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Abstract

Single fiber composites (SFC) provides an insight of damage behavior in the fiber reinforced polymer
(FRP). Study of stress redistribution after the fiber breakage in the SFC reveals the development
of different damage modes that occur in FRPs. Two separate analysis are presented in the current
work. The first one being the effective property calculation of multi fiber composite and the second
is the analysis of the fiber breakage in the SFC under tensile loading in the direction of the fiber.
Analysis of multi fiber composite is carried out using the representative volume element of SFC (SFC-
RVE) with periodic boundary conditions. High Fidelity Generalized Method of Cells (HFGMC) has
been used for the stress analysis to capture the influence of the length scales in both SFC-RVE
and SFC fiber fragmentation test. Progressive damage in the SFC-RVE is detected using the Multi-
Continuum Theory (MCT). The choice of MCT to detect damage is purely based on the convenience
to obtain the single damage metric in the SFC-RVE analysis. In order to detect the damage of fiber
in SFC with fiber fragmentation test, a maximum stress criterion is employed. Further, the use of
sudden material property degradation rule is common to both SFC-RVE and SFC fiber fragmentation
test. It assists in degrading the property of damaged subcells. Above three steps constitutes the
progressive damage analysis (PDA) and it is performed numerically in the FORTRAN language.

The analysis of the SFC-RVE determines the average properties of the multi-fiber composite. In the
result of SFC fiber fragmentation test, the evolution of matrix crack, fiber-matrix interface failure,
stress redistribution around the fiber failure is discussed. Realizing stress interactions along the
fiber-matrix interface provides and insight of load transfer from the matrix to the fiber. The effect

of fiber fragment length on the strength of fiber is also presented.
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Chapter 1

Introduction to composite
materials and their

micro-mechanical analysis

1.1 Composite materials

Composite materials are known for their superior mechanical properties. They have a high strength
to weight ratio, fatigue life, high stiffness, and corrosion and wear resistance. Composites are the
multiphase structure whose constituents are insoluble in each other. It consists of reinforcing phase
and the supporting medium. The primary function of reinforcing phase is to take the stress when
the composite is loaded. Supporting medium has the function to transfer the external load to the
reinforcing phase. Carbon fiber reinforced polymer (CFRP) is one variant of a composite in which
the epoxy matrix transfers the load to the carbon fibers. Other examples of composites include
ceramic matrix reinforced with carbon matrix.

Composites are classified in three categories [1]. These are fibrous (Figs. 1.1a and 1.1b), laminated
(Fig. 1.1c) and particulate composites (Fig. 1.1d). Single fiber composites (SFC) belong to the
unidirectional fibrous class of composites. SFC has been introduced in Section 1.2. Its complete
exposition is given in Chapter 4.

Extensive use of composites, having improved properties, has made their analysis essential [2]. The
analysis of diversely tailored composites is required to predict its behavior under loading. Multi-scale
analysis technique helps in predicting the effective response of composites at a global scale while
incorporating original microstructure in the micro level analysis. The micromechanical approach

also helps in predicting the local behavior of composites at the micro level [3, 4].

1.1.1 Multi-scale analysis of composites

Analysis of a composite material is performed at a global, meso and micro level [5]. At the micro level,
composites are composed of its constituents, namely — fiber /inclusions, matrix and interface. At the
meso level, micro level constituents combine to form laminae. Furthermore, laminates combine

at a global scale to form composite structures. At a micro level, the analysis is performed with
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Figure 1.1: Classification of composites

the help of micromechanics which assists in understanding load transfer interactions between the
composite’s constituent. It provides insight of failure mechanisms in fibers/matrix/interfaces and
also gives the information on strength, fatigue life and toughness. However, micromechanics cannot
be used at the laminate (meso) level or the structural (global) level due to computational limitations.
Consequently, macromechanics is used at the laminate level and its basis is homogenization. Here
properties of laminates are averaged between its constituents. Macromechanical techniques are
further developed to understand stacks of laminates. Structural analysis is performed at the global
scale for understanding overall behavior of composite structures. Localization and homogenization

techniques help in linking constituent and structural level.

1.2 Single Fiber composites

Properties of composites significantly depend on the fiber from which it has been manufactured.
There are several techniques to calculate the effective properties of fiber in the composite. One way
of quantitatively characterizing the fiber in a composite is to conduct tensile testing of single fibers.
Experimental work had been performed in this direction by Kumar et al. [6]. Apart from this SFC
has been widely used for the quantitative characterization of microscopic damages and interfacial
properties in the composites [7]. Fig. 1.2 shows the outline diagram of single fiber embedded in the

matrix under tensile loading.

1.2.1 Analysis of Single Fiber Composite

In the present work, micromechanical analysis has been performed to analyze the SFC with fiber

breakages in it. To this end, localization has been performed to carry out micromechanical analysis
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Figure 1.2: Single fiber composite under tensile loading

of fiber breakages in SFC. Further, homogenization is performed to evaluate global response of SFC.
Fiber is the main load bearing member in a unidirectional fiber composite under tensile loading. It
causes fiber to break into small fragments until damage saturation is achieved. Damage saturation
is the state when each fiber has its length less than or equal to the critical length [. [8, 9]. Critical
length [ is the minimum length of the fiber fragment, such that the stresses in it are just sufficient
to fracture the fiber fragment. Eq. (1.1) gives the expression for critical length. Based on the shear
lag model critical length has been derived in [10, 11]. The complete formulation of critical length is
present in the Section 4.3.1. Here o, is the ultimate strength of fiber and 7, is the shear stress at
the fiber-matrix interface. J

lo = ;Lm (1.1)

Fig. 1.3 helps in understanding stresses present in fiber fragments. Fiber fragments having the

Discontinuous:

Matrix
short
fiber
Equal strain
A limit

b a N
Critical length [,

Figure 1.3: Schematic of SFC with fiber fragmentation

length a can undergo further fracture as it has a constant stress over its length. On the other hand,
fragments of the length b shorter than critical length [. are having stresses less than the ultimate
strength of the fiber. It cannot undergo any further breakage since stresses in it never reach to
ultimate fracture stress. The full description of stress development in fiber fragments is available in

literaturel9].

1.2.2 Types of failure in SFC

Damage in SFC is a complex phenomenon as it consists of multiphase structures. Unidirectional
fiber composites are formed with the help of the high strength multiple fibers embedded in the
matrix. Fibers are the primary load carrying members while the matrix helps in the load transfer to



the fiber. Thus the composite fails with the multiple fiber failures. Other failure modes undergone

by composites are matrix cracking, delamination, fiber-matrix debonding and fiber pull outs.

Fiber rupture > Matrix crack

Fiber matrix debond > Fiber

Figure 1.4: Schematic of SFC with fiber fragmentation

Fig. 1.4 show different failure modes that occur in SFC. These are fiber rupture, matrix crack and the
fiber matrix debond. The work performed on the analysis of SFC assists in understanding damage
modes shown in Fig. 1.4. Besides, stress redistribution and load transfer are also explained based

on the analysis of SFC.

1.3 Motivation

Composites find their extensive usage in aeronautics, astronautics, military defense and transporta-
tion due to their superior mechanical properties. Analysis of composite materials is essential to
ensure its reliability as a structural material. SFC fragmentation test provides important correla-
tion with structural composites. The correlation is present as the SFC display damage mechanisms
that are prevalent in multi-fiber composite which is used as structural components [12].

Experimental findings provide essential information on the damage modes that are present in the
SFC under tensile loading. Experimental analyses are present in the literature [6, 13]. Experimental
procedures lack flexibility as compared to computational methods. In order to address this shortcom-
ing of the experimental procedure, computational methods are developed. The existing progressive
damage analysis (PDA) framework allows one to vary material and geometrical parameters such

that different composites can be analyzed.

1.4 Objectives

Following are the objectives that have been met in the present work.
e To simulate experimental testing conditions on single fiber composite (SFC)
e To understand the stress redistribution in composites with fiber fragmentation
e To capture stresses responsible for fiber matrix debond

e To analyze the increase in the strength of the fiber with reduction in its length



1.5 Thesis layout

The work presented in the current thesis has been divided into six chapters. Chapter 1 comprises of
the introduction about the composites, its constituents, and SFC. Methodologies used in the analysis
of SFC has been introduced. Chapter 2 gives the detailed understanding of HFGMC stress analysis
method. Effective property calculations has been described at the end of this chapter. Chapter 3
talks about the PDA of SFC. All the three major parts of the PDA are described in this chapter.
Derivations pertaining to damage detection module have also been discussed in Chapter 3. Detailed
analysis of SFC is presented in the Chapter 4. Besides, the geometrical and material parameter is
described towards the end of Chapter 4. Results of the analysis of SFC are discussed in Chapter 5.
The work done is concluded in Chapter 6.



Chapter 2

High Fidelity Generalized Method
of Cells

2.1 Introduction

High fidelity generalized method of cell (HFGMC) methodology helps in conducting micromechani-
cal stress analysis of inhomogeneous materials. HFGMC is generally used in multi-scale modeling.
It predicts average and local strain response based on the constituent properties of a given structure.
HFGMC is used for stress analysis since it can adequately capture the local stress transfer mecha-
nism between the fiber and the matrix in composites. Further, it allows the isoparametric subcell
generation, thus making it possible to discretize the structure in arbitrary quadrilateral shapes other
than squares and rectangles. HFGMC employs the quadratic expression for displacement in the term
of local coordinates placed at the centroid of the subcell. Such inclusion of higher order terms helps
in conducting transverse shear stress analysis. For understanding the basics of HFGMC concepts,
it is necessary to go through the MOC [3] and GMC [14] literature.

HFGMC is the third stage evolution of the technique that works on the subcell discretization of
repeating unit cell (RUC). The first two being Method of Cells (MOC) and Generalized Method of
Cells (GMC) respectively. The displacement equation for the center of the subcell in the HFGMC
is obtained from the MOC. The main difference between HFGMC and MOC is that the former uses
up to second order term in its displacement equation while the later uses the first order term. The
inclusion of higher order terms in displacement equation helps in capturing the stress field gradients.
These stress field gradients are predominantly found at the interface of two different phases of the
microstructure [15]. For MOC the displacement equation at the center of a subcell is given by the
Eq. (2.1).

W o) B e = 1,23 2

where wf 7(x) is a displacement corresponding to the center of a subcell, yg and yJ represents local
coordinates within a subcell. Here () represents a particular subcell. The coordinates yg and y3
are related to the displacement uf 7 through the qbf 7 and 1/)? 7 functions respectively. Using MOC
approach, one can perform the analysis of composite with elastic fiber and inelastic matrix. It



provides an overall effective constitutive response, calculations of coefficients of thermal expansion,
thermal conductivities and specific heat of composite materials. MOC has proved to be an effective
tool to calculate average properties of composites but there are several limitations associated with

this approach:

e Since the discretization of RUC is limited to four subcells, composites with complex fiber

shapes cannot be analyzed.

e It is not possible to analyze the composite with the interface in between matrix and fiber as

there are insufficient number of subcells to accommodate the interface material for analysis.

In order to address the limitations of MOC, Generalized Method of Cells (GMC) was derived. In the
GMC methodology, RUC can be divided into an arbitrary number of subcells. The generalization of
the MOC method extends its capability to analyze composites having the variation in fiber distance
and composites having an interface between fiber and matrix. Since in the GMC method, RUC
can be divided into an arbitrary number of subcells, it provides a more accurate result for complex
structures when compared with the MOC analysis results. GMC method also allows the analysis of
structures having three-dimensional periodicity, thus making it possible to analyze composites with
discontinuous fibers, foam structures and woven composite structures. Non-linear material models
can also be solved with GMC method.

The formulation of GMC method is similar to the MOC method. The first order formulation within
the subcell is given below in the Eq. (2.2):

ul® = W (x) 4+ YT 4 S 6 £ I i =1,2,3 (2:2)

where w?ﬁ 7(x) represents the displacement of the center of subcell. Note that here (x) is a vector
and it represents the displacement of the center of subcell with respect to the origin of coordinate
system defined globally (x1,X2,%3). The coordinate y¢, yg and y3 is corresponding to the local
coordinate system within the subcell. x*#7, ¢*#7 and ¢*?7 are the weights to characterize the
linear displacement within the subcell with respect to the local coordinate system.

GMC method overcomes the limitation of MOC. In GMC, RUC is discretized in an arbitrary fash-
ion to capture the complex microstructure present in a composite. However, the main drawback of
GMC is the lack in capturing shear coupling. Aboudi et al. [16] have shown that the GMC method
is unable to realize the transverse shear stress when the composite is loaded with global transverse
strain. In order to address this problem, second order terms in the local coordinate are included in
the displacement formulation of HFGMC method by Aboudi et al. [16].

Figure 2.1 shows the schematic multiscale modeling of HFGMC method. From the figure, it can

be seen that:

e The structure at a global scale (Fig. 2.1(a)) is divided into the number of unit cells. If the
repetition of any single unit cell in the two or three dimension space produces the same global
structure, it is considered as a repeating unit cell (RUC). HFGMC can also be extended for

analysis the nonrepetitive unit cell in which the entire domain is discretized in the subcells.

e RUC, identified in the Fig. 2.1(b), are further divided into Ng x N, subcells. The dimension
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Figure 2.1: Multi-scale modeling in HFGMC analysis

of the RUC is taken H as a height, and L as a length and zs and z3 is a global coordinate

system.

e Each subcell has a dimension of hg and [,. The local coordinate system (yg ,y4) is placed in

the center of the subcell as shown in Fig. 2.1(c).

In the present work single fiber composite is analyzed in two dimension with the HFGMC formu-
lation. However several other application of HFGMC are reported in the literature by Haj-Ali &
Aboudi [17, 18].

The novelty of the present work lies in using the progressive damage analysis (PDA) coupled with
the HFGMC framework. Re-equilibrium is required after each degradation and the analysis is highly
non linear in nature. Aboudi et al [16] have only focused on the material non linearity and not on
the PDA where the non linearity comes due to the degradation in the material properties. Greater
details on the PDA can be found in Chapter 3.

2.2 HFGMC formulation

The detailed discussion on the HFGMC methodology is available in Aboudi et al [16]. For the
completeness of the work, the HFGMC formulation is presented in the subsequent paragraphs to lay
the foundation of PDA which is discussed in the Chapter 3.

2.2.1 Displacement vector in HFGMC framework

The basic displacement equation used in the HFGMC framework is derived from the expansion of
the Eq. (2.3).

M N
W =X+ YD Winn) P (1) P (5) (2.3)

m=0n=0

10



In Eq. (2.3), € is the global externally applied strain, Py, (r) and P, (s) are the Legendre polynomials,
M and N are the maximum orders required in the displacement polynimials. For the HFGMC for-
mulation, M and N are taken to be equal to 2 each such that the displacement equation is quadratic
in the coordinate r and s which are uniform parametric coordinates. w,,,) is the coefficient variable

vector. The standard complete expansion of the Eq. (2.3) gives the Eq. (2.4).
B — ¢ 1 2 1 2
u = 6.X + W(OO) + TW(lO) + SW(Ol) + TSW(ll) + §W(20) (37" — 1) + §W(02) (38 — 1) (24)

The detailed expansion of the Eq. (2.3) is given in appendix A.

It is assumed that the product between the two Legendre Polynomial in the Eq. (2.3) is a dot product.
When the orthogonal discretization of RUC is used, the term wy; goes to zero as it involves the
dot product of two perpendicular vectors. Thus the bilinear term y2y3w 11y does not exist in the
incomplete displacement formulation of HFGMC with orthogonal discretization of RUC. Hence the
displacement equation of the subcell in HFGMC methodology is given as:

1 h3 1 &
_ = B B B B B2 B B 2 B
u =X + Wio0) Y2 W(io) Y3 Wor) 3 <3y2 - 4> Wig0) + 3 <3yg - A:’) Wiy (2.5)

where yf and yj are the local coordinate axes, centered at the center of a subcell. hg and [, are the
height and the width of the subcell respectively (see Figure 2.1(c)).
For two different discretization illustrated in Fig. 2.2, displacement Egs. (2.4) and (2.5) are differ-

a) Orthogonal b) Non-orthogonal
discretization discretization

Figure 2.2: Multi-scale modeling in HFGMC analysis

ent. However in the current framework the discretization of single fiber composite is orthogonal in
nature (similar to Fig. 2.2(a)). Hence Eq. (2.5) is followed. It is same as Eq. (2.4). By doing so, the
degrees of freedom are limited to 15 as compared to 18. Thus less computation is required for less
number of unknowns.

In Sections 2.2.2-2.2.8, derivations are performed to calculate the unknown displacement microvari-

able W(mn)-

2.2.2 Strain vector at each subcell

The average strain vector %7 is written in the Voigt notation [1] in the equation given below:
B — By
€77 = (e11, €22, €33, 2€23, 2€13, 2€12) (2.6)

11



The finite strain tensor is given as:
1
€ij = 5 (Uij + g0 + un,itin 5) (2.7)

In the HFGMC analysis, small strain assumption is made [19] such that it can be derived from

displacement Eq. (2.5) with help the of differentials given below:
1
€ij = 5 (Uij +uji) (2.8)

Above strain term can be expanded for all the six strain components. Strain terms comes out to be:

P = €+p(10)W(ﬁﬂ)) + p(01)W?(71) +p(20)W?2’6)y26 + 10(02)Wﬁ72)y37 (2.9)
where, ) } ) }
0 0 O 0 0 O
0 0O 0 1 0
0 0 1 0 0O
Po1) = 00 0 P@ao) = 10 0 (2.10)
1 0 0 0 0 O
| 01 0 | 00 1
also
P20) = 3p(10) Po2) = 319(01) (2~11)

In Eq. (2.9), € is the global externally applied strain.

2.2.3 Average strain

The average strain in HFGMC analysis is derived from the Eq. (2.9) itself. The linear terms

p(go)w(ﬂ%)ygﬁ and p(OQ)W(ﬂ(;YQ)yg,Y are zero in the average sense about the center of the subcell. Thus

the average strain equation becomes:
B —e4 p(m)W?&) + p(m)W(Bfo) (2.12)

In the Eq. (2.12) € refers to average strain that has been applied externally. The Eq. (2.12) is
expressed in incremental form, that is used in the numerical implementation of HFGMC analysis.

Strain influence matrix B?" is taken out of the expression.
_ _ A B -~ B _
A" = B A¢ = [T+ PuoDiry + PlonDigny | A¢ (2.13)

where I is the identity matrix, ﬁ?&)AE = w’(B&) and ]AD?J))AE = W(ﬂfo)
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2.2.4 Average stress

The expression of stress is assumed to follow linear expansion in the local coordinate system [16].
Stress vector is defined in the Eq. (2.14) .

o =" ol + ooyl (2.14)

Where 57 is the average stress in the cell 3y and the stress per unit length Jg:m) can be found out

using the total stresses that are determined at the stress integration points (see Fig. 2.3).

1 .
Ufﬂn) = %(Uml — o) (2.15)
1
0(6071) — 5(0672 — oP) (2.16)
The value of stress per unit length ngm), can also be calculated with the help of stress moments,
.1
By °3 Br1
S 2:+4 24 ~
.1
Y2 py 3
Y3

Figure 2.3: Stress integration at subcell interface

but the above form (Egs. (2.15) and (2.16)) is preferred for easy numerical implementation.

2.2.5 Equilibrium equation

An equilibrium equation can be written as V.o = 0. For static analysis the dynamic terms involved
in the equilibrium equations are neglected [20]. For HFGMC analysis, the equilibrium equation is

written in the matrix form as shown in the Eq. (2.17) below:
rao iy + 30(on =0 (2.17)

In the Eq. (2.17) 72 = p¥, and r3 = p{;. Here T represents transpose.
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2.2.6 Incremental form of constitutive relation

The incremental form of the constitutive relation, for the material available in the subcell (87), is
given by the equation:
Ac™ = CPY A (2.18)

CP7 is selected considering linear or nonlinear behavior of the material present in the subcell. The

incremental form of the stress in Eq. (2.14) is given as:
Ao™ = Ag™ + Aol S + Aalgh ) (2.19)

Pre-multiplying C® on both the sides of the incremental form of the Eq. (2.9), following equation
is obtained:
CPYAPY =
CP A&+ CMpaoy Aw(ry +
CMP(Ol)AW o1t o D(20) AW( )yz + Cﬁﬂfp(oz)Aw(m)yg, (2.20)

As the L.H.S of the Egs. (2.19) and (2.20) are same, their R.H.S are be compared to give the

incremental form of stresses shown in Eq. (2.21).

A&BV = C’B’YAG + Cﬁ’yp(()l)AW(Ol) + C p(lO)AW (10)

Aolh) = Cﬁvp(QO)Aw(QO (2.21)
B —

AO—(O’yl) = C’Bﬂ/p(og) AW(OZ)

Eq. (2.17) can be written in incremental form as:
rgCﬁ"’p(Qo)AW@O) + rgCﬁ"’p(OQ)Aw'ﬁ??) =0 (2.22)
In the compact form, the increment form of the equilibrium equation is thus derived as:

QB’Y Aw ﬁ’y QB'Y Awﬁ’y

2(20) 3(02) (02) = =0 (2.23)

where Ql(mn) = 1;CP Py for (mn) # (00) and Q%O) =r;CPY

2.2.7 'Traction and displacement continuity

To enforce the displacement and the traction continuity between the subcells, Eqs. (2.24)—(2.27)
are presented. These continuity equations are defined along the interface between two neighboring
subcells as follows:

For the Egs. (2.24) and (2.25), the continuity equations for displacement and continuity are defined

on the boundary with normal in y3 direction.
hs

2
/M [l o1y _u(ﬁwl)|yém=%] dy® = 0 (2.24)
2

2
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]

2
/_ (a0 oy =130 oy, [y =0 (2.25)

hg
2

For the Eqgs. (2.26) and (2.27), the continuity equations for displacement and continuity are defined

on the boundary with normal in ys direction. For directions y» and ys, see Fig. 2.1(c).

2
/_17 [ 7 MO w1 WP = }dy”) (2.26)
2

2
/7w [rza(m”y;m__hzﬁ —r20(5”)|yém) hm} dy$” =0 (2.27)

Above equations are further simplified after putting the value of displacement and traction in the

incremental form. The result yields following four equations.

l 12 ] ! 12
Awloe) + 3 AW+ AW - | AW - S awi) s Sraw) | <0 (229)

- 12
AwB) _ hg A [;ea,) AW(,B'Y —_ | Aw (ﬂ17)+ 'BlA (ﬂﬂ’)_,'_ lew(ﬂ17)] =0 (2.29)

(00) (10) (20) (00) (10) (20)

(B1) (B7) B (B (B (Bv) (B7) (B7)
[ 3(00] Q3(go)} |:Q3(;/0 (13) + Q3 31 (017 + 7623(32)A (o;)}

—{QS,?YSSA o+ Qi awli) - Bl Aw (B”l} (2:30)

B _ (B (Bv) (B7) (Bv) (B (B7)
Q) - o] ae = oAy + Qg awiy - ol awiiy |

B 5 B (B17) 3 B (B1v)
{Qmig w +Q2(8¥) (oi; + 1Q2(§3) W(z(l))w] (2.31)

Eq. (2.23) and Eqgs.(2.28)-(2.31) are combined together to form the system of linear equations. It

has been discussed in the Section 2.2.8.

2.2.8 System of equations and unknowns

The displacement vector in the HFGMC formulation consists of five unknown vectors: Awgfg)),
Aw ggf)), Aw Egg)), Aw g’gg)), Aw Eg;)) These five unknown vector are combined together to form one

unknown vector AX (B7);

_ (87) (Bv) (Bv) (Bv) (Bv)
AXPD = {Awug) AW N AW AW o) AW g } (2.32)

Each Aw vector consists of three unknown along 1, 2 and 3 component of the coordinate system.

Counting the contribution of every Aw, the length of the unknown vector AX?7 is 15 for a subcell

By
Using the Eq. (2.23) and Eqgs.(2.28)-(2.31), system of linear equations of the form AX = B is formed.
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This system of equations consists of five equations and five unknowns vectors for a single subcell. A
global set of equations is obtained by assembling all the equations obtained in the process. For the

number of subcells equal to Ng x N, the number of unknowns become 15 x Ng x N,,.
McAX — NgAe=10 (2.33)

In the Eq. (2.33) Mg and Ng are the global matrix obtained after assembling individual subcell’s
M and N matrices. Such M and N vectors are obtained from the set of the traction and the dis-
placement continuity equations along with the equilibrium equation for every subcell. They have
been given such a form to take out unknown vector AX and form the linear system of equations.

Matrices shown below gives the value of M and N matrix.

r 187
@210y Q2001) 0 *%QQ(%) 0
@310y Q@301) 0 0 —%Q:a(oz)
Ml(ﬁv) = 0 0 0 Q2(20) Q3(02)
h ¥
“hepo0 1 g 0
- S 0 b
_ h 7 (B17y)
—Q2010) —Q201) 0 —F-Qop0) O
0 0 0 0 0
MP) = 0 0 0 0 0
g 0 I LE
0 0 0 0 0
r 7 (B71)
0 0 0 0 0
l"/
Q3100 —Q301) 0 0 Q302
M = 0 0 0 0 0
0 0 0 0 0
0 bap 10 by
L 2 4 i
By B1y By
—Q2(00) Q2(00) 0
—Q3(00) 0 Q3(00)
Nl(ﬂ’)’) — 0 , NQ(BI'Y) — 0 and NS(/B’YI) — 0
0 0 0
0 0 0
Rearranging the Eq. (2.33), following equation is obtained:
AX = M5 (NgAe) (2.34)

16



2.2.9 Residual vector

Residue vector is required for calculating error involved in the iterative solvers. It is further required
to follow Newton Raphson iterative scheme. Residual vector in its incremental form AR has been
defined as:

AR?" = {AR,,ARp,AR,} (2.35)

In the Eq. (2.35) AR, represents the residue based on two traction continuity expressions given by
Egs. (2.30) & (2.31). Other terms ARg and AR, represents residue for equilibrium Eq. (2.23) and
displacement continuity Eqgs. (2.28) and (2.29) respectively. Thus

AR = (M AXPY — NPV Ae) + (M AX B - NP Aey 4+ (M8 ax B — NP Ag)

(2.36)
The residue for numerical implementation of HFGMC is calculated with the help of total stresses
calculated at the stress integration points. In order to do so, for a particular subcell, total residual
vector is calculated in the integral form rather than incremental one as defined in Eq. (2.36). It has

been calculated at stress integration points shown in the Fig. 2.3. It is given as:

TQO-(IB’Y)1 — 7”20-(:317)3
TSU(ﬁ’Y)Q _ 7«30-(671)4

RN = | ryoll) — ol (2.37)

0
0

Once the residue is obtained, the Newton Raphson iterative scheme is applied. The process is
as explained below:
Initially the residual vector is calculated between the current and the previous iteration solution. If
the norm of the residue is less than the allowable tolerance of 1075 than the solution of current step
is accepted, otherwise correction for micro-variable is computed with the help of the Jacobian. The

micro variables are updated with the corrections based on Jacobian calculations.

2.3 Homogenization of properties

Using HFGMC, both local and averaged stress-strain field are obtained. The local strain field in the
RUC is related to globally applied homogenized strain field with the help of strain influence matrix

B, as shown in the Eq. (2.38). Here A denotes the incremental form of strain.
A" = BAe (2.38)

Further to find the stress field, the constitutive matrix of individual subcell is used in the following
Eq. (2.39). Here H and L are the dimensions of RUC, C?7 is the stiffness tensor of individual

subcell, and hg and [, are the dimensions of subcell.

N, Ng
1
— B B —
AG = L ;Zl ;71 hgl,C""B”7 A€ (2.39)

17



Expression of B?? is obtained from the Eq. (2.13).

Using Eq. (2.39) one can find the effective stress update. Eqgs. (2.3)—(2.39) completes the derivation
of HFGMC formulation. Later in the Chapter 3, HFGMC methodology is coupled with damage
detection and damage modeling to form the PDA. Further the parameters hg, {, H, L and ch
required in the Eq. (2.39) are detailed in the Sections 4.2.3 and 4.3.3.

18



Chapter 3

Methodology

Progressive damage analysis
Progressive damage analysis (PDA) [21] involves the detailed study of damage initiation, evaluation

till final failure. PDA comprise of three steps. These are given in the schematic Fig. 3.1:
e Stress Analysis
e Damage Analysis

e Damage Modeling

Stress Analysis
High Fidelity Generalized
Method of Cell (HFGMC)

Damage Analysis
Apply failure criteria for
damage detection

Damage Modeling
Using sudden material
property degradation rule

Figure 3.1: Basic steps involved in PDA

Current chapter contains the thorough explanation of all the three steps of PDA. Stress analysis
is discussed in Section 3.1. In the Section 3.2, models for damage initiation and evaluation are
discussed. Section 3.3 gives the information on the damage modeling aspect of the PDA. Progressive
damage analysis have been performed numerically with the help of the home grown code devised in

the Fortran fixed format. Structural outline of the code is explained in Section 3.4.
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3.1 Stress analysis

Stress analysis is carried out using the HFGMC methodology to effectively capture the stress gradi-
ents present at the fiber/matrix interface. It is possible as the HFGMC method employs higher order
terms in the displacement equation which helps in obtaining the local effects generated by composite

microstructure. The detailed description of HFGMC methodology is available in Chapter 2.

3.1.1 Composite modeling for stress analysis with HFGMC method

Basic parameter are required to be preset for using the HFGMC method. These are:

e The single fiber composite (SFC) structure has been discretized into subcell. Each subcell is
identified by £~ index.

e Dimension of each sucell is hg and [,. Discretization in HFGMC can be both regular and
adaptive. In the former discretization, dimension of each subcell is identical to the other while
in the later one different subcells have different dimensions. For the present case, only regular

discretization has been used.

e The constitutive law is defined for every fiber and matrix subcell. Both fiber/matrix follow

isotropic constitutive law at subcell level.

e Effective properties are calculated to evaluate homogenized stress strain behavior of the com-

posite.

Using HFGMC stress analysis, stress value in each subcell is obtained using Eq. (2.39). The obtained

stress value is used in the damage detection as described in subsequent section.

3.2 Damage detection

Several damage detection theories are available in the literature for composite materials [1, 22, 23,
24, 25]. For the effective property calculation of multi fiber composite, Multi Continuum Theory
(MCT) is used. MCT provides a unified damage index over the fiber and the matrix subcells and it
also considers the interaction effect between the fiber and the matrix subcell [24]. Detailed discussion
of MCT is illustrated in the Section 3.2.2. Firstly, the MCT has been derived in detail, later, it has
been used to device a failure criteria.

While analyzing the SFC for the successive fragmentation of the fiber, Maximum Principal Stress
Theory is used [26]. It is discussed in the Section 3.2.1. Further the matrix is assumed to be ductile
to take large strains such that it allows the progressive failure of the fiber. Thus no failure criteria
is used for the matrix in the case of successive fiber fragmentation. Above mentioned assumptions

have been further discussed in the Section 4.3.4.

3.2.1 Maximum Principle Stress Theory

Maximum principle stress criteria is used for the failure analysis of brittle material [23]. It assumes

that the failure will occur in a material when the maximum principal stress in a complex stress
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system reaches the elastic limit stress in a simple tension [27].
01 = 0Oyp (3.1)

where o7 is the principal tensile stress. In the 2D state of stress, the principle stress o7 is obtained

Ozt Oy Oz — Oy ? 2
o= () 4, (3.2)

Where o, and o, are the tensile stresses in the x and y direction respectively and 7, is the shear

as

on the plane z in y direction.

3.2.2 Multi continuum theory (MCT)

The Representative Volume Element (RVE) concept is used in the derivation of the MCT theory. It
is explained using the Fig. 3.2. The detailed literature on the RVE subject is available in Drugan [28§]
and Kanit et al [29]. RVE helps in determining the effective mechanical quantities of the continuum.
RVE has reduced dimensions as compared to the global dimension of the body. Its dimensions are
chosen to represent a statistically accurate microstructure.

Consider Fig. 3.2 that shows the hypothetical composite cross section in which the gray and the

Figure 3.2: Composite and its RVE

black material are assumed as the matrix and the fiber respectively. The enlarged portion of the
selected unit cell is presented in Fig. 3.2(b). The selected unit also represents a Repeating Unit
cell (RUC) such that its repetition in two dimension form the structure given in Fig. 3.2(a). If the
analysis of RUC with periodic boundary condition evaluates the effective mechanical quantities of
the composite structure, then the RUC is also the representative volume element (RVE).
Subsequent paragraphs deals with the derivation of the basic concepts of MCT and its usage in
determining damage criteria. It has been reviewed from the work of Hashin [30] and Mayes [24].
The literature available in Mayes [24] is first used in deriving the MCT, further Tsai and Wu failure
criteria, present in Hashin [30], is used in obtaining the MCT damage criteria.

In the MCT, unknown strains in the matrix and the fiber are evaluated with the help of Eq. (3.11)
and Eq. (3.12). To this end, the RVE concept is used. Corresponding to the composite structure,
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having two phases (fiber and matrix), three volume averaged quantities are calculated (Egs. (3.3)—

(3.5)).

of = Vl}/Df o(x)dV (3.3)
1
Im = 3 /Dm o(x)dV (3.4)

In the Eq. (3.3) and (3.4), V; and V,,, are volume of the fiber and the matrix respectively. o (x) is
the stress value at the position x. Dy and D,, are the respective domain over which the integration
is carried out. If the material is considered to be a single continuum, then the value of average stress

comes out to be

1
o=y /D o (x)dV (3.5)

Comparing the Eq. (3.3), (3.4) and (3.5), average value of stress over the RVE comes out to be

0 =055+ Omém (3.6)

Following the same procedure, the average strain value is

€E=€rdf + €mbm (3.7)

Note that ¢ and ¢, are the corresponding volume fractions of the fiber and the matrix. Using the
constitutive law for each of the composite, fiber and matrix separately, the equations between stress

and strain are given below:

{o} = [Cl{e} (3.8)
{os} = [Csl{er} (3.9)
{om} = [Crnl{em} (3.10)

Combining Egs. (3.6)—(3.10) (simplified in appendix C), the expression for the matrix and the fiber
strains are obtained as

{em} = (GmlT] + 65[4) (e} (3.11)
(e} = Q%({e} — b fem)) (3.12)
f
Here [A] is
] = —Zj([m — ) N(C) ~ () (3.13)

The stress and strain information produced by MCT criteria is used with the generalized failure
criteria proposed by Tsai and Wu [30], to construct the MCT failure criteria. The generalized
failure criteria is given as

Fio; + Fyjo05 =1 (3.14)

When the failure criteria in Eq. (3.14) is expanded and written in form of stress invariant, the
Eq. (3.15) is obtained.

Zil + AV Zoly + Ao lo® + Croly Iy + Aslz + Ayly = 1 (3.15)
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Invariants I, I, I3 and I, are given below:

Iy =01
Iy = 092 + 033

2 2 2
I3 = 05y + 033 + 2035

Iy = 0}y + 034 (3.16)

Assuming that there is no stress interaction between the fiber and the matrix, the term Cjs is set
to zero. Stress invariants I; and Iy are the first order term in stress. The coefficient Z; and Z, are

set to zero since linear terms are already considered in the basic derivation of MCT.
AP+ Aplp? + Agls + Agly =1 (3.17)

Two primary failure modes in composite are the fiber failure mode (rupture in tension or buckling
in compression) and the matrix failure mode (matrix crack parallel to the fiber) [30]. Fig. 3.3 shows
the failure planes for fiber and matrix modes. Fiber is in the '1’ direction. Matrix failure planes
are 12’ and '13’ while the fiber failure plane is '23’. The two failure modes have been discussed in
detail in the subsequent Sections 3.2.3 and 3.2.4.

mllmumuv H”HI! Hiul HWMHH i ””””’ W T ””””|wa
AT
Matrix Failure plane '23'
/ Failure plane '13'
O
Fiber ‘ HHHH““H“N Failure plane '12'
1

Figure 3.3: Primary failure mode planes in composite material

3.2.3 Fiber failure mode

The transverse failure of composite is matrix dominated. For considering the fiber strength only,
all the invariants (see Eq. (3.16)) which are independent of stress in the plane ‘1’ have no effect on
the failure equation. Thus the coefficients As and Az in Eq. (3.17) are set to zero. Resulting failure
equation is thus:

2
Al(H) +aff =1 (3.18)

Unknowns in the Eq. (3.18) are determined by considering their respective failure cases given in the
Egs. (3.19)—(3.21).
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e Case of in-plane shear load only (0{1 = O)

1
Af = 2 (3.19)
512

e Case of tensile load only (0{1 > 0, g{l = 0)

1
Aft = e (3.20)
Sll

e Case of compressive load only (0{1 <0, ‘7{1 = O)

|
Afe = rE (3.21)
Sii

The 5{2, S{lt and S{f denotes the strength property in shear, tension and compression for fiber.

3.2.4 Matrix failure mode

Assuming the longitudinal failure of the composite is fiber dominated, A; has been set to zero in

the Eq. (3.17). Then the criteria for matrix failure can be given as:
AP(IP)? + AD I + APT =1 (3.22)

Constants for the matrix failure can be computed considering respective failure cases as given below:

e Transverse shear only (011 = 092 = 033 = 012 = 0)

1
A= —— 3.23
= o (323)
e In-plane shear only (011 = 022 = 033 = 093 = 0)
1
Al' = —— 3.24
4 251,%2 ( )

e For transverse and compressive loads (012 = 023 = 0, (022 + 033) > or < 0)

1 22mt2 22mt2
Apt = (1—< 2" 55" (3.25)

(SEmt 4 53mt)? 255°
and
mc2 ch
e — 1 L (83T + S5 (3.26)
(S53™¢ 4 S33m)? 255°

The subscript ‘22’ in above failure parameter is denoting the direction of applied load.
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The S33mt, S§23mt are the matrix tensile strength in the direction 2 and 3 respectively. S33™M¢,
S22m¢ are the matrix compressive strength in the direction 2 and 3 respectively and S7% denotes the
strength property in shear.

Failure criteria derived in the present section will be used in the damage detection in the Section 4.2
which details the effective property calculation of multi fiber composite (MFC). Information gathered
in the Section 3.2 is further utilized in the subsequent section which comprises of the damage

modeling aspect of PDA.

3.3 Damage modeling

In the Section 3.2, material subcell gets damaged when it is loaded beyond the strength limit. With
the damage detection, it is necessary to degrade the stiffness and the strength properties of the subcell
accordingly. It ensures that the damaged subcell does not take external load in the next analysis step
of PDA. Sudden degradation and progressive degradation models are avalilable in the literature for
damage modeling [31, 32]. In the present work, sudden material property degradation rule has been
used. Degradation coefficient has been kept equal to 99% for both the MFC (Section 4.2) analysis
and the SFC fiber fragmentation test (Section 4.3). Since in both the analysis, the structure under
study has been loaded longitudinaly in the fiber direction, only the Young Modulus F;; and the
Poisson’s ratio are degraded as per the sudden material property degradation rule given in literature
[32, 33]. The procedure of stiffness degradation is common in both the SFC fiber fragmentation
test and MFC analysis. In order to consider the strength dependency of the fiber on its fragment
length (Section 4.3.2), one additional function of reassigning the fiber strength is used in the damage

modeling of single fiber fragment.

3.4 Structural outline of PDA

The source code for the progressive damage analysis has been devised in the Fortran language. The
format of the code has been kept fixed so that it can be utilized in the user subroutine feature of
the commercially available finite element softwares. The working procedure of the code is classified

into four modules. All of them have been listed below:

1. Input data for the analysis
The code requires several parameter to be preset to conduct the PDA of a given structure.

These parameters are broadly classified into five categories:

(a) Geometric parameter: Dimensions of the cell and subcell are specified.

(b) Material property: Stiffness and strength properties of the fiber and the matrix are
given.

(¢) Discretization: Number of subcells are provided to discretize the geometry of the struc-
ture.

(d) Degradation coefficient: Damaged subcells are degraded using the degradation coeffi-

cient.

(e) Solver options: The choice of the solver for the linear system of equations is selected

here.
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2. Stress analysis
External global strain is applied in an incremental fashion to carry out the stress analysis. In
this stage the HFGMC methodology is applied. The current stage thus includes the procedure
to solve the linear system of equations. Considering the optimization between computational

speed and accuracy, the code currently provides the choice among three different solvers:

(a) DGELSD routine available in the LAPACK library [34]
(b) Parallel direct solver (PARDISO) included in the Intel math kernel library [35, 36]
(c) Linear Iterative Solver (LIS) [37]

Analysis of global stiffness matrix T shows that its a sparse matrix with most of its elements
lying along and near its diagonal. Sparsity of T matrix encourages one to use sparse solvers.
First solver is taken from LAPACK library. It is named as DGELSD. Complete description
of this subroutine can be found in the literature [38]. It gives the most accurate result but
the computation time is also high. It takes 45 minutes to perform stress analysis, when the
geometry is discretized in 45 x 45 subcells. Second solver is the parallel direct solver (Intel
MKL Pardiso solver) which is 9 times faster than that of the first discussed solver but it looses
its accuracy with increase in number of subcells. The third solver is the Linear Iterative Solver
(LIS), which is fast as compared to the DGELSD but it also looses its accuracy with increase
in number of subcells. For the present code, it is advised to use the second solver upto 45 x 45
subcells as it is already included in Intel MKL library and easy to use as compared to LIS
solver. Appendix B shows the solution strategy for the linear equation involved in HFGMC
analysis and it also justify the use of sparse solvers.

3. Damage detection
Fracture indices are used to quantify the damage in subcells. MCT criteria is applied for
the damage detection of the subcell while conducting the SFC-RVE analysis. Application of
MCT criteria provides unified fracture index for both the fiber and the matrix. For the damage
detection in the fiber fragmentation test of SFC, the maximum principle stress criteria provides

the fracture index for the fiber subcell.

4. Damage modeling
A subcell is termed as damaged if its fracture index is greater than one. The stiffness of the
damaged subcell is degraded in an ad hoc manner. In the effective property calculation of

multi fiber composite and SFC fiber fragmentation test, the degradation factor is kept 99%.

The detailed flowchart is shown in Fig. 3.4. Study conducted in the Chapters 2 and 3 is used in the
analysis performed in Chapter 4:

The Section 4.3 talks about the SFC fiber fragmentation test followed by the Section 4.3.3 to explain
the numerical analysis of SFC. The strength of the individual fiber fragment is modeled based on
the literature discussed in the Section 4.3.2. Further the effective property calculation of multi fiber

composite based on the SFC-RVE concept is discussed in the Section 4.2.
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Chapter 4

Progressive damage analysis of

single fiber composite

4.1 Introduction

Single Fiber Composite (SFC) is manufactured as a single fiber embedded in a cylindrical matrix
[6, 26]. The interface between the fiber and the matrix is assumed to be perfectly bonded. It is used
in the quantitative characterization of microscopic damages in the composites [39]. Experimental
procedure of single fiber fragmentation test is explained in the literature [13, 26, 40].

Concepts discussed in the current chapter are broadly divided into two sections. Section 4.3 gives
the detailed information on the fiber fragmentation test of the SFC while Section 4.2 presents the

analysis required for the effective property calculation of multi fiber composites.

4.2 Effective property calculation of multi fiber composite

Multi fiber composite (MFC) has been studied with the SFC representative volume element (SFC-
RVE) assuming that MFC can be modeled as SFC repeating unit cell (SFC-RUC) with periodic
boundary condition (PBC). The aim of this analysis is to obtain the effective material properties
through the size dependent framework and than compare it with the experimental findings and
simplified analytical estimates. Similar to the fiber fragmentation test of SFC (Section 4.3), the
PDA is adopted for the analysis. That is the HFGMC framework is used to carry out the stress
analysis (Chapter 2 for detailed discussion). Damage detection is based on the multi continuum
theory (Section 3.2.2). For the damage modeling, sudden material property degradation method is
applied (see Section 3.3). From here onwards MFC is termed as SFC-RVE.

Individual fiber and matrix properties are given in Section 4.2.1. Material property of CFRP com-
posite obtained from the experiment and the rule of mixture is presented in Section 4.2.2. Further
the model of SFC-RVE for dimensions and boundary conditions are explained in Section 4.2.3.

Assumptions for the analysis are stated in Section 4.2.4.
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4.2.1 Material properties of fiber and matrix from experiment

The Carbon fiber reinforced polymer (CFRP) has been used for the analysis. Its properties have been
taken from the work of Kashfuddoja & Ramji [41] where they had used Digital Image Correlation
(DIC) technique to find the property values of CFRP composites. They are listed in the Table 4.1.

Table 4.1: Properties: Carbon fiber and epoxy resin

Carbon fiber Epoxy resin
Shear modulus (GPa) Gy = 88.461 G, = 1.477
Poisson’s ratio vy =0.35 Vm = 0.34
Volume fraction ¢r =0.33 Om = 0.67

4.2.2 Rule of mixture

In Section 5.1, the numerical results have been compared with both the experimental finding [41]
and the analytical result based on the rule of mixture. In the rule of mixture, effective properties of
the composites are found with the help of Eqs. (4.1) and (4.2) [42].

By =FEi¢pr+ Epdpm (4.1)

Vig = VfQf + Um®m (4.2)

Refer Table 4.2 for experimental based and the rule of mixture based property values of CFRP

composite.

Table 4.2: Longitudinal modulus (F11) and In-plane Poisson’s ratio (v12)

E11 (GPG,) V12

Experimental [41] 81.90 0.34

Rule of mixture 81.47 0.34

4.2.3 Model of SFC-RVE

The geometric model used in the present analysis of SFC-RVE is illustrated in Fig. 4.1. Fig. 4.1(a)
shows the schematic of multi fiber composite (MFC). Fig. 4.1(b) shows the SFC-RVE taken out of
the MFC structure for analysis. The SFC-RVE is discretized into Ng x N,. For the discretization
independent solution, the SFC-RVE is discretized in 30 x 30 subcells. Mesh increment studies shows
that the analysis solution repeats itself with the discretization of 15 x 15, 30 x 30 and 45 x 45. The
global coordinate system xo — x3 for the SFC-RVE has been placed at the bottom left corner (origin
(0,0)). Fiber dimension is taken as 7.5 wm in diameter. Inter fiber distance in the MFC is chosen
to be 15 pm and hence the matrix width is 7.5 wm on either side of the fiber. Length of the fiber is
kept same as a width of the RVE. PBC exists at the four boundaries of the SFC-RVE.
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The model shown in the Fig. 4.1, is loaded with the longitudinal strain e in the fiber direction. At
the completion of each PDA step, the strain is increased by the value of Ae = 0.0005. Starting with

€ = 0, the strain value is increased till the composite fails. For present case, it is decided that the
composite fails with the failure of two third of its total Nz x IV, subcells. Note that the Fig. 3.4
shows the common flowchart for the analysis of both SFC fragmenattion analysis (Section 4.3) and
the analysis of SFC-RVE (Section 4.2). In the case of SFC-RVE, the procedure of length effect in

the damage modeling is omitted.

T2
A —>PBC

I 11777477707, 7111/ 77777

22.5um

Y \\ﬁ\

7.5um ’ 7.5um 7.5um

(a) MFC (b) SFC-RVE

Figure 4.1: Model for SFC-RVE analysis

4.2.4 Assumptions for the analysis of SFC-RVE

Assumptions made for the analysis of SFC-RVE are listed below:

e Fiber are perfectly embedded in the matrix at regular interval.

Matrix and fiber are assumed to be isotropic.

It is assumed that there is perfect bonding between matrix and fiber.
e RUC is assumed to be RVE.
e MFC is assumed to be transversely isotropic.

Using aforementioned procedure (Section 4.2), the effective material properties of MFC are evaluated

and are presented in the Section 5.1.
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4.3 Fiber fragmentation test of Single Fiber Composite

The schematic of the SFC is shown in Fig. 4.2 in which a single fiber filament is embedded in the
matrix. In the fiber fragmentation test of SFC, the test piece is loaded with uniaxial tensile load and
the loading is applied until each fiber fragment is shorter than the critical length [.. The concept
of critical length [. has been discussed in the Section 4.3.1. For the PDA analysis of SFC with fiber
breakages, strength of the fiber at the smaller length has to be predicted. It is accomplished by the
use of Weibull tensile strength distribution [43] of the fiber. It has been discussed in Section 4.3.2.
The details of material and geometric parameter for the analysis are discussed in Section 4.3.3. The
analysis provides the stress distribution in the SFC with fiber breakages. Distribution of stress at
the site of fiber failure gives the direction of matrix crack propagation and the fiber/matrix interface
failure. Results of the numerical analysis of the fiber fragmentation test of SFC have been discussed

in Section 5.2.

Single fiber filament

< >
< / —>
< —

AN

< \M —>
atrix

Figure 4.2: Single fiber embedded in a matrix

4.3.1 Ceritical length for fibers

The load transfer mechanism between the matrix and fiber is explained by using a single fiber
composite. Theory of critical length [, is required in understanding interface stresses between the
fiber and matrix. It has been reviewed from the work of Curtin [8, 9, 44]. In order to understand
the stress distribution along the fiber-matrix interface, the Kelly & Tyson model [10, 11] has been
reviewed briefly in subsequent paragraphs.

To derive the expression for critical length [, a small length of fiber in equilibrium is considered.
Figure 4.3 shows a small fiber fragment which is in equilibrium under the action of matrix shear 7,
and internal force 6F. Eqgs. (4.3)—(4.6) have been derived to get an insight of critical length [45].

Tm
AN AN AN AN AN
( > léF
7 7 7 7 7
'« —

Figure 4.3: Fiber fragment under mechanical equilibrium
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As shown in the Fig. 4.3, force 6 F' on the small element dz with diameter equal to d is equal to the

external matrix shear force. Force equilibrium gives the Eq. (4.3).
O0F = (m1md) 6x (4.3)

In order to calculate total force F' along the fiber, Eq. (4.3) is integrated from 0 to x.

F:/O (mTmd) dx (4.4)

™
Assuming a fiber to be of constant cross section area a = (Z) d?, the stress can be obtained from

Eq. (4.4) as

o(x) = p /OaC 7(z)dx (4.5)

From Eq. (4.5), it observed that the tensile stress in the fiber increases linearly with increase in x
if 7(x) is constant. For further simplification of the Eq. (4.5), it has been assumed that the shear
stress is constant in the small length near the fiber ends [11]. Fig. 4.4 shows the constant shear

assumption at the end of fiber. In the zone of the constant shear, tensile stress increases linearly.

T

Tconst

=)
DN | =~

Figure 4.4: Constant shear stress at the fiber ends

The length over which tensile stress increases linearly is termed as a recovery length. After that, the
tensile stress remains constant. The constant tensile stress in the fiber mid length is because of the
matrix shear on the fiber ends. Thus the maximum stress developed in the fiber is decided by the
shear stress on fiber at ends. Consequently, the fiber breaks when the tensile strength developed in
the fiber is more than its ultimate tensile strength. Eq. (4.5) is solved for constant matrix shear at
the ends of the fiber. Eq. (4.6) is valid only in the zone of constant shear.

_Amp

o) = =5 (4.6)

Fig. 4.5 assist in realizing the stresses present in the fiber fragments. It is a qualitative illustration of
fiber fragmentation test. Readers are encouraged to follow the literature by Netravali et. al [46] in
which the detailed study of shear strength at the fiber/matrix interface is conducted experimentally.

It shows the tensile stress distribution along the fiber length. Location of zero tensile stress shows
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the fiber break points. In Fig. 4.5(a), fiber fragments having the unbroken length can undergo
further fracture. In Fig. 4.5(b), fiber fragments still undergoes damage. Further, in Fig. 4.5(c), the
length of each fiber fragment is less than the recovery length and hence it cannot take any external
loading. It should be observed that there are several fiber fragments of the length [., in which the
tensile stress is equal to that of the ultimate strength. The term [. is the critical length of the fiber.

v oM
Fiber length =

kel

©

o

A

%]

©

GLJ -

E Fiber length

Fiber length

Figure 4.5: Stress distribution in fiber fragments

The critical length [, is evaluated considering the limiting value of ultimate tensile strength o, in
the Eq. (4.6).

2l.Tm

Tutt = —— (4.7)
Eq. (4.7) is rearranged to get the critical length [, as

(2 ltd
l = 7u 4.8
© 2Tm (48)
Note that in Fig. 4.5, the maximum tensile stress in the fiber increases after every successive break

(M) < 6@ < ¢(). The reason for increased fiber strength is discussed in subsequent Section 4.3.2.

4.3.2 Weibull tensile strength distribution

Numerical simulation of the single fiber composite fragmentation test requires the information of the
ultimate fiber strength at the smaller length of fiber fragments. Experimental data on tensile testing
of a single fiber is available at a relatively longer gauge length of the fiber. This data can be linearly
extrapolated to obtain fiber strength at smaller gauge length. But it gives the fiber strength at critical
length which is fallible as shown by Piggott [47]. Consequently, the fiber strength dependence on
the fiber length has been assumed to follow Weibull distribution [43, 40]. The cumulative failure
probability x (o,1) for the fiber length of I and the stress o is given by Eq. (4.9) below.

X(U,l)zl—exp{—llo <;O>m} (4.9)
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Where oy and m are the Weibull scale and shape parameter for given fiber. For the failure probability
of 63.2% [40], the fiber strength can be related to the fiber length by the Eq. (4.10) given below

1
1o\ ™
7 - (0) (4.10)
(1) l
The maximum strength of broken fiber fragments is found out with the help of Eq. (4.10). Weibull
scale 0 is termed as the mean strength of the fiber at the gauge length of [y. The variability in the
strength is denoted by Weibull shape parameter m where oy and m are determined experimentally,

and they are found to be greater than zero [40]. It implies that for the length [ < ly, o > 0¢. The
detailed explanation of the Eq. (4.9) is shown in the Appendix D.

4.3.3 Numerical simulation of SFC fragmentation test with PDA

The numerical analysis of fragmentation of SFC has been discussed in this section. Fig. 4.6 shows
the dimensions and the components of the SFC structure that have been used in the PDA. Unidi-
rectional carbon fiber reinforced in the ceramic matrix (FRCMC) has been used for the analysis.
The properties of carbon fiber and ceramic matrix (taken from Cheng et al. [27]) are listed in the
Table 4.3.

Table 4.3: Properties: Carbon fiber and Ceramics Matrix

Carbon fiber Ceramic Matrix

Young’s Modulus (GPa) E; =300 E,, =140
Poisson’s ratio vy =0.2 VU = 0.2
Weibull shape parameter m = 3.6 ——
Gauge length (mm) lo =50 ——
Mean tensile strength (MPa) at gauge | og = 2500 ——
length

Fiber < —>Matriz

3mm

Figure 4.6: Discretized model of SFC for the fiber fragmentation test

In order to conduct the stress analysis with HFGMC methodology, SFC shown in Fig. 4.6 has
been discretized into 23 x 37 number of subcells. These are Ng x N, respectively. Ng is in the
x9 axis and Ny is in z3 axis (see Fig. 2.1 for reference). Such type of discretization allows for the

desired micro dimensions of the fiber in Fig. 4.6.
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4.3.4 Assumptions in the analysis of SFC fiber fragmentation test

Few assumptions have been made while conducting the numerical analysis of fiber fragmentation in
SFC. These are:

e Fiber is assumed to be flawless (homogeneous). This allows the next fiber break to occur at

the subcell having highest equivalent tensile stress.

e Ceramic matrix is allowed to take high strains. It helps to carry out the progressive failure of
the fiber.

e The strength of the fiber fragment is assumed to be size dependent that is the tensile strength
increases with the decrease in length. The strength variation follow the Weibull tensile strength
distribution (Section 4.3.2).

e Perfect bonding is considered between the matrix and the fiber. The assumption of perfect
bonding has been proved reasonable in the work of McCartney [48] and Parambil & Gururaja

[49] as far as the longitudinal loading of a unidirectional composite is considered.

—>
T
e 3

5

P

Figure 4.7: Loading diagram for SFC fiber fragmentation test

The SFC shown in the Fig. 4.7 has been loaded longitudinally through the monotonic increase
in the strain. Applied strain is incremented by Ae =5 x 1072 after every PDA step. To start with,
zero strain is applied at the beginning of PDA. HFGMC stress analysis is used in evaluating stress
in every subcell. Subsequently, each fiber subcell is checked for damage. The principle stress criteria
have been used for the damage detection. Fiber subcell is marked as damaged when the equivalent
tensile stress exceeds the strength limit. Fracture index (F'I) is quantified for every subcell 5y which

is defined as

B

By —
FI7T = X By

(4.11)

where X7 is the maximum tensile strength of the By subcell. If the fracture index FI®Y > 1, it
implies that the subcell 5v has failed. The properties of failed subcells are suddenly degraded. For
the present analysis, the degradation factor is chosen to be ad hoc and has been kept equal to 99%.
It cannot be 100% as it would leave the stiffness matrix singular. Along with this, the degradation
factor of 99% ensures that the failed subcells do not transfer any load in the subsequent PDA step.
Same procedure is followed for every strain increment till the stopping criteria is met. Simulation is
terminated when the fiber reaches its critical length. Results of the single fiber fragmentation test

are presented in Section 5.2.
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Chapter 5

Results and discussion

Results of the analyses described in the Sections 4.2 and 4.3 have been presented in the current
chapter. While Section 5.1 provides results of the analysis of CFRP composites with the representa-
tive volume element of single fiber composite (SFC-RVE), Section 5.2 provides the discussion on the
results obtained in the SFC fiber fragmentation test. Inferences derived in Section 5.1 are based on
the observation of stiffness matrix and homogenized stress-strain curve. Geometrical and material
details required in the multi-fiber composite analysis with SFC-RVE are provided in Sections 4.2.1
and 4.2.3.

The outcome of the fiber fragmentation test in SFC are detailed in Section 5.2. It comprises of the
discussion on stress re-distribution in SFC as a consequence of fiber fragmentation. Section 4.3.3
contains the information on the material and geometrical parameters required in the SFC fiber frag-
mentation test. Further, a common progressive damage analysis framework summarized in Fig. 3.4

is used in conducting numerical simulations.

5.1 Effective property calculations of multi fiber composite

Present section provides a detailed discussion on the results obtained by the progressive damage
analysis (PDA) of SFC-RVE. Analysis information is available in Section 4.2 where a single RVE
is loaded with a strain in the direction of the fiber. Further the applied strain was increased
monotonically by Ae = 0.0005 at the completion of each PDA step. Starting with ¢ = 0, the strain
is applied till the total of two-third of the Ng x N, subcells fail. Discretization of SFC-RVE in
Ng x N, = 30 x 30 is required for the HFGMC stress analysis. The schematic of the SFC-RVE is
provided in Fig. 4.1 in which geometry of the SFC-RVE to be analyzed is square having the sides of
22.5 um. Fiber diameter is kept 7.5 pm. Such dimensions are required to simulate the experimental
testing of multi-fiber CFRP composite conducted by Kashfuddoja & Ramji [41]. They had used
Digital Image Correlation (DIC) technique to find the property values of CFRP composite. Further
the results obtained from the numerical simulations are compared with the experimental finding
available in the same literature. Analytical estimates based on the rule of mixture (Section 4.2.2)
are also provided for comparison with SFC-RVE analysis results. Subsequent paragraphs furnishes
results with the help of Fig. 5.1 and Table 4.1. All the results provided are based on the effective

stress-strain response of composite upon loading.
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Fig. 5.1 shows the homogenized stress-strain response obtained from the numerical analysis of SFC-
RVE. The plot has been made till the failure in SFC-RVE is detected. In the present case, SFC-RVE
fails with the matrix failure which is detected at a strain of € = 4 x 10~2. The horizontal axis denotes
the increment in strain. Corresponding to each strain increment, a homogenized stress value (in
MPa) is calculated and plotted against the vertical stress axis. Thus the three trends are obtained
for each of the matrix, fiber and composite. From the figure, it is observed that the effective stiffness

property of composite lie between the fiber and the matrix.

1000 T T T T T T T

-e-Matrix
-4-Fiber h
900 -=-Composite

800 ]
700 F ]
600 4
500 F ]

400} ]

Stress 0,5 0N MPa

300F .

200F .

100 .

1D

0 PA PN = .- —— 4
0 0.5 1 1.5 2 2.5 3 35 4
Applied strain €55 «1073

Figure 5.1: Homogenized stress-strain curve for SFC-RVE analysis

The strain at the fiber/matrix interface is equal as it has been assumed in Section 4.2.4 that there

is a perfect bond between fiber and matrix. Thus it follows that

€f = €m
(Tf - Om
Ef  En

E; and E,, are obtained with the help of relation E = 2G(1+ v) (Table 4.2 gives the value of shear
modulus G and Poisson’s ratio v). Using these values in the above equation it is seen that the fiber
is 60 times more stressed than the matrix. The matrix does not take part in the loading but its
primary function is to transfer the load to the fiber. Hence the matrix reinforcement is required in
composite even if there is an overall decrease in its stiffness property as compared to the fiber.

Numerical simulation provides effective properties in the direction of the fiber. It estimates the
longitudinal modulus Fy1 to be 89.37 GPa. Table 5.1 gives the results based on the analysis of
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SFC-RVE, and it has been compared with the experimental and analytical results. Analytical results
are based on the rule of mixture. The longitudinal modulus F1; calculated on the basis of HFGMC
analysis is deviating from the experimental findings with an error of 9.13%. Hence the assumption
of one repeating unit cell is equal to the representative volume element, stated in Section 4.2.4, has
to be researched. Though there is a deviation between the numerical analysis of SFC-RVE from
the experimental findings, the results obtained are used in the qualitative explanation of the load

transfer between the fiber and the matrix.

Table 5.1: Comparison between numerical, experimental and analytical results

Longitudinal modulus, £1; GPa In-plane Poisson’s ratio, vq2

Numerical simulation 89.37 0.30
Experimental findings 81.90 0.34
Analytical estimates 81.47 0.34

The stiffness matrix for the multi fiber composite is shown in Eq. (5.1) which is obtained from the
SFC-RVE analysis. The stiffness matrix shows the transversely isotropic nature of unidirectional

CFRP composite under analysis.

o1 [ 80375 28431 4403 0 0 0 ][ en
T2 98431 89375 4403 0 0 0 €22
oz | _ | 4403 4403 9054 0 0 0 €33 5.1)
023 0 0 0 2198 0 0 €23
o1 0 0 0 0 2198 0 €31
o1o 0 0 0 0 0 30472 | | e

5.2 SFC analysis for the fiber fragmentation test

Detailed discussions on the results of SFC fiber fragmentation test is presented in subsequent sections.
The result of the present work provide the stress contours of progressively damaged SFC. The
average tensile and shear stress contours are discussed to understand the stress redistribution and
fiber-matrix debonding in the SFC. The anti-plane shear present at the fiber end causes the interface
to fail. The plot of average tensile stress along the fiber length gives the indication of increased fiber
strength after the fiber fracture. Further, the stress transfer at the fiber ends is also explained.

Results under the present analysis are classified into four categories.
e Stress redistribution
e Matrix fiber interface failure
e Average tensile stress distribution in the fiber

e Stress interactions along the fiber-matrix interface
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In order to conduct the fiber fragmentation test of SFC, PDA framework briefed in Fig. 3.4 is
used. All the results derived in current section are obtained on the common problem definition
discussed in Section 4.3.3 where the strain is applied in the direction of the fiber. The external
longitudinal load is applied with an increment of Ae = 0.0005 at the end of each PDA step. The
monotonic load increment is applied till the stopping criteria of achieving the critical length . is
met (Section 4.3.1). Further, the output obtained in the analysis are post processed in MATLAB.

They follow in subsequent sections:

5.2.1 Stress redistribution

Fig. 5.2 shows the average tensile stress contour and the stress redistribution after the fiber breakage.
Color-bar accompanying each sub-figure indicates the average tensile stress in megaPascals (M Pa).
It consists of four figures depicting the progressive failure. Note that the figure shows the maximum
stress the fiber can take just before the next breakage. The vertical and the horizontal axis for each
of the four figures is showing Ng and N, respectively. Each subplot in Fig. 5.2 has been plotted at
the maximum value of strain the fiber can take such that the damage is induced in the next PDA
step. Plots have been made at a strain value of 1.8%, 2.2%, 2.65% and 2.75%.

The maximum stress taken by the fiber decreases just after the new break. As a result of the stress
redistribution, SFC continues to take stress after the damage. It happens as a result of the increased
fiber strength. Thus the residual strength of the SFC increases.

The average stress is maximum at the center of the fiber, and it reduces to zero at its end. Similar
observations are presented by Wu et al. [50] in which authors had conducted the fiber fragmentation
process in SFC with finite element procedure. In the same figure, failure strain is increasing which
is attributed to the increased fiber strength. Fiber strength is varying with the number of breaks.
It increases with the reduction in fiber length. Thus the increased fiber strength results in increased
failure strain.

The redistributed stress also provides the region of maximum stress in the matrix. As it can be ob-
served from the Fig. 5.2(c), the cross X pattern shows the possible direction of matrix cracking. The
cross X pattern traces matrix subcells which are having higher strain than the surrounding subcells.
It is consistent with the finite element analysis and experimental analysis of fiber fragmentation test
presented by Wang et al. [51]. The matrix crack pattern is witnessed around every failed subcell.
Zero stresses are present in the failed subcells (as can be seen in Fig. 5.2((b),(c) & (d)) and it is the

site at which the matrix and interface failure emanate.

5.2.2 Matrix fiber interface failure

Fig. 5.3 shows the shear stress distribution in the SFC. Most stressed subcells around the fiber
break will result in the matrix and interface failure. The region of maximum anti-shear around the
fiber breaks has been shown with the lobes drawn around them. Positive shear stress is captured
in the continuous lobe. The maximum positive and negative shear around the fiber break causes
the interface to fail. Further, it should be noticed that the shear stress in the matrix subcells
present along the fiber matrix interface is zero except those that are present at the ends of the fiber.
Consequently, the stress transfer between fiber and matrix happens at the ends of fiber fragments.

It is further explained in the Section 5.2.4.

39



5 5000

10
15
20

4000 I
3000

2000

5 10 15 20 25 30 35

a) Failure strain of 1.8%

6000

4000 ©

MP;

2000

5 10 15 20 25 30 35
b) Failure strain of 2.2%

8000

6000
&

4000 &

2000

5 10 15 20 25 30 35
¢) Failure strain of 2.65%

8000
6000

©
4000 £

2000

5 10 15 20 25 30 35
d) Failure strain of 2.75%

Figure 5.2: Average tensile stress redistribution with progressive damage in the SFC

5.2.3 Average tensile stress distribution in the fiber

Average tensile stress distribution along the fiber length is shown in Fig. 5.4. Fiber stress is plotted
against the fiber length of 2.8mm. There is an increase in the tensile strength as is evident from the

Fig. 5.4. It is due to the statistical fiber strength distribution as discussed in the Section 4.3.2.

5.2.4 Stress interactions along the fiber-matrix interface

Fig. 5.6 assists in capturing the stress transfer that occurs at the ends of the fiber. Average tensile
stress is plotted against the fiber length in Fig. 5.6(a)while the average shear stress is plotted
against the fiber length in Fig. 5.6(b) which consists of two different trends. These trends represent
the average shear stress present in the matrix subcells that are immediately neighboring the fiber

subcells. Matrix subcells adjacent to the fiber are apprehended in Fig. 5.5. y — 6" and y — 6~
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Figure 5.3: Shear stress contour in the SFC

correspond to the bottom and the top interface between the fiber and the matrix. 2§ represents the
fiber diameter and y — axis is perpendicular to the fiber axis.

It is realized that the maximum average shear stress is present in the matrix subcells which occupy
the neighborhood of fiber ends. Elsewhere it is zero. Section 4.3.1 discussed the theory on tensile
stress development in the fiber. It is the zone of stress transfer. Similar trends are obtained in
the present analysis such that the tensile stress development happens only in the region of non-zero

shear stress. Away from the fiber ends the tensile stress is constant and maximum.
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Figure 5.6: Stress transfer mechanism at the ends of fiber; (a) Average tensile stress along the fiber
subcells; (b) Average shear stress plot at the fiber matrix interface
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Chapter 6

Conclusion and future work

6.1 Conclusion

Single fiber composite (SFC) has been analyzed with progressive damage analysis (PDA). A numer-
ical study has been carried out using the PDA framework that is devised in FORTRAN. Results
obtained out of this work have been discussed in Chapter 5. Micro-mechanical studies have been
performed for SFC with fiber breakages. It has provided an insight of stress distribution between
matrix and fiber. Stiffness properties obtained for multi-fiber composite have been compared with
experimental and analytical results.

In Section 5.1, effective property estimation based on the representative volume element has been
discussed. Results are used in explaining the effective stiffness of composite. Apart from this, the
transverse isotropic nature of unidirectional CFRP composite is also discussed. Importance of ma-
trix reinforcement in composite is understood and realized how matrix assists in transferring load
to the fiber.

All of the work done has provided a better intuition of stresses arising in the SFC while it is loaded
longitudinally. As discussed in Section 5.2, stress redistribution direction is visualized. As a result
of the stress redistribution around the fiber breaks, the composite continues to take the stress. As
a result of which successive fragmentation is observed at higher value of strain.

The maximum shear stress region around the fiber ends give the information of fiber-matrix interface
failure. Because of the anti-plane shear present at the end of fiber, the interface between fiber and
matrix will fail.

Apart from this, the increase in the residual strength of the composite is also discussed. Since the
fiber strength increases with decrease in its length, the overall strength of the composite increases
and the successive fiber fragmentation happens at increased value of strain.

Toward the end of the Chapter 5, stress interactions along the fiber-matrix interface are presented.
It is observed that the load transfer between the fiber and matrix happens at the ends of the fiber.
Shear stress applied by matrix at the ends of fiber develops longitudinal tensile stress in the fiber.
Also, the zero shear stress in the mid-length of the fiber confirms that the load transfer interactions

between fiber and matrix happen only at the end of the fiber.
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6.2 Future work

The PDA code developed so far in FORTRAN has the capability to correctly estimate the effective
properties of the multiphase structure. The code allows discretization of multiphase structure upto
45 x 45 (details are provided in Appendix B). Extensive discretization of up to 200 x 200 is still
required to analyze multiphase structures having more than two different phases. It would require
the analysis of global stiffness matrix and research for the best possible subroutine available in the
literature.

The current PDA analysis allows for the analysis of two-dimensional structures. Three-dimensional
HFGMC formulation has to be developed based on the information available in literature [18].
Provision of isoparametric formulation will allow for arbitrary discretization of the structure with
quadrilateral shapes other than squares and rectangles. It is known as isoparametric subcell gener-

alization.
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Appendix A

HFGMC displacement equation

A.1 Complete and incomplete quadratic equation of displace-
ment in HFGMC method

The general equation for displacement of a subcell in the parametric coordinate is given by:
M N
uP =X+ Winn) P (1) Pa (s) (A1)
m=0n=0
Expanding the above equation upto second order in r and s, following equation is obtained:
uP =e X

+w(00)Po (1) Po (8) + w1y Po (1) P1(8) + Wiy P1 (1) Po (s)
+wan P (r) Py (s) + W) Po (1) P2 (s) + w20 P2 (1) Po (s) (A.2)

Legendre polynomials [52] Py(x), Pi(z) and Py(z) are defined as

P()((E) =1
Pi(z)==x
Py(z) = %(3962 —1) (A.3)

Putting the value of Py(z), Pi(x) and Py(x) back in the equation Eq. (A.2), following equation is

obtained:
By — g 1 2 1 2
u”7 = €.X + W(go) + TW(10) + SW(01) + TSW(11) + SWeo) (3r — 1) + W) (33 — 1) (A4)

Above is the complete form of HFGMC displacement equation in parametric form. When the subcell

array arrangement is orthogonal, the term wq; is zero. The incomplete HFGMC formulation in the
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local coordinate system (y5,y7) is:
By _ - v BBy ety o a@r BB sy 12 B s,
wT = EX A Wig) F Y2 Wig) T Y3 Wy F g (302~ [ Wy t g (3T — 7 ) Wi
(A.5)

In the case of parametric HFGMC analysis [53], the term rswy; is retained in the displacement
equation. It is due to the non orthogonality in subcell arrangement such that the dot product of the

rs in Eq. (A.4) does not vanish.
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Appendix B

System of linear equation in
HFGMC analysis

B.1 Least square solution of the problem A x x =10

The least square solution helps in determining the solution of overdetermined system (where number
of constraints are more than the unknowns) and the solution of the problem where the unique
common solution does not exist. In such a case, least square solution is predicted which gives the
least error as compared to other possible solutions. Derivation of the linear least squares is given
below:

Let the most correct solution of the system of the equation A x x = b is b and let it gives the error

of e. Thus the expression for error e is:
Az —b=ce (B.1)
The sum squared error (SSE = eTe) is given as:
SSE = (Az — b)T (Az —b) (B.2)
As the transpose operator is distributive over the product, we have (Az —b)T = (27 AT —bT). Hence,
SSE = (7 AT —bT)(Ax — b) (B.3)
With matrix pre-multiplying operation, we have,
SSE = 2T AT Az — 2T ATb — bT Az + b0 (B.4)
The middle two terms of Eq. (B.4) are transpose of each other and can be added. Thus

SSE = a7 AT Ax — 227 AT + 0" (B.5)
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Since the SSE has to be minimum, its partial derivative with respect to x is evaluated and then

equated to zero to get the least error solution.

0SSE 0

= —(2TAT Az — 22T AT T B.
5 5 (x x—2x b+0b"b) (B.6)

= ATAx+2TATA—24T

= 24T Az —2ATp

Equating the SSFE to 0, we have
AT Az = ATb (B.7)
Multiplying both the sides by (A7 A)~!, we have
z=(ATA)71 ATy (B.8)

This solution of the Eq. (B.8) given the least error solution, to the system of linear equation. In the
HFGMC analysis, the solution of the equation AX =T 'Dg, is found with the help of Intel Math
Kernel Library. 'DGELSD’ is the subroutine used to solve this equation. Other solvers are also
used based on the sparsity of the T matrix.

B.2 Use of the sparse solvers

Sparse analysis of the T matrix is shown in the Table B.1 given below. The number of the subcells

are increased on the multiple of three. The analysis shows that the non-zero values comprise less

Table B.1: Analysis of sparsity of T matrix

Number of subcells | Total non-zero val- | Total number of | % of non-zero val-
(Ng x Ny) ues in T matrix values in T matrix | ues

3x3 666 135 x 135 3.65

6x6 2664 540 x 540 0.91

9x%x9 5994 1215 x 1215 0.406

12 x 12 10656 2160 x 2160 0.228

15 x 15 16650 3375 x 3375 0.146

18 x 18 23976 4860 x 4860 0.1015

21 x 21 32634 6615 x 6615 0.0745

of the total T matrix. This sparsity helps in utilizing sparse solver libraries like MUMPS, LIS,
SuperLU, PARDISO, etc. Further, the structure of the T¢ matrix is shown below. Most of the
non-zero elements lie on the diagonal of the matrix. Also, the Fig. B.1 shows the extra memory
occupied by the zero elements of T matrix. White pixels shows the non-zero values. The present
PDA code definition in the Section 3.4, PARDISO and LIS sparse solvers have been included.
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Figure B.1: Distribution of zeros and non-zeros in T matrix
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Appendix C

Stress and strain expression for

multi continuum theory

In the Section 3.2.2, Eq. (3.6) and Eq. (3.7) are derived. These are:
O =080+ O,

€=€rPsr + €mPm

(C.1)

(C.2)

When the Hooke’s law is applied for each of the fiber, matrix and composite separately, following

expressions are obtained:

{or} =[Csl{es}
{Um} = [Om}{fm}
{o} =[CHe}

Putting the value of Egs. (C.4) and (C.5) in Eq. (C.1), following equation is obtained:

[CH(Prer + Pmem)} = d5[Crl{er} + dm[Cml{em}

[CHbrer} + [CHImem s = ¢5[Crl{er} + dm[Crml{em}

To solve for €7, Eq. (C.7) is rearranged such that terms in fiber and matrix are separated.

[CH{orert — os[Cillert = om[Cnl{em} — [Cl{ dmem}

Taking out the terms in common on RHS and LH S, following equation is obtained:

o1 [[C] = [Crll{er} = om [[Cm] = [Cll {em}
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Thus the value of € is obtained as:

6f:727:;

The term in the multiplication of €,, on the RHS of Eq. (C.10) is taken as [A]. Then the above

equation becomes:

([C] = 1C4]) " ([C] = [Cw)) {em} (C.10)

e = [A{em} (C.11)
Using the value of [A] in the Eq. (C.2), the value of ¢, is obtained as:
{6} = [A]{em}d)f + {em}’(bm (C.l?)

{em} = (SmlI] + ¢7[A]) e} (C.13)
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Appendix D

Statistical Weibull distribution

D.1 Fiber strength distribution with Weibull distribution

The standard probability density function (pdf) for the Weibull distribution is given below in
Eq. (D.1). It is used in calculating the cumulative distribution function (CDF) used for the de-
termination of the fiber strength. The following derivation has been done based on the literature

available at Exploratory Data Analysis [54].

m [z — (m—1)
f@ =" (2E) T enl(@ -/ ez wma>0 (1)

In the above equation, m is the shape parameter, u is the location parameter and « is the scale
parameter. A two-parameter Weibull distribution is obtained by putting u = 0 and o = 1. The two
parameter standard Weibull distribution is obtained as in Eq. (D.2).

m

f(z) = mam=—Del=2") (D.2)

e in the above equation represent exponential exp. To get the cumulative distribution function F,

the expression in Eq. (D.2) is integrated in the limit 0 to x.
F= / ma MV e(=e") dy (D.3)
0

Eq. (D.3) can be easily integrated by assuming v = —a™, such that

u = za™ (D.4)
d
ﬁ — _mxm—l

F = —/e“du

F = —e"+C
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Putting back the value of u and solving the Eq. D.5 for the limits, following equation is obtained.

mn

F=1-—¢" (D.5)

For the statistical distribution of fiber strength, the variable 2™ in the Eq. (D.5) is replaced by the

m
term % ( g ) . The expression obtained is

Fel—ep (_; (;’)m) (D.6)

For the cumulative failure probability of 63.2%, the term inside the exponential of Eq. (D.6) should
be -1. Thus the following equation is obtained.

o () 0.1

Note that at the probability of 63.2%, the Weibull fitted curve intersects the experimental data -
least square fitted line [54]. Fig. D.1 shows that the failure probability of 0.632 intersects the Weibull
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Figure D.1: Weibull plot of the value of m = 3.6

curve at x = 1. It is the point of intersection of Weibull curve with the experimental data. Note
that the above curve is plotted at the shape parameter of m = 3.6, which has also been used in the
SFC analysis in Chapter 3. Also, the plot shown above is similar to general the Weibull trend for

the fiber strength, as can be seen in the literature [40].
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