exists a plane, say plane 3, such that every plane perpendicular to it is a
plane of material symmetry, then the material is called a transversely isotropic material.
For example, the properties of materials along the direction 2 are the same as those along
the direction 3; then this material is regarded as a transversely isotropic material with

respect to 2-3 plane. For such a material we would expect that C2 = C33

C2=C13 C% = C66, and that C44 would not be independent from the other stiffness. The

complete stiffness and compliance matrices for a specially orthotropic, transversely

isotropic material are of the form [3]:
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(Cu Ci2 c)2 0 0 0
C12 C22 C23 0 0 0
Cl2 C22 C22 0 0 0
cij o o o C22- C23 o o
2
0 0 0 0 cfis O
I o o O 0 0 ce6 (2. 09)
Sn Si2 s12 0 0 o™
S12 S22 523 0 0 0
s12 S23 s22 0 0 0
sU= 0 0 0 2(S22- S23) 0 0
0 0 0 0 see O
0 0 0 0 0 566 2.10)

Equations (2.09) and (2.10) have five independent elastic constants. When a
material is characterized experimentally, the engineering constants such as Young’s

modulus E , shear modulus G, and Poisson’s ratio v are usually measured instead of the

Cij or Sij. These engineering constants are used in analysis and design because they are

easily defined and interpreted in terms of simple states of stress and strain.

@ 11)
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where E2 and E2 are the longitudinal moduli with respect to directions I, 2 and 3
respectively; v21,v23 and v13 are the Poisson ratios along with plane 2-1, plane 2-3, and
plane 1-3, respectively; G12, GZ and G1 are the shear moduli associated with the plane
1- 2, plane 2-3 and plane 1-3, respectively.

The stress-strain relationship of the orthotropic materials in terms of engineering
constants can be expressed as equation (2.11).
The stress-strain relationship of transversely isotropic material with respect of plane

2- 3in terms of engineering constants can be expressed as

(2.12

where

G2 = 2(1+v3) 2 13)

(Note: the stress-strains relationship with the stiffness matrix [C] can be gained

accordingly.)
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Restrictions on Engineering Constants

For an orthotropic material, the symmetric stiffness matrix with nine coefficients can

be expressed as equation (2.12). Then, the relationships between Cij and the engineering

constants are given by: [

Nl vaeava Ao = W\2+V2IVZ3 R 1 AR 7
2.2.6 E2EiIA
v o :"| AM (.« _ V22 + V-|2V3I T I -V12V21 (2_14)
EIEiIA EIEIA EIE2A
CH4=G2Z3 Ch"G 3L Gk - G (2 15)
where
AN~ VvV, ~ Va3vaz ~ Va-1V]) ~ "V21V32V13 (2.16)
2,E2Ei

The relationships among engineering constants are more complex. Those
relationships must be investigated thoroughly in order to avoid the pitfalls of an intuition
built up on the basis of working with isotropic materials. Thus, it is required that the
elements of both the stiffness and compliance matrices must be numerically positive.

This mathematical condition can be replaced by the following physical argument. [1

15 21Sii, 544,555,566 > O (2.17)
or in terms of the engineering constants,
Ei,E2,Ei,G2i,Gii,GL>0 (2.18)

We note also that the compliance matrix is symmetric so that

Vi, Va Vi _ Vi Va3 _  V

T (2.19)
2] E2 Ei Ei E2 E3
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The determinant of a matrix and all sub-determinants must be positive definiteness.
For positive definiteness, with these criteria, the restrictions for the engineering constants

are as follows [J

[ES u2e es ,V32<(eA

< J

Also,
| VXX ~ AvPyi ~ A31M3 —2M217°32M3 N ® (2.21)

For a transversely isotropic material, the compliance matrix in terms of engineering

constants is shown as equation (2.14). Because the compliance matrix is positive definite,

the diagonal elements are positive definite. That is,[2

ExE2,GBS »O (2.22)
Also,
I -u 2
El E2
det I 1v2 >0 2.23
-ua | EiE2L E2 "J ( )
L 2
ie.,
<A or voua<i (2.24)
E1
I -UzB
E2
det E2 o _r(1-um>0 (2.25)
'U23 I /\2

L E2  E2)
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i.e.,
-1 <VB<1 (2.26)
Also,
_V,
El El
_V \
~ \ ’
det EV22 E12 EiE2 va- 2 A K (2.27)
VIRV y
E2 E2 E2
Since |+ V13>0, therefore,
I-2uj >VB or | T\2iVi2> VA3 (2.28)

Kgu

The assumed engineering constants have to agree with the restrictions.

Coordinate Transformation

If the material coordinate system is rotated about any axis, the material parameters

vary significantly. The rotation matrix is as follows [3]:

an =cos(z'\&) = cos(0) (2.29)
au au au

A= asSy asz (2.30)
au azy au

Suppose the coordinate system is rotated about the z-axis by an arbitrary angle G.
To determine the effect on the material parameters, it is necessary to return to the fourth

order compliance tensor, Sijkl, and the transformation matrix can be expressed as
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Aco”o)  sitio)
A= -siiW co™g) O

| o 0y 2

The fourth order tensor’s transformation formula is as follows: t3

(2.32)

(2.33)

where Crjrr, Srflcr, Crmpy and Smyg are all fourth order tensors, and arkrepresents
cosine of the angle between the rotated and original axis.

Mechanics of Composite Materials

Two levels can be taken to investigate the mechanical behavior of fiber reinforced
composite materials, micromechanical and macromechanical analysis. Micromechanics is
concerned with the mechanical behavior of constituent materials (fiber and matrix
materials), the interaction of these constituents, and the resulting behavior of the basic
composite. Macromechanics is concerned with the equivalent homogeneous continuum
mechanical behavior of composite materials and structures as equivalent engineering
properties without regard for the constituent materials or their interactions.

A composite material is obviously heterogeneous at the constituent material level,
with properties possibly changing from point to point. However, the macromechanical
stress-strain relationships of the lamina can be expressed in terms of average stresses and

strains and effective properties of an equivalent homogeneous material. The properties of
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a composite are usually anisotropic. That is, the properties associated with an axis
passing through a point in the material generally depend on the orientation of the axis.
Fortunately, each type of composite has characteristic material property symmetries
associated with various types of composite laminae.
Certain mathematical manipulations will be used to simplify the directional nature

of composite properties.

Macromechanical Approach

The properties of composites are referred to as homogeneous and anisotropic, with
various kinds of symmetries. The composite material selected for this research is the
unidirectional fiber D155 [4]. The D155 composite laminae have directions of 0°, +45°,
90°, and -45°, which are symmetric about the mid-plane. The layup is denoted as
[0/+45/90/-45]s. The constitutive properties of each layer are theoretically the same in

any direction perpendicular to the fiber.

Figure 2.02 Transversely isotropic material associated with plane 2-3



19

See Figure 2.02 (i.e., the properties along the 2 direction are the same as those along
the 3 direction), and the material is transversely isotropic. The composite in this research
is a transversely isotropic material with respect to material principal plane 2-3.

The stresses and strains are defined in the principal material directions (or local
coordinates) for an orthotropic material. However, the principal directions of orthotropy
often do not coincide with coordinate directions that are geometrically natural to the
solution of the problem. In this work, the coordinate directions of selected geometry are
different from the principal material directions (See the Figure 2.03), which is non-
principal direction (or global coordinate). The angles are 0°, +45°, -45°, 90° between the

principal (Local) and non-principal direction. (Global)

Figure 2.03 Orientation of the global and local coordinate

There, the coordinates natural to the solution of the coupon are X, Y, Z, whereas the
principle material coordinates are 1,2,3. The angle between X-1 and Y-2 is 45°, Z is
parallel to the principle direction I. Thus, a relationship is needed between the stresses
and strains in the principal material directions and those in the global coordinates. Then, a
method of transforming stress-strain relations from one coordinates system to another is

also needed.
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As discussed in the previous sections, the 6 x 6 stiffness and compliance matrices

have to be re-arranged to fourth order tensor form in order to conduct coordinate rotation.

V12 | V23
E2 E2
zEiix -VI2 -VZ3 1 0 Z7iix
022 E2 E2 E2 o)
- o o 21+ VR 21 +v2 033
e23 B B2 t23
el 0 I 0 ! t3l
G Gi2
el2 €2
e32 P
- 2(1+ v 2(1 + v23) 13
B2 B2 V21J
0 _ 0 !
Gi2
0 I_ 0
Gi2
(2.34)

Equation (2.34) embodies the stress-strain relationship in terms of engineering
constants, with the rearranged fourth order compliance tensor,

where
G” (235)
In this case, the angle of the directions between X-I and Y-2 is 45°; Z is parallel to

the principle direction 3. The transformation matrix mentioned in equation (2.19) can be

employed to conduct the coordinate system rotation.
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Due to the large amounts of calculation, it is convenient to employ the computer to

accomplish the coordinate transformation. The programming in Mathematica is attached

in Appendix A, indicating the details of mathematical manipulation. Cmpj and Smyy

stand for the stiffness in the local coordinate system, while Cmnpg andSmwpl7. are

respectively the stiffness and compliance matrices in global coordinates. The new forms

of stiffness and compliance matrices after rotation are as follows:

cITTT CITZZ
CZITT c¢zZmZT

C33TT ¢ STZZ

0 0
¢ GTT = 0 0
¢ IZTT ¢ 1222

0 0

0 0

Tzttt ¢ ZTTZ

SITTTL sITTTL
SZTTTL sZZZT1
SSTTT1 sSTZTL

0 0

SVTIT = 0 0

SITTT sITTTL1

0 0

0 0

,SZTTT sZTTT1

cCITTT

cZZTT

C3T3T

clZTT

0

cZTTT

sITTTL

SZTTT1

sSTTT1

0

0

SITTTL

0

0

SZTTT1

0

0

0

c ZTZT1

cTITT1

0

cSTZT1

cITZT1

0

0

0

0

SZTTT1

SSTTT1

0

SSTTT1

SITTTL

0

0

0

0

cZTTT

cTITT1

0

CSETT1

cITTTL1

0

0

0

0

SZTTT1

SSTTT1

0

sSTTT1

SITTT1

0

CITTT

c ZZTZ1

CSTTT

0

0

cITIT

0

cZTTT

SITTTL1

SZTTT1

SSTTT1

0

0

SITTT1

0

0

SZTTT1

0

0

0

CSTTT

0

cTZTT

cITTT

0

0

0

0

SZTTT"

0

0

0

CZTTT1 ¢ ZTTT1

CSTTT1

0

CSTTT

cITTT1

0

0

0

0

SZBTT1

SSTTT1 sSTTT

0

0

sSTTT1 sSTTT1

sITTEZL sITTT1

0

0

c ITTT
cZTET1

c STTT

0
0

cITTil
0

0

CZTTTy

(2-36)

SITTT1
SZZTT1

SSTTT1

0

0

SITTTL

0

0

SZTTTly

(2.37)

The components of the stiffness and compliance matrices Cmnpg. andSmwl7,

represent the components of the matrices after performing a coordinate transformation.
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Actually, they are functions of the angle (<9) and the engineering constants

(E{,E2,G12,G23 V12). The detailed procedures are shown in Appendix A.

min'pg ~ cos(5), ,E22,72>G12G2) (2.38)

rmnp ~ fA COS(™), J,E 22w\2°"12°123) (2.39)

Again, because of the symmetry of the matrices, the fourth-order stiffness, Cm,>\.
and compliance, Smnpg tensors can be reduced to 6 x 6 matricesCry andSiy
respectively. Further, Cry andSry are still functions of the angle and the set of
engineering constants:

Spy A(sin(®),cos(M), MY, £22MM2¥M2°23) (2.40)
Cpy = /n (sin(<9),co0s(0), Ex, E22,V12,G 12,G 23) (241)

In this work, one of the laminate orientations is ©=45". By substituting 45°, we

obtain the complete compliance Sry as follows:

(STtZ'SzTS gz M - (M+2-A ZFAZ-4'8§4  (SIZFA |

U u
4 4 2 B
(Al+2-22fr2 _4"%() zfrzadr (O osizEn '<‘|_
4 . 0 0 4
(s1zf A (s1Zf A ] 0 0 (SFS)
2 2 2
0 0 0 /\§—A - 0
CSrSS ] \§z482+2y
r 0
0 0 0 (SzfSzfr] (SrSz4n 0
(Sn-%l (s1rs) slrS) (SI’Z—SZ4S)
. 4 " 0 0

4

(2.42)
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Micromechanical Approach

We can predict lamina properties by the procedures of micromechanics. The
objective of the micromechanics approaches used here is to deterniine the elastic moduli
or stiffness or compli'ance of a composite material in terms of the elastic moduli of the
constituent materials. For example, the stiffness and compliance of a fiber-reinforced
composite can be determined in terms of the propefties of the fibers and matrix and in
terms of the properties of the relative volumes of fibers and matrix.

C,-j = CU (Ef ;Uf 7Vf,EmaU ‘/m) (243)

m?

V) (2.44)

m?

S; =S,;(E;,v,,V,,E,,U

where '
E and E, are the Young’s moduli of the fiber and matrix respectively,

V, and V,, are the fraction of fiber and matrix volumes respectively,

- v, and v,, are the Poisson’s ratios of the fiber and matrix respectively.

For a tranéverselY isotropic composite material, there afe -five independent

eﬂgineering constants: E_l’ the longitudinal modulus; E23 transverse modulus; v,,,

Poisson ratio; G,,, shear modulus associated with the 1-2 plane; and G,,, shear modulus
associated with 2-3 plane. | )

Calculation techniques from a material’s engineering constants (E,, E,, 0,,

p23,G12) have béen discussed intensively in the past years' 41, Many formulations have

been developed to obtain engineering constants. Some formulations mentioned in the
book Composites Mechanics ™ are introduced to estimate the engineering constants of a

composite.




24

However, it must be recognized that a micromechanical analysis has inherent
limitations. In order to gain more accurate estimations of the engineering constants, semi-
empirical approaches were also used in this research. The empirical solutions were based
on curve fitting to elasticity solutions or experiméntal data, and some of these equations
were used along with mechanics of materials equations to formulate a complete set of
simple lamina design equations. Therefore, we can carry out this initial estimation just by
putting known values of fiber and ﬁatrix properties into thesé formulations. Thf:
equations for establishing the elastic moduli of a fibéar—reinforced composite are as

follows:

'Longitudinal Modulus £, & €7 8]

E =E\V,+EYV, - (2.45)

m - .m

where E, 1s the fiber modulus; 'Em is the matrix modulus; V, and V,, .are the fiber ..

volume fraction and matrix volume fraction, respectively.

Transverse Modulus E, (53, 161, 171, 8]

To improve the estimate of E,, the semi-empirical Halpin-Tsai formulation is used

as follows:

(2.46)
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1+&-7-V -
E,=E, | & (2.47)
1-n-V,

where E, is the transverse modulus of the composite, and ¢ and 7 are the empirical
parameters. ¢ is set to 2 based on experience.

Poisson’s Ratio v, P} 71 B8]

U, =V, 0, +V, v, - (2.48)

where v,, is the major Poisson ratio of the composite.

Shear Modulus Associated with the Plane 1-2 G, LTI

The periodic microstructure model (PPM) formulation can be employed to obtain an

improved estimate of G,

S5 = 049247 — 0.47603V, — 0.02748V,” (2.49)

(A7 |
. f ;
G, =G, |1+ (2.50)

G G |
my +S,(1- %)
6, +5:0-%%,

where G, is the shear modulus associated with the 1-2 plane,G, is the shear

modulus of the fiber, G,, is the shear modulus of the matrix, and S, is an empirical
parameter.

Shear Modulus Associated with the Plane 2-3 G,,.°! - [7- 81

The inter-laminar shear modulus associated with the 2-3 plane can be computed with

the semi-empirical stress-partitioning parameter (SPP) technique.
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G /

s = 41-0,) ' ' (2.51)

Vf +7,, (1 _,Vf)-
m G
Nypy(l-V)+V %
23 f f Gf

where, G,; is the shear modulus associated with the 2-3 plane, and 77,, is the émpirical
parameter.

Gy =G

(2.52)

These calculations are used as initial stage values for the optimization technique to

be discussed subsequently.

Agreement between Micromechanical and Macromechanical Analysis

Micromechanics is concerned with composite material behavior, wherein the
interaction of the constituent materials is examined in detail as part of the definition of
the behavior of the macroscoéic heterogeneous composite material: Macromechanics is
focused upon the compo:site material behavior wherein the material is presumed
homogeneous and the effects of the constituent materials are averaged to provide
equivalent continuum mechanical properties of the composite. Hence, lamina properties
can be estimated by the procedures of micromechanics.

Knowledge of how to estimate properties is essential to constructing composites that
must have certain apparent or macroscopic properties. Howevé’r,. micromechanical
analyses have many simplifying assumptions to estimate the complicated combination of
constituents. The actual experimental work is a good criterion to determine the
consequence of these assumptions. The micromechanical estimation cannot be valid until

it agrees with the corresponding experimental works. Once a micromechanical model has
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been shown to be sufficiently accurate by comparison with. experiments, it can become
part of a powerful design methodblogy that enables us to design the material as well as
the structure. Aside from desigﬁ - implications, micromechanical analysis and

experimental characterization are both essential if we. are to understand composite

!

material mechanical behavior‘ 21

The focus of this project is to find an appropriate methodology for accurately
estimating effective moduli of a composite. As discussed in section 2, the assumption of
the effective moduli in micromechanics has to agree with the experimental dataﬂ in the
macromechanical approach. However, there is usually disagreement between the
analytical and experimental data in practical situation, because of gaps between the
condition of .the composites in practical condition and the assumed condition of the

composites in the theoretical analysis.

Numerical techniques are used in this work. Finite Element Modeling (FEM) is
utilized, and by minimizing the discrepancy between the modeling results and
experimental results, optimum engineering constants can be obtained. The details of these

techniques are described in Chapter 4.

The In Plane Loader (IPL) machine is used to conduct the tests and collect the

experimental data.

Theories and numerical techniques involved in this study is illustrated in Figure
2.04. The work was restricted to linear elastic behaviors, and micromechanical and
macromechanical analyses were employed. Three numerical methods were used, FEM

model, bounding techniques and numerical optimization. The experimental method was -
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also used. Note that the numerical techniques and experimental methods are served to the

optimization. Optimization is more significant method in this study.

Linear Elasticity

theory
Theoretical Experimental
derivation approach
Micromechanical Macromechanical
Analysis Analysis
. Mechanics of
Elasticity terial
approach materials Select the geometry Design the
of coupons composite
Prediction of
material properties
Bounding Tests on In Plane
techniques Finite Element Loader
Method modeling
Obtain numerical Obtain experimental
results results
Constraints of Variables Objective function
variables

Experiment

IOptimization technique |

Minimize e with
constraints

Determine the
constitutive law
of a composite

Figure 2.04 Flow chart of theories and numerical techniques in this study
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The In-Plane Loader Machine

Determining the effective composite properties usually requires the conduction of an
extensive set of experiments. It is desirable to acquire the same results using a reduced set
of tests. Under this motivation, the In-Plane Loader (IPL) machine was designed and
built by the MSU composite team, based on initial work of the Naval Research
Laboratory (NRL). 1l The In Plane Loader (IPL) is a testing machine capable of
providing any combination of in-plane loads on a sample. This machine is able to
simultaneously load a sample in tension or compression, shear or bending. Some possible

loading configurations are illustrated in Figure 2.05 [1]'[10L

Figure 2.05 a) A composite sample, b) a sample loaded in tension, ¢) a sample loaded in
shear, d) a sample loaded in bending.

The designed IPL system built at NRL is a specialized machine comprised of many
custom and expertize parts. The MSU composite team has created an alternative device

which is lower cost, more efficient, and more compact testing machine. After going
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through many options, the following design was chosen for the initial machine. This

testing machine is shown in Figure 2.06

Figure 2.06 Initial IPL design by MSU students

In Figure 2.06, the composite sample is placed in the clamps (Points | and 2). The
desired displacements are then achieved by changing the lengths of the three actuators
(Points A, B, and C). Advantages of this design compared to others is that it is more
compact, doesn’t require additional structures for stabilization, and it is relatively
portable. Computer aided designs were done using Pro/Engineer [BL The current IPL
machine is shown in Figure 2.07 [11[10].

This testing machine is comprised of linear stepped motor actuators, and grips. The
specimen is loaded into the grips, which have the clamps in the heads. The IPL is a
computer driven machine. In other words, the selected loading paths are applied to the

specimen by means of a computer. Furthermore, the experimental data of a sensor placed
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at a specific point can be recorded by the computer. As a consequence, all of the output
data can be reviewed on the computer as well.
It is recognized that the structure of this machine is very simple and compact. The
specimen can be fixed on the grips by clamping. The computer system instructs the linear
actuators to move and the grips moving accordingly until the designed loading paths

(displacements) are accomplished.

Figure 2.07 The IPL machine built at the MSU composite lab.

To this point, we have established the basis for the research which included
micromechanical analysis to determine preliminary estimates for the lamina properties,
and the experimental method which utilized the in-plane loader. Chapters 3 and 4 will
focus on the details of the experimental techniques and optimization procedures to
determine the equivalent in-situ lamina properties to be utilized in preliminary design of

composite laminates and structures.
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CHAPTER 3

EXPERIMENTAL METHODS

Experiments play a crucial role in this research. The experimental data acquired by
the tests are referred to as the norm that verifies the feasibility and accuracy of the
numerical estimates. Although there aré many numerical approaches to approximate
composite properties, nearly all methods must be validated with experimental data.
Therefore, care must be taken in obtaining accurate experimental data.

Before conducting experiments, preparation is required. In section 3.1, selection of
constituent materials (or the fibers and matrices), a description of the layup of the
designed composite, the fabrication equipment and procedure, and the depiction of
coupons being used for the experiments are included. Next, the test procedure for the In
Plane Loader machine is described in detail. Then, the detailed procedure of the
experiments is presented in section 3.2. Finally, the motivation of tﬁe experiments is

given.

-Experimental Design

A composite material is formed by the combination of two or more distinct materials
to form a new material with enhanced properties !, There is no better way to gain the
macroscopic composite properties than actually conducting the experiments. This project
was focused upon the study of constitutive parameters of a composite. Both experimental

and numerical approaches were used. For the experimental part, the composite was
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carefully designed, including the geometry of the coupons. Next, the deéiéned composite
was fabricated, the coupons were cut according to the selected geometry and finally, the
tests were conducted with the In- Plane Loader machine. The following paragraphs

discuss the details.

Design of a Composite Material

Selection of Constituent Materials. The composite material selected in this study is a

combination of the coﬁstituent materials (fibers and matrices), fibers wfthin a matrix. The
glass fiber D155 and c‘aster4resin VINYL Ester-DERAKANE 411-C were selected as the
. constituent materials for fabrication of the designed composite. The properties of the
constituent material providéd by the rﬁanufactures are shown in Tables 3.01 and 3.02.

The information was provided‘by the MSU Composite Database 1. The layup of the

" selected composite is [0°/4+45°/90°/-45°]

Table 3.01 The matrix properties [

Matrix property Derakane 411PC-100 Vinyl
Ester

Tensile Modulus, Pa E,, © 3.21x 10°

Shear Modulus, Pa G, 0.96x 10°

Nuxy v, . 0.34

- Table 3.02 The fiber properties, D155 (]

Fiber property D155
Tensile Modulus, Pa E ; 73.1x 1(_)9
| Shear Modulus, Pa G, ~ 29.959x 10°
Nuxy v, . 0.22
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The selected fabric D 155 contains unidirectional fibers. Figure 3.01 illustrates this
fabric. White lines are the stitches that hold the fibers parallel to one another before

layup.

D155

2 cm

Figure. 3.01 Illustration of fabric D 155

Orientation of the Designed Composite. The fibers provide most of the stiffness and
strength, and the matrix binds the fibers together providing load transfer between fibers
and between the composite and the external loads and supports. Since fibers have a
minimal contribution to the strength transverse to the fiber direction and the strength of
the matrix is very low, it becomes necessary to add layers with various orientations to
support all of the applied loads. One way to achieve this is to create a laminate, stacking
layers with various orientations. Most structural applications need reinforcement in other
directions [Z]. For this case, a composite laminate with the directions in 0°, +45°, 90°, and

-45° and a total of eight layers was selected. The composite laminae are symmetric, and

the layup of the composite is [07+45790°/-45°]s. The subscript “S” means of symmetry.
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The eight layers of composite carry the loads in different directions. Because of the
orientation symmetry of the layers with an equal number of fibers oriented every 45°, this

composite is referred to as transversely isotropic in the global x-y plane. The layup of the

designed composite is illustrated in Figure 3.02.

Lyerw

Figure 3.02 Layup of the selected composite

Fabrication Procedure. The choice of manufacturing process depends on the type of
matrix and fibers, the cost effectiveness of the process and so on. Often the
manufacturing process is the initial consideration in the design of a composite structure.

As described previously, the composite designed for this research is a multi-
direction composite with the layer layup of [07+457907-45°]s. Test repeatability
requires fabricated high quality composite with sufficient size. To minimize the effects of
minor flaws similarly the fabrication process must be suitable for manufacturing
relatively large composite laminate [16].

The partial injection Resin Transfer Molding (RTM) method is an appropriate

fabrication process to produce the desired composite for this project. This method uses a
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two-stage injection process. The first stage injects resin into a vacuum evacuated “pool”
outside of the plane of the fabric. Pressure is then applied outside of a flexible film,
forcing resin into the fabric in the thickness direction. Resin is not required to flow in the
plane of the fabric, thus reducing the dependency on in-plane resin flow, making
relatively high volumetric flow rates possible during the injection stage[8T9]. This method
improves the quality of composites dramatically compared to the conventional hand
layup method [16].

The remaining procedures of the partial injection RTM process are similar to the
typical RTM process. The fibers are cut and oriented according to the designed sizes and
layup. Because there is only a single fiber D 155 that is used for all of the orientations in
0°, +45°, 90°, and -45° direction, more care needs to be taken while putting the fiber into
the mold. It is important to be sure that the directions are sufficiently precise, especially

at the directions of +45° and -45°. The process is shown in Figure 3.03.

Figure 3.03 Partial injection Resin Transfer Molding (RTM)
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In this way, we acquire the desired composite laminate we designed. In the next
step, the necessary data such as length, width, and thickness is recorded fro the
composite. This composite was then used for the experiments. Post-fabrication
processing was needed for the tests. Each laminate was cut into small pieces. The details

of making the coupons are presented in the next section.

Preparation of the Coupons

Geometry is one of the important factors in the behavior of structural composite.
Upon applying loads, different coupon geometries lead to different reaction forces and
displacements at specific points. Notched configuration was selected for the coupons in

this project. The coupon dimensions are shown in Figure 3.04.

W=25.33mm
w=12.Gmm
r=3.2mm
L=101.Gmm
1=41.Gmm
T=3.98mm

t =Smm

Figure 3.04 The dimension of the notched coupon
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One of the reasons why a notched geometry was selected was because stresses and
strains concentrate next to the notch under loads perpendicular to the notch. Moreover,
since stress and strain next to the grips is much less than next to the notch, the effects of
the grips becomes less significant, and the experimental data collected near the notch
more accurate. Consequently, this geometry makes the study of a composite constitutive
behavior easier.

The coupons are cut according to the selected geometry. Care needs to be taken to
keep the original orientation of the composite properly aliened with the coupon geometry.
The process of cutting the composite coupons with selected geometry is illustrated in

Figure 3.05. There are a total of ten notched coupons and 3 straight coupons to be made.

Figure 3.05 Cutting coupons to the designed geometry

The coupons were loaded into the IPL machine for tests. A ready coupon is shown

in Figure 3.06.
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Figure 3.06 A sample cut from the composite

At this point, we have accomplished the preparation of the coupons. The next step is
to conduct the experiments using the In-Plane Loader machine. This procedure is

introduced in the next section.

In Plane Loader Machine

Introduction of the In-Plane loader Machine

As discussed in the previous Chapter, the test machine used for measuring the
reaction forces or displacements at the specific point of the coupons is the In-Plane
Loader (IPL) machine. The IPL was designed and built specifically for finding the
composite material properties. The primary components of the IPL machine are the fixed
and movable grips and the linear stepper motor actuators. Special torque on both in grips
is applied to ensure a constant gripping force throughout the test. The objective of the IPL
is to control the rigid body motion of the boundary of the coupon that is held by the
movable grip. Because the actuators are constrained to move in a plane parallel to the
plane of the coupon, the resulting motion involves only three degrees of freedom relative

to any frame of reference in that plane [1] [1]].
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It is important to note here that the grip motion can be resolved into three basic

components: sliding ux, opening/closing uy, and rotation co. The IPL is capable of

providing any combination of in plane loads on a sample. The basic loading

configurations are illustrated in Figure 3.07. The displacements above are denoted as

sliding un, opening/closing M, and rotation M in the figure. These displacements are

controlled according to time in the IPL control system m’[I0L

Fbed Giip

Figure 3.07. a) a composite sample, b) a sample loaded in tension, c) a sample loaded in
shear, d) a sample loaded in bending.

Recall, the design of the IPL was discussed in section 3 of Chapter 2 and a design

drawing of the IPL is shown in 2.06.
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Grips on the IPL
The grips connect to the stepper motors, which provide the motion according to the
loading path for the experiment. The grips are used to clamp the coupons by means of the
pre-torqued bolts. The assembly of a grip is shown in Figure 3.8. One may see that there

are two parts; one connects to the actuator, and the other is the clamp.

Clamp the coupon

Figure 3.08 (a) Assembly of a grip Figure 3.08 (b) Enlarged grip

Bolts are used to tighten the clamps that fix the coupons. The clamp surfaces shown
in Figure 3.09 are very rough. Often it is assumed that there is no relative motion between
the coupons and the clamps during the actual experiments, as if the coupon were glued to
the clamps. Yet the actual condition is a very complicated physical process, and difficult
to represent with a simple condition. This condition can be simulated with elements in the

Finite Element Modeling, as discussed in Chapter 4.
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Figure 3.09 The structure of grips.

Carrying Out the Experiments Using the IPL

Design of the Experiments

Recall, the objective of the IPL experiments was to acquire the reaction forces or
displacements at a specific point in the test coupons with the notch. Note that all of the
experiments are subject to elastic behaviors, and no damage or fracture was apparent
during the tests. Four loading conditions were considered for this research. These are:

Tensile (Open/Close) uy,

Shear (Sliding) ux+ Tensile (Open/Close) uy,

Moment (Rotation) QO

Tensile+ Shear + Moment+ (Open/Close+ Sliding + Rotation) uv +M1+ a).

The four loading paths designed for notched coupons in this research are depicted in
Figure 3.10. The loads are all the displacements in this research. Note that all the
displacements are applied to the grips rather than the coupon itself.

Each loading path applied to the notched coupons is illustrated in Figure 3.10.



43

—=

.Tensile +
3’ shea

ensile ear

(2) (3)

Figure 3.10 Four test load cases applied to notched coupons

Since four loading paths are designed for the notched coupons, and each test was

performed twice, a total of 8 notched coupons are needed.

Experiment Procedure

The following sequence of events was repeated for each coupon and each loading

sequence: load and clamp the coupon, apply the loads along the specified loading path,

T%]fﬂe
=¥ oment

+ shear

4)

display the data of reaction forces and displacements at a specific point.

Figure 3.11 Clamping the coupon

Figure 3.12 Apply the loads to the coupon
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The procedure of clamping the coupons in the grips and applying the loads along
the specified loading paths is illustrated in Figure 3.11 and Figure 3.12. This procedure
was repeated during the tests.

The remainder of the test was performed automatically, with the computer control
system controlling the displacement loading path. The system monitored and stored the
boundary forces and displacements for each loading step. The automatic load sensors
stored the reaction forces and moments at a specific point during the tests. The point
selected on the coupon was in the middle of the grip boundary, P (W/2, I, Z). The
position of the point where the sensor was located is shown in Figure 3.13. This point

corresponds to the point selected for numerical optimization to be discussed in chapter 4.

Movable
P(W/2,1/2, Z) grip

The point
to be
measured

Coupon
W=25.33mm

I=41.6mm
Fixed

grip

Figure 3.13 The specific point to be measured
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Summary of the Motivation of the Experiments
Eight different notched coupons were tested under displacement control in four
different loading configurations. These notched specimens were tested to obtain reaction
force data at the bottom center edge of the top grip. This data was used to refine estimates
of elastic parameters of the composite specimens.

The motivation of each test is shown in Table 3.03.

Table 3.03 Motivation of each test

Loading Notched coupon Motivation

paths

2 times, 2 coupons  To obtain the reaction forces and displacements at a
Uk reproducibility specific point P under uniaxial loading. The data will
be used for Optimization.

2 times, 2 coupons  To obtain the reaction forces and displacements at
reproducibility specific point P under combined axial loads. The data
will be used for Optimization.

2 times, 2 coupons  To obtain the reaction forces and displacements at a
0) reproducibility specific point P under pure rotational loading. The
data will be used for Optimization.

2 times, 2 coupons  To obtain the reaction forces and displacements at a
ux+ ux+co reproducibility specific point P under all three in plane loadings. The
data will be used for Optimization.
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CHAPTER 4 -

NUMERICAL METHODS

The numerical techniques used to detemne the composite properties in the current
research are fg)cused upon in this chapter, including the Finite Element Method (FEM),
bounding and ‘optimizatipn techniques to match experimental data. Note that the basic
restriction of the discussion is to linear elastic behavior.

Finite Element Analysis plays a major role in the mathematical ;nodeling and
simulation in this study. Description of the modeling and simulation by ANSYS is
provided in the first section. The details about modeling the geometry, mesh, and
. specified loads and displa_cements corresponding to the real experimental conditions are
illustrated in this section also.

In addition, the bounding techniques of linear elasticity are included in the
discussion of determination of the engineering constants. This technique helps to

establish the upper and lower bounds of the engineering constants (E,, E,,G,,Gy,0,)

for use in optimization.

ANSYS has an opti'mization. package which was used for this project. The
yoptimization is carried out by comparing the experimental data with the corresponding
modeling data,. The optimization technique used to esitimate the optimum engipeen'ng
constants of the composite is introduced. The optimization theories inV01veci in ANSYS

are described and the algorithms employed by ANSYS are presented. The applications of
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the optimization package are also shown, like the definition of objective function, design

variables, and state variables.

Finite Element Method Modeling Using ANSYS

The Finite Element Method (FEM) .is a mathematical technique fér obtaining
approximate numerigal solutions to the abstract equations of calculus that model the
response of a physical system subjected to external influences ',

The Finite Element Method has become popular as a result of the compu’ter age, and
the application of the method to solve practical problems reguires use of computer
programs for analysis 4. All FEM models of this project were performed u-sing ANSYS
6.0. Macros (or comfnand files) are used exclusively to construct and solve all moélels. A
macro can be written to include a description of all of the geometry, loads, and solution
information for a given model. They make it possible to run the same model several times
with only a'single command to start the subroutine each time. Some post-processing was
included in the macros but most was done using the Graphical User Interface .

FEM modeling is used to simulate the experimental conditions and acquire the
corresponding results, such as rea;:tion forces or displacements. These results are
employed to carry out optimization by comparing with the experimental data. These two
groups of data are supposed to agree with each other. If there is a discrepancy, the
optimization procedure is carried out. Hence, more care should be taken to make the

FEM model] as close as possible to the actual experimental conditions.
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Material Properties
Various ﬁateriétl properties can be defined for each element type. There are two

‘material types for this case, the composite and the grips (Steel). The composite was

modeled as a trénsversely isotfopic laminate, and thc;, grip is an isotropic material.

The material properties are the same in all of the models (see Appendix E). The
parameters input into the models are the properties of a single, fiber-reinforced ply. The
finite .elément codes use these parameters to build the laminate propetties.

All of the initial elastic properties were obtained by micromechanical estimation
techniques as described in chapter 2. The first set of material properties describes the
reinforced composite materiél. These are material i)roperties predominately used in the
models. The second set of properties is for the steel grips only.

‘As listed. previously in Chapter 2, the manufactures provided the constituent material
properties, which enabled us to estimate the characteristic properties of each lamina of a
composite. Mean.while,, it is necessary to know other parameters as well, such as the fiber
volume fraction of the designed compdsite. A sample of the composite was taken and
burned, the remaining weight (fibers) was then evaluated relative to thp original weight.

The fraction of fiber volume and matrix volume were then obtained: Vf =0.417 -

andV, =0.583, respectively.

The thickness of the laminate is another parameter which needs to be known for
FEM material ‘property modeling. Because only one type of fiber (D155) is used to

fabricate the composite, the thickness of each laminate was the same. So the thickness of
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each laminate of the composite can be gained simply by dividing the thickness of the
composite by eight.
The designed composite has total of eight layers, with the layup of [07+457907-

457-457907+4570°], illustrated in Figure 4.01. The thickness of the composite

was tcompositt = 3.98X10"3m. Then, the calculated thickness of each layer was

f)1% = 4.975 x 10"4m .

Layer# Material#

Figure 4.01 Layup of the selected composite in coordinate system

By employing the equations introduced in Chapter 2, the constituent material
properties and the parameters obtained above, we are able to estimate the engineering

constants of each lamina of composite. The assumed composite material properties are

shown in table 4.01.



50

Table 4.01 The initially assumed engineering constant of transversely isotropic material

| Engineering constants

Longitudinal Modulus E1

Transverse Modulus E 2

The major Poisson ratio Vv

Poisson ratio associated with 2-3 direction

Poisson ratio associated with 1-3 direction Vv

Shear modulus associated with the 1-2 plane G12.

Shear modulus associated with the 1-3 plane G 13.

Shear modulus associated with the 2-3 plane G”"1.

Value

32.354 x 109Pa

8.781 x I09Pa

0.29

0.353

0.29

2.021 x 109 Pa

2.021 x 109Pa

1.973 x 109 Pa

Eq. Reference

Eq.(2.45)

Eq.(2.46); Eq.(2.47)

Eq.(4.48)

See Appendix B

yi3=yi2

Eq.(2.49); Eq.(2.50)

~13 - Gja

Eq.(2.51); Eq.(2.52)

The prediction of the engineering constants has to satisfy the restrictions of elasticity

theory as stated in Chapter 2. The assumed engineering constants can be checked and

verified simply by substituting these engineering constants into equations (2.21) and

(2.22) in Chapter 2. Upon calculation, it is proved to that the assumed engineering

constants satisfy the restrictions. The detailed calculation procedure is attached in

Appendix C.

The grips are made of steel. The properties of the steel used in this research are

listed in Table 4.02.

Table 4.02 Material properties of the grip (Isotropic material)

Engineering constants Steel
Young’s modulus 2 x 1011Pa
Poisson ratio 0.3
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Mesh

The mesh is an important feature of FEM modeling. The mesh is a discretization of
the structure that allows each element of the structure to be represented with relatively
simple relationships, thus enabling us to simulate complicated engineering problems in
practical situations. Care must be taken while modeling the complex geometries, since
there are a variety of element attributes, real constants and so on. Choosing the

appropriate attributes is critical [6].

Mapped Mesh. The procedure for generating a mesh of nodes and elements consists
of three main steps: set the element attributes; set mesh controls [10]; and generate the
mesh. First, it is necessary to choose either the free mesh or mapped mesh. Since the
geometry of the sample modeled is fairly regular, the mapped mesh, which restricts the

element shape and mesh pattern to improve accuracy was selected [6].

Element Type. Three element types were used: MESH200, SOLID46, and
SOLID45. MESH200 is a mesh only element, and can be used for area-mesh or volume
mesh in 3-D space with hexattedral. SOLID46 is a 3-D layered element, and it can be
used to model composite laminates. SOLID45 is a 3-D structural solid that dose not
model layers, which is used to model the grips. The 8-node hexattedrals were employed

for element[6].

Meshing the Coupon. The mesh begins with dividing areas on the sample. The
sample was divided into 14 small areas, and then a mesh was created in each area. In

order to gain even and uniform elements, the locations of key points on the sample were
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carefully selected. Then, the meshed areas were extruded and the meshed volume was
obtained. The details about this procedure are demonstrated in Figure 4.02 and Figure
4.03, and the dimension and geometry of each divided area are shown in Figure 4.04.
Each element has its own attributes based on element type, real constants, material
properties, element coordinate system, and section ID [6].

Real constants are the parameters that provide the opportunities to make model the
configuration of each layer. As the composite is the objective in this work, and the layup
selected is [45, 0, 90, -45]sthe layer model can be created by defining the real constants.

Real constants model is a convenient tool to define the thickness of each layer as well.

Figure 4.02 Divided areas on the coupon Figure 4.03 Extrude and create the volume
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W=25.33inm
w=12.Ginin
r=3.2mm
L=101-Gmm
1 =41.Gmm
T=3.98mm

t =5bmm
wl=19.8mm
hl1=14.4mm

Figure 4.04. Dimension of the divided areas

After carrying out the procedure above, the mesh modeling was completed. The

meshed sample is illustrated in Figure 4.05 (a) and Figure 4.06 (b).

Figure 4.05 (a) Mesh on full specimen Figure 4.05 (b) Partial illustration
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Defining the Layered Configuration. An important characteristic of a composite
material is its layered configuration. Each layer may be made of a different orthotropic
material with different principle directions. For laminated composites, the fiber directions
define the layer orientation. Defining this layered configuration is done by means of
specifying individual layer properties. With this method, the material properties, layer
orientation angle, and layer thickness are defined. The layer orientation angle defines the
orientation of the layer coordinate system with respect to the element coordinate system.
The angles of +45, 90, -45, and O are specified in the current modeling. The layer
orientation angle is illustrated in Figure 4.06 (a). Note that the principle of coordinate
transformation is depicted in Chapter 2, and the procedure for evaluating parameters in
rotated coordinate system rotation is shown in Appendix A using the Mathematica
program.

We consider the selected composite a transversely isotropic material, so we define

the material properties in the scope of elastic, and orthogonal material.
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M(-)delin,gr the Grips (Contact Elements)

As described in Chapter 3, the coupons are clamped with grips during the
experiments. The effects of grips need to be taken into consideration for modeling. The
clamps are fixed on the grips, and the coupons contact fhe clamps directly. The surfaces
of the clamps are very rough, so that they provide high friction forces when the grips
move, and force the coupon to move together with. the grips accordingly. The grips affect
the experimental results dramatically . |

This condition was simulated by means of contact elements. Modeling the grips
leads us to another subject; contact problem. Contact problems are highly nonlinear and
require significant computer resourc“es to solve. Contact problems present two significant
difficulties. First, it is necessary to identify the regions of contact. Secondly, m.ost conta;:t
problems need to account for friction. There are several friction laws and models to
choose from, and all are nonlinear. Frictional responses can be non—deterministic, making
_solution convergence difficult [,

As shown in Figure 4.07 and Figure 4.08 (notched coupon), there are four contact
surfaces, two are at the top and another two are at bottom of the sample. The friction
force is very large, and we imagine that coupons always stick to clamps without any
deviations during the experiments. An effort was made to simulate the exact grip
condiﬁons of tests with the model, but no results were i)roduced due to non-convergent
‘solutions. As a consequence, an alternate model of grips, a simpler ohe, was required to
accomplish this work. Therefore, in order to simplify this complex physical procedure,
“bonded (always)” was selected to model via the Contact Wizard @ (see Figure 4.09).

This condition is similar to the one in which the samples are “glued” on the grips. With
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this type of constraint, the contact elements are essentially coupled nodes. The

displacement boundary conditions were applied on the grips for numerical/experimental

comparisons.

GRIPS

Figure 4.07 Grip modeling Figure 4.08 Contact element

Acuiitdcl [iair canssis uf a lai uc< suiitocu anil contact
Kinfacu. Yuu wis fust dufme thu laiqut stafaceu

17 MuHihlu

e i

Cgtncol | Ooll'

Figure 4.09 Contact Wizard

The MSU composite database provides the accurate characteristic parameters of this
composite m. In fact, three elements affect the results of the modeling, geometry,

characteristic composite properties, and applied loads. Refer to the EQ.(4.53).
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Furthermore, we input the standard ziccurate characteristic properties of composite to
ANSYS',‘ and the loads modeled by computer are the same as applied to grips during the
experiments. Under the precondition that the simulation of grip conditions in the test is
accurate, the modeling results are supposed to match the experimental ones. On the
contrary, if the modeling results do not agree with the experimental data, we can diagnose
that the grip modeling is not correct. |

| By comparing the FEM modeling results with the experimental results, the. gaps
between the two groups of data were identified. In order to make the FEM .modeling
results fit the experimental ones, several parameters of grip properties are changed, such
as the thickness of the grip, the modulus of ‘the grip and so on. Thié process was to
quantify the complex grip conditions during experiments by several parameters. After
going through several iterations, the result that the two groups of data satisfy was found.
These parameters were subsequently held constant. These parameters of the grip
properties were deemed the standard modeling of grip conditions in the lack of accurate
and precise contact eleﬁent modeling. This set of parameters was adopted for all of the

optimization studies to determine the transversely isotropic elastic constants.

Boundary Conditions

The main goal of the FEM modeling is to examine how a structure or component
responds to certain loading conditions. Therefore, specifying the proper loading
conditions is a key step in the analysis. There are a variety of ways to apply loads in the

ANSYS program ™,
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The word loads in ANSYS terminology includes boundary conditions and externally
or internally applied forcing functions. For example, loads in structural disciplines are
. displacements, forces, pressures and so on 1,

This load modeling involves displacements and forces that correspond to the
displacements and forces during experiments. According to the experimental loads used,
four different loading paths are applied to the samples respectively, tensile

(open/close) u,, tensile plus shear (sliding) u,+u,, rotation (moment),, and tensile
plus shear plus rotation, u,+u, + @. These loading paths were applied through the grips

by changing the length of hydraulic actuators of the. IPL; the following several
paragraphs describe the details of each load case. Note that the displacements were used

as the control variables rather than forces in- this project.

Tensile Load Model. All displacements were applied to the grips rather than the

coupon itself. The grips at the bottom of the coupon were fixed, and the top grips were
movable. Tensile displacement was then applied on the grips at the top, and the
displacements were constrained on the grips at the bottom. Coupled degrees of freedom
were used to apply the controlled displacements. Following applied loads in the actual
experiments, the displacement in Y direction was applied on the top grips. The tensile
load modeling is illustrated in Figul_re 4.10 and Figure 4.11. |

By constraining the displacements of grips at the bottom of the coupon in X, Y and
Z directions, the lower part of the coupbn was fixed. The ténsile response’ was in the Y .

direction.
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Figure 4.10 Applying tensile displacement Figure 4.11 Constraining displacement

Shear (Sliding) Load Model. In the same manner, the shear (sliding) model was
applied. The only difference between the tensile model and shear model was that applied
displacement of the shear model was in the X direction rather than Y direction. The

sliding load modeling is shown in Figure 4.12.

Figure 4.12 Shear load case Figure 4.13 Rotation load case
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Rotation (Moment) Load Model. This modeling is a bit different. We need to fix an
axle located on the line with the coordinate position of X=W/2, Y=(L-1)/2. Refer to
Figure 4.04. Then, coupling degrees of freedom on the grips, the displacement in Y
direction was applied to one side of the grips, and the displacement in the opposite
direction was applied on another side of the grips, to create the rotation (moment) model.

This rotation load model is illustrated in Figure 4.13.

Combination Load Model. The combination load modeling of tensile plus moment
and shear plus moment are shown in Figure 4.14 and Figure 4.15. The tensile or shear is

simply superimposed on the rotation loads.

Figure 4.14 Tensile + Moment load case Figure 4.15 Shear + Moment load case

Specific Point to Be Measured

In Chapter 3, the points on the coupon that were measured have been specified. The
corresponding specific points of both the notched sample and straight sample were

defined in FEM models. Upon the execution of the ANSYS program, we will acquire the
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reaction forces of these points. The data of these points by FEM models were compared

with the corresponding experimental data.

Figure 4.16(b) Enlarged specific point

The specific point on the notched coupon to be measured is illustrated in Figure 4.16

() and Figure 4.16 (b).

Obtaining the FEM Model Results

The purpose of using the FEM model is to simulate the experimental data, thus
obtaining the corresponding modeling results. To determine reaction forces and moment
at the node No0.59 is the objective of the FEM model in this project.

As the reaction forces and moment can not be acquired directly from the model, it is
necessary to take several steps to obtain them. In the first step, all of the nodes on the
selected coupon (Figure 4.19) including node 59 were selected. Performing the FEM
model by ANSYS, the forces of all of the selected nodes were added. Yet, the forces and

moment distributions at a specific node are required in this project. Secondly, the Node
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No.59 was selected, and the elements attached to the Node No0.59 were selected. The
selected node and elements attached to the node are illustrated in Figure 4.21 and Figure
4.22. Then the nodal force and moment contributions of the selected elements attached to
the node were summed. Upon element calculation, the reaction forces and moment of

node 59 were obtained.

Figure 4.17(a) Select node and elements 01 Figure 4.17 (b) Selected node and element 02

Bounding Techniques

The estimation of the engineering constants of the fiber-reinforced composites was
accomplished by means of micromechanical analysis in Chapter 2. The simplest and most
intuitive approach, the mechanics of materials approach, was wused in this
micromechanical model. However, the experience has shown that these simple models
are often inaccurate and that there is no substitute for experimental characterization [12].

The elasticity method is another approach to predicting the composite stiffness. Both
the mechanics of material and the elasticity approaches have the common objective,
estimating the elastic moduli of the composites. The variational energy principles of

classical elasticity theory are used to determine upper and lower bounds of the
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engineering constants of composites **). This approach has limitations as well, and is too
theoretical to be used in practical situations. As a result, a semi-empirical method was
used to modify the upper and lower bounds of the engineering constants of the
composite.

Because the micromechanical theories must be validated By careful experimental
~ work and the assumption of the éngineering constants of a composite has to agree with
the experimental data, it is necessary to compare the experimental data with the modeled
outcomes. Furthermore, in order to find more accurate engineering constants, the
optimization technique was embloyed. The lower and upper bounds of the éngineering
constants play tﬁe crucial roles as the constraints in the classic optimization problem.
Minimizing the differencé between the experimental data and the computer data is the

objective of this optimization, thus gaining more accurate en gineering constants.

The (Variational) Energy Method of Elasticity

By means of example, a uniaxial tension test to determine the elastic modulus of the
composité material E is ;:hosen for illustrating the bounding techniqués with variational
prinéiples. The stress and strain states are assumed to be maéroscopically uniform which
is consistent with the assumption that the cc;»mposite material is a macroscopically
homogeneous continuum. In a uniaxial tension test, ‘the'resulting strain energy can- be

written in two forms &

U= lg_z.v [21, (9], [13], [29] ‘ (4.25)
2 FE :

U= % Egy 121900131, 129) . (4.26)
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where U is strain energy; E is elastic modulus; o 1is stress; € is strain.
The fiber and matrix constituent materials are assumed to be linearly elastic and

isotropic and to obey Hooke’s law in the form

- VE _E
o, (1+v)(1_21))(8x+8y+8Z)+(1+D>8x 4.27)
o =L(8 te,+E, )+ &
Y +o)i-20) 7 T 1vw)

= G =
e T L

where o,, 0, and o, are the stress in X, y and z directions respectively (Global

coordinate system); &, &

,» and g, are strains in X, y and z directions respectively

(Global coordinate system); ¥,,, ¥,,, and ¥, are shear strains in x-y, y-z and z-x planes;
and v is Poisson’s ratio. ’

The elastic modulus for a composite material may be determined experimentally by -
a simple unixial tension (or compression) test. The strain- energy U absorbed by the

specimen is given by
1 ( )d (21, [9], [13], [29]
U= 5 L O'xé"x’ + Q-ygy HOE Ty iy Tl e T TV |4 (4.28)

where V is \}olume.

The application of the principle of minimum complementary energy via calculus of
variations can be used to determine a lower bound on the apparent Young’s modulus,
. while the application of minimum potential energy can Be used to determine the lower .

bound of the apparent Young’s modulus.
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The Lower and Upper Bounds of Transverse Young’s Modulus, E, . To find a lower
bound on the apparent Young’s modulus, E, , the basic uniaxial test specimen with
normal stress on the ends is utilized. Applying the principles of minimum potential and

complementary energy result in:

E E ' :
s el 0 s e . (4.29)

V.E;+V,E,

E,

for the lower bound and:

. ‘ 2 N .
o < 1-v, —4v,0+ 20 BV +1—vm—»4vmv+21)2E yo| @y 30
2 1—vf —21); I l—vm _21'):1 m ‘

for the upper bound.

This work is primarily applicable to isotropic composites, but it can be interpreted in
terms of fibrous composites. Eq. (4.29) is the lower bounds on the t;ansverse
modulus E2 , whereas Eq.(4.30) is the upper bound. !

The value of Poisson’s ratio, v, for ‘;he composite material is unknown at this point.
Also, the upper bound on E is unspecified. Applying the principle of minimum potential
energy, the expression for the strain energy U is minimized with respect to 0. to

determint the bound on E . The minimization procedure consists of establishing the point

at which: # 7
W _, | 4.31)
dv ‘

where U is the strain energy; v is Poisson’s ratio of a composite.

and at the same time
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U
ov?

>0 S (4.32)

resulting in:

2y ( —4v, +4v S '
W e[ R @33)
ov 2 (1-v, —20; 1-v, — 20,
which is zero when
1-v, — 202 E V +il-v, -20 .
V= ( m )Df ( f f)vm m m (2], [27], 28] (434)

L-v, -20? )Efvf +-v, -202)E,V,

The matrix and fiber material are assumed to be isotropic and hence, v,, <4 and v, <1.

This establishes the bounds.

The Lower and Upper Bounds of Shear Modulus Associated with Plane 1-2, G,, .
The same procedure to determine the bounds on E can be used to-determine the
equivalent modulus of elasticity in shear G from a knowledge of the constituent shear

moduli G 7 and G, , which are a fiber shear modulus and matrix shear modulus

respectively. The only significant difference is that the test specimen of the composite
material should be thought of as being subjected to a macroscopically uniform simple

shear stress 7, which produces the macroscopically uniform shear strain y. After

application of the variation principles to complementary energy and strain energy

i

. G G . '
G> e —m=F  [13],[30] (4.35)
V.G, +V,G, :

for the lower bound on G and:

G<G,V, +G,v, 1560 ' C (4.36)
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for the upper bound on G.

Semi—Emniriéal Method for Predicting the Bounds of Engineering Constants

Because of the inherent limitétion of micromechanical approach to the stiffness
characteristic of composites, empirical approaches become indispensable. Semi-empirical
method is based on considerable experiments. Then, by means of the numéﬁcal analysis,
one may find appropriate ways to fit the experimental data. The following approaches of

determination of the bounds of the elastic moduli involve the semi-empirical method.

The Lower and Upper Bounds of the Longitudinal Modulus, E, . The semi-empirical

method is used to determine the bounds of E;. Data has indicated that the lower and
upper bounds of the loqgitudinal modulus E; can be 10% lower and higher respectively
than the estimated value based on the micromechanical approach 1,
E =(Q1-10%)E,V,+E,V,) | ' 4.37)
| E’ =(1+10%)E,V,+E,V,) (4.38) |
Hence, obtaining the bounds of Young’s modulus

0.9(E,V, +E,V,) < E, <11(E,V, +E,V,) _ (4.39)

m- m

The Lower and Upper Bounds of Poisson Ratio v,,. Again, the semi-empirical
method is employed to establish the bounds of Poisson ratio v,, . Many experiences have
indicated that the lower and upper bounds are 10% lower or higher respectively than the

estimation by micromechanical analysis ™.
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v = (1-10%),V, +0,V,) | " (4.40)
v = A+10%),V, +0,V,,) | (4.41)

Thus, obtaining

0.9 (U, V, +v,V,) S vz SLI®,V, +v,7,) | ' 4.42)

The Lower and Upper Bounds of the Shear Modulus G,,. In order to determine the

shear modulus associated with plane 2-3 G, the Poissén ratio in direction 2, v,; has to

be assumed first based on the elasticity theor§. As stated previously in Chapter 2, the

Poisson ratio has to satisfy !> 3

A 12 '
[0y < (ﬂj , - (4.43)
E . ‘ I ' '

3

Since the Young’s moduli have been established in the direction 2 and 3, one may

estimate the lower and upper Poisson ratio V,,

|7)23|— = E_Z;)m : - ‘ (4.44)
E,
. E+ 1/2 | ) v .
|U23|+ = E—:_J A _ | , (4.45)

For a transversely isotropic material, there exists the relationship among shear
modulus, Young’s modulus and Poisson ratio

E,

- (4
2 21+0,) (4:46)

Thus, we can establish the lower and upper bounds of G,,
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_ B
2(1+v,,)

23

+
+ __ E2
23

T 2(1+v5)

(4.47)

(4.48)

List the Upper and Lower Bounds of the Engineering Constants

By. substituting the known parameters. of constituent materials into the equations

above, Eq.(4.29), Eq.(4.30), Eq.(4.35), Bq.(4.36), Eq.(4.37), Eq.(4.38), Eq.(4.40),

Eq.(4.41), Eq.(4.44), Eq.(4.45), Eq.(4.47), and Eq.(4.48), the upper and lower bounds of

each engineering constant can be derived. The values of upper and lower bounds of the

engineering constants are listed in Table 4.03.

Table 4.03 The lower and upper bounds of engineering constants of the composite

Engineering constants

Lower and upper bounds

Longitudinal Modulus E;

29.119GPa < E, <35.589GPa

Transverse Modulus E,

| 5.338GPa <E, <32.469GPa

The major Poisson ratio v,

0.261< v, <0.319

| Shear modulus associated with the 1-2 plane G,

1.61GPa < G,, <13.053GPa

Shear modulus associated with the 2-3 plane G,,

[ 0.769GPa < G,, <11.555GPa

‘Modification of the Assumed Bounds of the Engineering Constants

As previously stated, the principles of minimum potential energy and minimum

complementary energy have been used to establish the upper and lower bounds of

effective elastic moduli. While the treatment is based on arbitrary phase geometry, the
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bounds obtained are generally not close enough to provide a good estimate for the
effective elastic moduli.
After reviewing the lower and upper bounds of the elastic moduli in the table above,

it was recognized that the bounds of the engineering constants G,,, E, and G,, were t0o

loose to be practical in the application. Therefore, it was considered appropriate to use the
empirical data as‘ an aid to establish tighter bounds on these effective elastic moduli.
However, estimation of the bounds of .th‘e effective elastic moduli Was used only as a
constraint for the optimization procedure. Our concern was 'to find the reasonable bounds
for optimization rather than a profound study of detérmination for the bounds of effectiv.e

elastic modudi.

The Upper and Lower Bounds of Shear Modulus G,,. Many experimental data have

indicated that Poisson’s ratio is insensitive to the determination of the bounds of shear

modulus. In that case, neglecting Poisson’s ratio yields the following:

23

Ey

= 4.49
2(1+vy) ( )

+
+ Ez

gy = (4.50)
2(1+0,,)

whereas v,; = 0.352, the calculation procedure is shown in Appendix B.

The Upper and Lower Bounds of Young’s Modulus, E, . The upper bound of E, was
not very close to the effective modulus. Again, the empirical method was used to estimate

the upper bound of E,, 10% higher than the effective modulus.
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The revised lower and upper bounds of elastic moduli are shown in Table 4.04.

Table 4.04 The revised bounds of the engineering constants of the composite

Engineering conétants Lower and upper bounds
Longitudinal Modulus E| | 29.119GPa < E| <35.589GPa
Transverse Modulus E, 5.338GPa < E, <9.659GPa
The major Poisson ratio blz - 0.261<v, <0.319

Shear modulus associated with the 1-2 plane G;, | 1.61GPa <G, <13.05 3GPa

Shear modulus associated with the 2-3 plane G,, 2.053GPa < G, <12.488GPa

Description of Optimization

‘Overview Optimization

Optimization is an important tool in decision science and in the analysis of physical
systems. To use it, we must first identify an objective, aﬁd then a quantitative measure of
the performance of the system under study. The objective in this reseafch is. the
discrepancy between the experimental results and FEM modeling results. The objective
depends on variables E,, E, ,G,, ,‘GB,UIZ. Our goal is to find values of the variables that
optimize the objective. The variables are restricted, or constrained, by the bounds

discussed in the last section. The process of identifying the objective, the variables, and

the constraints for a given problem is known as modeling.
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Once the model has been formulated, an optimization algorithm can be used ’Lo find .
its solution. Usually, the algorithm and model are complicated enough that a computer is
needed to implement this process. ANSYS has an optimization package. It is convenient
to use ANSYS to implemént the optimizatioﬁ consistently, since we have created the
FEM models using ANSYS.

No _ﬁanacea of the algorithms to resolve optimization problems, but, numerous

. algorithms, each of which is suitable to a particular type of optimization problem. It is
designer’s responsibility to choose an algorithm that is appropriate for this specific
épplication (2,

Problems with the general form can be classified according to the nature of -fhe

objective function and constraints (linear, nonlinear, convex), the number of variables

(large or small), and so on (151 The optimization should be identified and defined first.

" The Optimization Techniques Used for This Project

The estimation of stiffness and compliance of a fiber-reinforced composite has been
stated in previous section. The stiffness and compliance of composites can be expressed

in terms of engineering constants as follows:
Ciu = Cyy (B, Ey, Gy Gy, Uyy) (4.51)
Siu = Syu (B, By, Gy, Gy, Uyy) (4.52)

The geometry, material properties (or stiffness and compliance of mateﬁals), and
applied loads (forces or displacements) are the dependent variables to determine the

reaction forces or ‘displacements on the coupons. Eq. (4.53) depicts this relationship:
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Fnrignr:Fnr’é‘nr(cijkzagaf,é“) , (4.53)

where F, is the response force at node n; &, is the response displacement at node 7;

g is a specific geometry of the coupons; f is the applied force on the coupon; andd s

the applied displacements on the coupons.

The reaction forces or displacements at the specific nodes depend on g, f, & and

S - That means there are three typés of variables in this problem, the geometry, applied

loads (forces or displacements), and.the stiffness characteristic of the composite. The

geometry with a notch was selected for this research, and the applied loads (forces or
displacements) were also selected for this project. Hencq, the only unknown is the
stiffness characteristic of the composite. As the geometry and applied loads are known,
different composites that have different .material properties lead to different results.
Moreover, as shown in Eq. (4.51) and Eq. (4.52), for a transversely isotropic composite,
the compliance and stiffness characteristics are determined by five engineering constants,
E . .E,,G,,G,, andv,, . So there exists the relationship
F .0, =F,F/ (E1,Ep,G13,G 3, 05) ' (4.54)

As stated in Chapter 3, upon applying fhe specified loads (displacements in this
project), the reaction forces or displacements, (F; ,07) Experiment » 8L the certain points of the
coupon can be acquired during IPL tests. Meanwhile, the FEM model can be made to

simulate the experimental conditions, where ANSYS is used to create the FEM modeling.

By simulating the IPL tests, these models can be used to calculate reaction forces and

displacements, (F,,0, ) compuer » at any node in the model of the sample.
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According to the theoﬁes of micromechanical and macromechanical ,analAys‘is, the
modeling results should agree with the experimental results. Yet, these results usually do
not fit well in practical situations. As a result of inaccuracy of the predictions of fivé
engineering constants, the results show the discrepancy between the two approaches, the
- mathematical modeling and the ‘actual experiments. By minimizing the difference
bet\;veeﬁ the experimental data and the computer modeling data, it is possible to optimize

the engineering constants.
(Fnr ’ 5; )Computer - (Fnr ’ 5:: )Experiment‘ =e (455)
where (F,,0; );:ompu,e, is the computer result of the reaction forces or displacements, at

node n; (F,,0,) gperimen 15 the experimental result of the reaction forces and

displacements at node n;and e is the error to be minimized.

In fact, Eq. (4.55) represents the objectlive function in this optimization problem.
The five engineering constanté,EI,Ez,Glz,G23, and v,,, are the variables, and these
variables are restricted by the upper and lower bounds which have been discussed in
section 2. These bounds indicate that this is a constrained optimization problem. Now the
optiﬁﬁzation_ model has been formulated. In order to find the solutions, the proper
optimization algorithms have to be used. It is necessa‘q’/ to cﬁoose an algorithm thét is

appropriate for this specific application.

Optimization Alsorithms Used by ANSYS

Understanding the algorithms used in the program is always helpful, and is

particularly true in the case of design optimization. In this section, the bptinlization -
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theories used by ANSYS are introduced. The details on the following algorithms are
presented: steepest descent search method, Newton search method, quasi Newton search
method, and conjugate gradient method.

The optimization theories and methods used by the ANSYS optimization program is

illustrated in Figure 4.18.

ANSYS
Optimization
package
Unconstrained can be converted to UO by / Constrained
Optimization - penalty function \  optimization

Line search Trust region
strategy strategy
Algorithm Algorithm

LS starts by fixing TR creats a model
direction, and then function, defining Search
identifying an ' Method

) . distance first, then
appropriate distance finding the direction
Search

Methods

Steepest

descent Method Steepest

descent Method

Newton Method
Newton Method

Quasi-Newton

Method Quasi-Newton
Method
Conjugate
gradient method
Others

Others

Figure 4.18 Illustration of the theories and methods used by ANSYS program
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Although this is a constrained optimization probiem, it can be ponveﬁed to an
unconstrained problem by means of penalty functions. Therefore, attention is focused on
the unconstrained optirﬁization algorithms rather“than‘ constrained ones in this diséussi:on.
There are two strategies fo resolve this problem, the line search method and trust region
method. In a sense, the line search and trust rggion approaches differ in the order in

which they choose the direction and distance of the move to the next iterate .

In the line 'search strateg)./, the algorithm chooses a direction p, and searches along
this direction from the current iterate x, for a lower function value. The distance to move
along p, can be found by appfoximately solving the following one-dimensional
minimization problem to find a gtep length o .

Tgljglf(xk +ap,) | (4.56)
At the new point a new search direction and step length are computed, and the process is

repeated.

In the second algorithmic strategy, known as trust region, the information gathered

about the objective function f is used to construct a model function m, whose behavior
near the current point x, is similar to that of the actual .objective function f . However,
the model m, may not be a good approximation of f when x is far from x,. In other

words, the candidate step p is found by approximately solving the followiﬁg sub-

problem 121,

minm, (x, + p), where x, + p lies inside the trust region. (4.57)
14

The model m, in Eq.(4.57) is usually defined to be a quadratic function of the form
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m(x, +p)=f, +p"Vf, +1p"B,p, (4.58)

where f,, Vf,, and B, are a scalar, vector and matrix, respectively. The matrix B, is-

either the Hessian V* £, or some approximation to it.
Now consider two major issues: choice of the search direction p, in line research
methods, and choice of the Hessian B, in trust-region methods. These issues are closely

related, as will soon be discussed. The following several paragraphs present the

optimization search methods.

Steepest Descent Direction. The steepest descent direction Vf, that is the gradient
of the objective function is the most obvious phoice for search direction for a line search
method. The steepest descent method is a line séarch method that moves along
p, =—Vf, at every step. It can choose the step length ¢, in a variety of ways. One
advantage of the steepest descent direction 'is that it requires calculation of the gradient
Vf, but not of second den'véltives. However, it can be e).(cruciatingly slow on difficult

problems (1% 1%,

Newton Direction. Another important search direction, perhaps the most important

one of all is the Newton direction. This direction is derived from second order Taylor

series approximation to f(x, + p) , which is

def
[ +p)=f +p'Vf +1p"V? fip =m,(p) (4.59)
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Assuming for the moment that V>f, is positive definite, the Newton direction can be
obtained by finding the VC'C'[OI‘ p that minimizes m, (p). By simply setting the derivative
of m,(p) to zero, the following explicit formula can be obtained:
pe =-V*fIVf, ‘ | ‘ (4.60)

The Newton direction is reliable when the difference between the true function

f(x, + p) and its quadratic model m, (p) is not too large. The main drawback of the -

Newton direction is the need for the Hessian V®f(x). Explicit computation of this

matrix of second derivatives is sometimes, though not always, a cumbersome, error-

prone, and expensive process.

Quasi-Newton Search Directions. provide an attractive alternative in that they do not

require computation of the Hessian and yet still attain a super-linear rate of convergence.
In place of the true Hessian V£, , an approximation B, is used, which is updated after

each step to take account of the additional knowledge gained during the step ['2» 15,

Two of the most popular formulae for updating the Hessian approximation B, are
the symmetric-rank-one (SR1) formula, defined by

(¥, = Bes )y, — B,s, )"

B, =B+ (4.61)
e ¢ (yk _Bksk)TSk
and the BFGS formula, named after its inventors, which is defined by
T : T
Bk+1 :Bk_BkSkSk B’k + Ve (462)

T T
S Bsy Vi Sk

where B\, = Y., 8, =X — %, and y, =Vf,,, —Vf,.
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The quasi-Newton search direction is given by using B, in place of the exact

Hessian, that is,

p. =-B.'Vf, (4.63)

Conjugate-Direction Methods. The conjugate-direction. methods have proved to be
highly efficient search techniques. One of the remarkable properties of the conjugate
gradient method is its ability to generate, in a very economical fashion, a set of vectors

with a property known as conjugacy. They have the form
Pe =—Vf(x)+ Bipis (4.64)
where [, is a scalar that ensures that p, and p,_, are conjugate- an important concept in

the minimization of quadratic functions. Conjugate gradient methods were originally
designed to solve systems of 'linear equations Ax =b, where the éoefficient A is
symmetric and positive definite. The problem of solving this linear system is equivalent
to the prqblem of minimizing the convex quadratic function defined by.

D(x) = 7xTAx +b"x (4.65)

so it was natural to investigate extensions of these algorithms to more general types of
unconstrained minimization problems. In general, nonlinear conjugate gradieﬁt directions
are much more effective ‘than the steepest descent direction and are almost as simple to
compute. These methods do not attain the fast convergen.ce rates of Newton or quasi-
. Newton methods, but they have the advantage of not requiring storage -of matrices. [3]|

All of the search directions discussed so far can be used directly in a line search

framework. They give rise to the steepest descent, Newton, quasi-Newton, and conjugate
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gradient line search methods. All except conjugate gradient have an analogue in the trust-

region framework 2,

ANSYS Optimization Package

The ANSYS progfam provides several optimization methods and tools to
accommodate a wide range of optimization problems. The details on ’Lhe techniques are
_presénted in the following paragraphs: sub-problem approximaﬁpn, first order, random
design generatibn, sWeep generation, factorial evaluation, and gradient evaluation.

The independent variables in an optimization analysis are the design variables. The
vector of design variables is indicated by:

X =[x1,x2,x3...,xn] ' (4.66)
Desi gn variables are; subject to n constraints with the upper and lower limits, that is

X <x, <x, (=123,..,n) (4.67)

where n is number of design variables (note there are total of five variables in this
project).
The design variable constraints are often referred to as side constraints and define what is

commonly called feasible design space. Now, minimize

f=F&) | (468
subject to

g.(X)<%, (i=123,.m,) (4.69)
B < (X) (=123,...,m,) S : (4.70)
w,Sw(X)<w, (= 1,2,,3',...,@) ’ (4.71)
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where’ f is the objective function; ' 8:>h;,w, are state variables containing the lower and
upper bounds respectively; and m, +m, +m, is'the number of state variables constraints
with various upper and lower limit values.

The state variables can also be referred to as ‘dependent variables in that they vary with

the vector X of design variables.

Random Design Generation Tool. A random search for an optimum of f(X) is one

in which a given number of values of X are generated at random- within some domain of

interest- and the particular X for which f(X) is best is denoted the winner [s1,

X = X" =vector generated at random - (4.72)

Sweep Generation Tool. The sweep tool is used to scan global design space that is

centered on a user-defined, reference design set. Upon execution, a sweep is made in the
direction of each design variable while holding all other design variables fixed at there
reference values. The state variables and objective function are computed and stored for

subsequent display at each sweep evaluation point.

Factorial Evaluation Tool. This is a statistical tool that can be used to sample all

extreme pc;ints in design space. Factorial search is a search which is conducted over
evenly spaced points in a simply connected region of a Euclidean space. Each of -the X,
coordinates is assigned a set of evenly spaced points, called grid points, and only the
values of x, at these grid points arf; used. The function f(X) is evaluated for all possibie
combinations of the grid points, and the grid Vélue of X which yields the best f(X) is

deemed the winner .
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Gradient Evaluation Tool. The gradient tool computes the gradient of the state
variables and the objective function with respect to the design variables. A reference

design set is defined as the point of evaluation for the gradient .

Sub-Problem Approximation Method. This method of optirrﬁzation can be described

as an advanced, zero-order method in that it requires only the values of the dependent
variables (objective function and state variables) and not their derivatives. The dependent
variables are first replaced with approximations by means of least squares fitting, and the
constrained minimization problem is converted to an unconstrained problem using
penalty functions. Minimization is then performed every. iteration on the approximated,
penalized function until convergence is achieved or termination is indicated. For this
method each iteration is equivalent to one complete analysis loop. The trust region

strategy is used in this method ™.

First Order Gradient_Method. Like the sub—p.roblem approximation method, the first
order method converts the problem to an unconstrained one by adding penalty functions
to the objective function. However, unlike the sub-problefh approximation method, the
actual finite element representation is'minimized and not an approximation.

The first order method uses gradients of the dependent variables with respect to the
design variables. For each iteration, gradient calculations (which may employ a steepest
descent or conjugate direction method) are performed in order to determine a search

direction, and a line search strategy is adopted to minimize the unconstrained problem.
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Thus, each iteration is composed of a number of sub-iterations that include search

direction and gradient computations. That is why one optimization iteration for the first

order method performs several analysis loops [,

Optimum for ANSYS Optimization

Now, after reviewing the algorithms provided by the ANSYS optimization package,
the sub-problem method and first order method were chosén to carry out this
optimization. The sub-problem method is representative of a zeroth order method and the
first orde.r is representative of a line search gradient method. These methods were chosen
to explore the bounds of convergence of optimization methods. The random design’
generation contributes to determine the initial design variables, and to provide some pre-
conditioning to the design variables for faster convergence. While not comprehensive,
this choice of optimization procedures will provide a preliminary understanding of the
tﬁnes involved to obtain the best five elastic design cénstarits variables.

The factorial tool and the sweep tool of ANSYS are involved in non-sequential
methods. Furthermore, in the factorial tool, there are only 2 extreme values to Be selected
for each variable, which are too loose to find the optimum values. The sweep method
cannot provide all of the necessary points for analysis. Upon execution, a sweep is made
in thé direction of each design variable while holding the rest of four design variables
fixed at their reference values. Therefore, the iterations are not enough to scan all of the

necessary points we need.
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Gradient results are useful for studying the sensitivities of the objective function or
state variables. Yet the gradient tool is not practicai to resolve the actual optimization
problem.

Accounting for the comprehensive factors, those tools were not selected as
mentioned above, and choose sub-problem approximation, first order gradient methods
and random tool to uhdertake the tasl.c of optimization for this project. The first order
method is almost the panacea of a generalA optimization problem. Yet, it has drawbacks as
well. |

There are special considerations while using sub-préblem approximation method
and first order method. Fof the sub-problem approximation, the optimizer initially
generates random designs to establish the state variable and .objective function
approximations. Because these are random designs, convergence may be slow. We can
speed up convergence by prQ;/iding more than one feasible starting design. Simply run a
number of random designs and discard all infeasible designs.

Compared ’Lo the sub-problem approximation method, the first order method is seen
to be more computationally demanding and more accurate. However, high accuracy does
not always guarantee the best solution. The first order method is more likely to hit a local
minimum. This is becaqse firsf order starts from one e;(isting point in design space and
works its way to the minimum. If the starting point is too near a local minimum, it may
find that point instead pf the global minimum 2.

The operation procedure of sub-problem appfoximation and first order method in

ANSYS is illustrated in Figure 4.19.
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Figure 4.19 Flow chart of sub-problem approximation and first order method
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Carrying Out Optimization
For both the sub-problem approximation method and first order method, the
program performs a series of analysis-evaluation-modification cycles. That is, an analysis
of the initial design is performed, the results are evaluated against specified design
criteria, and the design is modified as necessary. This process is repeated until all
specified criteria are met. The optimization data flow during an optimization analysis is

shown in Figure 4.20. The analysis file must exist as a separate entity [6].
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is Fi Optimization
Analysis File \
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defined model) / OPEXE
| File OP®
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$ g X Output
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Figure 4.20 Optimization Data Flow
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Every optimization method has to be performed by means of computer language, or
commands. The commands used for sub-problem approximation method are OPTYPE,
OPSUBP, and OPEXE; the commands used for first order method are OPTYPE,
OPFRST, and OPEXE (Refer to the Appendix E).

Before performing these methods, we need to define the design variables, state
variables and define objective function first.

The command “OPV AR, DV” is used to define the design variables, the parameters

of five variables in this research were listed in the following Table 4.06

Table 4.05 Definition of five design variables

Engineering constants Value
Longitudinal Modulus E1 32.354 x I09Pa
Transverse Modulus E 2 8.781 x 109Pa
The major Poisson ratio Vn 0.29

Shear modulus associated with the 1-2 plane G12.  2.021 x 109Pa

Shear modulus associated with the 2-3 plane G 23. 1.973 x 109Pa

The command “OPVAR,,SV” is used to define the state variables. The state
variables in this case were the reaction forces of the specific point. Refer to Eq.(4.54).

The command “OPVAR,OBJ” is used to define the objective function. The
objective function in this project was the discrepancy between the FEM modeling results

and experimental results. Refer to Eq.(4.55). The experimental results were input as the
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parameters. These parameters are listed in Chaptef 5. Moreover, the tolerance e needs to
be defined as well. e =30 was selected for this research.

Note that the detailed macro files of pr‘ogrammjng“are attached in Appendix E and
Appendix F, and the optimization fesults are attached in Appendix H.

The FEM modeling, bounding techniques and optimization techniques have been
discussed in this chapfer, and the results acquired by employing these numerical methods

are.presented in the next chapter, Chapter 5.
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CHAPTER 5

EXPERIMENTAL RESULTS, NUMERICAL RESULTS AND OPTIMIZATION

The experimental data from the In-Plane Loader were provided and the FEM
modeling results were shown in this chapter. Comparing the experimental data and the
modeling results, the optimization was carried out.' Two optimization methods were used,
sub-problem approximation method and first order gradient method. The random
generation tool was used to determine the initial constants variables. Aftér acquiring the
. optimum variables, the optimum engineering constants were input into the program and
examined based on whether or not the modeling data agreed with the experimental data.
The error analyses were made. The simple tensile load case is elaborated upon in this
chapter, including experimental data analysis, numerical data analysis, and optimization.
The results of the remaining test cases such as moment, tensile pius shear, and tensile
plus shear plus moment were also shown in this chapter, and the detailed data and
processes are demonstrated in Appendix G.

The procedure for obtaining optimum material properties was demonstrated in this
Chapter. First, staﬁdard propertieé were iﬁput to determine grip conditions. Then, the
lower and upper bounds of material properties were set via equations mentioned in
Chapter 4. Lastly, the optimization of the material properties was carried out by both the

sub-problem approximation method and the first order gradient method.
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Experimental Results and Data Analysis of Simple Tensile Test Case

Four loading cases were used in the experiments; these were pure tensile, pure
rotation, tensile plus shear, and tensile plus shear and plus moment as was presented in
Chapter 2. As depicted in Chapter 3, the loads which are displacements in this research
were applied at the grips by means of the IPL, and the data of reaction forces at a specific
point were collected. Both the experimental data and the corresponding FEM modeling
results were analyzed, and then appropriate data was selected to carry out the
optimization. Due to the similarity of the procedure of each test loading model, we select
the pure tensile test model was selected as a sample to study and discuss in detail. The

results of the rest of the test models are shown in the end of this chapter.

The Experimental Results of the Pure Tensile Test

The pure tensile test on the IPL has been conducted; the detailed results of this test

are shown in appendix G. The loading paths are shown in Figure 5.01.

Load versus Time in coupon coordinates
600 00000

[—shear load(lb) —tensile load(lb)  moment(in*lb) [

time

Figure 5.01 Loads of tensile test by the IPL
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One may recognize that the shear and moment loads combined with the tensile loads
were applied to the coupons during the tensile experiment, although we expected the pure
tensile loading model. One of the reasons for this phenomenon is the complexity of the
grip condition on the IPL during the tests. The error analysis in the next section provides
details about the reasons.

The displacements applied to the coupons are regarded as the loads in this research.
Furthermore, the displacements were used as applied loads while modeling in ANSYS. In
that case, acquired data for applied displacements was expected during the experiments
rather than forces. Yet it is only possible to obtain the original data of applied forces from
Figure 5.01. The converted relationship between the force loads and displacements is

demonstrated in Figure 5.03; the displacement plot vs time is shown in Figure 5.03.

tensile mode

-0.00020 0.0 000  0.00020  0.00040  0.00060  0.00080  0.00100  0.00120  0.00140  0.00160  0.00180
-100.00000

-300.00000

-700.00000

tensile mode)
900.00000

Oeplecerrert(n)

Figure 5.02 Displacement VS loads (Simple Tensile Test)
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Displacement vs. Time in Coupon Coordinates
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-0.01000
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time

Figure 5.03 Displacements vs Time (Simple Tensile Test)

Screening the Experimental Data. As shown in the Figure 5.01, Figure 5.02 and
Figure 5.03, we have obtained a wide range of data of the applied displacements which
varies from 0 to 2.052E-3 m. However, not all of the data are used for the further
analysis. Only the data which are shown to be in the linear elastic behavior section during
the test are used. In other words, the selected data collected before any fracture or failure
happened during the tests.

Although the simple tensile loading path was applied in the test, compression was
evident at the beginning because of the effects of the grips. The data at the beginning
should be ignored. According to the elasticity theory, if the loads applied on the coupon
exceed a critical value which is called yield load, the material exhibits nonlinear elastic
behavior. As the loads increase, the coupons may display some kinds of nonlinear elastic

behaviors. Furthermore, it is difficult to determine the yield loads of the composite
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because composites are generally anisotropic, markedly nonlinear, and, unlike metals,
usually fail in an extremely complicated spatially diffuse non-catastrophic manner [1].
This difficulty hampers us in determining the exact linear elastic boundary. Yet, we
already have a rough idea that the data collected when the applied loads are close to the
maximum are not reliable. The selected data need to show linear character and it is
usually visualized when the experimental results are plotted with respect to the applied
loads. In short, we ignore the data at the beginning and the end. The experimental results
and the figures provide some information for determining of the linear elastic boundary.
By analyzing the experimental results, we can see that a part of the section of the
plots of experimental data in Figure 5.04 (a) and Figure 5.04 (b) are almost straight lines
in the range between 0.02 inches and 0.04 inches, and we can select the experimental data
with the displacement range from 0.02 to 0.04 inches, using the selected data for the

further analysis.

tensile mode '0040  0.00060  0.00080  0.0C100

-0.00020 DOCDOO  0.0C02D 300D40  0.00080 000080 0.00120  0.00140  0.00160  0.00190

tensile mode]
+90000000

Figure 5.04 (a) Truncation 01 Figure 5.04 (b) The enlarged truncation
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Experimental Data. Three groups of data were obtained from the IPL

tensile test, reaction tensile forces, reaction shear forces, and reaction moments. The

details are demonstrated in Appendix H, and a part of the experimental data is shown in

table 5.01.

Table 5.01 A part of experimental data from pure tensile test

Shear Load(kg)
230.05792
261.78446

293.0048
316.25346
339.50376
366.86392
392.51245
415.36549

Tensile load(kg) Moment (m*kg)

-462.39165 54.76618
-522.9106 58.49046
-581.2682 60.89728

-624.30121 62.34736

-666.84306 63.26407

-716.13885 63.4843

-761.82365 63.17608

-801.75661 62.31774

However, one may recognize that the reaction shear forces are higher than was

expected. Since it is only a pure tensile test, the reaction shear forces should be much

smaller than the tensile forces. The reaction tensile and reaction shear forces are shown in

Figure 5.05. We can conclude that there must be some errors during the experiments.

E-Tensile and E-shear data

-0.00000
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-200:00000-

-400.00000-

-800.00000 -

-1000.00000

- -1200.00000

0.00050 0.00100 0.00150 0.00200 0.00250

Shear loads
¢ Tensile loads

Applied tensile displacement (m)

Figure 5.05 The reaction tensile and shear forces
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Experimental Error and Tolerant Analysis

To explore the errors, we need to investigate every possible factor, such as facilities

error, calculation error, operation error, coupon error and the effects of the grips.

Facility Error. The IPL machine is used to conduct the tensile tests. The sfrﬁcture of
the IPL has been introduced in Chapter 3. Errors pos‘sibly occurred during the process of

. parts, fabrication and assembly. These errors are considered facility errors.

Operation Error. The errors occurred during the process in which the coupons are

put into position on the IPL. The coupons should be centered on a mark on the IPL. Yet,
it is difficult to regulate the center of the magazine. The operation errors can affect the

-final results.

Calculation Error. Displacements were used as loads in the tests. However, the data

obtained are forces; the forces need to be converted to displacements by calculating. This

process may bring about errors.

Coupon Error. The errors that may have occurred during the process of

manufacturing the composite material and making the coupons with a specific geometry

are regarded as the coupon errors.

The Grip Error. The coupons are clamped by the grips duﬁng the tests. Slipping was

considered during the tensile test. The ‘grips were fastened manually. It is very possible
that the grips did not clamp the coupons evenly. This would bring about the errors during

application of tensile tests on the coupons.
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The grip error appears to be the major error occurring during the test, although there
may also be facility error, operation error, and coupon error. Because the surface of
composite coupon is very smooth, and the friction ratio is low, no matter how large the
forces are that are applied to clamp the coupons, slipping cannot be avoided. The slipping
brings about the large shear displacements.

These various kinds of errors may bring about another condition as shown in the
following Figure 5.06.

The center of the coupon is supposed to meet the center of the coupon carrier of the
IPL (Figure 5.07). Yet, the misalignment makes them deviated; shear forces then become
bigger. Furthermore, this misalignment could be a major source for the bigger reaction
shear forces during the pure tensile tests.

Standard condition Error condition
Uppergrips

Tensile

Center of coupon

carrier of IPL | Center of the
/

coupon

Center of the

coupon
Center of coupon
carrier of IPL
The angle between Shear
two center
Lower grips

Figure 5.06 Possible error occurred during tensile test.
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The moment data obtained by the pure tensile tests are relatively small. Moments

were ignored for the mathematical modeling.

Numerical Results of Simple Tensile Loading Model

As elaborated upon in Chapter 4, an ANSYS FEM model was used to simulate the
actual test. The pure tensile test is simulated on the computer, and the results are shown

and analyzed in this section.

Obtaining the FEM Modeling Results

The initial engineering constants as shown in Table 4.05 are the input parameters.
After going through the program, the results were acquired. The results of FEM modeling
are shown in Appendix H. The stress distribution on the coupon is demonstrated in

Figure 5.07 and Figure 5.08.

Figure 5.07 Stress distribution by ANSYS  Figure 5.08 Stress distribution on coupon
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Node No0.59 was selected as the specific point about which forces and moments
would be summed to be measured corresponding to the same point in the IPL test (refer
to Figure 4.17(a) and Figure 4.17 (b)).

Reaction tensile forces, reaction shear forces, and the moment were obtained from
the FEM model. The comparison between experimental data and FEM modeling results

is shown in Figure 5.09.

E-data and FEM model results

Experimental shear data
Modeling tensile results
Experimental tensile data
Modeling Shear

Applied tensile displacement (m)
Figure 5.09 The comparison between experimental data and FEM results

One may see that the FEM tensile results from the modeling with the input of the
initial engineering constants are close to the experimental data, yet the FEM shear results
do not fit the experimental data well. The possible reasons could be the experimental

eiTors which have been discussed in the previous section.

Examining the FEM Modeling Results
Finite Element Analysis is merely a numerical method used to simulate the

experimental conditions, and its results are not a substitute for the experimental data.
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Hence, the results are approximate rather than the exact ones. However, it is a very
efficient way to predict the material behaviors upon the loads. In order to check and
examine the accuracy of the FEM modeling, standard engineering constants, taken from
the MSU composite database [11] were used as the input. The standard engineering

constants are shown in the following table 5.02.

Table 5.02 The standard engineering constants

Engineering constants Value
Longitudinal Modulus E1 34 x 10yPa
Transverse Modulus E2 8. I x 10yPa
The major Poisson ratio VIR 0.29

Shear modulus associated with the 1-2 plane G12. 4.48 x 10y Pa
Shear modulus associated with the 2-3 plane G23. 3.58 x 10y Pa

The FEM modeling results with the input of the standard engineering constants are

shown in Figure 5.10.

Standard FEM Model

O -5.00 0.00E 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03

Experimental Tensile data
Standard FEM Tensile model
Experimental Shear data
Standard FEM shear model

— 400G-

Applied tensile displacement (M)
Figure 5.10 Standard FEM Model vs experimental results
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It is recognized that the standard FEM results are closer to the experimental results
than the results with the initial engineering constants. The comparison among
experimental data, standard FEM modeling results, and initial value FEM modeling
results is demonstrated in Figure 5.11. Theoretically, the FEM results should agree with

the experimental data.

E-data vs FEM model results

0.00 EX 5.00E-04 1.00E-03 1 -50E-03 2.00E-03
-200

experimental tensile
FEM Tensile Modeling
¢ Standard modeling

Applied tensile displacement (m)

Figure 5.11 Comparison among experimental, standard and initial value FEM results

The standard FEM modeling results meet the experimental data most closely in the
selected range, from 0.002 inches to 0.004 inches.

After carefully comparing the FEM tensile results with the experimental tensile data,
one can conclude that the FEM modeling tensile results agree with the experimental data.
Although the FEM shear results do not fit the experimental data well because of the
errors occurred during the tests, the FEM modeling approach is feasible and reasonably

accurate in this research.
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Our task in this research was to determine unknown composite material properties
rather than to check and verify the feasibility of FEM modeling. The known con;posite
properties were used as input and thé FEM model executed in order to obtain the
‘modeling results, and then the FEM results were compared with the experimental results.
The method is -called backward method, and it is a highly efficient way to check and
verify the FEM modeling. Yet, the composite material properties need to be refined, and
an additional numerical method, the optimization, is required. We input the assumed
engineeﬁng constants into the FEM program. There may be‘ a discrepancy between the
FEM modeling results and the cxperimentz‘x‘l data because of the inaccurate assumption of
the initial engineering constants. However, we assume that the experimental data are
assumed to be reliable to optimize the engineering constants so that FEM modeling
results can meet the experimental results. The optimization procedure and results are

elaborated upon in the next section.

Optimization
The optimization theory and computer application have been introduced in Chapter
i ‘
4. Four aspects affect the results of optimization: initial engineering constants, the

optimization algorithms, the grip modeling, and the upper and lower bounds of the

engineering constants.

Grip Modeling. Because grip modeling is one of the major factors that affects the

FEM results and optimization results, a practiéal grip mode] must be developed in order

to eliminate some ertors.
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In ideal conditions, the FEM model result should match the experimental data. FEM

modeling results depend on the initial engineering constants, the geometry, and the
applied -loads. The geometry and applied loads have been determined. Under this
circumstance, if we input the standard composite properties or engineering constants to
the program, results should agree with the experimental data. However, there is stilll a
discrepancy between the two sets of results. Improper simulation of ‘the grip modeling
creates a difference. between experimental' and FEM modeling results. The method to
adjust the grip model has been elaborated upon in Chapter 4. The FEM model was
modified to make results agree with the experimental ones by changing the contact
element parameters. After going through several i;[erations, the specific contact element
parameters were determined, which made the FEM modeling result meet the
experimental ones. The modified grip model was regarded as the standard modeling and
was used in every FEM model loading cases, including tensile, moment, tensile plus
shear, and tensile plus shear and plus moment.

The standard grip properties are presented in ‘the following Table 5.03.

Table 5.03 The parafneter settings of grip modeling

| Thickness of grip | Modulus of grip
[ 0.02m | 2E+12 Pa

Selecting Specific. Loads. A large amount of data has been obtained from IPL tensile

tests with different tensile load magnitudes. Yet, it is not necessary to simulate all of the

loads by ANSYS. A typical load was selected.
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The most efficient way i’s.to acquire the average value of the applied loads in a
specific domain, and input this into the program. As mentioned in the previous section, .a
suitable loads range was selected from 5.08E-4 m to 1.016E-3 m. Over this range, the
load (displacement) experimental results were averaged. The averaged deita is shown in

Table 5.04:

Table 5.04 Average displacement and corresponding experimental results

Displacement (m)

Experimental result (kg) Average
Force X ° | Force Y Moment Z

0.00074 m 237.20204 | -474.85812 |54.86889

Load (displacement) as shown in Table 5.04 and the standard contact element
settings (see Table 5.03) were input with the initial engineering constants and standard
engineering constants, respectively. The corresponding reaction forces are shown in

Table 5.05.

Table 5.05 Average displacement and corresponding FEM modeling results

Applied | Initial engineering constants | Standard engineering constant
loads (m) | results (kg) results (kg)

Force X | ForceY |MomtZ |'ForceX |ForceY Momt Z
0.00074 | 37.78127 | -459.031 | -6.83524 | 44.3289 | -471.206 |-7.15739

Comparing Table 5.04 and Table 5.05, it became apparent that the standard
engineering constanté modeling results were almost the same as the experimental data.
Actually, this is the exact result hoped for. The goal is to find the real engineering

constant by optimizing the FEM results and experimental data.
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Because the experimental shear forces obtained from the IPL test are not accurate,

the analysis is focused on the reaction to tensile forces in this project.

The Optimization Settings. Before carrying out the optimization, it is necessary to

set the optimization parameters. The details about the optimization parameter settings are
tabulated following text. The initial design variables and the upper and lower bounds of

the design variables are provided in Table 5.06 and Table 5.07, respectively.

Table 5.06 Initial design variables

Engineering constants Value
Longitudinal Modulus E, 32.354 x 10°Pa
Transverse Modulus E, - 8.781 x 10°Pa
The major Poisson ratio v, 1 0.29

Shear modulus associated with the 1-2 plane G,,. | 2-021x 10°Pa
Shear modulus associated with the 2-3 plane G,,. | 3-25x 10’ Pa

Table 5.07 The upper and lower bounds of the design variables

Engineering constants Lower and upper bounds
Longitudinal Modulus E| _ 29.119GPa < E; <35.589GPa
Transverse Modulus E, 5.338GPa < E, <9.659GPa
The major Poisson ratio v, : 0261<v, <0319

Shear modulus associated with the 1-2 plane G,, | 1.61GPa < G, <5.5GPa
Shear modulus associated with the 2-3 plane G,, | 2.053GPa < G,, <5.5GPa

Note that the upper bounds of the shear modulus G,, and G,; have been modified,

in order to be more practical for optimization. The state variables and objective function
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are defined 'in Table 5.08. The experimental tensile force to be selected is

(F nr ) exp eriment

= —474.85812kg .

Table 5.08 Definition of state variables and objective function

Settings Equation’ | Equation | Corresponding values
code ]

State | F/.6, =F/,6.(Cyy.8.f.6) (4.54) | -462.384943 kg

variables ‘ : ‘

Objective |( F1, 82 comper = (F’,87) | =€ | 4:55) e=0, F=-474.85812 kg

Two optimization méfhods and one tool were used: the sub-problem approximation
method, the first order gradient method, and the random generation tool. The randorﬁ
method was employed first to search the potential optimums, and then either sub-problem
method or first order gradient method was used to obtain more accurate results. Note that
initial variables are not required for the random method. The’optimums obtained from the
random method are the initial design variables used for the sub-problem approximation.
method and the first order gradient optimization method. The optimization method

settings are shown in Table 5.09.

Table 5.09 The optimization method settings ¥
Optimization method Settings
Random method =~ | Iteration - 30
Feasible sets 29
Sub-problem Iteration 100
Feasible sets 99 -
First order Iteration , 90
Percent step pace 5
| Percent forward diff. | 1
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Optimization _results. After going through the optimization program, the

optimization results obtained are as shown in Table 5.10, Table 5.11 and Table 5.12.

Table 5.10 The random method optimization results (Unit: Pa)

E, E, ) Gy, Gy (%)
0.34114E+11 | 0.77345E+10 | 0.34677E+10 | 0.48252E+10 | 0.30951 .
Table 5.11 The first order method optimization results (Unit: Pa)

El EQ. GlZ A G23 1)12
0.34654E+11 | 0.79627E+10 | 0.41482E+10 | 0.49035E+10 | 0.30965
Table 5.12. The sub-problem method optimization results (Unit: Pa)

El | E2 GlZ G23 blZ
0.32824E+11 | 0.72772E+10 | 0.53741E+10 | 0.33664E+10 | 0.26175

In order to check and examine the accuracy of the optimum results, we input the
optimized engineering consténts which are used as input for the sub-problem method and
the first order methoa; tﬁe results obtained are shown in Figure 5.12.

Comparing the optimization results, it is clear that the results from the first ordpr
method are more accurate.

Referring to Figure 5.12 and Figure 5.13, one may recognize that the plot of the reaction
tensile results by both the first order method and the sub-problem approximation method
are almost the same upon the simple tensilé test. The: reaction shear results by the two

methods are a little different, but neither model result matches the experimental data very
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Optimums plot

0.0002 00004 0.0006 0.0008

Experimental Tensile

FEM modeling Tensile
first order method

FEM modeling tensile
(subproblem md)

Applied displacement (m)

Figure 5.12 Plot of the reaction tensile force with the optimum engineering constants

optimums shear plot

Experimental shear

FEM shear (first order
method)

FEM shear
(subproblem method)

0.0002 0.0004 0.0006 0.0008

Applied displacement (m)
Figure 5.13 Plot of the reaction shear force with the optimum engineering constants
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very well. As discussed in the previous section, slipping during the tensile test may

increase the shear in the experimental data.

FEM Modeling Error

Optimum ‘engineering constants from both optimization methods are each used as
input and the corresponding results obtained. Then the results in the selected loads range
were averaged. The average FEM results where compared with corresponding
‘ expeﬁmehtal data and the discrepancy were determined. The discrepancy fro the FEM
tensile results were: The first order method: 5.574%; The sub-problem method: 7.3%. For
tile FEM shear results the discrepanciés were: The first order metﬁod: 77.55%:; the sub-
problem method:-84.31%.

Recognize that the tensile results are very close to the real experimental data, though

the modeling shear results do not agree with experimental data.

Complementary

As mentioned in Chapter 4, the plan was to conduct four different loading cases, and
then the results upon each loading cases were used to compare with the corresponding
FEM model result in order to carry out the optimization. The remaining loading cases
went through the same procedure as the tensile case. The details of the procedure of datad

analysis are shown in Appendix L.

Results Analysis of the Tensile plus Shear Load Case

The tensile combined with shear load case was used for the coupons in these test.
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Experimental Data Analysis

Plot the experimental results of tensile plus shear test, in Figure 5.14 and Figure 5.15.

First experimental tensile vs Second
experimental tensile

5.00E-04 | 00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03

First Experimental tensile

Second Experimental tensile

Applied displacement (m)
Figure 5.14 Experimental tensile

First experimental data vs Second
experimental data

First experimental shear

Second experimental
shear

-2.50E-03 -2.00E-03 -1.50E-03 -1.00E-03 -5.00E-04 5.00E-04
Applied displacement (m)
Figure 5.15 Experimental shear
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Screening the Experimental Data. After checking the experimental data, the data
range from 0.00005 m to 0.00092 m was selected. This range is shown in Figure 5.16 and

Figure 5.17.

Selected data range (tensile)
E-04 0.00 i0O 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00

Experimental tensile
Selected range

applied displacement (m)

Figure 5.16 Plot the tensile forces in the selected data range

Selected data range

Figure 5.17 Plot the shear forces in the selected data range



Obtaining the Average Experimental Data. As shown in the flow chart (Figure 5.15),
in order to compare with the FEM modeling results, the selected experimental data need
to be averaged. Furthermore, the first and the second experimental data were also

averaged. The results are shown in the following table.

Table 5.13 The average experimental data of the tensile plus shear test

Displacement (m) Experimental result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00034556  0.00047556 0 164.3874772 -303.7400956 -21.02204

FEM Modeling Result Analysis

The standard engineering constants, taken from the MSU composite database, and
the loads (displacement) as shown the table 5.11 are used as input in the FEM model. The

following results were obtained

Table 5.14 FEM modeling result

Displacement (m) FEM modeling result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00034556 0.00047556 0 81.85859 -299.1452 -5.432

Comparing the results shown in Table 5.13 and Table 5.14, recognize the gaps
between the two groups of data. In this case, the grip model parameters must be adjusted
so that the two results can fit well. After going through several iterations, the parameters

of contact elements were determined. These are shown in Table 5.15
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Table 5.15 Parameters of contact elements in the tensile plus shear test.

Thickness of grip  Modulus of grip
0.02m 2E+11 Pa

The adjusted FEM results are shown in Table 5.16

Table 5.16 The adjusted FEM modeling results

Displacement (m) FEM modeling result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00034556 0.00047556 0 81.63753 -303.4788 -5.958

The details of the FEM modeling results are plotted in Figure 5.18 and ‘igure 5.19.

Plot tensile result with the optimums
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FEM shear result plot

Experimental shear
FEM shear plot

-0.0007 -0.0006 -0.0005 -0.0004 -0.0003 -0.0002 -0.0001 0.0001
Applied displacement (m)

Figure 5.19 FEM shear plot (tensile plus shear load case)

Error Analysis

After analyzing both experimental data and the corresponding FEM modeling results
as shown in Figure 5.18 and Figure 5.19, it is clear that there is a large discrepancy
between the experimental shear and the FEM reaction shear, although the tensile data fit
well.

The suspected reason is that the grips on the IPL machine did not work well with the
coupons. The slipping was a big obstacle that prevented acquisition of accurate
experimental shear results.

Errors were also possibly induced by other factors, as mentioned in the previous

section.
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Implementation of the Optimization

The definition of the design variables, state variables, and the objective function was
the same as those in the pure tensile test.

First, the random method was used to find an initial set of design variables. Then the
first order gradient method was employed for further optimization. The results of the
random method, the first order gradient method and the sub-problem method are shown

in Table 5.17, Table 5.18 and Table 5.19, respectively.

Table 5.17 The results of the random method (Unit: Pa)

E2 Gr G3 N2
0.31348E+11 0.90079E+10 0.4526E+10  0.362E+10 0.31381

Table 5.18 The results of the first order method (Unit: Pa)

E1l E2 Gr G&B v
0.34542E+11 0.88839E+10 0.40883E+10 0.3515E+10  0.31371

Table 5.19 The results of the sub-problem method (Unit: Pa)

E1 E2 GR G3B Vin
0.30984E+11 0.87433E+10 0.48805E+10 0.54752E+10 0.26946

Inputting the optimums back into the FEM model, the following results yielded. The

results plots of tensile and shear are shown in Figure 5.20 and Figure 5.21.
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Plot tensile result with the optimums
0.0002 0.0003 0.0006 0.0007 0.0008

Experimental tensile

— FEM modeling tensile
(first order)
FEM modeling tensile
(sub-problem)

0C -500

Applied displacements (m)

Figure 5.20 Optimization tensile plot (tensile plus shear load case)

FEM shear plot with optimum engineering constants

—  Experimental shear
FEM shear (first order)
FEM shear (sub prob)

-0.0008 -0.0007 -0.0006 -0.0005 -0.0004 -0.0003 -0.0002 -0.0001 0.0001

Applied displacements (m)

Figure 5.21 Optimization shear plot (tensile plus shear load case)

Error of FEM Modeling Tensile Results:

The error of the FEM tensile results by first order method is 2.0668%
The error of the FEM tensile results by sub-problem method is 2.4091%
The error of the FEM shear results by first order method is 46.5%

The error of the FEM shear results by sub-problem method is 45.7%
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The Data Analysis of the Pure Moment Load Case

The pure rotation was applied to the coupons in this test. Two tests were conducted,

and the results are illustrated in the following paragraphs.

Experimental Data Analysis

The results of the pure rotation load case were plotted in Figure 5.22

Reproducibility

E-Ol -1.40E-01 -1.20E-01 -1.00E-01 -8.00E-02 -6.00E-02 -4.( fOOE-02 0.00 E+00
-200-

—s—First experimental tensile
First experimental shear
- Second experimental tensile
Second experimental share

Applied displacement (m)

Figure 5.22 Plot of the first and second experimental data

Screening the Experimental Data. After checking the experimental data, the data
range which is from -0.0008 m to -0.0015 m with criteria of elastic behaviors was

selected. This range is shown in Figure 5.23.
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Select the data range

§ -0.002 -0.0018 -0.0016 -0.0014 -0.0012 -0.001 -0.0008 -0.1 .0.0002

First Experimental tensile
First Experimental shear
Second experimental tensile
Second experimental shear
Selected range

* Selected data range

Applied displacement (m)

Figure 5.23 The selected data range

Obtaining the Average Experimental Data. As shown in the flow chart (Figure 5.15),
in order to compare with the FEM modeling results, the selected experimental data need
to be averaged. Furthermore, the first and the second experimental data were also

averaged. The average values are shown in the following table.

Table 5.20 The average experimental data of the pure rotation test

Displacement (m) Experimental result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00361125  -0.00051 -0.00115 212.856605 -320.272664  -18.75373667

FEM Modeling Results Analysis
The standard engineering constants, taken from the MSU composite database, and
the loads (displacement) as shown in table 5.20 were used as input fro the FEM model fro

the pure moment load case. The following results were obtained..
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Table 5.21 FEM modeling results

Displacement (m) FEM modeling result (kg) Average
Shear Tensile Moment  Force X Force Y Moment Z
0 0 -0.00115 36.1104787 -292.29013 -3.845985625

Comparing the results shown in table 5.20 and table 5.21, recognize the gaps
between the two groups of data. This gap indicates the grip model parameters must be
adjusted. After going through several iterations, the parameters of grip model were

determined, as shown in Table 5.22

Table 5.22 Parameters of contact elements in the pure rotation test.

Thickness of grip  Modulus of grip
0.01m 3E+11 Pa

The adjusted FEM results are shown in the table 5.23

Table 5.23 The adjusted FEM modeling results

Displacement (m) FEM modeling result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
0 0 -0.00115 38.3324949 -320.472473  -5.027569303

The details of the FEM modeling results are plotted in Figure 5.24 and Figure 5.25
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Average experimental tensile data vs FEM results

-0.0016 -0.0015 -0.0014 -0.0013 -0.0012 -0.0011 -0.001 -0C007

+- Average Experimental tensile
FEM modeling tensile
*- Adjusted FEM modeling tensile

Applied displacement (m)
Figure 5.24 FEM modeling tensile plot (rotation load case)

Average experimental shear data vs FEM results

250-

Average experimental shear
FEM MODELING SHEAR

Adjusted FEM modeling shear

-0.0021 -0.0019 -0.0017 -0.0015 -0.0013 -0.0011 -0.0009 -0.0007 -0C

Applied displacement (m)
Figure 5.25 FEM modeling shear plot (rotation load case)

Carrying Out Optimization
The definition of the design variables, state variables and the objective function

were the same as those in the pure tensile test.



120

First, the random method was used to find an initial set of design variables. Then the
first order gradient method was employed for further optimization. The results of random
method and consequent first order gradient method are shown in Table 5.24 and Table

5.25 respectively.

Table 5.24 The results of the random method (Unit: Pa)

E2 Gn G2 vn
0.32394E+11 0.71308E+10 0.40014E+10 0.39001E+10 0.2938

Table 5.25 The results of the first order method (Unit: Pa)

Ex E2 GD G2 Vi)
0.3307E+11  0.74045E+10 0.48057E+10 0.40486E+10 0.29388

Inputting the optimums back to the FEM model, the results are shown in Figure

5.26.

FEM modeling results with optimums

Figure 5.26 Optimization tensile Plot (rotation load case)
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FEM shear with optimums

Experimental shear
-"-FEM SHEAR (FIRST
FEM!Hear (subpro)

-0.0016 -0.0015 -0.0014 -0.0013 -0.0012 -0.0011 -0.001 -0.0009 -0.0008 -0.0007
Applied displacement (m)

Figure 5.27 Optimization shear plot (rotation case)

The Error of FEM Modeling
The discrepancy between FEM model results by the first order methods is 0.0063%;
and it is 0.3352% for the sub-problem method. The error of the FEM modeling shear

result by the first order method is 83.47%; it is 91% by the sub-problem method.

The Results Analysis of Tensile. Shear and Rotation Test Case

The tensile and shear displacement and a rotation were applied to the coupons
during this test. Because this test is complicated and slippage occurred in the grips, the
experimental results obtained were not very accurate. The test results are plotted, and the

experimental data are analyzed in the next paragraphs.
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Experimental Data Analysis

Plot of the experimental results

The tensile results and shear results are plotted in Figure 5.28 and Figure 5.29.

Plot experimental tensile data Plot experimental shear data

E-M 000 < 500E-M 1.0CE03 150E-03 200E-03 / 250E-03  3.00E-03
Experimental shear)

-5.00E-03 -400E-03 -300E-03 -2.0E-03 -LOOE-03 0.00tt00 tOOE03

Applied displacement (m) Applied displacement (m)

Figure 5.28 Plot experimental tensile results Figure 5.29 Plot experimental shear results

Screening the Experimental Data. After checking the experimental data, we selected
the data range from 0.00025 m to 0.00163 m was selected. This range is shown in Figure

5.30 and Figure 5.31.

Select the data range Select the data range
Experimental
— Experimental
tensile
x5 oo 00015 0005 008 005 002 -00015 QML Q006 0
Applied displacement (m) Applied displacement (m)

Figure 5.30 Tensile results in selected range Figure 5.31 Shear results in selected range
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Obtaining the Average Experimental Data. As shown in the flow chart (Figure 5.15),

in order to compare with the FEM modeling results, the selected experimental data need
to be averaged. Furthermore, the first and the second experimental data were also

averaged. The average values are shown in the following table.

Table 5.26 The average experimental data of the pure rotation test

Displacement (m) Experimental result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00059 0.00023 -0.00027 103.57339 -19768568 12.51167

FEM Modeling Results Analysis

The standard engineering constants, taken from the MSU composite database, and
the loads (displacement) as shown in table 5.26, were used in the FEM model for this

load case. The results obtained are as follows.

Table 5.27 FEM modeling result

Displacement (m) Experimental result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00059 0.00023 -0.00027 -12.9542537  -197.7414 -2.205238

Comparing the results shown in table 5.26 and table 5.27, again, recognize the gaps
between the two groups of data. The parameters of the grip model are determined, after

several iterations. These are shown in Table 5.28
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Table 5.28 Parameters of grip model in the pure rotation test.

Thickness of grip  Modulus of grip
0.005m 1.14E+9 Pa

The adjusted FEM results are shown in the table 5.29

Table 5.29 The adjusted FEM modeling results

Displacement (m) FEM modeling result (kg) Average
Shear Tensile Moment Force X Force Y Moment Z
-0.00059 0.00023 -0.00027 -12.9542537 -197.7414 -2.205238

The details of the FEM modeling results are plotted in Figure 5.32 and Figure 5.33.

FEM FIT

SE 05 0.0001 0.0002 0.0002 0.0003 0.0003 0.0004 0.0
=5 0 e e e r

FEM Modeling tensile

-150 FEM tensile with sub
problem
O -200
-250
-300

Applied displacement (m)
Figure 5.32 FEM tensile results (combined load case)
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FEM modeling shear

FEM SHEAR modeling
* —FEM modeling
FEM shear (subporject)

-0.0009 -0.0008 ;00007 -------- 0.0006 -0.0005 -0.0004

Applied displacement (m)
Figure 5.33 FEM shear results (combined load case)

Carrying Out Optimization

The definition of the design variables, state variables and the objective function was
the same as those for the pure tensile test.

First, the random method was used to find an initial set of design variables. Then the
first order gradient method was employed for further optimization. The results of random
method and consequent first order gradient method are shown in table 5.30 and table 5.31

respectively.

Table 5.30 The results of the first order method (Unit: Pa)

E2 Gr G3 Vi7)
0.34301E+11 0.78143E+10 0.44139E+10 0.47313E+10 0.26682

Table 5.31 The results of the sub-problem method (Unit: Pa)

El E2 GR G3B VR
0.35371E+11 0.71355E+10 0.44535E+10 0.2906E+10  0.28724
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Inputting the optimums back to the FEM modeling, the results which were plot in Figure

5.34 and Figure 5.35 were obtained.

FEM FIT

a5 0.0001 0.0002 0.0002 0.0003 0.0003 0.0004 0.0004

Experimental tensile
FEM Modeling tensile

FEM tensile with sub
problem

O -200

B -250

Applied displacement (m)
Figure 5.34 Optimization tensile result plot (combined load case)

FEM modeling shear

FEM SHEAR modeling
FEM modeling
FEM shear (subporject)

-0.0009 -0.0008 __-033QQ7--------- 9.0006 ~ -0.0005 -0.0004

Applied displacement (m)

Figure 5.35 Optimization shear result plot (combined load case)
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The Error of FEM Modeling

The discrepancy between FEM model results by the first order methods is 8.747%:;
and it is 8.762% for the sub-problem method. The discrepancy of the FEM model shear
result by both methods is very large. The experimental data are questionable as a result of

grip slippage in this test.

The conclusion and future work are presented in the next Chapter.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The results from the IPL tests and FEM modeling are summarized and the optimum
engineering constants are compared with the standard values, taken from the MSU
composite database, in this chélpter. This methodology is discussed 'in the terms of

accuracy, feasibility, efficiency, and cost. Secondly, the potential problems that occurred

during the experiments and analyses are reviewed. Lastly, the suggested future work

items are presented in the final section.

Analysis of the Results

As described in Chapter 5, optimization was carried out based on the experimental
data from the IPL tests and the FEM model results. The comparison of the optimization
results with the standard engineering constants "'V is provided in Table 6.01. .

Comparing the optimum engineering constants to the standard and predicted
engineering constants in Table 6.01, one should recognize that the optimum values are
very close to the standard ones. This indicates that this methodology for determining the
constitutive law of the composite is feasible and practical.

The estimated values of the longitudinal Young’s modulus E;, the transverse
modulus E, , and the major Poisson ratio v,, are very close to the standard values. Hence,

the method of estimation for of E|,E,, and v, can be used in practical analysis. If those

N
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elastic parameters that are estimated reliably by the micromechanics approach were
eliminated from the optimization set, it would be easier to determine other engineering

constants such as shear modulus.

Table 6.01 Comparison optimization results

The initial predicted engineering constants

El E2 G12 G23 1)12

0.32354E+11 | 0.8781E+10 0.2021E+10 | 1.973E+10 0.29

The optimums from the tensile test case (Unit: Pa)

0.34654E+11 | 0.79627E+10 | 0.41482E+10 0.49035E+10 | 0.30965

The optimums from the tensile plus shear test case (Unit: Pa)

0.34542E+11 | 0.88839E+10 | 0.40883E+10 | 0.3515E+10 0.31371

The optimum engineering constants from pure rotation test case (Unit: Pa)

0.3307E+11 0.74045E+10 | 0.48057E+10 | 0.40486E+10 | 0.29388

The optimum constants from tensile, shear and rotation combined test case (Unit: Pa)

0.34301E+11 | 0.78143E+10 0.44139E+10 0.47313E+10 | 0.26682

The stan.dard engineering constants, taken from thé MSU Database (Unit: Gpa)

32.677+1.8 8.437+0.72 3.803+1.11 3.504+0.67 0.285+0.02

As two methods were selected to carry out optimization in this project, the sub-
problem approximation method and the first order gradient method, the comparison of -
these two methods was made also, and the comparison results in terms of time, iteration,
and accuracy are shown in Table 6.02.

One of the reasons to select two methods is to obtain a reference, which provides the

comparison. This comparison helps to identify the global or local optimums.
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Table 6.02 Comparison between sub-problem method and first order method -

Sub-problem Approximation Method

Terms | Parameter | Time of Opt. | Accuracy (kg)
Test cases Iterations | Hours | Opt.Accuracy | Result plot
Pure tensile 16 0.1667 0.8 | 7.3%
T+S 20 10.21 0.6 2.4091%
Pure rotation | 16 0.1667 1 1.06 0.3352%
T4S+R 16 - 0.1667 0.0325 8.762%
| First Order Gradient Method
Terms | Parameter | Time of Opt. Accuracy (kg) ,
Test cases Iterations | Hours ’ Opt.Accuracy | Result plot
| Pure tensile 10 1.5 0.1E-03 5574%
T4S 5 0.75 0.123E-06 2.0668%
Pure rotation | 9 1.4 0.2 0.0063%
T+S+R 15 2.3 0.44E-05 8.747%

It is indicated that the first order gradient method provide more accurate
optimization result than the sub-problem method. However, for each iteration, the first

order method takes much longer time than the sub-problem method at least 4 or 5 times

longer than sub-problem method.

It is necessary to know that the random tool is an important tool to find the proper
init‘ial values. The random tool provides good initial values to both- sub-problem
approximation method and the first order gradient method, 'so that the optimization time
for each method was decreased dramatically. Furthermore, the optimization results are
more precise thén the ones without using the random tool. ‘An example provides a clear

picture of importance of the random method for preconditioning. The statistic data in

terms of iteration, time and optimization accuracy are-shown in Table 6.03.
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First Order Gradient Method

Iteration Time(hours) | Opt. Accuracy
Using Random 5-15 1 _0.1E-5
No Random 70-100 5-6 0.1E-2

Sub-problem Approximation Method

Opt. Accuracy

Tteration Time(hours)
Using Random | 5-15 0.05-0.15 0.1E-1
No Random 70-100 0.5-1 1-10

The typical features of this methodology are relatively low cost, high efficiency,
easy operation, and reliability. It is noted in Table 6.03 that the first-order method
requires much more time for adequate convergence compared to the sub-problem
domain. This is because the first order method is rather general compared to the sub-
problem domain method as was discussed in Chapter 4. Based on the results presented in
Table 6.02, the ekperimental errors, and the limitations of the as assumpﬁons stated in
Cﬁapters 1 and 2, the application of the first order method is probably not warranted in
this case, and the sub problem domain method is the best choice.

Compared with conventional methods for finding material properties, which usually
require thousands of tedious experiments and which are also labor intensive, this
methodology is very simple. Oﬁly 10 simple experiments were conducted during the
course. These tests were performed on the In-Plane Loader (IPL), which is a highly
automated machine. The comparison between this methodology and other conventional

methods are illustrated in Table 6.04.
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Table 6.04 Comparison between the current methodology and conventional ones

Methods | Current method "| Conventional method
Items
Quantity of tests 10-100 1,000-1,000,0000
Laborers 1-2 10-100
Cost $2,000-$5,000 $200,000-$1,000,000
Efficiency Obtain results in hours | Obtain results in months

7 or years
Accuracy In the same level In the same level
| Consistency Consistent - inconsistent

The IPL can apply the loads for the selected load cases, via computef control.
Therefore, no additional care is required, nor labor additional needed. It is almost a
foolproof‘machine, and easy to operate.

Conducting one single experiment on the IPL takes. only a few minutes, including
loading and clamping the coupons and it requires only a few tests. Hence, this

methodology provides an opportunity to find the material properties in a short time.

Potential Problems of the Current Research

Although we have gained some satisfactory results during this research, there are

problems. The summary of the problems of this research are presented in the following

pafagraphs.
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The IPL Experiment

As stated in Chapter 2, the IPL machine is new, and this is the first study to
provide experimental/numerical correlations. Consequently, there are some potential
sources of errors froﬁ the experimental data. These will be identified here, with some
suggestéd methods of resolution in the Future Work section of this chapter.

The first potential problem is in the operation of the IPL machine. Data are input via the
. digital control system of the IPL. It was noted that there were some deviations between
the input and the measured output. This is not a large problem for this study, since the
measured output data were used for the optimization results. The facility could also have
some errors as a consequence of dimensional tolerances in the machine. The includes
placement and location of ‘the specimen in the grips. The calculation of displacements
could also be a source of error. In calculating the equivalent uy, uy and @, a nonlinear
kinematics program is réquired for data reduction. This needs to be verified to determine

the accuracy of data reduction. The test specimens are manufactured with a diamond saw,

and the notches are inserted with a router bit. Any deviations from the as-modeled

specimen.could affect results.

The slipping of the grip is deemed to the largest source of error during the IPL tests as
was illustrated in the experimen’;al results presented in Chapter 5. Since the composite
coupon’s surfaces are very smooth, it is difficult for the grips to clamp the coupons
tightly without sliding during the teéts. This was especially true in the pure shear test;
which did not yield satisfactory data. However, in tests where the slippage was minimal,
the grip modeling method of determining pseﬁdo equivalent grip parameters is adequate

as verified in Table 6.02 above.
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Optimization

ANSYS was used to carry out the optimization. The ANSYS optimization package
could only provide general solutions, not specific ones 'as discussed 1n Chapter 4. The
optimization problem in this project had total of five variables. Because of the multi-
variables, up to 120 sets of design variables satisfied one objective function. Decision
regarding which onie was most appropriate.

A more robust solution would be to create an optimization program specially for this

problem, allowing the user to change the settings and apply more constraints to the

optimization. In such a case better optimization results could most likely be obtained.
Future Work

For this project, optimization was constrained to linear elastic Behavior. Also the
selecte\d composite V\,/as deemed a transversely isotropic material. This assumpti;)n leads
to the reduction of the engineering constants to be determined. In this case, five
engineering constants were determined rather than nine.

Actually, the composite behavior is more complicated, and it is typically not a
_transversely isotropic material. To find properties of composites with higher accuracy, a
total of nine engineering constants must be determined.

The next steﬁ of this research would be the study of composite nonlinear behavior.
At relatively low extensional strains (& =0.005), the lamina has fiber/matrix splitting and -

the equivalent constitutive response is nonlinear. The In- Plane Loader machine is still a

significant tool in the research.
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The sources of error should be quantified and/or eliminated. With respect to the
control system of the IPL, the discrepancy between the input and output neéds to be
resolved. First, the discrepancy needs to be quantified with indépendent displacement
‘measurements. Then, the discrepancy needs to be minimized. Since the. IPL utilizes
Labview™ as the tool for both.the control and data acquisition, it is conceivable that a
feedback control scheme could be implemented. However, this error was accounted for in
this research because the as-measured Aisplacements and loads were used for
optimization. The facility errors need to be quantified and taken into account. Load cells
on the linear actuators are used.to determine the loads in the grips of the IPL via
measurements and the geometric configuration. Indef)endent measurements of the in-
plane forces and moment at the grip need to be conducted to verify this procedure. The
displacement calculations need to be verified with additional measurements. This will
help to validate and calibrate the kinematical relationships used for grip displacements.
The influence of manufacturing and specimen ;;lacement in the grips can be easily
quantified by performing tests with specimens with manufactuﬂﬁg variances, and by
placing specirhens in the IPL with orientations within specified limits. The results of
these data will be useful for isolatin'g variances due to testing versus materiaﬂ variances.

The major source of error is speculated to be due to uncertainties in the grips. This |
was adequately accommodated for by the grip modeling procedure as demonstrated in
Table 6.02, but improvemenfs are necessary for more accurate data. First, elimination of
slippage is required for accurate modeling and development of1 constitutive response.
Then, accurate contact modeling can be accomplished to eliminate the need “pseudo”

grip properties discussed in Chapters 3 and 4. Given the quantification and elimination of
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these errors, the methodology developed Herein shows promise for determining the

constitutive response of a wide variety of composite materials over the applied

mechanical loadings in complicated structures.
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APPENDIX A

Rotation Programming
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theta = Pi /7 4 ;

ev[l] ={1.0,0};

ev[2] {0, 1, 0} ;

ev[3] = {0, 0, 1} ;

evp[l] = {Cos[theta] , -Sin[theta], 0>;
evp [2] = {Sin [theta] , Cos [theta] , 0} ;
evp[3] = {0, 0, 1) ;

Clear [Q]
Q = Table [ev[i] -evp @Jl1., {i., I, 3}, {.1, 3}1

1 1 1 1
, 0}, ——-, 0}, {0, 0, 1}}
N2 1/2 1/2 N2
QL [2 ., 111
clear[Cm]

Cm =Table[C[i, j. k, 11 . (G, 1, 3}, {j. 1.3}, {k, 1.3}, (1, 1,3}]

L{c o 1, 1, 1, ¢, 1, 1,21, ¢l 1, 1, 3]}, (CII, 1, 2, 1],
CIl, I,2,2],Cql, 1,2,381}, {C[l, 1,3, 1], C[l, I, 3, 2],
Cc[1,1,3,3]>M{C[1,2, 1,1],C[l, 2,1, 2],
cl, 2, 1,31} {CIl, 2,2, 1], C[l, 2,2, 2],
cIl,2,2,3]} {CIl, 2,3, 1], C[l, 2,3, 2],

CIl, 2,3, 31}}, {{CII, 3,1, 1], C I, 3,1,2],
cIl, 3, 1,31}, {CIl, 3,2, 1], CIl, 3,2, 2],
0(1,3,2,31}, {CI, 3,3,1], CIl, 3,3, 2],
CIl,3,3,3]}}}, {({{C[2, 1, 1, 1],C[2, 1, 1,2],
Ccr2,1, 1,31} {C[2, 1,2, 1],C[2, I, 2, 2],
c[2, 1,2, 31}, (C[2, 1,3, 1], C[2, 1,3, 2],
Cl2, 1,3, 31}}, {{C[2,2,1, 1], C[2, 2, I, 2],
cl2,2, 1,31}, {C[2, 2,2, 1], C[2, 2, 2, 2],
C[2,2,2,3]}, (0(2,2,3, 1],0(2, 2, 3, 2],
0(2,2,3,3]}}, {{0(2,3,1, 1],0(2, 3, I, 2],
0(2,3, 1,31}, (0(2,3,2, 1],0(2, 3, 2, 2],
0(2,3,2, 31}, (0(2,3,3, 1],0(2, 3,3, 2],
0(2,3,3,31}}}, {{{0(3, 1,1, 1],0(3, I, 1,2],
0(3,1, 1,31}, (0(3,1,2,1],0(3, 1,2,2],
0(3,1,2,3]}, (0(3, 1,3, 1],0(3, I, 3, 2],
0(3, 1, 3,31}}, {{0(3,2, 1, 1],0(3, 2, I, 2],
0(3,2, 1,31}, (0(3,2,2, 1],0(3, 2,2,2],
0(3,2, 2,31}, (0(3, 2,3, 1],0(3, 2,3,2],
0(3,2,3,3]}}, ({0(3,3,1, 1],0(3, 3, I, 2],
0(3,3, 1,31}, (0(3,3,2, 1],0(3, 3,2,2],
0(3.3,2,3]}, (0(3,3,3, 1],0(3, 3,3, 2], 0(3, 3,3, 3]}}}}
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For[i *1,i1i<4,i+ ,Block [{J,
For[j =1, j<4, j+ ,Block[{},
For[k =1, k<4, k+ ,Block[{},
For[I =1, I <4, 1++, Block [{},
Cm[ [i,j.k, 11] =0]

CmLCLCl. 1, 2, 21 ] =C12;

Cm[LCl. 1, 3, 311 =C12;

cm[[2, 2, 1, 111 =C12;

Cm[[2, 2, 2, 2] ] = C22;

Cm[[2, 2, 3, 311 C23;

Cm[I3, 3, 1, 111 =C12;

Cm[I[3,3, 2, 211 =C23;

Cm[[3, 3, 3, 3] =2C22;

cm[[2, 3, 2, 311 1/2*(C22 -2C23);

Cm[[3, 2, 3, 21]1=1/72*(C22 -C23);

Cm[Ll., 3, 1, 3]] C66;

CmLI3., | 3, 171 C66 ;

Cm[ii1r,2, 1, 211 = C66;

cmir2, , 2, 171 C66;

Cmi(2, y, 1, 2]] C66 ;

Cm[DI .2, 2, 111 C66;

Cm((3, |, |, 3] =C66;

Cmi[l ,3, 3, 171 = C66;

cm((2, 3, 3, 211 =112+ (C22 - C23) ;

Cm{[3, 2, 3, 2]] =11 2* (C22 . C23) ;
|

cli, 1] (2 cl11- 4C12 +3 C22 - C23 +
8

,2] ! (2 CU - C22 -C23 -2 C66)

C12 - C23

2V 2
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1 .
C[1,1,2,1] == (2Cll-4Cl12+C22 +C23 - 2 C66)
8 |
. 1
cri,1,2,2] = (2C11-3C22+C23 42 C66)
8 .
Cl2-C23
2+ 2
C22 -C23 +2 Cé66
a4+ 2

~C22 +C23 +2 C66

142

cl1,1,2,3]

cri,1,3,1] =-

Cf1,1,3,21 =

cri,1,3,31 =0

L |
Cr1,2,1,1] == (2C11-C22-C23-2C66)
8
1
C[1,2,1,2] == (2Cll+ 4Cl2+3C22-C23+ 2C66)
.8
cl2+ C23

cr1,2,1,3] =

1
c[1,2,2,1] == (2Cll- 3C22 +C23 +2 C66)
8

1
C[1,2,2,2] =— (2C1l1l+ 4C12 +C22 +C23 - 2C66)
8

C12+ C23
Cr1,2,2,3] =227

2+ 2
-C22 +C23 +2 C66
a2

C22 -C23 +2 C66

442

c[(i,2,3,1] =

Cr1,2,3,2] =-

cli,2,3,3] =0

c12 - 23
cr1,3,1,1] =—-_ =%
24/ 2
c12+ c23
c11,3,1,2] - 27
2+ 2

. C22+ C66
C[ll3lll_3] =

2
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Cl2 - C23

C¢[1,3,2,1] =
2\/2
cl2+ €23
c[1,3,2,2] =——" "7
242

€22 - C66
c[r1,3,2,3] =—__ "~~~

2
c[1,3,3,1] =0
Cri,3,3,2] =0

. C66
cl1,3,3,3] =-
Jz
1 o
C[2,1,1,1] == (2Cll-4Cl2 +C22 +C23 - 2 C66)
8
1
Cr2,1,1,2] == (2Cll- 3C22 +C23 +2C66)
o )
cl2- c23
cr2,1,1,3] =
2\/2
1 . .
Cr2,1,2,1] == (2Cll-4C12+3C22-C23 + 2C66)
8

. .
C[2,1,2,2] == (2Cll-C22-C23-2C66)
8 .
Cl2- C23
2~/ 2
C22- C23+ 2 C66
442
C22- C23- 2 C66
14/ 2

0

c[2,1,2,3] =

cr2,1,3,1] =

cl2,1,3,2] =

ciz2,1,3,3]

1
Cl[2,2,1,1] =— (2Cll-3C22+C23+2C66)
8 .
1
Cr2,2,1,2] =— (2Cll+ 4C1l2+C22 +C23 - 2 C66)
8
c

12+ C23

e

cr2,2,1,31 =
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1
Cl2,2,2,1] =— (2C1l1-C22-C23-2 C66)
8 .

c[2,2,2,2] = ('2011+4012+3022—023+2066)

© |

Cl2+ C23

2+ 2

C22-C23- 2C66

c[2,2,2,3] =

C[21213Il] =
4-\/2
C22-C23+ 2C66
cl[2,2,3,2] =
4\/2
C[2,2,3,3] =0
Cl2 - C23
cr[2,3,1,11] = ——
24/ 2
Cl2+ C23
c[2,3,1,2 =———
2\/2
’ C22 - Cb66
cl2,3,1,3] =—m—
2
Cl2 - C23
cr2,3,2,1) =——— "7
24/ 2
Cl2+ C23
C[2131212]‘ =
27

C22 + C66

clz2,3,2,3]

2
c[2,3,3,1] =0
C[2,3,3,2] =0

: C66
C[2,3,3,3] =——
\ 2
66
CI3;1,1,1] =-—
24/ 2
C66

C(3,1,1,2] =———
2\[2

C[3,1,1,3] =‘O
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C66

24/ 2
c66

242
1

((C22- C23 +2C66)

C[(3,1,2,1] =

c[3,1,2,2] =-

crs,1,3,1] =

4
1
C[3,1,3,2] =- (C22-C23-2C66)
4 .
c[3,1,3,3] =0
: C66
CI[3,2,1,1] =
2+ 2
C66
C[3,2,1,2] =-
2+ 2
C(3,2,1,3] =
C66
c[3,2,2,1] =-
2+ 2
cé6

C[(3,2,2,3] =0

C[3,2,3,1] =— (C22-C23-2C66)

C[3,2,3,2] =— (C22-C23+2C66)

C[3,2,3,3] =0
c[3,3,1,1] =
C[3,3,1,2] =

c[3,3,1,3] =-

C[3,3,2,1] =
0[3/312/2] =

c[3,3,2,3] =

C[3,3,3,1] =0
C[3,3,3,2] =0
C[3,3,3,3] =C66
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APPENDIX B

Estimation of Engineering Constants
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Prediction of Engineérihg constants

The modulus unit is Gpa

Eg:=73.1 Gy 1= 29.959 vg=022 Vi :=.o.4~17 Vi = 0.583
Ep=321 G, :=0.96 | vm:; 0.34 | ('.

Thickness of the coupon t:=3.9810 3m
Thickness of each Iayer, o t;:=4.97510 “m

Layup | | . [0/+45/90/-45/-45/90/+45/0]

‘Longtituinal modulus E1
By =Ep Ve + Em'Vm ’ ‘ . E;=32.354

Transverse modulus E2

(=2
X
n.'_ Em
Ey
._.|.c
Em
EZ'_E ic_n_vf ’ ‘}52—8751
= *m 1-m-Vg .
By = _ fatt 4 E, = 5338
Vi Er + VeEp : : :

Poissons 's ratio

V12 =VEVE T Vi Vi V1 = 0.28996

Shear modulus associated with the plane 2-3
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Shear modulus associated with the plane 2-3

S3 = 0.49247~ 0.47603V; — 0.02748V"

Gyy=Gp| 1+ ' Gyg = 2.202
127 1274
‘ Cm S .
G
1 ,
G 1= !
Cn G
Shear modulus associated with the plane 2-3 ‘
3-4v,+—
N23=—" 7\
4-(1 - vm)
Gy G, Ve + Nz (1= Vy)
3 _ ( ) G, Gy3=1.973
Moz (11— Vg + Vp— :
G
V23 :=i -1 . V23=0353
263 ‘
G3:=Cpp

Vi3=Vi2
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APPENDIX C

Verification of the Assumed Engineering Constants
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Restriction on values of materials constant

For orthotropic materials, the relations between elastic constants are very
_.complex. Those relations must be investigated with rigor in order to avoid the
pitfalls of an intuition built up on the basis of working with isotropic materials.
First, the product of a stress component and the corresponding strain
components must be positive in order to avoid the creation of energy. This latter
condition provides a thermodynamic constraint on the values of the elastic
constants. The matrices relating stress to strain are required to be positive
definite, i.e., to have positive principal values or invariants. Thus, both the

stiffness and compliance matrices must be positive definite.
Thus, having the following restrict condition

S11,5225533,544,555,566> 0 or C11,C22:C33,Cyy4,C55,Cq6 > 0
Then El,EQ,E/_J),G23,G31,G12> 0

The valuesEl By B3, Gy3 ,G3q ,G1g have be estimated in the
previous section as

El = 32.354 EQ = 8.781 E3 = 8.781 : G12 = 2.021

Gp3 1= 2.021 Gpg = 1.973

These values are all biger than zero, thus satisfying the constraint above

(1*"23'\’32) 5(1—V13'V31) ’(1—V12'V21) >0

and

A=1-Vq1pVy1 =V13V3] = Vp3:V39=2:V31V39:V 13> 0

: Ve V-
By use of the condition of symmetry of complains U EJI i,j=1,2,3
, , i
The restrict conditions can be written as:
El = 32.354 EZ = 8.781 E3 = FQ
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[Vao| < E, [Vas| < E [Vao| <1 [vas| <1
~ 1 o o
2 = N\2 ‘ . ﬂ
|v ‘|~< o ‘v |<E v |<1.92' vaq| < 0.521
V13) < | &, 31 < g V13 V31

" As we have determined the values ofv, and vy, inthe previous section,

: then we can investigate whether the values we established are satisfied the
restrict conditions.
Vig = 0.29 . ‘ V21 I:v0.08*

It is obvious that the the valuesy o1 @nd v, estimated in previous section

are satisfied the restrict conditions. In the same manner, we recognized
thatv 4 and v;are also within the constraint range.

Substitute Poission's ratios estimated

V23 = 0.354 V32 = 0.354 V13 =029 ‘ V31 = 0.08

1= V12Vl ~V13V31 7 V23'V3p T2V V3 V3 = 0812

Then obtaining

1=V12Va1 ~V13V31 T V23V3p T2V Vi Vi3 > 0

Thus, we can conclude that all the values of the initially estimated engineering

constants satisfy the restrictions, and the assumption is reasonable.
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APPENDIX D

Calculation of the Lower and Upper Bounds
of Engineering Constants ‘
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Calculation of upper and lower bounds of engineering constants
The Unit is Gpa
Ep =731 _ Vg 1= 022 , Gy :=29.959 | Vg = 0417

Em =321 Vi = 0.34 ‘ C Gm:= 0.96 Vm :=10.583

Lower,and upper bounds of the Yound’s Modulus E

1. Estimate the lower and upper bounds of the Young's Modulus E1
E]. = Efo‘f' EIIle S E]. = 32.354 .
LO\{ver bound of Young's Modulus E1 Ellowef: (1— 0_1)E1 ElloWer': 29.119

Upperr bound of Young's Modulus E1 : 35.59

(1+0.DE;

Elupper= Elupper™

Obtaining the lower and upper bounds of E1 29.115< El < 35589

2. Estimate the lower and upper bounds of the Young's Modulus E2

Two forms of the strain energy will be employed in order to estimate the
_ Young $ Modulus E2

2

The stress state Strain Energy . U= vV

l\JI!—\

g
E
Ee

The strain state Strain Energy ‘ U= V

l\>|»—~

The stress-strain relations of the isotropic materials are as follows:

oxz—VE"—(e iy +e)+ €y

(1+v)(1-2v) vy (1+v)

() :_VE——(S + € +8)+ E €

Y7 (1+v)(1=2v) VXY T (1) Y
vE E

Oo_.= ,—'—ﬁ(f-’.__-‘l- &+ F,_\' +
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T,..= G = E

xy= Py = o)
E

Txz= GVxz= 1+ v) Yxz
E

by2= Sy = ) e

To find a lower bound on the apparent Young's modulus, E load the basic
unianial test specimen with normal stress on the ends. The internal stress field
that satisfies this loading and the stress equations of equilibrium is:

B By B By

> ————————— =5.338
Vi Ee+ VeEy ViEe + VeEy

Obtaining EQ > 5.338

To find an upper bound on the apparent Young's modulus, E, subjected to the bas
uniaxial test specimen to an elongatiorel where ¢ is the average strain and L is the

specimen length, the internal strain field that corresponds to the average strain at tl
boundaries of the specimen is: ‘

E,=E E,=E,=-VE Yeu= Yer = Yur =0
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'~ vHi-2vITiv
0 Xm= Eme
"~vm- 2vm
vm -V
°ym- 0Zm- ;Eme
"-vm-2vm

Yxym=Yxzm=Yyzm= 0

I-ViT-ZVjT V
0 Xf= —m-mmmomomeeee 7 -Efe
I —Vijr—2vij*
v
oyf=czf= EfE
| —VjT—2vf

Yxyf=Yxzf=Yyzf= O

The strain engergy expression:

U=1- (°x-ex+°yey+°zez+ Txy'Yxy+ Tyz'Yyz+ Txz"YX™

I —Vf —4 VTV + 2-V 1- vim- 4'vm'v + 2'v
U= — -EfdV + [ —— EmdVv

-V f-zVf o vme am

Z
. |- Vf- 4 ViV + 2V 1-vm- 4'vmv + 2V
" Ee » . -EfVE+ 2 Em'vm Vv

I—Vf —2Vf I_V m_ 2VI'I'I y

|- VE- 4vfv+ 2V -V -4V V+2V
E - Ef-Vf + e EmVm

-V f-zZVf Vv om. 2vm

(I -Vm-2vm"') VFEfVf+ (I -v f- 2vf"jvm-Em-(I - Vf)
vV =
Vv = 0231
(1“vm- 2/m")-Efvf+ (1- vi- 2vf)E m-(I - VT)

|- vf-4-vfv + 2v*
Efo+ L > 4 v mV + 2\/
- — 32.469 E2 < 32.469

I —Vf —2vf -V m- 2\/m2
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Obtaining the upper and lower bounds of E2 5.338< E2 < 32469

The value of Poisson's ratioy, for the composite material is unknow at this stage of
analysis so the upper bound on E is inspecific. In accordance with the principle of minimi
potential energy, the expression for the strain energy U' must be minimized with respect
the umspecified constantto specify the bound on E. The minimization procedure consis
of determining where:

I-U'=o0 — U>0
av dv2
-4v f + 4v -4vm+4v
HV+ EmVin
I—Vvi—avi - vHi-2vin
Q -viIn- 2vm~)'vf'Ef'vf+ ~vf~ 2v™)-vHi-Em-v In

Q -vOi-2vIn")-EfVf+ Q -V f-ZVvfQ-Em Vm

4Ef-VE 4Em Vn
4 | =# -Ualways positive

dv 2 1-vi—avi o yHi-2vin/

Lower and upper bounds of Shear Modulus G

1. Estimate the lower and upper bounds of Shear Modulus G12

To find a lower bound on the apparent Shear modulus, G 12, load the pure shear stress
test specimen with shear stress on 1-2 plane. The internal stress field that satisfies this
loading and the stress equations of equilibrium is:

0O O 0O O O )
Cx =ay =az =V =tzx =0 Txy =T

"1

I\/, \M

Vv
U= -V
2G
1<
G
or
G> OmOf GnGf
1.61

V'Gm+ Vm Gf VIGm+ Vm Gf
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The lower bounds of G12 ' | Gyg > 161

To find an upper bound on the apparent shear modulus,G, subjecte the pure shear test
specimen to an .elongationsl. whereg is the average strain and.L is the specimen length,
the’internal strain field that corresponds to the average strain at the boundaries of the
specimen is: ‘ ‘

Ex = Ey=Ez=Vxz= Vyz= 0 Yxy =Y ‘ ‘ ;
Sxm~ ®ym= Ozm™ Txzm™ Tyzm=0 “Txym= GV
1 2 §
U=| 6y'av="L.| Gav
Yé
U = (G Vi + G Vg) v
2
u=Lgv
2
G=< Gme+ Gfo ’ ’ Gme+ Gfo = 13.053
Obtaining the lower and upper bounds: 161< Gyg < 13.053

2. Estimate the lower and upper bounds of the Shear Modulus G23

In order to be aware of the shear modulus of G23 of 2-3 plane, the poisson ratio in 2
direction v23 has to be known first.

1
. EQ 2
Assumption of v23 . |v23| < (_]::‘3_} .
1
lower 2
. ( lower F’Z .
The lower bounds of v23 ( |v23| ) <
‘ ; EB)upper ‘
1
upper 2
The upper b'ounds of v23 ( Iv I‘)uPper < EZ ‘ :
. 23 Eglower
Ohtaininag ”\;,.AI\Jower — NANK ’ ”\;,...| \upper — Y ARA
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Obtainin lov : :
amning (|v23|) O = 0.405 (,,\/23, )PP = 2466
Shear Modulus of 2-3 plane: Gy3 = 2(1 N V23)
: EQupper
The upper bound of G23 Gy PP »
2(1 =+ V23IOWCI)
The lower bound of G23 B, "
, G S
23 upper
201+ V23
G23lower_: 0769  Gog P07 = 11555
Obtaining the lower and upper bounds: . | 0.769< Gy3 < 11.555

Lower and upper bounds of Poisson ratig12

The lower and upper boundy®. Having determined approximate valt
forv21, one may then approximaidy the well-known relationship

\Y 12.°= 0.29

The lower bound of vi12 V-121ower =Vyip(l- 10%) \ 1210wer = 0.261
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Modification of Transverse Modulus
Ey-(1+ 10%) = 9.659 where B, = 8781

Obtaining the modified transverse Modulus

Modification of shear Modulus G23

lower
The lower bound G23lower = EQ—
2(1 + V23)
. upper
upper Ey ‘
The upper bound G23 A = ——
2(1 + V23)
32.469 . '
— = 12488 G23lower = 21053
2(1 + 0.3) S
5.338 o3 :
— = 2053 Gys PP = 12488
2(1 + 0.3)

Obtaining the modified shear modulus G23

' 5338< B, < 9.659

Assumed Vog = 03

2.053< Gog < 12.488
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APPENDIX E

Basic FEM Modeling




/BATCH
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| Parameters of material property

EXX=34.114E+09
EYY=7.7345E+09
EZZ=EYY

" PRXYY=0.30951
PRYZZ=0.34
PRXZZ=PRXYY
GXYY=3.4677E+09
GYZZ=4.8252E+09
GXZZ=GXYY

IInput material parameters

t=3.98e-3 IInput the thickness of the coupon
tl=t/8 IThe thickness of each layer

L0=12.6E-03
r=3.2E-03
w1=19.2E-03
W=25.6E-03
h1=7.2E-03
h2=25.4E-03
H=50.8E-03

" ASIZE1=3.5E-03

ASIZE2=3.5E-03
ASIZE3=3:5E-03
testdata=-474.85812
/UNITS,SI

/PREP7

k,1000,1.0,0,0,
k,1001,L0+1,0,0,
k,1002,w1,0,0,
k,1003,W,0,0,
k,1004,0,1,0,
k,1005,L0,1,0,
k,1006,0,h1,0
k,1007,w1,h1,0,
k,1008,W,h1,0,
k,1009,0,n2,0,
k,1010,w1,h2,0,
k,1011,W,h2,0,
k,1012,0,H,0,
k,1013,w1,H,0,
k,1014,W,H,0,

k,3004,0,-1,0,
k,3005,L0,-1,0,
k,3006,0,-h1,0,
k,3007,w1,-h1,0,
k,3008,W,-h1,0,
k,3009,0,-h2,0,
k,3010,w1,-h2,0,
k,3011,W,-h2,0,
k,3012,0,-H,0,
k,3013,w1,-H,0,
k,3014,W,-H,0,

larc,1005,1001,1000,r

!Mesh size

IDefine the keypoint

Define the lines by connecting the keypoints
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1,1004,1005
1,1001,1002
1,1002,1003
1,1006,1007
1,1007,1008
1,1009,1010
1,1010,1011
1,1012,1013
1,1013,1014
1,1004,1006
1,1005,1007
1,1002,1007
1,1003,1008
1,1006,1009
1,1007,1010
1,1008,1011
1,1012,1009
1,1010,1013
1,1014,1011

1,3004,3005
larc,3005,1001,1000,r
1,3006,3007
1,3007,3008
1,3009,3010
1,3010,3011
1,3012,3013
1,3013,3014
1,3004,3006
1,3005,3007 ,
1,3006,3009
1,1002,3007
1,3007,3010
1,1003,3008
1,3008,3011
1,3009,3012
1,3010,3013
1,3011,3014

al,11,2,12,5 !Define the areas
al,12,1,3,13

al,13,4,14,6

al,15,5,16,7

al,16,6,17,8

al,18,7,19,9

al,19,8,20,10

al,21,29,23,30
al,22,30,32,3

al,32,24,34,4

al,31,25,33,23
al,24,33,26,35
al,36,27,37,25
al,37,28,38,26

I INPUT MATERIAL PROPERTY

MP, EX,1,EXX IDefine the material properties of the composite
MP, EY,LEYY

MP.EZ,1,EZZ
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MP,PRXY,1,PRXYY
MP,PRYZ,1,PRYZZ
MP,PRXZ,1,PRXZZ
MP,GXY,1,GXYY
MP,GXZ,1,GXYY
MP,GYZ,1,GYZZ

MP,EX,2,2E13 IDefine the grip properties
MP,PRXY,2,0.3

I MESHING
"ET,1,MESH200 ISelect element type MESH200
KEYOPT,1,1,6 , ’
KEYOPT,1,2,0

ET,2, SOLID46

IKEYOPT,1,1,6

IKEYOPT,1,2,0

KEYOPT,2,8,1

R,1 IDefine the real constants
RMODIF,1,1,8,0,0,0

RMODIF,1,7,0 :
RMODIF,1,13,1,0,t1,1,+45,t, !Define the thickness of each layer of the composite
RMODIF,1,19,1,90,1,1,-45 11,
RMODIF,1,25,1,-45,11,1,90,t1,
RMODIF,1,31,1,+45,t1,1,0,t1,

ET,13,SOLID45

AESIZE,1,ASIZE1 ! Mesh selected areas

MSHAPE,0,2D ‘
MSHKEY,1

AMESH,1 -

AESIZE,2,ASIZE2

MSHAPE,0,2D

MSHKEY,1

AMESH,2

AESIZE 3,ASIZE2

MSHAPE,0,2D

MSHKEY,1

AMESH,3

AESIZE,4,ASIZE1

MSHAPE,0,2D

MSHKEY,1

AMESH,4

AESIZE,5,ASIZE1

MSHAPE,0,2D

MSHKEY,1

AMESH,5

AESIZE,6,ASIZE1

MSHAPE,0,2D

MSHKEY,1

AMESH,6 ‘ ‘ ‘
AESIZE,7,ASIZE1 v ‘ ‘
_ MSHAPE,0,2D \
MSHKEY,1

AMESH,7

AESIZE,8,ASIZE1

MSHAPE,0,2D

MSHKEY,1

AMESH,8

AESIZE,9,ASIZE2

MSHAPE,0,2D
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MSHKEY,1

" AMESH,9
AESIZE,10,ASIZE2
MSHAPE,0,2D
MSHKEY,1
AMESH,10 .
AESIZE,11,ASIZE1
MSHAPE,0,2D
MSHKEY,1
AMESH,11
AESIZE,12,ASIZE1
MSHAPE,0,2D
MSHKEY,1
AMESH,12
AESIZE,13,ASIZE1
MSHAPE,0,2D
MSHKEY,1
AMESH,13
AESIZE,14,ASIZE1
MSHAPE,0,2D
MSHKEY,1
AMESH, 14

K,2014,W H,-t

L,1014,2014 .
EXTOPT,ACLEAR,1 !Mesh the volume
TYPE, 2 .
VDRAG,ALL,,,,,,39

EXTOPT,ACLEAR,0

YESHAPE, 1

/DSCALE, 1, AUTO

!Build up the grips

BLOCK,0 ,W ,h2,H,0,5E-3 Model the grip's geometry
BLOCK,0 ,W h2 H,-t,-5E-03-t
BLOCK,0,W,-h2,-H,0,5E-03
BLOCK,0,W,-h2,-H,-t,-5E-03-t

ESIZE,ASIZE3,1

MAT, 2

TYPE,13

VMESH, 15,16

VMESH, 17,18

IContact ELement .
ASEL, ,,,13,14,,1 !Define and Select the contact surface.
CM,TARGET1,NODE

ALLS .

ASEL, ,,,79,,,1
CM,CONTACT1,NODE
ALLS

ASEL, ,,,63,66,66-63,1
CM,TARGETZ,NODE
ALLS

ASEL, ,,.86,,,1
CM,CONTACT2,NODE
ALLS

ASEL, ,,,38,41,41-38,1
CM,TARGET3,NODE
ALLS

ASEL, ,,,74,,1

CM,CONTACT3,NODE
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ALLS

ASEL, ,,,6,7,,1
CM,TARGET4,NODE
ALLS

ASEL, ,,,67,,,1
CM,CONTACT4,NODE
ALLS

/COM, CONTACT PAIR CREATION - START
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_LINECM,LINE
CM,_AREACM,AREA
/GSAV,cwz,gsav,,temp
MP,MU,1,0.2

MAT,1

MP,EMIS, 1,7.88860905221e-31
R3

REAL3

ET,14,170

ET,15,174
R,3,,,1.0,0.1,0,
RMORE,,,1.0E20,0.0,1.0,
RMORE,0.0,0,1.0,,1.0,0.5
RMORE,0,0.5,1.0,0.0,
KEYOPT,15,2,0
KEYOPT,15,4,0
KEYOPT,15,5,0
KEYOPT,15,7,0
KEYOPT,15,8,0
KEYOPT,15,9,0
KEYOPT,15,10,0
KEYOPT,15,11,0
KEYOPT,15,12,5

! Generate the target surface
NSEL,S,,,TARGET1
CM,_TARGET,NODE
TYPE, 14

ESLN,S,0

ESURF,ALL
CMSEL,S,_ELEMCM

! Generate the contact surface
NSEL,S,,,CONTACT1
CM,_CONTACT,NODE
TYPE,15

ESLN,S,0

ESURF,ALL

ALLSEL

ESEL,ALL
ESEL,S,TYPE,,14
ESEL,A,TYPE,,15
ESELR,REAL,,3
/PSYMB,ESYS,1
/PNUM,TYPE,1

/NUM, 1

EPLOT

ESEL,ALL
ESEL,S,TYPE, 14
ESEL,A,TYPE,,15
ESEL,R,REAL,,3
CMSEL,A,_NODECM
CMDEL,_NODECM
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CMSEL,A, _ELEMCM
CMDEL,_ELEMCM
CMSEL,S, _LINECM
CMDEL,_LINECM
CMSEL,S,_AREACM
CMDEL,_AREACM
/GRES,cwz,gsav
CMDEL,_TARGET
CMDEL,_CONTACT
/COM, CONTACT PAIR CREATION - END
/COM, CONTACT PAIR CREATION - START
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_LINECM,LINE
CM,_AREACM,AREA
/GSAV,cwz,gsav,,temp
MPMU,1,0.2

MAT,1

MP,EMIS, 1,7.88860905221e-31 -
R4

REAL4

ET,16,170

ET,17,174

R /4,,,1.0,0.1,0,
RMORE,,,1.0E20,0.0,1.0, -
RMORE,0.0,0,1.0,,1.0,0.5
RMORE,0,0.5,1.0,0.0,
KEYOPT,17,2,0
KEYOPT,17,4,0
KEYOPT,17,5,0
KEYOPT,17,7,0
KEYOPT,17,8,0
KEYOPT,17,9,0
KEYOPT,17,10,0
KEYOPT,17,11,0
KEYOPT,17,12,5

! Generate the target surface
NSEL,S,,,TARGET2
CM,_TARGET,NODE
TYPE,16
'ESLN,S,0

ESURF,ALL
CMSEL,S,_ELEMCM

! Generate the contact surface
NSEL,S,,,CONTACT2
CM,_CONTACT,NODE
TYPE,17

ESLN,S,0

ESURF,ALL

ALLSEL

ESEL,ALL
ESEL,S,TYPE,,16
ESEL,A,TYPE,, 17
ESEL,R,REAL, 4
/PSYMB,ESYS,1
/PNUM,TYPE,1

/NUM,1

EPLOT

ESEL,ALL
ESEL,S,TYPE,,16
ESEL,A,TYPE,,17
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ESEL,R,REAL, 4
CMSEL,A,_NODECM
CMDEL, NODECM
CMSEL,A,_ELEMCM
CMDEL,_ELEMCM
CMSEL,S,_LINECM
CMDEL,_LINECM
CMSEL,S,_AREACM
CMDEL, AREACM
/GRES,cwz,gsav
CMDEL,_TARGET
CMDEL,_CONTACT
/COM, CONTACT PAIR CREATION - END
/COM, CONTACT PAIR CREATION - START
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_LINECM,LINE
CM,_AREACM,AREA
/GSAV ,cwz,gsav,,temp
MP,MU,1,0.2
MAT,1
MP,EMIS,1,7.88860905221e-31
R,5

'REAL,5
ET,18,170
ET,19,174
R,5,,,1.0,0.1,0,
RMORE,,,1.0E20,0.0,1.0,
RMORE,0.0,0,1.0,,1.0,0.5
RMORE,0,0.5,1.0,0.0,
KEYOPT,19,2,0
KEYOPT,19,4,0
KEYOPT;19,5,0
KEYOPT,19,7,0
KEYOPT,19,8,0
KEYOPT,19,9,0
KEYOPT,19,10,0
KEYOPT,19,11,0
KEYOPT,19,12,5
! Generate the target surface
NSEL,S,,,TARGET3
CM,_TARGET,NODE
TYPE,18
ESLN,S,0
ESURF,ALL
CMSEL,S,_ELEMCM
! Generate the contact surface
NSEL,S,,,CONTACT3
CM,_CONTACT,NODE
TYPE,19
ESLN,S,0
ESURF,ALL
ALLSEL
ESEL,ALL
ESEL,S,TYPE,,18
ESEL,A,TYPE,,19
ESEL,R,REAL,,5
/PSYMB,ESYS,1
/PNUM,TYPE,1
/NUM,1
EPLOT
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ESEL,ALL
ESEL,S,TYPE,,18
ESEL,A,TYPE,,19
ESEL,R,REAL,,5
CMSEL,A,_NODECM
CMDEL,_NODECM
CMSEL,A,_ELEMCM
CMDEL,_ELEMCM
CMSEL,S,_LINECM
CMDEL,_LINECM
CMSEL,S,_AREACM
CMDEL,_AREACM
/GRES,cwz,gsav
CMDEL,_TARGET
CMDEL, CONTACT
/COM, CONTACT PAIR CREATION - END
/COM, CONTACT PAIR CREATION - START
CM,_NODECM,NODE
CM,_ELEMCM,ELEM
CM,_LINECM,LINE
CM,_AREACM,AREA
/GSAV ,cwz,gsav, temp
MP,MU,1,0.2
MAT,1
MP,EMIS,1,7.88860905221e-31
R,6
REAL,6
ET,20,170
ET,21,174
R,6,,,1.0,0.1,0,
RMORE,,,1.0E20,0.0,1.0,
RMORE,0.0,0,1.0,,1.0,0.5
RMORE,0,0.5,1.0,0.0,
KEYOPT,21,2,0
KEYOPT,21,4,0
KEYOPT,21,5,0
KEYOPT,21,7,0
KEYOPT,21,8,0
KEYOPT,21,9,0
KEYOPT,21,10,0
KEYOPT,21,11,0
KEYOPT,21,12,5
! Generate the target surface
NSEL,S,,, TARGET4
CM,_TARGET,NODE
TYPE,20
ESLN,S,0
ESURF,ALL
CMSEL,S,_ELEMCM
! Generate the contact surface
NSEL,S,,,CONTACT4
CM,_CONTACT,NODE
TYPE,21
ESLN,S,0
ESURF,ALL
ALLSEL
ESEL,ALL
ESEL,S,TYPE,,20
ESEL,A,TYPE,,21
ESEL,R,REAL,,6
/PSYMB,ESYS,1
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/PNUM,TYPE,1
/NUM, 1
EPLOT
ESEL,ALL
ESEL,S,TYPE,,20
ESEL,A,TYPE, 21
ESEL,R,REAL,,6
CMSEL,A,_NODECM
CMDEL, NODECM
CMSEL,A,_ELEMCM -
CMDEL, ELEMCM
CMSEL,S,_LINECM
CMDEL,_LINECM
CMSEL,S,_AREACM
CMDEL,_AREACM
/GRES,cwz,gsav
CMDEL,_TARGET
CMDEL,_CONTACT
/COM, CONTACT PAIR CREATION - END .

!Apply Loads

/SOL

DA,81,ALL,0
DA,87,ALL,0
Iforcey=5.1816E+03
displacenient=0.00074
place=-0.00004

alls
vsel, ,,,15,16,,1
cp,NEXT,all,all

/com,applying specified constraint on the master node
*get,numn,node,0,num,min ! Finding the first node number on the list
D,numn,UY,displacement

D,numn,UX,place

D,numn,UZ,0

alls

IStep loads
/AUTOTS,ON
/SOLCONTROL, OFF
DELTIM, 1,1,5

/STATUS,SOLU
EQSLV,PCG
SOLV

/POST1

PLNSOL, S, EQV

VSEL,,L.OC,Y,-100, KY(30),,1

NFORCE ! Sums and prints, in each component |
Idirection for each selected node,
Ithe nodal force and moment
! contributions of the selected
lelements attached to the node.

NSEL,,,,59

ESLN,r,0 1Selects those elements attached to
Ithe selected nodes

ESUM ] !Sums the nodal force and moment

Icontributions of elements
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*GET, FORCEY, FSUM,,ITEM,FY !Obtain the tensile force
*GET, FORCEX, FSUM,,ITEM,FX !Obtain the shear force
*GET, MOMENT, FSUM,,ITEM,MZ !Obtain the nioment
Objective=abs(FORCEY-testdata) ’
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APPENDIX F

Optimization modeling using ANSYS
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! Optimization

/OPT

OPANL,'amodeltensile’,'inp',"

OPVAR,EXX,DV,29.119E+09,35.589E+09 ! Define the design variable
OPVAR,EYY,DV,5.338E+09,9.659E+09
OPVAR,GXYY,DV,1.61E+09,5.5E+09
OPVAR,GYZZ,DV,2.053E+09,5.5E+09

OPVAR,PRXYY,DV,0.261,0.319

OPVAR,FORCEY,SV,-1.2E+4,0 ! Define the state variable
OPVAR,Objective,0BJ,,,0 . ! Define the objective function

! RUN THE OPTIMIZATION
OPKEEP,ON

'Random method
OPTYPE,RAND
OPRAND,30,29

IFirst order gradient method

OPTYPE,FIRS
OPFRST,91,5,1,

!Sub-problem approximation method
OPTYPE,SUBP

OPSUBP,100,99

OPEQN,0,0,0,0,0
OPSAVE,'amodeltensile','opt0',"
OPEXE

! REVIEW RESULTS

OPLIST,ALL,,,1 _ A _
PLVAROP.EXX EYY,GXYY,GYZZ,PRXYY
PLVAROPT,FORCEY
PLVAROPT,Objective

FINISH
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APPENDIX G

Parameters from MSU Database




Table Physical 3-D Constants of Material D155, Vf=36% and 44% .
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Physical constants of Material D155, V{=36%

Average

Property and test Test Values Standard Deviation

plan

El, Gpa 28.1,27.0,29.8 28.3 1.4

(LT plane) ' :

El, Gpa 28.0,28.3,27.6 28.0 04
' (LZ plane)

Et, Gpa 8.00,7.31,7.93 7.75 0.38

(TZ plane) ,

Ez, Gpa 7.10, 7.65, 7.38 7.38 0.28

(ZX plane)

NUIt 0.329,0.320,0.301 | 0.32 0.01

NUIz 0.305, 0.338,0.331 | 0.33 0.02

NUtz 0.466, 0.395,0.449 | 0.44 0.04

Glt, GPa 3.31,3.35,3.23 3.30 0.06

Glz, GPa 3.03,2.72,2.70 2.82 0.19

Gtz, GPa 2.78,3.12,1.76 2.55 0.71

Physical constants of Material D155, Vf=44%

Property and test Test Values Average Standard Deviation
plan
El, Gpa 31.9,354,33.6 33.6 1.8
(LT plane)

| El, Gpa 34.5,34.3,34.5 34.4 0.1
(LZ plane)
Et, Gpa 8.14, 8.96, 7.52 8.21 0.72
(TZ plane) ‘
Ez, Gpa 7.58, 8.00, 8.00 7.86 0.24
(ZX plane) )
NUIt 0.289, 0.291,0.290 | 0.29 0.01
NUlz 0.302, 0.314,0.308 | 0.31 0.01
NUtz 0.373, 0.371,0.366 | 0.37 0.01
Glt, GPa 5.76,3.94,3.74 4.48 1.11
Glz, GPa 3.88,4.40, 3.07 3.78 0.67
Gtz, GPa 2.96, 2.70, 2.20 2.62 0.39
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APPENDIX H

Optimization Results
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The pure tensile test, sub-problem approximation method

LIST OPTIMIZATION SETS FROM SET 1TO SET 18 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO

INDICATE THE BEST LISTED SET)

SET 13

SET 14 SET 15 *SET 16%
(FEASIBLE) (FEASIBLE) (FEASIBLE) (FEASIBLE)

FORCEY (SV) -453.18 -463.01 -494.84 -474.06
EXX (DV) 0.32720B+11 0.32595B+11 0.33477E+11  0.32824E+11
EYY (DV) 0.57299E+10 0.74039E+10 0.89478E+10  0.72772E+10
GXYY (DV) 0.49676E+10 0.54898E+10 0.54900E+10  0.53741E+10
GYZZ (DV) 0.35571E+10, 0.22311E+10 0.31761E+10  0.33664E+10

PRXYY (DV) 0.28016 0.27507 0.30764 0.26175

OBJECTIVE(OBJ) 21.675  11.847 19.987 0.79334

The pure tensile test, first order gradient method

LIST OPTIMIZATION SETS FROM SET 1TO SET 11 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

SET 9 *SET 10%* SET 11
(FEASIBLE) (FEASIBLE)  (FEASIBLE)

FORCEY (SV) -472.91 -474.86 -474.86
EXX (DV) 0.34610E+11 0.34654E+11 0.34654E+11
EYY (DV) 0.79442E+10 0.79627E+10 0.79627E+10

GXYY (DV) 0.40956E+10
GYZZ (DV) 0.48969E+10
PRXYY (DV) 0.30964

OBIJECTIVE(OBJ) 1.9499

0.41482E+10 0.41482E+10
0.49035E+10 0.49035E+10 .
0.30965 0.30965
0.99700E-04 0.28825E-03

The tensile plus shear test, sub-problem approximation method

LIST OPTIMIZATION SETS FROM SET 1TO SET 7 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

*SET 5%

(FEASIBLE)
FORCEY (SV) -303.74
EXX (DV) 0.34542E+11
EYY ©OV) 0.88839E+10
GXYY (DV) 0.40883E+10

SET 6 SET 7
(FEASIBLE) (FEASIBLE)
-303.74 -303.74
0.34542E+11 0.34542E+11
0.88839E+10 0.88839E+10
0.40883E+10 0.40882E+10
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GYZZ (DV) 0.35150E+10  0.35150E+10 0.35150E+10
PRXYY (DV) 0.31371 0.31371 0.31371
OBIJECTIVE(OBJ) 0.12403E-06  0.16959E-04 0.34042E-04

The tensile plus shear test, the first order gradient method

LIST OPTIMIZATION SETS FROM SET 1TO SET 7 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

*SET 5% SET 6 SET 7
(FEASIBLE) (FEASIBLE) (FEASIBLE)

FORCEY (SV) -303.74 -303.74 . -303.74
BXX (DV) 0.34542E+11  0.34542E+11 0.34542E+11
EYy @©OV) 0.88839E+10 0.88839E+10 0.88839E+10
GXYY (DV) 0.40883E+10 0.40883E+10 -0.40882E+10
GYZZ, (DV) 0.35150E+10 0.35150E+10 0.35150E+10
PRXYY (DV) 0.31371 0.31371 0.31371
OBJECTIVE(OBJ) 0.12403E-06 0.16959E-04  0.34042E-04

The pure rotation test, the sub-problem approximation method

LIST OPTIMIZATION SETS FROM SET 1TO SET 26 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

*SET 9% SET 10 SET 11 SET 12
(FEASIBLE) (FEASIBLE) (FEASIBLE) (FEASIBLE)

FORCEY (SV) -319.21 -326.46 -250.31 -294.31

EXX (DV) 0.34078E+11  0.35219E+11  0.30139E+11 0.31487E+11
EYY (DV) 0.59795E+10  0.70584E+10  0.54764E+10 0.61554E+10
GXYY DV) 0.54832E+10  0.54903E+10  0.26354E+10 0.39802E+10
GYZZ (DV) 0.25151E+10  0.21722E+10  0.21836E+10 0.47103E+10
PRXYY (DV) 0.26334 0.26169 0.26948 0.26619
OBJECTIVE(OBJ) 1.0620 6.1825 69.959 25.958

The pure rotation test, first order gradient method

LIST OPTIMIZATION SETS FROM SET 1 TO SET 17 AND SHOW
ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

SET 14

SET 13 SET 15 *SET 16*
(FEASIBLE) (FEASIBLE) (FEASIBLE) (FEASIBLE)
FORCEY (SV) -317.42 -318.36 -319.24 -320.08
EXX (DV) 0.32971E+11  0.33006E+11 0.33039E+11 0.33070E+11
EYY (DV) 0.73637E+10  0.73779E+10 0.73915E+10 0.74045E+10
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GXYY (DV) 0.46902E+10  0.47307E+10 0.47692E+10 0.48057E+10
GYZZ (DV) 0.40260E+10 0.40339E+10 0.40414E+10 0.40486E+10
PRXYY (DV) 0.29387 0.29387 0.29388 0.29388
OBJECTIVE(OBJ) 2.8480 1.9162 1.0316 0.19190

The superposed test, first ofder gradient method
LIST OPTIMIZATION SETS FROM SET 1TO SET 17 AND SHOW

ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

SET 13 SET 14 *SET 15* SET 16
‘ _ (FEASIBLE) (FEASIBLE) (FEASIBLE) (FEASIBLE)
FORCEY (SV) -608.44 -608.53 -610.65 -610.65

EXX (DV) 0.31939E+11 0.31942E+11 0.32068E+11 0.32068E+11
EYY (DV) 0.83700E+10 0.83713E+10 0.84344E+10 0.84344E+10
GXYY (DV) 0.49644E+10 0.49662E+10 0.49662E+10 0.49662E+10
GYZZ (DV) 0.23737E+10 0.23741E+10 0.23924E+10 0.23924E+10
PRXYY (DV) 0.30650 0.30650 0.30657 0.30657

OBJECTIVE(OBJ) 2.2132 2.1244 ‘0.43678E-05 0.18206E-04

The superposed test, sub-problem method
LIST OPTH\/IIZATION SETS FROM SET 1TO SET 19 AND SHOW

. ONLY OPTIMIZATION PARAMETERS. (A "*" SYMBOL IS USED TO
INDICATE THE BEST LISTED SET)

SET 13 SET 14 SET 15 *SET 16*
(FEASIBLE) (FEASIBLE) (FEASIBLE) (FEASIBLE)
FORCEY (SV) -198.98 -204.18 -198.79 -197.65

EXX (DV) 0.35370E+11  0.35520E+11 0.35521E+11 0.35371E+11
EYY (DV) 0.70474E+10  0.72956E+10 0.73504E+10 0.71355E+10
GXYY (DV) 0.45303E+10  0.48685E+10 0.44163E+10 0.44535E+10 .
GYZZ (DV) 0.33346E+10 0.45126E+10 0.32508E+10 0.29060E+10
PRXYY (DV) 0.31768 0.31863 0.27260 0.28724
OBJECTIVE(OBJ) 1.2956 6.4945 - 1.0998 0.32522E-01
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- Flow Chart of Data Analysis
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