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Abstract

Application of a flexural or bending load on a Carbon fiber reinforced polymer(CFRP) specimen
leads to both tensile and compressive stress state across the thickness of the specimen thereby result-
ing in a more complex damage behavior as the tensile and compressive failure modes of a composite
material are different. Study of damage behavior of specimen includes location of damage initia-
tion, damage propagation, various types damage modes and their interactions, prediction of damage
initiation load and final failure load. Damage behavior of the CFRP specimen has to be studied
for its efficient and sustainable design. In the present thesis, damage behavior of pristine CFRP
specimen (without hole), specimen with both single circular hole and multiple circular holes having
three different configurations (two hole longitudinal (2HL), two hole transverse (2HT) and two hole
diagonal (2HD)) was studied both experimentally and numerically under four point flexural loading.
The layup sequence of the CFRP specimen having Unidirectional (UD) [0];6 and Quasi-isotropic
[—45/0/45/90]3, are studied. Two-dimensional Digital Image correlation(DIC) technique was em-
ployed for capturing the in-plane displacement and strains across the thickness of the specimen.
Finite element (FE) based Progressive damage analysis(PDA) the CFRP specimen was per-
formed. In the progressive damage model, Hashin’s failure criteria was implemented for the predic-
tion of damage initiation of both fiber or matrix at a lamina level, material property degradation
model was implemented for modelling damage evolution in the specimen and cohesive zone model
was implemented for predicting the intiation and propagation of interlaminar delamination between
layers of the specimen. Damage behavior of the specimen obtained from experiment was compared
with the results obtained from PDM for validation. Additionally, the variation of load vs displace-
ment, longitudinal strain distribution over the thickness face of the CFRP specimen obtained both
experimentally and numerically were studied and the corresponding plots obtained from both were
compared.Finally, the load carrying capacity of pristine specimen, specimen with single hole and
specimen with multiple holes with three different configurations (2HL,2HT and 2HD) were com-
pared and it was also seen which type of specimen according to the two lay up sequences which are

unidirectional [0]16 and Quasi [—45/0/45/90]2s was more stiffer and stronger.
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Chapter 1

Introduction and Literature

Review

1.1 Introduction

Composite is a material which is formed by combining two or more constituent materials with
significantly different physical and chemical properties on a macroscopic scale such that it has
different characteristics and properties from the individual constituent components. Generally there
are two constituent materials which form the composite namely reinforcement and matrix. Fiber
reinforced composite is a type of composite where the reinforcement is fiber. The role of fiber is to
provide stiffness and strength to the composite and this stiffness and strength is more than those
of the individual fibers itself. Thereby fiber is the constituent of the composite which resists any
external load. The role of the matrix is to bind the fibers together, transfer the load between fibers
and protect the fibers from being degraded to the environment. Composites can be classified into
different types according to the type of reinforcement material, matrix material and arrangement
of the reinforcement in the matrix. A lamina or ply is a typical sheet of composite material which
consists of many fibers embedded in a matrix material. A laminate is a collection of lamina stacked

so as to achieve the desired thickness, stiffness and strength.

Courtesy: www.compositestoday.com

Figure 1.1: a) Composite used in fuselage of aircraft b)Composite fuel tank constructed by NASA
and boeing



There is a huge demand on aircraft and automobile industries, which are very high profit indus-
tries, to reduce the weight of their products but by not also compromising much on the strength
and stiffness so as to reduce fuel usage and reduce the emission of pollutants into the environment,
thereby making the products more environment friendly.Since, composites are found to have im-
proved engineering properties than conventional materials such as metals such as stiffness/weight
ratio, strength/weight ratio, fatigue life, thermal properties and corrosion resistance, they can serve
the above purpose. Composites nowadays also find applications in other industries such as marine,
civil , military etc. Figure 1.1 shows composites being used in the fuselage of a Boeing 787 aircraft.
Nowadays, composites are fast replacing metals in most of the aircraft parts. Figure 1.2 shows the
percentage of materials used in the parts of an aircraft. From the figure it is seen that composite

material is used in exactly half the parts of an aircraft.

Materials used in 787 body _
Fiberglass M Carbon laminate composite - Total materials used
B Aluminum I Carbon sandwich composite - By weight
Aluminum/steel/titanium : Other

Steel 3% Composites
10% 50%

itanium
15%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 1.2: Percentage of different materials used in fuselage of Boeing 787 aircraft
Courtesy: www.boeing.com

Flexural or bending load can be applied on a structure in two ways, either by applying a pure
moment along an axis which is perpendicular to longitudinal axis of the structure or by applying
an transverse load to a structure, which is, a load which is perpendicular to the longitudinal axis of
the structure. As shown in Figure 1.3, when flexural load or moment is applied to a structure, the
structure bends in such a way that there will be an axis along the where there is be no deformation
and this axis is known as neutral axis. In an homogeneous structure, neutral axis will pass through
the centroid of the structure. The region above the neutral axis will be in compression and the
region below the neutral axis will be in tension. Thereby, there will be both compressive and tensile
stress state present across the thickness of the specimen. At any cross section of the structure, there
will be a linear variation of strain along the width of the structure with the value of strain at any
point on the neutral axis being zero.

Parts of structures which are being used in industry are also subjected to flexural loading. For
example, take the case of wings of an aircraft. The loads which act on it are force due to weight
of the aircraft itself which acts vertically downwards and the lift force due to wind pressure which
acts vertically upwards. This particular scenario can be modeled in such a way that the wing can be

treated as a beam, body of the aircraft can be treated as support to which the beam is fixed, force
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Figure 1.3: a) Deformation of structure when subjected to pure bending (b) Variation of strain along
the width of the structure through any cross section

due to weight of aircraft and lift force can be treated as distributed loads acting throughout the
length of the beam. While the aircraft is taking off, the lift force is more than the force due weight
of the aircraft and therefore the wings bends upwards, due to which the top most part of the wind
will be under compression and the bottom most part of the wind will be under tension. Diagram of
bending of wings during take off is shown in Figure 1.4 While the aircraft is landing, the force due
to weight of the aircraft is more than the lift force and therefore the wings bends downwards, due
to which the top most part of the wind will be under tension and the bottom most part of the wind

will be under compression.

J - £
e - A

Compression

,V\ ¢

it TT y -

Net Flexural load

——

Figure 1.4: a) Bending of wings of an aircraft during takeoff b) Cutouts introduced in fuselage of
Boeing dreamliner aircraft
Courtesy: google images with modifications in image (a)

As the flexural load applied to the composite structure increases, certain damage mechanisms
which does not involve only fiber initiates and propagates in the structure. But these damage
mechanisms do not reduce the load carrying capacity of the composite structure. The load at which
damage initiates in the structure is known as failure initiation or first ply failure load. At a critical
value of load applied, the fibers in the composite structure starts breaking and that is when the
load carrying capacity of the structure reduces and the structure finally fails. This critical load is

known as the final failure load or ultimate load. Damage mechanisms in a composite laminate can



be of interlaminar or intralaminar level. Interlaminar damage include delamination, which is the
separation of layers of the laminate. Intralamainar damage include, fibre breakage, matrix cracking
and fiber kinking. All these mentioned damage mechanisms will be explained in detail later in
this chapter. Cutouts or holes are required in structures due to functional requirements like wiring,
assembly, piping, visual inspection etc. With the presence of holes in the structure, damage becomes
more severe as the holes act as a stress riser.In most of the cases, multiple holes are required in the
structure and due to the interaction of these holes, damage becomes even more severe. There are
cases where the the structure is to loaded in more than one direction and because of this, it requires
high strengths in one than one direction. To satisfy this, the orientation of the fibres in the laminae or
plies of the composite laminate are changed to different angles. Examples of such types of laminates
include cross-ply laminate, angle ply laminates, quasi-isotropic laminates. Cross-ply laminate is a
type of laminate where the plies in the laminate are oriented either at 0 or 90 degrees, for example
[0/90/0/90/0] Angle-ply laminate is a type of laminate where plies of the material are oriented at an
angle and negative of the angle, for example [45/-45/-30/30]. Quasi-isotropic laminates are laminates
where the plies are oriented in such a way that the relative angle between any two consecutive plies
are same and the resultant laminate is isotropic, for example [45/0/ — 45/90]. Study of damage
behavior of the composite structure involves determination of load at which damage initiates in the
structure, location at which damage initiates, how the damage propagates, various types of damage
mechanisms which occur and their interactions and determination of final or ultimate failure load. In
order to design the structure efficiently so that it can sustain load upto its full capacity and thereby
exploiting the full advantage of composites over conventional materials, it is required to perform
progressive damage analysis of a composite laminate having holes and of different lay-up sequences.

This particular type of design is known as damage tolerant design.

1.2 Literature Review

Various research studies have been done on effect of flexural loading on composites, damage behavior
of composites under flexural loading. Researchers have tried to study damage behavior for different
configurations of flexural loading through certain experimental methods and also through some
numerical methods like the conventional finite element method. Certain analytical models were
developed to predict initiation and evolution of failure. Studies were done for composite laminates
having no hole, having single hole of circular, elliptical or square shape, and also having multiple
holes. This section summarizes the various studies which have been done on mechanical and damage

behavior of composite laminates under flexural loading.

1.2.1 Composites without hole

In 1989, J.K.Chen[1] tried to investigate the elastic-plastic response of interlaminar stresses in boron-
aluminum metal-matrix composites composite laminates due to bending and torsion. The plasticity
model used is a general three-dimensional orthotropic yield criterion, which is quadratic in stresses,
in conjunction with incremental flow theory. The results, including bending moment-curvature re-
lations, growth of plastic zones, and distribution of interlaminar stresses, are presented.In 1991,
P.D.Copp [2] performed failure analysis of carbon-carbon composite materials under three point

bending. Here, damage initiation and failure mechanisms in woven uncoated carbon-carbon com-



posite laminates were determined experimentally through three point bending test. A linear finite
element analysis was conducted to predict damage initiation analytically in the tested specimens.
Tsai-Wu failure criteria was employed for this purpose. Finally, comparison of experimental and
analytical predictions were made. Failure modes and damage initiation sites were also determined
for different length to depth ratios.In 1992, J.N.Reddy [3] developed a finite element computational
procedure to find linear and non-linear first-ply failure loads of composite laminates subjected to
in-plane and transverse loads. The finite element model is based on first-order shear deformation
theory and several phenomenological failure criteria. Linear and non-linear first-ply failure loads
are computed for a uniformly distributed transverse load, a concentrated transverse load acting
at the centre of the plate, and a uniformly distributed in-plane edge load for simply supported
and clamped boundary conditions. In 1993, Sheng Liu [4] tried to fundamentally study the in-
teraction between matrix cracking and delamination propagation in composite structures resulting
from transverse loadings. An analytical model was developed which consists of a stress analysis
for calculating stresses and strains in the composites, and a failure analysis for predicting matrix
cracking and delamination growth.This particular study was also performed through non-linear fi-
nite element method. Experiments were also performed to verify the model proposed and numerical
calculations. Also in 1995, T.Y.Kam [5] presented an analytical method which was developed from
Von Karman-Mindlin plate theory and Ritz method to study the non-linear behaviors and first ply
failure strengths of centrally loaded composite plates with semi-clamped edges. This method was
also used to construct nonlinear load-deflection curves of composite plates and also to predict the
first-ply failure loads based on various commonly used strength of material type failure criteria.Also,
Experiments on laminated composite plate was performed to identify the first ply failure loads using
acoustic emission technique and also to construct the load-displacement curve. The experimental
results were used to investigate the capabilities of the analytical method used to predict the first-
ply failure load and nonlinear behavior of the laminated composite plates. In 1997, G.S.Padhi [6]
presented an analytical method to study the non-linear behaviour, first ply failure and ultimate
collapse of laminated composite plates of three different aspect ratios with clamped edges,subjected
to transverse pressure. Here, Hashin’s and Tsai Wu failure criteria was used to predict failure ini-
tiation. For predicting failure propagation, stiffness reduction is carried out at the Gauss points
of the finite element mesh depending on the mode of failure. This model was incorporated into a
Finite element program. The results predicted by this model is compared with experimental data
for validation. In 2001, L.Dufort [7] provided an experimental evidence of cross section warping
in beams under three point bending through a suitable optical method. This method was used to
measure the whole displacement field onto one of the lateral surfaces of two short composite beams.
The corresponding displacement field and and warping of cross section was also studied through
a higher order analytical method which accounts for variable shear stress and strain through the
thickness and also by performing a finite element simulation and the results obtained from these
two approaches were compared with the experimental results for validation. In 2003, P.Feraboli, [8]
predicted the interlaminar shear strength of unidirectional, cross-ply and quasi-isotropic composite
laminates loaded under four point bending. This was done by developing various finite element
analysis using a commercial finite element package, allowing for better insight on the mechanics
of delamination in four-point bending. The profile of the shear stress through the thickness and

its variation along the length, the distribution of the shear stress across the width, the location of



delamination initiation and propagation and maximum interlaminar shear strength and the shear
stress contour were studied through the analysis. These results obtained were validated with an ex-
perimental database which was gathered through the known modified version of the ASTM D2344
short beam test.

In 2004, F.Bosia [9] studied the through-the-thickness deformation of laminated composite plates
subjected to out-of-plane line and concentrated load both experimentally and numerically using dif-
ferent span to depth ratios and aspect ratios of specimen. Experimental inspection of the specimens
is carried out by combining two different techniques: embedded fibre Bragg grating sensors for inter-
nal strain measurements and surface-mounted resistive strain gauges for surface strain measurements
at selected locations To eliminate the contribution due to the strain concentration in the vicinity of
the loading point and highlight that due to shear effects, measurements are carried out at various
distances from the load application by displacing the specimens in the loading frame. Numerically,
the strains are calculated through finite-element simulations using both laminated-shell and solid
elements and finally, the results obtained from these simulations are compared to the experimen-
tal results. In 2006, A.Turon, [10] proposed a thermodynamically consistent damage model in the
context of damage mechanics for the simulation of progressive delamination in composite materials
under variable-mode(model+modelI) loading.A novel constitutive equation is developed to model
the initiation and propagation of delamination and this model is implemented in a finite element
formulation. The numerical predictions are compared with the experimental data obtained from
standard tests like double cantilever beam (DCB) test for mode I loading, the end notched flex-
ure (ENF) test for mode II loading, and mixed-mode bending (MMB) test for model+modell .
Also in 2009, M.Mulle [11] employed two advanced experimental optical techniques to analyze the
mechanical behavior of a composite structure submitted to bending tests by considering a beam
type specimen. In one optical measurement technique, several optical fibre Bragg grating sensors
have been embedded in various levels of the ply stack of the composite laminate to measure the
interior strains through the thickness of the specimen. The other technique is called the 3-D Digital
image correlation technique which was used to measure the surface strains along the thickness of
the specimen. Also the variation of load with displacement was studied experimentally using these
two techniques. Also the mechanical behavior was studied by performing Finite element simulations
and the strain and load-displacement variations obtained from the simulations were compared with
that obtained from the two experimental techniques. In 2010, Zhou Hong Wei, [12] experimentally
investigated the damage initiation, damage growth and meso scale changes in glass fibre reinforced
composites with different orientations of fibres through Scanned electron microscopy (SEM) by carry-
ing out three point bending tests and . The dependence of mechanical parameters on the orientation
angles of fibers are also analyzed. In 2010, Luca Motoc [13] aimed to approach the failure mechanisms
for a polymeric multiphase composite subjected to three point bending. The multiphase polymeric
composites contained five layers, each of them containing dilute particles embedded into different
volume fraction into a polymeric matrix along with long, random glass fibers. A micromechanical
based approach was be used during the modeling step to size the stress and strains on the outer
layers of the particle, polymeric resin and on the long,random glass fibers. The failure mechanisms of
the laminates were also studied by testing the specimens experimentally under three-point bending

and the results obtained from experiments and the micromechanical model were compared.

In 2011, E.Nelson [14] performed multiscale nonlinear progressive analysis of composite laminate



under bending using multicontinuum theory(MCT) which experiences delamination as a primary
failure mode. The analysis treats the fibre and matrix constituents of a lamina as separate but
linked constituents. Fibre and matrix failure including delamination are modeled independently us-
ing stress based failure criteria formulated in terms of constituent stresses generated through MCT
decomposition. This MCT analysis was coupled with nonlinear damage progression in a finite el-
ement setting. A comparison of element formulations involving 3D elements and layered solid and
shell elements are also presented. Finally comparison of results of the MCT model and experiment
are made. In 2012, H.Ullah [15] studied the deformation and damage behavior of woven Carbon
fibre reinforced polymer(CFRP) composite material under high-deflection three point bending. Ex-
perimental tests were carried out to characterise the behaviour of a woven CFRP material under
large-deflection bending. Two-dimensional finite element (FE) models were also implemented for the
same. Single and multiple layers of bilinear cohesive-zone elements are employed to model the onset
and progression of inter-ply delamination process. In 2013, M.Allel [16] tried to study the failure
process of composite laminate loaded under three point bending and tried to predict its ultimate
strength by seeking a law through mesoscopic approach. Tests on two particular types rectangular
plates according to the conventional standards were made and this in order to validate our approach,
the calculation has been implemented in a nonlinear finite element code. In 2015, P.F.Liu [17] studied
the intralaminar damage behavior and interlaminar delamination carbon fiber composite specimens
of three different fibre orientations which are [016//016], [3016//3016], and [15/15]35//[15/15]3s with
initial interlaminar cracks through three-point bending mechanical experiments and acoustic emis-
sion (AE) tests of composite specimens. The effects of the layup patterns, the loading conditions,
and the initial interlaminar crack length on the intralaminar damage and interlaminar delamina-
tion behaviors of composite laminates were comparatively studied by analyzing the response process
of the AE characteristic parameters including the amplitude, energy, and counting. Also in 2015,
M.Meng [18] investigate the effect of fibre lay-up on the initiation of failure of laminated composites
loaded under three point bending by developing a three dimensional finite element analysis. The
investigation was also done through an analytical method which involved study of deformation be-
havior through 3D classical laminated plate theory and by implementing Tsai-Wu failure criteria
to predict failure initiation. Carbon fibre reinforced composites of three different fibre orientation
which are unidirectional [0]16, cross-ply [0/90]4, and angle ply [45]45 were manufactured and tested
under three point bending and therby the failure behavior of the specimens were observed. The
analytical solution was compared with the Finite element analysis results. Also in the same year,
EA Patterson [19] investigated the resultant damage modes in delaminated carbon fibre reinforced
plastic(CFRP) composite laminates subjected to four point bending. The stereoscopic three dimen-
sional Digital Image Correlation (DIC) method was used to measure full-field deformations and to
evaluate maps of surface principal strains in the laminates. The size of delamination and shapes
of delamination which include circular and elliptical delamination was also investigated. Also in
the same year, C.Marsden [20] experimentally studied the initiation and evolution of intralaminar

microcracking in cross-ply thin carbon-epoxy laminates through four-point bending fatigue testing.

In 2016, Murat Koc [21] investigated the failure behavior of fibre reinforced composites having
different fibre lay-ups under four point bending First, the tests were modeled analytically using the
classical lamination theory (CLT). The maximum allowable moment resultants of off-axis laminate

as well as balanced and symmetric angle-ply composite laminates as a function of fiber orientation



angle were obtained using Tsai-Wu, maximum stress, maximum strain, Hashin, Tsai-Hill, Hoffman,
quadric surfaces, modified quadric surfaces, and Norris failure criteria. Second, the same tests are
simulated using the finite element method (FEM). An analysis is conducted for optimal positioning
of the supports so as to ensure that intralaminar failure modes dominate interlaminar (delamination)
failure mode. A test setup is then constructed accordingly and experiments were conducted. The
correlation of the predicted failure loads and the experimental results was discussed. In 2017, J.Kim
[22] investigated the failure prediction of composite laminates with two different fibre lay ups which
are un-symmetric cross-ply [0/90]s and quasi-isotropic [0/45/90]2s under bending. The non-linear
finite element analysis using Arc-length method was performed. 2D strain-based interactive failure
theory that is more accurately final failure of composite laminate under multi-axial loading was
applied to predict the final failure of composite laminates under bending. In order to compare the
accuracy of the failure predictions, a 3-point bending test are performed for both lay-up sequences.
Also, it is compared with the other failure criteria such as maximum strain, maximum stress and

Tsai-Wu theories.

1.2.2 Composites with single/multiple holes

In 1990, C.B.Prasad [23] performed an analytical investigation of the effects of circular and elliptical
holes on the moment distributions of symmetric composite laminates subjected to pure and cylindri-
cal bending. A general, closed form solution for the moment distribution for the moment distribution
of an infinite anisotropic plate is derived and this solution is used to determine stress distribution
both on hole boundary and throughout the plate. In 1991, RD Bradshaw [24], investigated the
failure of composite laminated plates with three different stacking sequences with centrally located
circular holes under four-point bending. Point stress and average stress criteria were developed to
determine the failure loading by predicting failure initiation for any hole size. In 1995, Y.W.Kwon
[25] investigated the failure modes and failure strengths of laminated graphite fibre/epoxy matrix
composite plates without and with hole subjected to four point bending. A series of four-point
bending experimental tests were conducted for these plates. Finite element analyses simulations
were performed to compute stress distributions around holes and failure strength of these composite
plates and the results obtained from the simulations were compared with that of experiment. Also in
1995, T.K.Paul [26] analytically performed flexural analysis of laminated composite plates containing
two elliptical holes using higher-order shear deformation theory. This finite element formulation was
used for the analysis of in-plane stresses of a simply supported laminated square plate containing
two elliptical holes under transverse sinusoidal loading. The variation of the stress concentration
factor with respect to plate thickness, hole size and distance between holes was also studied. Also in
the same year, Y.Zhao [27] analyzed the strength of notched laminated composites under bending
by implementing two failure models in finite element method which include a modified point stress
model and modified average stress model. The results obtained through this analytical model was
validated by performing notched sample experiment.

In 1997, C.Chen [28] determined the stress distribution for a laminated anisotropic composite
plate with an elliptical cutout under bending using a combination of complex variable formula-
tions and a variational principle. Through this approach, moment resultants and displacements of
anisotropic plates are expressed in terms of complex stress potentials. Also effect of cutout size on

stress concentration and moment distribution is also studied. In 2001, T.Shreedhar [29] investigated



the bending behavior of symmetric and anti-symmetric laminated composite shells with a cutout
with simply supported and clamped boundary conditions subjected to uniform normal pressure us-
ing the finite element method based on a higher-order shear deformation theory.Using this method,
distributions of deflection and stresses in the orthotropic laminated shells have been determined. In
2003, S.Temiz [30] performed the stress analysis of composite lamina and laminate without and with
holes using finite element method by writing a computer program to solve the problem. In 2005,
N.Yahnioglu [31] investigated the stress concentration near the rectangular hole in a composite strip
subject to bending by application of uniform loading on the upper face of a strip through exact
geometric non-linear equations of elasticity Theory in the plane strain-state. Investigations were
carried out by helping of displacement Based Finite element methods and Newton-Raphson Method
for linearization of system of non-linear equations. In 2012, S.D.Akbarov [32] investigated the stress
concentration around two neighbouring cylindrical holes in rectangular simply supported composite
plate loaded by uniformly distributed normal forces on its upper face by formulating the problem
within the framework of the three dimensional linearized theory of elasticity. The problem was also
solved by performing a three dimensional finite element simulation. The influence of material and
geometrical parameters and interaction between the holes on the concentration of stresses around
the hole was also studied. In 2013, C.Mao [33] studied the distribution of stresses around the hole
of finite composite plate with different stacking sequences having single and multiple circular and
elliptical cutouts by means of complex variable method based on classical laminated plate theory.
The effects of composite plate size, ellipticity of ellipse, elliptical orientation angle, diameter of cir-
cular hole, relative center to center distance between holes and the layups of laminate on the stress
distribution around hole is investigated. In 2015, NP Patel [34] analytically investigated the moment
distribution in a symmetric cross ply and angle ply laminated composite plate having square hole
under different configurations of bending through complex variable formulation and also predicted
the failure strength through first ply failure theory. Different configurations of bending include cylin-
drical bending, bending along X-axis and bending along Y-axis. Effect of size of hole and lay-up

sequences on moment distribution and failure strength was studied.

1.3 Motivation

As mentioned in the section 1.1, composite structures are widely used in aircraft and automotive
industries due to their low strength/weight, stiffness/weight ratio, fatigue life, thermal properties
etc. Most of the parts of these composite structures are subjected to flexural loading. An example
of wings of an aircraft being treated as a beam fixed at one end and being subjected to a transverse
flexural load is also being discussed in Section 1.1. Also other parts of industrial structures such as
blades of a helicopter, drive shaft of an automobile and arms of a robot can be modeled as beams
which are subjected to flexural loading. On increase of flexural load, certain damage mechanisms
which does not involve only fiber and does not reduce the load carrying capacity of composite
structure initiates and propagates in the structure. The load at which damage initiates in the
structure is known as failure initiation or first ply failure load. Then final failure at a certain critical
load occurs through breakage of fibers and this critical load is known as final or ultimate failure
load .Composites are orthotropic materials and therefore its material constants will be different

along different directions. In addition to this, it also has different tensile and compressive strengths.



Since during flexural loading, there will be both tensile and compressive states present across the
thickness of the specimen as discussed in section 1.1, the damage behavior of the structure becomes
more complicated under flexural loading and thereby more complex damage mechanisms and their
interactions are observed. Therefore it is really essential to study these damage mechanisms in detail.
Damage mechanisms in the composite can be of interlaminar level or intralaminar level. The images
of various damage mechanisms occurring in a composite laminate obtained through micrograph or

Scanned electron microscopy(SEM) method are shown in Figure 1.5.

ﬁ Mode lI: Sliding
g Mode Ill: Tearing

Figure 1.5: a) Fiber breakage b) Matrix cracking ¢) Fiber Matrix Debonding d) Various intralaminar
damage mechanisms e) Fiber pullout f) Fiber kinking g) Interlaminar delamination
Courtesy: google images

Intralaminar damage mechanisms include fiber breakage, fiber kinking, matrix cracking, fiber
pullout and fiber-matrix debonding. Since the fibers represent the principal load-bearing constituent
of a fiber reinforced composite, fiber breakage through tensile loading can have a severe effect upon
both the stiffness and strength of a multi-directional composite and can reduce its load carrying
capacity upto a great extent. When fiber composite materials subjected to compression in the fiber
direction, localized buckling or microbuckling in fibers occurs and on further buckling, the fibers
break and one part of the fiber comes on top of the other fiber which is known as fiber kinking
whose SEM image is shown in Figure 1.5(f). Matrix cracking includes splitting, a term referring to
long cracks parallel to the fibers, either in the matrix or within the interphase region. This damage
mechanism can be tensile, compressive or shear in nature. Matrix cracking is frequently very local-
ized, and often extremely dificult to detect.When the stress in the fiber-matrix interphase exceeds
the local strength, the fibers are sheared of the surrounding matrix known as fiber-matrix debonding
and pullout of these fibers takes place. Debonding represents, therefore, a very localized mode of
failure that is often very difficult to detect using conventional techniques. The amount of debonding
present within a composite depends upon the level of surface treatment applied to the fibers during
its manufacture. Generally, fibers with low levels of surface treatment tend to debond more easily
and the resulting fracture surfaces are usually rough and strongly three dimensional when viewed in

a scanning electron microscope . Highly treated fibers debond less and fracture tends to be planar
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with cracks propagating directly across fibers. Interlaminar mode of damage includes delamination
which is the separation of the adjacent plies in the laminate whose micrograph image is shown in
Figure 1.5 (b). The cause of delamination is due to the fact that the transverse strengths or in other
words the interlaminar strength parameters are small compared to the other strength parameters.
It is the most frequently discussed mode of damage in composite materials. Delamination can be
of three types, Mode I delamination is known as opening mode which occurs due to tensile loading
, Mode IT delamination is known as sliding mode which occurs due to in-plane loading and Mode
IIT delamination is known as tearing mode which occurs due to out-of plane shear. Matrix cracking
acts as a precursor to delamination.During critical load on a flexible target, matrix cracking initiates
at the lower surface of the target and propagates upwards through the laminate forming planes of
delamination. It is essential to study these complex damage mechanisms and the overall damage
behavior of the composite structure for its efficient and sustainable design. As discussed in section
1.1, cutouts or holes are essential and unavoidable in the structures due to functional requirements
like wiring,piping,assembly, visual inspection etc. Also the stacking sequences in these composite
laminates have to be changed to different angles so as for the laminate to have high strengths in more
than one direction. Because of this, it is really necessary to study damage behavior of composite
structures having holes and of different stacking sequences. This can be done experimentally by
fabricating the composite specimens through an available and standard fabrication process, testing
them by applying a gradually increasing flexural load and then observing how damage has occurred
in the specimen. The study of damage behavior can also be done numerically by performing pro-
gressive damage analysis through a reliable progressive damage model and the results obtained from

this model can be compared with the experimental results.

1.4 Scope

Upto the author’s knowledge from the literature review performed, studies on mechanical and dam-
age behavior of composite laminates without cutouts and of different stacking sequences under
flexural loading have been done throughly by various researchers both experimentally and through
analytical damage models. But for composite laminates with single and multiple cutouts, only the
study of mechanical behavior and prediction of damage initiation through some reliable failure cri-
teria has been performed. Study of complete damage behavior which includes failure propagation,
occurrence of various damage mechanisms and prediction of ultimate failure load has not been done in
these cases. Complete damage behavior of carbon fiber reinforced polymer(CFRP) laminate having
single hole and multiple holes of three different configurations which are two hole longitudinal(2HL),
two hole transverse(2HT) and two hole diagonal(2HD) can also be studied.

1.5 Objective

The objectives of this thesis include:

1) To experimentally study the damage behavior of Carbon fiber reinforced polymer(CFRP)
laminate having single hole(1H) and multiple holes of three different configurations which are two
hole longitudinal(2HL), two hole transverse(2HT) and two hole diagonal(2HD), which are loaded

by four-point bending. The study will be performed for two different stacking sequences for each
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of the previously mentioned specimen configurations, which include Unidirectional whose lay-up
sequence is [0]16 and Quasi whose lay-up sequence is [45/0/ — 45/90]2s. For the purpose of this
study, the specimens were fabricated through vacuum bagging process and were tested through
four-point bending test. Two-dimensional(2D) Digital Image Correlation technique was employed
for capturing the in-plane displacements and strains along the thickness of specimen.

2) To perform progressive damage analysis numerically through a three dimensional progressive
damage model implemented in a three dimensional finite element simulation. In the progressive
damage model, Hashin failure criteria was employed for prediction of failure initiation, Material
property degradation model(MPDM) was employed for modeling of failure evolution and Cohe-
sive Zone Model(CZM) was implemented for delamination modelling between layers of composite
laminate.

3) Finally the results obtained from experiments were compared with that obtained from the

numerical model for validation.

1.6 Thesis layout

Chapter 1 describes fundamentals of composite material and bending phenomena, application of
composite structure under flexural loading in aircraft and other industries, definition of damage
behavior and reason for studying it in composite laminates with cutouts and having different stacking
sequences, review of various studies done on the topic previously by various researchers, motivation,
scope and objective of the study.

Chapter 2 describes the experimental study of damage behavior performed on the CFRP speci-
men without hole, with single hole(1H) and with multiple holes of of three different configurations
which are two hole longitudinal(2HL), two hole transverse(2HT) and two hole diagonal(2HD), which
are loaded by four-point bending. This includes defining the geometry and flexural loading config-
uration of the above mentioned specimens, specimen fabrication, Digital Image correlation(DIC)
technique and its Principle, experimental testing setup, results obtained from experimental study
and its discussion.

Chapter 3 describes the numerical study performed for the previously mentioned specimens by
implementing progressive damage model in a finite element package. This includes creation of model
of the specimens, meshing and boundary conditions applied,material properties and strength param-
eters, explanation and flowchart of the progressive damage model implemented in the finite element
simulation, Failure initiation prediction through Hashin failure criteria, Failure evolution through
Material property degradation model (MPDM) and Delamination modeling through Cohesive Zone
Model(CZM), results obtained from numerical study and its discussion, comparison of experimental
and numerical results and its discussion.

Chapter 4: Conclusions and recommendations for future work.
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Chapter 2

Experimental studies involving

Digital Image Correlation

2.1 Introduction

One of the objectives of this thesis includes performing experimental study of damage behavior of
CFRP specimen, with single hole(1H) and with multiple holes of of three different configurations
which are two hole longitudinal (2HL), two hole transverse(2HT) and two hole diagonal(2HD), which
are loaded by four-point bending. For performing this study, the specimens have to be fabricated
through a more accurate and standard fabrication procedure and proper experimental testing of
specimens should be done. Also experimental study of specimen without cutout has to be performed
at the beginning for a more sequential study. This chapter focuses on the specimen geometry and
four-point flexural loading configuration of the previously mentioned types of specimens, fabrication
procedure of specimens, detailed description of experimental testing setup and explanation of Digital
Image correlation(DIC) technique for capturing capturing the in-plane displacements and strains
along the thickness of specimen. Finally the results obtained from this experimental study are

shown and discussed.

2.2 Specimen Geometry

The specimen geometry and four-point flexural loading configuration for CFRP specimen without
cutout is shown in Figure 2.1.The length, width and thickness of the specimen are 250mm,45mm and
3.6mm respectively.The two types of stacking sequences of specimen include Unidirectional [0];6 and
Quasi-isotropic [45/0/ — 45/90]2s. In the four- point bending configuration, there are two rollers for
supporting the specimen which are placed symmetric with respect to the specimen and the distance
between them is 70mm. Also there are two rollers for applying load on the specimen which are also
placed symmetric with respect to the specimen and the distance between them is 140mm. Four-point
flexural configuration is chosen over three-point flexural configuration in our study. This is because
our objective is to study the damage behavior of CFRP specimen under pure flexural loading, and in
three-point flexural loading, there is both non-zero shear force and bending moment in the portions

of specimen between any two rollers. Therefore the whole specimen is subjected to both shear as
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Figure 2.1: Specimen geometry and four-point flexural loading configuration of CFRP specimen
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Figure 2.2: Specimen geometry of CFRP specimens with single and multiple cutouts
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well as bending which is not desirable in our case. But in four-point flexural loading, there is
no shear force in portion of specimen between the two support rollers placed in-between also the
bending moment at this portion of the specimen remains constant throughout. Therefore this portion
of specimen is under pure bending and therefore in our case, it is desirable to study the damage
behavior in this portion of this specimen. By definition of quasi-isotropic laminates, the plies or
laminae should be oriented at the same angle relative to the adjacent ply or lamina and the resultant
laminate should exhibit isotropy. This means when the laminate is assumed to be a homogeneous
material, the elastic properties of the laminate must be same in all directions. In our study, the
stacking sequence of the quasi-isotropic laminate is [45/0/ — 45/90]2s which satisfies the condition
for this type of laminate as the relative angle angle between two laminae remains same which is 45
degrees.The dimensions and stacking sequences of CFRP specimen with single and multiple cutouts
are shown in 2.2. For CFRP Specimens having single cutout, the dimensions are similar to that of
specimen without cutout but additionally there is a circular cutout located centrally in the specimen
of diameter 10mm. The diameter of the hole was chosen in such a way that the ratio of width of
specimen to diameter of hole to must be greater than 3.5 to avoid high interaction of hole with edge.
In this case the width to diameter ratio is 45/10 which is equal to 4.5 and is grater than 3.5. For
CFRP specimens having multiple cutouts, the length, thickness and cutout diameter of specimens
are same as that of previous specimens but the width of the specimens are 64mm instead of 45mm.

For each of the multiple cutout specimens, the distance between the cutouts is 19mm.

2.3 Specimen fabrication

The first step to fabrication of specimen from scratch for every type of CFRP specimen involves
cutting of carbon fibers of desired sizes and fiber orientations followed by preparation of matrix
material. For this, 16 unidirectional carbon fibers of 200 grams per square meter(GSM) were cut for
each type of specimen according to the required sizes and orientations as each specimen contains 16
layers. Then the matrix material was prepared by taking resin material whose weight is equivalent to
the weight of the fibers and then mixing it with hardener in the ratio 10:1 by weight. The compound
used for resin was Araldite CY-930 and for hardener was Araldite HY-951. The resin and hardener
were separately heated before mixing so as to remove any air bubbles. After mixing of resin with
hardener, the mixture was cooled for some time. It had to be made sure the mixture was not cooled
for a long time as reaction of resin with hardener could take place, thereby hardening the matrix
mixture. The specimens were fabricated through vaccum bagging technique, which is a technique
where mechanical pressure is applied on the laminate during its preparation. The setup of vaccum
bagging process is shown in Figure 2.4. At first, sealing tape was put around the base and then
wax followed by resin is applied on the base. Wax was applied to make sure that the resin does not
stick to the base and to therefore facilitate easy removal of the finally prepared specimen from base,
thereby acting as a release agent. After this, the first fiber was placed in the desired orientation.
Then the matrix material was applied throughout the fiber as shown in Figure 2.3(b) and then
another fiber of the desired orientation was placed on top of the previous fiber as shown in Figure
2.3(c) . In the same way, remaining fibers were stacked on top of one other in the desired stacking
sequence. After stacking of fibers, the distribution of matrix material in between the fibers will not

be uniform throughout the fiber. For this purpose, peel ply was placed on top of the laminate
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Figure 2.3: a) Cutting of carbon fibers of GSM 200 b) applying of matrix on fiber ¢) stacking of one
fiber over another in vaccum bagging process

so that it applies uniform pressure on the laminate and thereby ensures equal distribution of matrix
throughout the fiber. There will be excess matrix material present in between the fibers and they
need to be taken out and absorbed, for this purpose breather material was put on top of the laminate.
But to avoid absorbing of matrix more than the required limit by the breather, perforated sheet
which contains small holes in it was placed beneath the breather so that only the required amount
of excess matrix comes out through these holes and was absorbed by the breather. There is also
another important use of peel ply. Let us say peel ply was not put on top of laminate and only
perforated sheet and breather were placed. In this case, after the final preparation of laminate,
it will be very difficult to remove the perforated sheet and breather from laminate. Therefore a
peel ply was put beneath them so as to facilitate easy removal of perforated sheet and breather
from laminate. The breather contained waviness and when pressure was applied on the laminate,
the impression of these waviness also would be transferred to the laminate and thereby after the
preparation of laminate, waviness would also be seen in the laminate. To avoid this, an aluminum
caul plate, whose size is same as the size of fibers which were stacked, was placed on top on the
breather so that when pressure was applied on the laminate, it compressed the breather thereby
decreasing its waviness to a considerable extent. Next, the cover was placed on top of this whole
setup and is stuck tightly by the sealing tape so as to avoid leakage of air. Finally, curing process
took place for around 24 hours, where pressure was applied on the setup by removal of air from it

and thereby preparation of the final laminate took place.

After the final preparation of laminate, it was then cut into different specimens of required sizes
with the help of saw machine as shown in Figure 2.5(a). In the saw machine, there was a high
speed rotating disk, which when given the required feed cuts the laminate. After cutting of the
laminate into different specimens, there would be delaminations present at the faces which were

cut. To remove those delaminations, end milling of the specimens were done as shown in Figure
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Figure 2.4: Setup of vaccum bagging process

2.5(b), where the faces of specimen containing its thickness were fed into a carbide end mill of
12mm diameter and six flutes rotating at 700 rpm. When end milling was performed, some amount
of material was removed from specimen and therefore the width of the specimen would reduce.
Therefore during the cutting process, the specimens were cut to a width slightly more than the
actual width of the specimen, so that after the end milling process, the width of the specimens were
reduced to its actual value. Also during the end milling process, wooden plates were placed on the
top and bottom faces of the specimen so that the milling of those faces did not occur by mistake,
thereby preventing damage to those faces. For CFRP specimens having cutouts, it was necessary to
drill holes of diameter 10mm at the required locations. For this marking was done on the specimen
at the center of hole to be drilled and then the specimen was fixed to the benchwise with a wooden
block placed at the bottom of the specimen so as to prevent any form of damage to the specimen.
Then the carbide drill bit of diameter 10mm was brought just above the marking and then it rotated
at 700rpm and went through the specimen thereby drilling the hole as shown in Figure 2.5(c).

After the above processes were performed on the specimen, the faces of the specimen containing
its thickness would be rough. Two dimensional digital image correlation(DIC) technique was used for

measuring the in-plane displacements and strains along these faces of the specimen. For the purpose
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Figure 2.5: a) Cutting of laminate into specimens using saw machine b) end milling of thickness face
of specimen c) hole drilling of specimens

~ |
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Figure 2.6: a) Rubbing of thickness face of specimen on emery b) Speckle pattern performed on
thickness face

of this technique, it was required that these faces must be smooth. For smoothening the faces, these
faces were rubbed over a emery paper of grid size 2000 as shown in Figure 2.6(a). After smoothening
of surfaces, it was required to perform speckle pattern over those faces of the specimen again for
the purpose of DIC technique which will be explained later in this chapter. It was performed by
first applying spray paint of white color and then allowing it to dry for some time. Then speckles
were generated through the thickness face of specimen with acrylic paint of carbon black color by an
airbrush as shown in Figure 2.6(b). Now the specimens are completely prepared and are ready for
experimental testing. Four CFRP specimens without and with hole for Unidirectional [0];¢ layup,
three CFRP specimens without and with hole for Quasi [45/0/ — 45/90]2s layup, and two CFRP
specimens with multiple holes for each configuration(2HL,2HT and 2HD) each for both lay-ups were
fabricated. Images of finally fabricated CFRP specimens without hole, with single and multiple

holes are shown in Figure 2.7.
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Figure 2.7: Finally fabricated CFRP specimens for multiple hole specimens a) Two hole longitudi-
nal(2HL) b) Two hole transverse(2HT) ¢) Two hole diagonal(2HD)

2.4 Experimental Testing Setup

The experimental testing setup used for four-point bending test for all the types CFRP specimens
is shown in Figure 2.8. The numbers mentioned subsequently in the explanation for testing setup is
with respect to this figure. The four-point bending test was carried out through computer controlled
MTS Landmark servo-hydraulic cyclic test machine(1) having load capacity of 100KN. The MTS
fixture consisted of two scales, one at the top and other at bottom of the fixture, which were used for
adjusting the support and load rollers to the correct position. The support rollers(10) which were of
radius 25mm were fixed to the scale on the top by sliding along it to the correct position. The loading
rollers(11) which were also of radius 25mm were fixed to the bottom scale in the same way as the
support rollers. Then the CFRP specimen(12) was just placed in between the loading and support
rollers at the correct position. The support rollers have been fixed symmetrically with respect to
the specimen and the distance between them is 70mm. The loading rollers have also been fixed
symmetrically with respect to the specimen and distance between them is 140mm. The four-point
bending experiment was performed under displacement control mode with the displacement rate
being 1mm/min.This means the actuator(9) in the MTS machine moved up vertically at the rate
of lmm/min thereby moving the loading rollers at the same rate and in this way, flexural loading
was being applied to the specimen. The computer which controls the MTS machine(3) displayed
the variation of load experienced by the actuator with the displacement of the actuator over time.
Two-dimensional Digital image correlation technique(DIC) was employed for capturing the in-plane

displacements and strain across the thickness of the specimen. The 2-D DIC system consisted of
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Figure 2.8: a) Setup for four-point bending experimental testing b) Detailed view of four-point
bending fixture

Grasshopper CCD camera(POINTGREY-GRAS50s5M-C) which was placed at the front of spec-
imen(4) by mounting it on a tripod stand. This camera had resolution of 2448x2448 pixels and was
coupled with Schneider kreuznach lens of focal length 50mm. It also consisted of camera placed at
the rear of the specimen(5) whose specifications were same as that of front camera. Horizontal level
of both the cameras were ensured by adjusting the spirit level accordingly. The cameras were prop-
erly aligned with the specimen so that it can capture the images of face of specimen along thickness
without any inclination. The aperture of the cameras, which is a opening or hole in the camera
where the light passes through, was tuned at the correct level so the brightness of the images of
specimen which were captured was at a optimum level. Two LED sources of power 30W(7) were also

placed, one near the front camera and other near the rear one, so as to ensure proper illumination
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of specimen face along thickness for capturing the images. Both the cameras captured images of
faces of the specimen along thickness at the rate of 2 images per second or in other words 2HZ. The
images captured by these cameras were grabbed by a computer(6) through the Vic-snap 2009 soft-
ware(from correlated solutions Inc.) which was pre-installed in it. A data acquisition card(DAC)(8)
(from National Instruments) was connected to the this computer and also to the computer which
controls MTS machine for correlating the load-displacement data obtained from MTS system to the
images grabbed this computer over time. 2-D DIC postprocessing was performed by feeding these
grabbed images into Vic-2D software(from correlated solutions Inc.) and the in-plane displacements
and strains for the specimen face at each image were calculated by the software. The first image
taken by both the cameras was at zero displacement and load and was taken to be the reference
image. All the calculations for in-plane displacements and strain for the remaining images were

performed with respect to the reference image.

2.5 Digital Image correlation technique and its Principle

Digital Image correlation technique(DIC) is a optical, non-contact and full-field computer assisted
experimental technique for displacement and strain measurement. It belongs to a class of non-
interferometric optical technique, that is, it is a technique that does not involve superposition of two
light waves. Both two-dimensional and three-dimensional DIC techniques exist. The setup of DIC

technique is shown in Figure 2.9(a).
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Figure 2.9: Setup of Digital Image Correlation technique
Courtesy: google images

The setup consists of a camera which continuously captures images of the specimen which is
being experimentally tested. The computer which is connected to the camera contains a pre-installed
software which is used for grabbing these images. These images are then fed into a another software
which calculates the displacements and strains for the specimen at each of the images with respect
to some reference image captured. Principle of DIC technique is explained as follows. The captured
image of specimen whose displacements and strains is to be computed is divided into large number of
pixels. As mentioned in previous section, speckle pattern has been performed on the face of specimen

where the displacements and strains has to be calculated. The image consisting of speckle pattern
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will consist of series of gray and white pixels. For calculating the displacements, this image is divided
into a number of subsets, where each subset contains a certain number and pattern of the gray and
white pixels. This pattern of gray and white pixels carries information for the subset and gives a
unique identity for the subset, and this information is known as the gray value information for the
subset. When this subset deforms under loading, a function known as correlation function is used to
match the similarity between subsets in the original and deformed image as shown in Figure 2.5(b).
The displacement of subset is calculated by calculating the displacement of the center of subset
through solving of non-linear equations that involves the correlation function. The same procedure
can be employed in calculated the displacement for other subsets in the image of deformed specimen
and thereby the complete displacement variation throughout the region of interest of specimen is
computed. Once the variation of displacement is calculated, strains in the region of interest of
specimen can be computed by taking appropriate partial derivatives of displacement. The accuracy
of correlation depends on how random the gray and white pixels are distributed in the image of
specimen, and this randomness depends on how well the speckle pattern is performed on the face
of specimen. If the speckle pattern is performed more accurately, the randomness in the gray and
white pixels will be more, therefore the uniqueness of the gray value information of each subset will
be more and this leads to a better correlation between subsets. Also there is one more terminology
involved in this principle which is known as step size. Step size is a parameter that controls the
spacing between the subsets for which displacements are to be calculated. For example, step size
of two implies correlation of subsets will occur for every other subset in the image of specimen.
It can easily be concluded that more the step size, less accurate is the solution for displacement
and therefore for strain. Since in this technique, the speckles which have been introduced in the
specimen act as information carriers, DIC technique is also known as White light speckle correlation
technique. This technique can also handle large specimen sizes and used successfully for large
deformation measurements in the specimen. Still the accuracy of the technique is not high, but it
can come handy in certain situations for extracting information of displacements and strains where
conventional techniques fail such as in a situation when the specimen is exposed to a very high

temperature.

2.6 Results and discussion

In this section, the variation of load versus displacement for CFRP specimen without hole, with
single hole(1H) and with multiple holes of three different configurations(2HL,2HT ,2HD) will be
discussed. Also, the damage behavior for each of the previously mentioned specimens will discussed

in detail.

2.6.1 Load-Displacement plots

The plot of load versus displacement for all Unidirectional CFRP specimens is shown in Figure 2.10.
It can seen in each of the specimens that initially, load varies linearly with applied displacement.
Then at a particular point the load ceases to increase linearly with displacement and this is the point
at which final or ultimate failure occurs. From this point onwards, the load decreases very sharply
with displacement. Then from a particular point onwards, the variation of load with displacement

becomes
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Figure 2.10: Load-displacement plots for Unidirectional CFRP specimens

It can also be observed

that among the CFRP specimens having multiple holes, the one having two hole longitudinal(2HL)

The plot of load versus displacement for Quasi-isotropic CFRP specimens is shown in Figure 2.11.
In this case also, it can be seen that initially the load varies linearly with the applied displacement.
Then at a particular point the load ceases to increase linearly with displacement and becomes almost
constant with displacement. This is the region where delamination occurs. Then from a particular

point, the load decreases sharply with displacement where final or ultimate failure occurs. It is seen
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Figure 2.11: Load-displacement plots for Quasi-isotropic CFRP specimens

that the value of final failure load obtained for specimen without hole is around 70 percent of
value obtained for that with single hole both in Unidirectional and Quasi-isotropic specimens. It
can be seen that in quasi-isotropic specimens, delamination begins to occur before final failure of
specimen in contrary to unidirectional specimens where it happens after the final failure of specimen.
Therefore delamination has a post-failure effect in unidirectional specimens and pre-failure effect in
quasi-isotropic specimens. It can be seen that the slope of plot between load versus displacement is
higher in unidirectional specimens than quasi-isotropic specimens. Also the load-carrying capacity
of quasi-isotropic specimens is lesser than that of unidirectional specimens. This is due to the fact

that when the specimen is loaded by four point bending in this case, the bending stresses will be
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in the longitudinal direction and therefore it is required to have high stiffness and strength in this
direction. In unidirectional specimens, all the fibers are in longitudinal direction which is not the
case in quasi-isotropic panels.Since the stiffness and strength is highest in the direction of fibers,

unidirectional specimens are more stronger and stiffer than quasi-isotropic specimens in this case.

2.6.2 Damage behavior

The damaged unidirectional CFRP specimens on compressive, tensile and thickness side is shown in
Figure 2.12. It can be observed that in specimens without hole, first ply failure or failure initiation
occurs in the top most ply on compressive side and it occurs in the region of specimen which are in
contact with the support rollers as the compressive strength of CFRP composite is lesser than its
tensile strength and the compressive stresses and strains are maximum in this region under flexural

loading. Then the failure propagates in the transverse direction or the direction along
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Figure 2.12: Damaged CFRP Unidirectional specimens
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width of the specimen. No damage has been observed in the bottom most layer on the tensile
side of the specimen. In case of specimens having single and multiple cutouts, first ply failure also
occurs in the top most layer on compressive side and it occurs in the region near hole as the hole
acts as a stress riser and therefore there will be stress concentration in this region. Then the failure
propagates in the transverse direction. Even in these specimens, there was no failure observed on the
tensile side. It can also be observed that in specimens having multiple holes having 2HT and 2HD
configuration, failure also occurs in the region in-between the holes which implies there is interaction

between holes. For Unidirectional CFRP specimens, delamination was observed to occur on the
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Figure 2.13: Damaged CFRP Quasi-isotropic specimens

compressive side and in case of holes, it was closer to the top most ply.The damaged Quasi-
isotropic CFRP specimens on compressive ,tensile and thickness side is shown in Figure 2.13. For all
the specimens, the damage behavior was found to be similar to that of unidirectional specimens. Also
in this case, there was no failure observed on the bottom most layer on tensile side and delamination

in all the specimens occurred on the compressive side.
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2.7 Closure

The damage behavior CFRP specimens without hole, with single hole(1H) and with multiple holes
having three different configurations(2HL, 2HT and 2HD) was studied experimentally. First of all,
the CFRP laminate was fabricated through vaccum bagging process. Then the laminate was cut into
different specimens through saw machine and end milling on the thickness face and drilling of holes
on the specimen were performed. Then the specimens were rubbed against emery paper and speckle
pattern was performed along the thickness face of the specimen for the purpose of Digital image
correlation(DIC) technique . Once the specimens were completely prepared for experimental testing,
they were tested by four point bending test in the MTS machine. Digital image correlation(DIC)
technique was employed to measure the in-plane displacements and strains along the thickness
face of specimen. It was observed that in both unidirectional and quasi specimens without hole,
failure initiation or first-ply failure occurred at the top most region on compressive side and in
the region in contact with support rollers. Then the failure propagated through the transverse
direction or the direction along the width of the specimen. In case of specimens having single
and multiple cutouts, failure initiation occurred near the hole and propagated in the transverse
direction. No failure was observed in the bottom most layer on the tensile side of every specimen.
Delamination was observed to occur on the compressive side and in case of specimen having single
and multiple holes, it was observed to occur close to the top most ply in compression. Also the
variation of load versus displacement for each of the specimens was studied. It was found that
in Unidirectional specimens, the load varied linearly with displacement until final failure and, the
load decreased sharply with displacement and then delamination occured where the load remains
almost constant with displacement. In case of quasi isotropic specimens, everything remains the
same except that delamination occured before final failure of specimen. Therefore, delamination
has a post-failure effect in unidirectional specimens and pre-failure effect in case of quasi-isotropic
specimens. In this case, the slope of plot between load and displacement before final failure was
higher in unidirectional specimens than in quasi-isotropic specimens. Also the load carrying capacity
of unidirectional specimens was higher than that of quasi-isotropic specimens in this case. Therefore

unidirectional specimens are stronger and stiffer than quasi-isotropic specimens in this case.
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Chapter 3

Numerical simulations and

comparisons

3.1 Introduction

As discussed in the previous chapter, one of the main objectives of this thesis includes performing
experimental study of damage behavior of CFRP specimens. Similarly, another main objective in-
cludes numerically performing progressive damage analysis and validating the experimental results
with the results obtained from this analysis. The numerically study was performed by implementing
a three dimensional progressive damage model into a three dimensional finite element simulation.
Finite element method(FEM) is a more efficient and quicker way for performing numerical analysis
of a structure subjected to a particular loading.Just like in experimental study, numerical study of
CFRP specimen without cutout has also been performed for more sequential study better under-
standing of the problem. This chapter focuses on modeling of CFRP specimens without hole, with
single hole(1H) and with multiple cutouts having three different configuration(2HL,2HT,2HD) in
the finite-element package. Modeling of CFRP specimen includes creation of the models of previ-
ously mentioned configuration, performing meshing and application of boundary conditions on the
model,defining material properties and strength parameters of model, description and flowchart of
progressive damage model(PDM). PDM includes Hashin failure criteria for predicting failure initi-
ation in model, Material property degradation model(MPDM) for predicting failure propagation in
model and cohesive zone model for predicting delamination between layers in the model. Finally the
experimental results are compared with the results obtained from numerical study and discussion of

these results are done.

3.2 Creation of model

Three dimensional FEM models were created in ANSYS 18 Mechanical APDL commercial finite
element package for CFRP specimen without cutout, with single hole(1H) and with multiple holes
having three different configurations which are two hole longitudinal(2HL), two hole transverse(2HT)
and two hole diagonal(2HD) as shown in Figure 3.1. The dimensions given to every model is similar

to that of the specimens that were experimentally tested. For models of CFRP specimens without
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Figure 3.1: 3D Meshed FEA Model along with boundary conditions of CFRP specimen a) without
cutout b) single cutout d) 2HL cutouts f) 2HT cutouts h) 2HD cutouts Enlarged view of mesh
around hole for CFRP specimen c¢) single cutout e) 2HL cutouts g) 2HT cutouts i) 2HD cutouts j)
Enlarged view of mesh along thickness
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and with cutout, dimensions include 250mm along length, 45mm along width and 3.6mm along
thickness. There was a circular cutout of 10mm diameter created centrally to the model of CFRP
specimen with cutout. Dimensions of models of CFRP specimen having multiple cutouts include
250mm along length, 64mm along width and 3.6mm along thickness. Two circular cutouts of diam-
eter 10mm each and their centers separated by 19mm were created for each of the configurations of
multiple hole CFRP specimens. As seen in Figure 3.1, each of the models are symmetric and it can
be asked that why only a certain portion of the specimen can be modeled so as to save computational
time. But the answer is when failure starts initiating and propagating in the specimen, the model

loses its symmetricity and therefore whole specimen is modeled for every specimen.

3.3 Meshing of model

Each of the models of CFRP specimens were meshed through SOLID 186 brick element. This
element has 20 nodes, 8 of which are located at its vertices and the remaining 12 nodes are located
at the center of its edges. Three dimensional FEM meshed models for all types of CFRP specimen
are shown in Figure 3.1. For CFRP specimen without cutout, mesh size was kept finer close to the
regions where the support rollers are placed to get more accurate solutions(Figure 3.1(a)) in those
regions. For CFRP specimen having single and multiple cutouts, the mesh was kept finer in region
near hole as the stress concentration in this region is very high and it is required to get more accurate
solutions in this region. The size of mesh was chosen according to the specifications of [35]. For
model with single cutout, circular mesh of radius 20mm was created around the cutout in a square
region of dimensions 45x45mm which is equal to the width of the model(Figure 3.1(c)). 96 elements
were created in the circumferential direction of cutout and 24 elements were created in the radial
direction. For models having multiple cutouts with 2HL and 2HT configuration, circular mesh was
created in a square region having dimensions equal to the center of center distance of the cutouts
in the model which is 19mmx19mm (Figure 3.1(g)). In model with single cutout, there was circular
mesh of radius 20mm in square of length 45mm, so in this case of square having length 19mm,
the radius of the circular mesh was proportionally determined and it turned out be 8.75mm. The
number of elements in circumferential direction remain same as that of model with cutout because
the diameter of cutout remains same and is equal to 96, but since the radius of the circular mesh
was decreased in this case, the number of elements along the radial direction also got decreased
accordingly and it was reduced to 10. In model having 2HD configuration, the length of diagonal
of the square region in which the circular mesh was created equals the center to center distance of
the cutouts which is 19mm(Figure 3.1). From this information, the dimensions of square could be
calculated and it turned out to be 13.86mmx13.86mm. Similar to previous case of models with 2HL
and 2HT cutouts, the radius of the circular mesh in this region was to be reduced proportionally and
in this case it becomes 6.4mm. Since the radius of circular mesh became smaller in this case, the
number of elements along the radial direction also reduced and it became 5, whereas the number of
elements along circumferential direction remains the same which is 96 as the diameter of cutout did
not change. For each of the models, the number of elements along the thickness direction is equal
to the number of layers in the CFRP laminate which is 16 so that each element corresponds to one

layer.
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3.4 Boundary conditions on model

The boundary conditions for every model were applied according to the boundary conditions of
four-point flexural configuration as shown in Figure 3.1(a). In the specified four-point flexural
configuration, the specimen was supported and loaded by a set of rollers. The support and load
rollers were placed symmetric with respect to specimen and support rollers are separated by 70mm
and the load rollers are separated by 140mm. Each support and load roller was in contact with a
line of the specimen. With respect to model, X, Y and Z direction represents direction along length,
width and thickness respectively. Since the model was supported by rollers, the two lines which were
in contact with the support rollers were given roller boundary conditions which means the Z and Y
displacement of each of the nodes along these lines is zero. Since the load roller applied load on the
model by moving along the z-direction, the nodes along the two lines of the model which were in
contact with the two load rollers were given displacement conditions such that the Z component of
displacement of the nodes along each of these lines is equal to the maximum value of displacement

and the Y component of displacement are zero.

3.5 Material properties

The material properties which include elastic constants and strength parameters of CFRP specimen
are shown in Table 3.1 and Table 3.2 respectively. These elastic constants and strength parameters
were obtained from [36]. The reinforcement for each of the CFRP specimens is carbon fiber of 200
grams per square meter(GSM) and the matrix material includes mixture of resin which is Araldite
CY-930 and hardener which is Araldite HY-951 in the ratio of 10:1 by weight. Composite are
orthotropic material and therefore there will be 9 independent material constants as shown in Table
3.1. It can be seen from the table 3.1 that the value of Longitudinal modulus, which is the value
of Young’s modulus along the fiber is very much more than the value of Transverse modulus, which
is the value of Young’s modulus transverse to the fiber. This information implies that the CFRP
composite specimen is much stiffer in the direction along the fiber than in the direction transverse
to the fibers. It can also be seen from table 3.1 that the value of Longitudinal compressive strength
is lesser and around 50 percent of the value of Longitudinal tensile strength. This detail implies that
CFRP composite specimen has weaker strength in compression than in tension along the direction
of fiber.

Material Property Notation Value
Longitudinal modulus B 105.68 Gpa
Transverse modulus Ess 4.64 Gpa
Transverse modulus Esq 4.64 Gpa
In-plane shear modulus Gi2, G13 3.34 Gpa
Out-of plane shear modulus Gas 1.55 Gpa
In-plane poisson ratio V12, V13 0.36
Out-of plane poisson ratio Va3 0.49

Table 3.1: Elastic constants of CFRP specimen
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Strength Parameter Notation Value
Longitudinal tensile strength Xr 1201 MPa
Longnitudnal compressive strength Xco 600 MPa
Transverse tensile strength Yr 15.56 MPa
Transverse compressive strength Yo 3.34 MPa
Transverse tensile strength Zr 1.55 MPa
Transverse compressive strength Zo 0.36 MPa
In-plane shear strength Sio 26.5 MPa
In-plane shear strength S 26.5 MPa
Out of plane shear strength S 25.13 Mpa

Table 3.2: Strength parameters of CFRP specimen

3.6 Progressive Damage Model

A three dimensional progressive damage model(PDM) has been implemented in the ANSYS Mechan-
ical APDL 18 finite element package to study the damage behavior of CFRP models without hole,
with hole(1H) and having multiple holes of three different configuration(2HL,2HT,2HD). This PDM
includes prediction of failure initiation which was done through Hashin failure criteria, prediction
of failure propagation which was performed through Material property degradation model( MPDM)
and prediction of delamination between layers of the model which was done through Cohesive zone
model(CZM). In the subsequent subsections, detailed description of each of the previously mentioned
models will be given and finally the flowchart of the Progressive damage model will be discussed in
detail.

3.6.1 Hashin failure criteria

Prediction of failure initiation in the model was done by implementing Hashin failure criteria [37]
in the progressive damage model. This failure criteria was initially proposed for Unidirectional
polymeric composites as these composites can be treated as transversely isotropic material. It
is known that Transversely isotropic materials have one plane of rotational symmetry and it also
follows from transverse isotropy that failure criterion must be invariant under rotation of axis on this
plane. Since it is also known that the stress invariants are independent of reference axis, the failure
criteria can be expressed in terms of these stress invariants. Hashin found out that this equation of
failure criteria containing invariants is in such a way that it contains stresses of quadratic nature. An
equation of failure criteria containing liner stresses was found to underestimate the failure prediction
in the model and on the other hand equation containing cubic and higher order polynomial stresses
was too complicated to deal with. The equation of failure criteria containing quadratic stresses
was reduced to separate equations for fiber tensile and compressive failure and matrix tensile and
compressive failure based on the appropriate conditions for each failure mode. Since this criterion was
initially proposed for Unidirectional fiber composites, applications to other types of composites hold

significant approximations. The equations of Hashin’s failure criteria for fiber tensile failure, fiber

32



compressive failure, matrix tensile failure and matrix compressive failure are given from Equation
3.1 to 3.6. In these equations,o;;, i,j=1,2,3 denotes the stress components, X7 and X¢ represents
longitudinal tensile and compressive strengths respectively, Y and Yo represents transverse tensile
and compressive strengths respectively, S12 and S5 represents the in-plane shear strengths and Sog
represents the out-of plane shear strength. In ANSYS 18 Mechanical APDL, Hashin failure criteria
was incorporated through APDL macros, which is through user written code.

1. Fiber tensile failure

(011>2 U%z +U%3 _ > 1, failure (3.1)
X7 St <1, no failure
2. Fiber compressive failure
(011 ) 2 > 1, failure (3)
Xe <1, no failure .
3. Matrix tensile failure
(022 + 033>2 033 — 022033  of,+0fy ) > 1, failure (3.3)
Yr S5 St < 1, no failure
4. Matrix compressive failure
[ Yo o } <022 + 033) 033 — 022033 03y + 0% _ > failure (3.4
2523 Yo S5 St <1, no failure
5. Fiber matrix shear failure in tension
2 2 2 .
> 1, failure
<011) N <012) N <013) _ (3.5)
Xr S12 S13 < 1, no failure
6. Fiber matrix shear failure in compression
2 2 2 .
> 1, failure
<011> N (012) N <013) _ (3.6)
Xe S12 S13 < 1, no failure

3.6.2 Material Property Degradation Model

Once initiation of failure has occurred in an element of the model, damage modeling has to be done
which accounts for the reduction of stiffness and load carrying capacity of the model. This can
be performed through various damage evolution or propagation models such as Material property
degradation model(MPDM) in which the selective elastic material properties of the element which
has failed is reduced instantaneously depending on the damage mode occurred, Continuum damage
model(CDM) where the stiffness of the element which has failed is reduced gradually. In our study,
Material property degradation model(MPDM) was implemented for prediction of failure propaga-

tion in the model. In this model, if the selective elastic properties of the element were reduced
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instantaneously to zero, then the inverse of stiffness matrix becomes undefined which is not possi-
ble. Therefore these properties of element were reduced by a factor close to one so that inverse of
stiffness matrix does not become undefined. Depending on the damage mode occurred, the selective
elastic properties of element were reduced to five percent of its original value as shown in Table
3.3 according to the degradation rule followed in [38]. Similar to Hashin’s failure criteria for failure

initiation, this model was incorporated in ANSYS 18 Mechanical APDL through macros.

Stiffness
Damage mode Elastic properties reduced reduction
factor
Tensile fiber damage Ey1, vig, v13, Gi2, G13 0.95
Compressive fiber damage Eq1, vi2, v13, Gi2, Ga3, Gi3 0.95
Tensile matrix damage Ey, B33, v23, Ga3 0.95
Compressive matrix damage Eys, Ess3, va3, Gag 0.95
Fiber matrix shear damage in tension v12, G12 0.95
Fiber matrix shear damage in compression v12, G1a 0.95

Table 3.3: Properties for MPDM

3.6.3 Cohesive zone model

Prediction of delamination between layers of model was done by employing Cohesive zone model(CZM)
in the progressive damage model. The cohesive zone model (CZM) is a model in fracture mechanics
in which fracture propagation is regarded as a gradual separation of the surfaces in the region ahead
of the crack tip. In this model, a narrow-band of vanishing thickness ahead of crack tip is termed
the cohesive zone is assumed to exist ahead of a crack tip to represent the fracture process zone
as shown in Figure 3.5 (a). The cohesive zone is divided into a number of cohesive elements. The
upper and lower surfaces of the cohesive element are termed as the cohesive surfaces. These cohesive
surfaces separate on increasing load and are acted by so called cohesive traction as shown in Figure
3.5 (b). There is a cohesive constitutive law that relates these cohesive tractions to the separation

displacement between two cohesive surfaces. Many cohesive constitutive laws were suggested by
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Figure 3.2: a) cohesive zone in front of crack tip divided into cohesive elements b) Traction acting

on separated cohesive surfaces c) Bilinear cohesive law
Courtesy of image (a): Finite element analysis of composite materials by by J.Barbero
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various researchers who include Dugdale [39], Barenblatt [40], Hillerborg [41], Tvergaard [42], Xu
and Needleman [43] etc. Various constitutive laws include bilinear law, polynomial law, trapezoidal
law by Tvergaard and exponential law by Xu and Needleman. The cohesive constitutive law which
will be implemented here is the bilinear law which is shown in Figure 3.5 (c). From the figure, it
can be seen that the stress or traction on the cohesive surfaces increases linearly with the separation
distance until a particular value of separation distance. From this value of separation distance, the
stress starts to decrease linearly until it vanishes at a critical value of separation distance. The
area under the curve of bilinear law is known as critical fracture energy density, which is the energy
required per unit area to form two separate surfaces through fracture. Crack growth occurs when the
separation of the tail of the cohesive zone, which is the physical crack tip reaches this critical value.
Therefore, it can be implied from Cohesive zone model that when initiation of damage occurs, the
stress carrying capacity of the two separating faces is not lost completely at that time itself but rather
is a progressive event governed by progressive stiffness reduction of the interface between the two
separating faces. Cohesive zone model has few advantages over other conventional fracture modeling
techniques. One of them is where this approach does not involve crack tip stress singularities as
in classical fracture mechanics. Also in this case, material failure is controlled by quantities such
as displacements and stresses, which are consistent with the usual strength of materials theory. In
ANSYS 18 Mechanical APDL, the cohesive zone modeling was done by introducing contact elements
as cohesive elements. For this purpose, firstly three dimensional target elements whose element type
is TARGE170 were inserted between the layers of the model. Then three dimensional 8-node surface
to surface contact elements whose element type is CONTA174 were inserted in between the layers of
model so that they are in complete contact with the target segments. When delamination occurs in
the model, the contact elements separate from the target segments. The separation distance between
the target element and contact element is known as the contact gap and the tractions which act on
the faces of these two elements which are being separated is known as the contact stresses. Bilinear
cohesive constitutive law was implemented in this case and it was already inbuilt in Mechanical
APDL package. The cohesive zone parameters for the bilinear cohesive law that were fed into the
package include the maximum normal contact stress, critical fracture energy density for normal
speration, maximum tangential contact stress and critical fracture energy density for tangential slip
and artificial damping coefficient as shown in Table 3.6. These parameters have been obtained from
[44].

Property Value

Maximum normal contact stress 3.25 MPa

Critical fracture energy density (energy/area) | 35 N /mm
for normal separation

Maximum tangential contact stress 6.4 Mpa

Critical fracture energy density (energy/area) | o g N /mm
for tangential slip

Artificial damping coefficient 0.8

Table 3.4: Properties for cohesive zone modeling
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3.6.4 Flow chart for implementing PDM

3-D FEM meshed model, Boundary conditions
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The flowchart for implementation of the three dimensional progressive damage model is shown
in Figure 3.3. Once the meshed three dimensional FEM model is created and the required boundary
conditions are applied, the number of time steps for the computation of solution was set and then
the simulation was being run. During the computation process, first the stress and strain for each
element in the model were computed through Finite element method. Once they are computed,
failure initiation in the element was checked through Hashin failure criteria. If this failure criteria
is satisfied, then the selective elastic properties of the element were reduced according to the rules
Material Property Degradation Model( MPDM) and then the displacement and stress for MPDM
were calculated. After that it was checked whether the solution is converged.To explain the concept

of convergence, the calculation displacement of any node in the model during the failure propagation

t=1

Yes

Display results

Figure 3.3: Flowchart for implementing PDM
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phase required solving of non-linear equations. These non-linear equations were solved through a
method known as Newton-Raphson method where a particular procedure for finding displacement
of node at a particular time step was iterated or repeated certain number of times until the solution
is converged. If the solution is converged, then the same procedure for PDM as described before was
implemented for the next time step. But if the solution is not converged, then the same procedure
starting from computing stress and strain till convergence of solution was performed once more.
When the time step reached one, the solution was completely finished and the results which is

required by the user can be displayed.

3.7 Results and discussion

In this section, firstly the variation of load vs displacement of CFRP specimen without hole, with
single hole(1H) and with multiple holes of three different configurations(2HL,2HT ,2HD) obtained
from this numerical study will be compared with that of experiment and discussed. Then the
longitudinal strain contours and plots obtained from FEA will be compared with that of DIC and
further discussed.Finally, the progressive damage illustration with increasing load for each of the

specimens on compressive and tensile side will be discussed in detail.

3.7.1 Load-Displacement plots

The plot of load versus displacement for Unidirectional CFRP specimens are shown in Figure 3.4.
The plots obtained from FEA are in decent agreement with that obtained from experiment. From
the plots, it can be observed that for CFRP specimen without hole, Hashin’s failure criteria used in
PDM predicts the final failure load closer to the experimental one but overpredicts the corresponding
displacement. For CFRP specimen with single and multiple holes, the failure criteria overpredicts
the displacement and underpredicts the final failure load.

The plot of load versus displacement for Quasi-isotropic CFRP specimens are shown in Figure
3.5. In CFRP specimens without,with single hole and multiple holes of 2HT configuration, Hashin’s
failure criteria predicts both final failure load close to the experimental one but in specimen without
hole and 2HT configuration, it underpredicts the final displacement and in specimen with single
hole, it overpredicts the corresponding displacement. In 2HL and 2HD configuration, the failure
criteria underpredicts the final failure load but predicts the corresponding displacement close to the
experimental one. The values of final failure load and corresponding displacement obtained from
experiment and PDM are shown in Table 3.5 and Table 3.6 respectively. The deviation of PDM from
experiment occurs due to the choice of failure theory. Several composite failure theories perform
well in some cases and does not perform well in some cases. Even the prediction of damage behavior
by PDM is dependent on the choice of model for predicting damage evolution, which in our case
is Material property degradation model(MPDM). Since in this model, selective material properties
were degraded instantaneously to five percent rather than gradually, the damage behavior could not

be studied properly.
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Figure 3.4: Load-displacement plots for Unidirectional specimens
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Figure 3.5: Load-displacement plots for Quasi-Isotropic specimens
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Configuration Experiment PDM
Eiﬁ?}?ﬁ) Disp(mm) Egél(%t\?) Disp(mm)

Without hole 4.892 7.284 4.95 8.55

Single hole(1H) 3.477 6.266 3.286 7.283

Two hole Longitudinal (2HL) 5.978 6.425 5.82 7.38

Two hole transverse(2HT) 4.672 5.248 4.03 6.08

Two hole diagonal(2HD) 4.9 5.412 4.7 5.92

Table 3.5: Final failure load and displacement for Unidirectional specimens

Configuration Experiment PDM
itieny | DipCmm) | RS | Disp(mm)

Without hole 1.634 8.72 1.59 7.89

Single hole(1H) 1.186 5.414 1.19 5.63

Two hole Longitudinal(2HL) 2.77 6.877 2.66 7.2

Two hole transverse(2HT) 2.266 6.198 2.29 6.48

Two hole diagonal(2HD) 2.947 6.866 2.79 7.02

Table 3.6: Final failure load and displacement for Quasi-isotropic specimens

3.7.2 Strain plots

The longitudinal strain contours for Unidirectional and Quasi-isotropic CFRP specimens without
and with single hole are shown in Figure 3.6 for CFRP specimens with multiple holes are shown in
Figure 3.7 and Figure 3.8. It can be seen that the contours obtained from DIC agree well with that
obtained from FEA. It can also be seen from these contours that the strain increases gradually from
one particular negative value at the top most layer in compression to around positive of that same
value at the bottom most layer in tension. The plot of longitudinal strain versus specimen thickness
for Unidirectional and Quasi-isotropic CFRP specimens are shown in Figure 3.9 and Figure 3.10
respectively. All the contours and plots were taken at 80 percent of final failure load. From the
plots, it can be seen that the results obtained from DIC agree well with that of FEA. It can also
be seen that there is a linear variation of longitudinal strain along the specimen thickness from one
negative value to around the positive of that same value. It can also be seen at zero location where
the neutral axis is present, the longitudinal strain is close to zero. The deviation of DIC results
from FEA can mainly be due to speckle pattern which was performed manually because of which to
which few pixels may not have a unique identity or grey value information and because of this wrong
correlation from one subset from deformed image to original image might occur. The accuracy of

DIC results also depends on the pixel size in the images taken and number of subsets.
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Figure 3.7: Longitudinal strain plots for Unidirectional specimens with multiple holes
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Figure 3.8: Longitudinal strain contours for Quasi-Isotropic specimens with multiple holes
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3.7.3 Progressive damage illustration
Unidirectional CFRP Specimens

The illustration of damage propagation predicted by PDM for Unidirectional specimen are shown
from Figure 3.11 to Figure 3.15. For CFRP specimen without hole, damage initiates at the top most
layer on the compressive side at the location of support rollers. Damage initiates in the form of
fiber matrix shear failure. With increase in load, fiber matrix shear failure increases and also more
than one mode of failure occurs near the location of support rollers. On the tensile side, damage
initiates in the form of matrix failure at the location of support rollers and with increase in load,
matrix failure increases and more than one mode of failure happens near the support rollers. For
CFRP specimen having single and multiple holes, damage initiates at the top most layer on the
compressive side near hole in the form of fiber matrix shear failure. As the load increases, fiber
matrix shear failure propagates in the transverse direction and slightly in the longitudinal direction.
Also more than one mode of failure begins to occur and propagates in the transverse direction. On
the tensile side, damage initiates in the form of matrix cracking with increase in load, this mode of
failure propagates in the longitudinal direction and more than one mode of failure also occurs.Also it
can be seen that there is damage in-between holes for 2HT and 2HD specimen which implies there is
interaction between holes in these cases. The comparison of finally failed specimen from experiment
and that from PDM on compressive and tensile side are shown in Figure 3.16 and Figure 3.17
respectively. It can be seen that on the compressive side, the path of damage progression obtained
from PDM agrees well with that from experiment. On the tensile side, no fiber failure is observed
from experiment but more than one mode of failure is observed from PDM. This implies the modes

of damage occuring on tensile side in PDM are matrix failure and fiber matrix shear failure.

Failure initiation Final failure

Ply 1
0 degree

1.3 KN 3.92 KN 4.85 KN 4,95 KN
Ply 16
0 degree

4.85 KN 4.87 KN 4.90 KN 4.95 KN

B Fiber matrix shear failure in compression E Matrix failure

B More than one failure B Fiber matrix shear failure in tension

Figure 3.11: Hlustration of damage propagation predicted by PDM with increasing load for Unidi-
rectional specimen without hole
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Failure initiation Final failure

Ply 1
0 degree
1.39 KN 2.62 KN 3.28 KN
Ply 16
0 degree
1.67 KN 2.62 KN 3.1 KN 328 KN

M Fiber matrix shear failure in compression [ Matrix failure W More than one failure

Figure 3.12: Illustration of damage propagation predicted by PDM with increasing load for Unidi-
rectional specimen with single hole(1H)

Failure initiation Final Failure
Plyv1
0 degree
2.19 KN 4.59 KN 528 KN 5.81 KN
Ply 16
0 degree
2.19 KN 3.86 KN 4.59 KN 5.81 KN

B Fiber matrix shear failure [ Matrix failure B More than one failure

Figure 3.13: Illustration of damage propagation predicted by PDM with increasing load for Unidi-
rectional specimen having 2HL configuration

47



Final Failure

Failure initiation

Ply 1
0 degree
1.95 KN 3.63 KN 4.1 KN 4.03 KN
Ply 16
0 degree
1.95 KN 3.63 KN 4.1 KN 4.03 KN

B Fiber matrix shear failure B Matrix failure B More than one failure

Figure 3.14: Illustration of damage propagation predicted by PDM with increasing load for Unidi-
rectional specimen having 2HT configuration

Failure initiation Final Failure

Ply 1
0 degree
1.86 KN 3.64 KN 4.16 KN 4.53 KN
Ply 16
0 degree
1.86 KN 2.76 KN 3.88 KN 4.53 KN

B Fiber matrix shear failure B Matrix failure [l More than one failure

Figure 3.15: Hlustration of damage propagation predicted by PDM with increasing load for Unidi-
rectional specimen having 2HD configuration
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PDM Experiment

2HL

2HT

2HD

B Fiber matrix shear failure [l Matrix failure B More than one failure

Figure 3.16: Final failure of Unidirectional specimens on compressive side
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PDM Experiment
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Figure 3.17: Final failure of Unidirectional specimens on tensile side

50



Quasi-Isotropic CFRP Specimens

The illustration of damage propagation predicted by PDM for Quasi-isotropic specimen on the top
four plies in compression and on the bottom four plies in tension are shown from Figure 3.18 to
Figure 3.26. For CFRP specimen without hole, damage initiates at the top most ply in compression
whose fiber orientation is 45 degrees at the location of support rollers. On increase with load, this
mode of failure begins to occur throughout the specimen in the region between support rollers and
becomes the dominant mode of failure in this ply. In 0 degree ply, more than one mode of failure
occurs with increasing load near the location of support rollers. In -45 degree ply, fiber matrix shear
occurs with increasing load in the region near support rollers and becomes the dominant mode of
failure. But the damage in this ply is lesser compared to 45 degree ply as this ply is closer to the
neutral axis. The damage in 90 degree ply is very less compared to the other plies as this ply is
closest to the neutral axis. On the tensile side, damage initiates at the bottom most ply whose fiber
orientation is 45 degrees in the form of matrix failure and with increase in load, this mode of failure
increases and occurs throughout the region of specimen in between the support rollers and on further
increase in load, more than one mode of failure occurs dominantly in this region in this ply. In the
zero degree ply, more than one mode of failure occurs with increasing load near the support rollers.
In -45 degree ply, matrix failure occurs throughout the specimen with more than one mode of failure
occurring near the support rollers. In 90 degree ply, predominantly matrix failure occurs throughout
the specimen with increase in load. In CFRP specimens with single and multiple holes, the modes of
damage in each ply are similar to that of CFRP specimen without hole except in -45 and 45 degree
plies in tension, both matrix failure and more than one mode of failure occurs with uncertainty
which mode of failure is dominant. However, the location of damage initiation and propagation is
different. In this case, damage initiates near hole and propagates in the transverse direction. Also
it can be seen that there is interaction between holes for 2HT and 2HD specimen. The comparison
of finally failed specimen from experiment and that from PDM on compressive and tensile side are
shown in Figure 3.27 and Figure 3.28 respectively. It can be seen that on the compressive side, the
the path of damage progression obtained from PDM agrees well with that from experiment. On
the tensile side, no fiber failure is observed from experiment but more than one mode of failure is
observed from PDM. This implies the modes of damage occurring on tensile side in PDM are matrix

failure and fiber matrix shear failure.
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Failure initiation Final failure

Ply1l
45 degree

0.3 KN 1.25 KN 1.51 KN 1.59 KN
Ply2
0 degree

0.45 KN 1.38 KN 1.56 KN 1.59 KN
Ply 3
-45 degree

125 KN 1.57 KN 1.58 KN 1.59KN
Ply 4
90 degree

1.54 KN 1.57 KN 1.58 KN 1.59 KN
Ply 13
90 degree

1.34 KN 1.48 KN 1.57 KN 1.59 KN
Ply 14
-45 degree

1.34 KN 1.48 KN 1.57 KN 1.59 KN
Ply 15
0 degree

138§ KN 1.54 KN 1.57 KN 1.59 KN
Ply 16
45 degree

0.96 KN 1.08 KN 1.36 KN 1.59 KN

B Fiber matrix shear failure [ Matrix failure B More than one failure

Figure 3.18: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen without hole on compressive(top) and tensile side(bottom)
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Failure initiation Final failure

Ply1l
45 degree

0.47 KN 0.94 KN 1.02 KN 1.19 KN

Ply2
0 degree

0.59 KN 0.94 KN 107 KN L19 KN

Ply 3
-45 degree

0.69 KN 0.94 KN 1.07 KN 1.19 KN

Ply 4
90 degree

1.07 KN 1.13 KN 1.17 KN 1.19 KN

M Fiber matrix shear failure in compression [ Matrix failure B More than one failure

Figure 3.19: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen with single hole(1H) on compressive side
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Failure initiation Final failure

Ply 13
90 degree

0.47 KN 0.94 KN 1.03 KN 1.19 KN
Ply 14
-45 degree

0.47 KN 0.94 KN 1.02 KN 1.19 KN
Ply 15
0 degree

0.45 KN 0.47 KN 0.94 KN L19 KN
Ply 16
45 degree

0.46 KN 0.8 KN 0.97 KN 1.19 KN

B Fiber matrix shear failure in compression [ Matrix failure B More than one failure

Figure 3.20: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen with single hole(1H) on tensile side
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Failure initiation Final Failure

Ply 1
45 degree

1.33 KN 2.14 KN 2.63 KN 2.66 KN

Ply2
0 degree

1.4 KN 2.14 KN 2.59 KN 2.66 KN

Ply 3
-45 degree

1.67 KN 2.14 KN 2.59 KN 2.66 KN

Ply 4
90 degree

2.53 KN 259 KN 2.63 KN 2.66 KN

M Fiber matrix shear failure [ Matrix failure I More than one failure

Figure 3.21: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HL configuration on compressive side
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Failure initiation Final Failure

Ply 13
90 degree

1.48 KN 2.34 KN 2.53 KN 2.66 KN
Ply 14
-45 degree

3.83 KN 2.14 KN 2.53 KN 2.66 KN
Ply 15
0 degree

1.4 KN 2.14 KN 2.53 KN 2.66 KN

Ply 16
45 degree

1.35 KN 2.34 KN 2.62 KN 2.66 KN

M Fiber matrix shear failure B Matrix failure B More than one failure

Figure 3.22: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HL configuration on tensile side
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Failure initiation Final Failure

Ply 1
45 degree

1.37 KN 2.08 KN 2.25 KN 228 KN

Ply 2
0 degree

1.37 KN 1.88 KN 2.23 KN 2.28 KN

Ply 3
-45 degree

1.52 KN 2.08 KN 225KN 228 KN

Ply 4
90 degree

2.23 KN 2.25 KN 2.26 KN 2.28 KN

M Fiber matrix shear failure [ Matrix failure B More than one failure

Figure 3.23: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HT configuration on compressive side
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Failure initiation Final Failure

Ply 13
90 degree

1.37 KN 207 KN 2.26 KN 228 KN

Ply 14
-45 degree

145 KN 2.07 KN 2.26 KN 2.28 KN

Ply 15
0 degree

1.45 KN 207 KN 2.26 KN 2.28 KN

Ply 16
45 degree

1.33 KN 2.07 KN 2.26 KN 2.28 KN

M Fiber matrix shear failure B Matrix failure B More than one failure

Figure 3.24: Tllustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HT configuration on tensile side
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Failure initiation Final Failure

Ply1l
45 degree

1.52 KN 2.44 KN 2.64 KN 2.79 KN
Ply2
0 degree

1.6 KN 2.44 KN 2.64 KN 2.79 KN
Ply 3
-45 degree

1.75 KN 2.44 KN 2.7KN 2.79 KN
Ply 4
90 degree

2.72 KN 2.74 KN 2.7TKN 2.79 KN

B Fiber matrix shear failure [ Matrix failure B More than one failure

Figure 3.25: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HD configuration on compressive side
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Failure initiation Final Failure

Ply 13
90 degree

1.52 KN 2.44 KN 2.74 KN 2.79 KN
Ply 14
-45 degree

1.52 KN 2.64 KN 2.74 KN 2.79 KN
Ply 15
0 degree

1.52 KN 2.64 KN 2.74 KN 2.79 KN
Ply 16
45 degree

1.48 KN 2.44 KN 2.39 KN 2.79 KN

B Fiber matrix shear failure [ Matrix failure W More than one failure

Figure 3.26: Illustration of damage propagation predicted by PDM with increasing load for Quasi-
isotropic specimen having 2HD configuration on tensile side
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PDM Experiment

1H o

B Fiber matrix shear failure [ Matrix failure [ More than one failure

Figure 3.27: Final failure of Quasi-isotropic specimens on compressive side
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PDM Experiment

1H

2HL

2HT

2HD

B Fiber matrix shear failure [ Matrix failure B More than one failure

Figure 3.28: Final failure of Quasi-isotropic specimens on tensile side
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3.8 Closure

Progressive damage analysis was performed for CFRP specimens without hole, with single hole(1H)
and with multiple holes of three different configurations which include 2HL, 2HT and 2HD by
implementing a 3D Progressive damage model(PDM) in Finite element simulation.Firstly the 3D
models were created in ANSYS 18 commercial FEA package and meshing was done and required
boundary conditions were applied to the model. In PDM, Hashin’s failure criteria was employed for
predicting damage initiation in a lamina at fiber and matrix level, Material property degradation
model(MPDM) was employed for predicting damage evolution and Cohesive zone model(CZM) was
employed to predict delamination between layers of the specimen. For unidirectional CFRP specimen
without hole, it was found that damage initiated at the top most layer on the compressive side at
the position of support rollers in the form of fiber matrix shear failure. Then with increase in load
this more of failure increased and more than one mode of failure occurred in the specimen near
the support rollers. On the tensile side, damage initiated at the same location but in the form of
matrix failure and with increase in load, more than one mode of failure occurred in the specimen.For
quasi-isotropic specimen without hole, damage initiated on the compressive side at the top most
layer in compression whose fiber orientation is 45 degrees in the form of fiber matrix shear failure
and with increase in load, this mode of damage propagated throughout the specimen in the region
between support rollers and remained the dominant mode of failure in this ply and -45 degree
ply. In the O degree ply, more than one mode of failure occurred with increase in load near the
support rollers and there was very less damage observed in 90 degree ply as it was closest to the
neutral axis. On the tensile side, damage propagated throughout the specimen in region between
support rollers for 90 degree, -45 degree and 45 degree plies except that matrix failure remained
the dominant mode of failure in 90 degree ply and both matrix failure and more than one failure
occurred in 45 and -45 degree ply. In 0 degree ply, more than one mode of failure occurred near the
support rollers. For specimen having single and multiple cutouts, the damage mechanisms which
occurred remained the same compared to specimen without hole but the damage initiated near
hole and propagated in the transverse direction and slightly in longitudinal direction. Also there
was interaction of holes observed in 2HT and 2HD specimens. The load-displacement plots from
FEA showed a decent agreement with that obtained from experiment but Hashin’s failure criteria
predicted the final failure load and corresponding displacement in few cases, overpredicted them in
some cases and unpredicted them in the remaining cases.The longitudinal strain contours and plots
obtained from FEA showed good agreement with DIC and there was a linear variation of strain
observed along the thickness of the specimen from one particular negative value to around positive

of that value with strain at the neutral axis being close to zero.
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Chapter 4

Conclusions and Recommendations

for future work

4.1 Conclusion

The current thesis work is focused the on study of damage behavior of CFRP specimen with sin-
gle hole and multiple holes of three different configurations (two hole longitudinal(2HL), two hole
transverse (2HT) and two hole diagonal(2HD)) both experimentally and numerically. The damage
behavior of pristine CFRP specimen was studied first and its failure strength was compared with
CFRP specimen with single hole. The study was done for two different lay-up sequences for each
of the previously mentioned specimen configurations which include Unidirectional whose lay-up se-
quence is [0];6 and Quasi whose lay-up sequence is [45/0/ — 45/90]2s. In the experimental study,
the specimens were prepared through vacuum bagging process and tested with four-point bending
test. 2D DIC was employed to capture the in-plane displacements and strains across the thick-
ness of specimen. For CFRP specimen without hole, it was observed in both Unidirectional and
Quasi-Isotropic specimen that damage initiated on the compressive side at the position of support
rollers and propagated in the transverse direction. For CFRP specimen with single and multiple
holes, damage initiated on the compressive side near hole and propagated in the transverse direction.
There was no damage observed on the tensile side for all configurations of specimens. Delamination
was found to occur on the compressive side in all the specimens and in single and multiple holes, it
occurred close to the top most ply in compression. Delamination occured after the final failure of
the specimen in Unidirectional specimens thereby having a post failure effect on the specimen and
it occurred before the final failure of specimen in case of quasi-isotropic specimens thereby having
a pre-failure effect on the specimen. For multiple hole specimens having 2HT and 2HD configura-
tion, interaction between holes was also observed. Unidirectional specimen was found to have more
stiffness and sustained higher failure load compared to Quasi-isotropic specimen.

Numerically, progressive damage analysis was done by implementing a 3D progressive damage
model in a finite element simulation. In this PDM, Hashin’s failure criteria was employed for damage
initiation, Material property degradation model for damage evolution and cohesive zone model for
delamination. In Unidirectional specimen, it was observed that damage initiates in the form of fiber

matrix shear failure and with increase in load more than one mode failure occurred. In specimen
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without hole, damage initiation occurred at the top most ply on the compressive side at the support
rollers and propagated around this region whereas in specimen with hole, damage initiated near
hole and propagated in the transverse direction.On the tensile side, damage initiated in the form
of matrix failure and with increase in load, more than one mode of failure occurred. In specimen
without hole, damage initiated at the support rollers propagated around this whereas in specimen
with single and multiple holes, damage initiated near hole and propagated in transverse direction
and slightly in longitudinal direction. In Quasi-isotropic specimen, damage initiated at the top most
layer at 45 degree fiber orientation in the form of fiber matrix shear failure and it remained the
dominant mode of failure in this ply and -45 degree ply. In 0 degree ply, more than one mode of
failure occurred with increasing load and there was negligible failure observed in 90 degree ply. In
the tensile side, matrix failure was the dominant mode of failure in 90 degree ply and both matrix
failure and more than one mode of failure occurred in 45 and -45 degree ply. In 0 degree ply, one than
one failure was the dominant mode of failure. In specimen without hole, damage initiated at the
support rollers propagated throughout the specimen whereas in specimen with single and multiple
hole, damage initiated near hole and propagated in transverse direction. The plot of load versus
displacement obtained from PDM showed a decent validation with that obtained from experiment.
Hashin’s failure criteria predicted the final failure load and corresponding displacement in PDM
close to the experiment in few cases, overpredicted them in some cases and underpredicted them in
the remaining cases. The longitudinal strain contours and plots obtained from FEA showed a good

agreement of that obtained from DIC.

4.2 Recommendations for future work

In the present study, Hashin’s failure criteria was used to predict damage initiation and it overpre-
dicted the final failure load and corresponding displacement in some cases and underpredicted them
in the remaining cases thereby confirming the model is not very much accurate. Recently developed
failure criteria like LaCrO3 and LaCrO4 criteria can be employed instead of Hashin’s failure crite-
ria to get more accurate predictions of initiations of damage. Also in this study, Material Property
Degradation model was used for predicting damage evolution. But in this model, the selective elastic
properties were reduced instantaneously to five percent of its original value after initiation of damage
depending on the mode of damage. Since the stiffness was reduced instantaneously, damage evolu-
tion could not be studied properly. Therefore better models like Continuum Damage model(CDM)
can be implemented where stiffness is reduced gradually and thereby the study of damage evolution

can be done properly.
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