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Preface

The fiber reinforced polymer (FRP) is an emerging area in polymer science andmany
structural applications. The rise in materials failure by fracture has forced scientists
and researchers from all over the world to develop new higher strength materials for
obtaining higher fracture toughness. Therefore, it is necessary to expand knowledge
about the different mode of fracture behaviors of FRP composites to expanding the
range of their application. So this book summarized themany of recent developments
in the area of fracture behavior of FRPcomposites. The advances in fracture behaviors
of FRP composites and replacement of conventional materials with FRP composites
in the area of polymer science to achieve sustainable practice are described to the
readers. Also, this book gives a sound knowledge of different fracture behaviors of
FRP composites to the readers with numerous illustrations, methods, and results for
graduate students, researchers, and industrialists. Academics, researchers, scientists,
engineers, and students in the field of fracture analysis of FRP compositeswill benefit
from this book.
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Introduction to Fracture Failure Analysis
of Fiber Reinforced Polymer Matrix
Composites

Alak Kumar Patra, Indrajit Ray, and J. S. Alein

Abstract The fiber reinforced polymer composites (FRPC) are beingwidely used in
several advanced engineering structures ranging from civil infrastructure to aircraft,
spacecraft, ships, cars, sports goods and in many other outdoor and household appli-
cations. The major advantage is its high specific strength, stiffness, and durability
leading to sustainable applications.However, the knowledge of the basic constituents,
their roles, and failure mechanism are essential to properly understand the behaviour
of the composites for design and manufacturing of FRPC components and struc-
tures. This chapter will provide an introduction of the FRPC, a brief history of FRPC
and its constituents such as fibers and matrices. More detailed information on types,
manufacturing, and classification of glass, carbon, and aramid fibers will also be
provided. Similarly, descriptions on various polymer matrices such as epoxy resins,
vinyl ester, phenolic resins, polyester resins, and polyurethane, and also emerging
resins for special applicationswill be furnished. Different classes of FRPCswith their
typical characteristics have been discussed. This chapter further describes the frac-
ture failure mechanism of FRPCs from mechanics or fracture mechanics approach
indicating the existing research gaps in different sections.

Keywords Classification of FRP · Fiber reinforced polymer composites · Fracture
failure · Types of fibers and matrices
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1 Introduction

Composites are systems or combinations of materials insoluble to one another.
Compositematerials and structures havebecome important potential field of research,
development and applications to various advanced research centres, industries and
key organizations like intelligence bureau, defence research, construction, transporta-
tion (including terrestrial, marine, aviation and space), science and technology of all
most all the countries in the world for their advantages revealing national and inter-
national importance and billion dollars’ market. As per American Composite Manu-
facturers Association [1], end products market of US composite industry is estimated
to reach 113.2 billion dollars by 2022. Composite materials are going to replacemore
than 50% of conventional materials in near future for their high strength to weight
ratio, durability, flexibility in design and production with several other advantages.
Fiber reinforced polymer composites (FRPCs) are significant among the composites
in the world. FRPCs are primarily fiber strengthened polymers. They are advanta-
geous for their higher specific strength, stiffness, modulus, and lighter weight than
conventional materials like metals or stones. Due to these multi-functional proper-
ties, FRPCs are largely used in aerospace, marine, mechanical (including automo-
tive), construction, bio-medical, space andmany other engineering and technological
applications. Predominantly, high strength fibers have reinforced the demand and
resulted in the highest share of production which is evident from the global annual
estimated output of 20,000 tons of carbon fibers only for FRPC composites in the
billion-dollar composite industry [57].

Fiber reinforced composites (FRPs) can be broadly classified into four classes,
namely metal matrix composites (MMCs), polymer matrix composites (FRPCs),
ceramic matrix composites and carbon matrix composites. Among the four broad
classes of FRPs mentioned above, The book focuses on fiber reinforced polymer
matrix composites (FRPCs) only.

2 History of FRPC

Nature provided human civilizations with many FRPCs through grasses (paddy,
wheat, sugarcane, bamboo) and woods etc. to meet up the basic needs i.e., fooding,
lodging, clothing and also for their survival. FRPCs can be assumed to be existedwith
or prior to the advent of life. Fiber reinforced polymeric composites were presumably
produced in the form of peptidoglycans in Nature for the cell walls or cytoskeletons
of prokaryotic bacteria about 3.7 billion years ago [37] or before 3.5 billion years
[45, 47]. Common example of natural FRPCs are straws [21] and bamboos [22]
used by mankind for residential, military or other purposes from ancient times. Cell
walls of straws are composed of cellulose or hemicellulose fibers and lignin polymer
matrix. Whereas bamboos are basically cellulose fiber reinforced cross linked lignin
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polymers. Mud bricks with straws were used in ancient civilizations for making
residences even in 9000 B.C. [27, 44, 51].

Manmade composite bows have been known from second millennium B.C.E.
(2000 through 1001 B.C.E.) [35]. Modern versions are made with glass fiber bellies,
backs and a natural or artificial core. Fibrous composite bows are mentioned in all
the three epics of the world. FRPCs are used in engineering and technology from
pre-historic era for their extra ordinary advantages. The FRPCs are everywhere from
microscopic cells to very large barges. The current production of FRPC is focussed
on emerging composite technologies and on the development of sustainable 3D-
printed industrial composites, through the use of bio-polymers and bio-fiber,MADM
(multi-attributes decision making) tools [43], Integrated Computational Materials
Engineering (ICME) of composites or Composite Airframe Life Extension (CALE)
program to withstand against fatigue load under extreme environmental conditions.

3 Composite Constituents

Primary constituents of FRPCs are polymer matrix and fiber reinforcements. There
are accelerating or coupling agents and other types of fillers also. Forces are predomi-
nantly supported by fibers whereasmatrix keeps them in their arrangements and posi-
tions. Fibers of different origin can be continuous (long) or discontinuous (short).
In comparison to the unreinforced (neat) polymers, desired better properties are
achieved through reinforcing with fibers. Thus, fibers are responsible for higher
strength, stiffness or other improvements in composites. They are stiffer and better
than bulk due to reduction of impurities in different forms and are used to achieve
mechanical superiorities. Knowledge of fibers is very important in composite science
and technology.

3.1 Fibers

Fibers are the ingredients responsible for superior strength, durability and service-
ability of fiber reinforced polymer composite (FRPC) materials. These fibers not
only reinforce the polymers but improves functionalities as integral constituents of
FRPCs. Fibers may be used directly as in prepregs, as chopped strand mat (CSM) or
as woven roving mat (WRM). There are natural as well as manmade fibers. Nature
provides a wide range of plant, animal or mineral fibers like hemp, jute or asbestos.
However,man-madefibers are derived fromchemical processes controlled by people.
As for example, Kevlar (aramid), glass or carbon are man-made fibers. Kevlar has
superb toughness, modulus and thermal stability suited for advanced technological
applications. Other types of fibers gaining importance faster today are hybrid fibers.
Kevlar/Carbon or Kevlar/glass woven are the examples. Both manmade as well as
natural fibers are being utilized in different engineering and technological fields
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for their several functional applications. Manmade fibers are newer developments
over natural counterparts meeting industrial and societal needs and have been briefly
discussed in the following section.

3.1.1 Manmade Fibers

Manmade fibers are often termed as synthetic fibers. At present, several technical
textiles are used in differentmedical, or bio-medical engineering applications. Textile
fibers have become essential inclusions in composite industries today. Fibers may be
broadly classified into manmade and natural fibers. The manmade fibers has gained
popularity over the years because of their durability, consistency, and availability of
standardized products with uninterrupted supply chain. In USA, the manmade fibers
are divided into different groups per “Textile Fiber Products Identification Acts”
(TFPIA). Table 1 shows the classification of manmade fibers based on the TFPIA.
Synthetic fibers and artificial fibers are presented separately under themanmade class
of technical textiles in the classification chart in the sense that the artificial fibers are
chemically regenerated fibers from natural resources like cellulose-based viscose
rayon whereas only chemicals not found in nature are used to manufacture synthetic
fibers. Glass, carbon and aramid fibers are abundantly used among the synthetic
fibers in composite industries. Glass fibers are most widely used in FRPCs for low
cost, higher tensile strength and insulation with chemical resistance [5, 18, 32].

Table 1 Classification of man-made fibers

Manmade fiber

Regenerated Synthetic

From
cellulose

From other
sources

Organic Inorganic

Viscose Protein Aramid Metal Special
non-metal

Others

Modal Alginate Polyethylene Stainless
steel

Boron Glass

Acetate Rubber Acrylic Nickel Carbon

Polynosic Elastodiene Polypropylene Titanium Silicon-carbide

Tencel Polyester Copper Zirconia

Polyurethane Aluminium Others

Elastane Gold

Fluorofiber Silver

Trivinyl

Chlorofiber
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Glass Fibers

Glass fibers in the form of hair like strands are drawn frommolten silica (SiO2) reach
materials (called glassy materials) above their glass transition temperatures, Tg [2].
Polymers, ceramics or evenmetallicmaterials can be used to produce glassymaterials
[2]. Optical glass fibers have revolutionized the sensing as well as communication
systemwith a Noble Prize to Charles Kao in 2009 [2]. Viscoelastic glassy substances
show viscosity dependant linearly proportional relationship between stress and strain
above their transition temperature (Tg). That is stress varies as strain above Tg at
constant volume. As a result, increase in length is accompanied with decrease in
diameter.

The property discussed in previous section can be presented mathematically as

σ = ηε (1)

where σ is the stress, η is the viscosity, and ε is the longitudinal axial strain in
the viscelastic cylindrical fiber. Similarly, if the increase in length, dx is accompa-
nied with the decrease in cross sectional area −da, then for constant volume under
Newtonian viscosity,

dx/x = (−)da/a (2)

where ‘x’ is the original length and ‘a’ is the initial cross-sectional area of the spun
semi crystalized glassy material. Depending on this basic principle, melted source
material kept on electrically heated and perforated (200–400 nos) platinum-based
bushings to drop under gravity and finally processed as glass fibers at revolving
collectors at a speed of 1–2 km/min [2]. Basically, glass consists of SiO2 in a mixture
of silicate type, though it may contain different amorphous metal oxides. Different
types of glass fibers have been developed to meet several purposes in the society.
Glass fibers compositions depend primarily on the types of glasses (i.e., A-glass,
E-glass or S-glass etc.) used for their manufacturing [3, 56]. More than 90% of
glass fibers are processed from E-glass. The name E-glass came from good electrical
resistance. Others are of special types for specific uses. The classification of glass
fibers is presented on the next page. Industrially used glass fibers can be categorized
into the following classes:

E-glass fibers are relatively inexpensive and contain silica (52–56% by weight),
alumina (12–16%) and the oxide of Boron (5–10% by weight) with a very low alkali
content (1% by weight). They are generally used for circuit boards which are printed
and for applications in aerospace industries.

In S-glass fibers, S stands for strength. S-1 HM glass fibers are produced with
highest tensile modulus of 90 GPa among the glass fibers. S-3 HDI® fibers are used
in electronic products for better performance while S-1 HM® and S-3 UHM™fibers
are employed for higher stiffness.

Typically, S2-glass fiber, a brand name developed by Owens-Corning is currently
under AGY Holding Corporation’s trademark is one of the topmost GF. S2-GF is
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10 times more costly and 40% more strong in tensile strength and 21% more tensile
modulus than E-glass fibers (“Glass fiber,” n.d.). Though S-glass is costlier, they are
used for the aerospace industries.

Glass fibers with higher silica (64–75% SiO2 by weight), deferred alumina (16–
24% Al2O3 by weight) and MgO (0.25–3% by weight) have been invented [13].
There are variety of glass fibers. Selection of a particular type depends on the price,
service they provide and the applications.

Other GFs developed for special purposes are tabulated in the previous page. They
are briefly mentioned below:

A-GF: manufactured with sodium carbonate, SiO2, lime, Al2O3, dolomite and
fining agents. The A-glass is typically used (for flat glasses for windows etc.) or
glass containers (like jars).

AR type GF: Alkali-resistant glass fibers made of alkaline zirconium silicates [53]
these are specially processed for concreting.

C-glass fibers: Essential ingredients are Calcium, Boron and silica and they are
resistant against acidic corrosion. They are employed in environment subjected to
corrosive acids. The glass is known as chemical glass.

D-GFs-A glass fiber with lower dielectric constants is manufactured from boron
trioxide and silica It is suitable for optical, electrical and cookware.

ECR-glass fibers—It has both electrical as well as chemical (both acid and alkali)
resistivity; hence the name is ECR. Maximum alkali content is 2% by weight and is
used in cases where high electrical and chemical resistivities are desired in strong
fibers.

R-glass—Basically this is calcium alumino-silicate glass. These are used as
reinforcement for higher strength and acid corrosion resistance.

In addition to the above, there are several other types of glass fibers used for
several special purposes. As for example, ultra-pure silica fibers [56], hollow [30]
and trilobal [24] GFs. Ultra-pure glass fibers have high silica contents and are fit for
fiber optic communication. Hollow glass fibers are used in aerospace and automotive
industries for their self-healing capability. Their specific strength and elasticity are
higher than other GFs. Trilobal glass fibers have higher surface area and are used for
higher thermal and acoustic insulation.

Adventex glass fibers are another special type of GFs, which is manufactured
to combine the electrical resistance of E-glass with the acid corrosion resistance of
ECR glasses with high melting point. They are used in industrial sectors with higher
temperature fluctuations; such as power plants, oil and gas industries, waste water
disposal system etc.

Glass fibers are mostly used in the form of chopped strand mats (CSM), or woven
roving mats (WRM). There are other forms like tow, or veil mats and some other
forms. Interested readers are suggested to go through references [2, 3, 6, 13, 53,
56] for further concepts and knowledges. It is already mentioned earlier that another
most abundantly used fibrous reinforcements are carbon fibers. Carbon fibers will
be briefly discussed in the following section.
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Carbon Fibers

The fibers with greater than 92% carbon by weight is termed as carbon fibers. The
carbon contentmayvary from92 to 100wt%.These fibers are thermally treated over a
temperature range of 1000–1500 °C [38]. Historically, carbon fibers were first devel-
oped and used by Edison for his carbon filament lamps. Carbon fibers are primarily
used in aerospace and automotive industries for their higher tensile modulus, fatigue
resistance, thermal conductance [32] and good electrical conductivity. In addition
to the stated advantages, the other reasons for the application of carbon fibers in
aerospace, civil, military, marine, mechanical engineering and other industries are
that carbon fiber reinforced composites have greater specific strength and resistance
to impact [49] with low thermal expansions. As on 2012, the global market of carbon
fibers was estimated as 1.7 billion dollars with an average projected annual growth of
10–12% per annum for a period from 2012 to 2018 (“Carbon fibers,” n.d.). Though in
composite technology, sometimes both carbon and graphitic fibers are called carbon
fibers, graphitic fibers contains more than 99% graphite and are treated over 2000 °C.
Low-cost production of carbon fibers and alternative precursors are still a good chal-
lenge to the manufacturing industries. Typically, they have diameter ranging from 5
to 10μm.Carbon fibers being two times stiffer and five times stronger are lighter than
steel (Innovative composite Engineering. n.d Retrieved from https://www.innovativ
ecomposite.com/what-is-carbon-fiber/) are preferred by designers for components
of important structures.

Manufacturing of carbon fibers

Generally, carbon fibers (CF) are manufactured from synthetic fibers made from
either polyacrylonitrile, rayon or pitch. Polyacrylonitrile is commonly known as PAN
and pitch used is derived from petroleum containing higher proportion of organic
polymers. Almost 90% of the CFs are manufactured from PAN precursor and 10%
CFs are produced from pitch of petroleum or rayon. More linear polymers as well
as cyclic polymers can be used for inexpensive production of CFs [39].

PANprecursors are produced through different polymerizationmethods. In almost
all cases, monomers and catalysts or initiators are indispensable. The easiest way of
polymerization is to mix the initiator directly into the liquid monomers. In another
method, acrylonitrile (AN), comonomer, are dissolved into a solvent for polymer-
ization in presence of catalysts. The end products of such polymerizations are the
precursors which are treated chemically and mechanically to manufacture carbon
fibers.

The first step of the production of carbon fibers from the PAN precursors is to
stabilize them at about 200–300 °C temperature in presence of air (depending on the
chemical character of the precursor) for half an hour to two hours to arrive at ladder
bonding from the linear bonding. The second step is to carbonize [11] the fibers by
stretching and heating the fibers through 1000–1600 °C in absence of oxygen in an
inert gaseous environment for severe vibration of carbon atoms to expel almost all
other non-carbon atoms without burning the fibers. Through this process, fibers are
transformed into a chain of tightly packed long carbon atom with a little or no more

https://www.innovativecomposite.com/what-is-carbon-fiber/
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non carbon atoms. Different compositions of process materials for the processing of
carbon fibers are trade secrets. Finally, sometimes these fibers are treated and sized
before marketing. Regarding the CF mats, apart from 2-D crimped weaves, there are
advancements in 3-D, multi-dimensional as well as weaves without crimps.

Classification of Carbon fibers

Carbon fibers are widely used in composites, as stated earlier, for their high strength,
stiffness and light weight. Depending on these engineering advantages, CFs can be
broadly classified into low modulus low-strength, high tensile strength, high tensile
modulus fibers. Isotropic CFs are of low modulus (~100 GPa) category but inexpen-
sive, in which crystals are randomly oriented, the second one, which belongs to high
strength category, has higher modulus than isotropic (~300 GPa) and finally the high
modulus type with excellent properties, can be further sub divided into ultra high
modulus (>500 GPa, heat treated beyond 2000 °C), high modulus (>300 GPa) and
moderate modulus (<300 GPa) categories. Some developed (like USA, Germany,
UK etc.) and developing countries are patent holders of CFs. CFs can be classi-
fied based some other factors which is avoided in this introductory chapter. Finally
yet importantly, aramid fibers are discussed in the following section for their extra
ordinary characteristics.

Aramid Fibers

Aramid fibers areman-made synthetic fibers. They are placed under synthetic organic
fiber group. The name came from aroma (aromatic) and amide (Polyamide). These
are organic polymers which fall under newly developed polymeric fibers. Aramid
fiber was first developed in the laboratory of Du Pont as Kevlar by scientist Kwolek.
From its first appearance, Kevlar (a brand name from Du Pont) got importance both
in research and commercial fields through a numerous research and developmental
projects. This fiber has high strength with surprisingly high stiffness [(five times
stronger than steel [54]), better damage-resistance and damping properties, higher
impact resistance, lesser flammability, high melting point and integrity at higher
temperature. Aramid fiber composites have highest specific tensile strength. Strength
is provided by strong bonds of CO–NH (amide) groups. Aramid fibers are famous for
applications for ballistic, armour and military usage among numerous engineering
and technological applications. The major demerits of aramid fibers is the problem
in cutting or machining and lower resistance to compression and bending [11]. There
are different varieties of Kevlar like Kevlar 49, Kevlar 29, and Kevlar 149. The last
one possessesmaximummodulus value under tension among the aramid fibers. USA,
Japan, Korea and China are major producers of aramid fibers. Several new fibers of
polymeric origins are continuously being developed now.

The other fibers under artificial and synthetic groups are developed for specific
purposes. Some of them are very much expensive like boron fibers (high tensile
modulus and compressive stress). While ceramic fibers like silicon carbide SiC or
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alumina (Al2O3) are suitable at high temperature applications are expected to be
discussed in following chapters as and when will be necessary.

Natural fibers are being proposed as replacements for the synthetic fibers primarily
from environmental point of view. Primarily they are plant or animal fibers. Some
natural resources are used for processing artificial fibers. Synthetic fibers are still
widely used in manufacturing of composites to serve the world. Natural fibers have
both advantages and disadvantages. The advantage of natural fibers is that they are
bio degradable. On the other hand, natural fibers are normally lesser strong and
durable than high grade synthetic fibers. Another problem is the matrix, most of the
matrix used for composite constructions today are non-bio-degradable. Although a
good deal of research works have been performed to develop bio degradable resins
or bio-degradable other matrices, it still remains an open and vast field of research.
Natural fibers are to be discussed in more details in third chapter. Both bio-fibers and
bio-degradable matrices are growing fields of research.

Matrices are other primary constituents of FRPCs. Generally, they occupy 30–
40 vol%within the fiber reinforced composites and serve several important purposes.
The processing of matrices also plays roles on the performance of composites. In
this context, it is relevant to discuss on the matrices now.

3.2 Matrices

Matrices hold the fibers in their positions in desired directions, distribute the stress
among the reinforcements and share some part of the loads supported by FRPC
components or structures. This is a continuous phase where fibers are dispersed
protects the fibers from the environment. There is an interphase between matrix and
fiber which is important from stress distribution point of view.

3.2.1 Types of Matrices

Matrices may be broadly classified into polymeric, metallic, ceramic and carbon
matrices. But there are advancements inmatrix research and some new developments
have been included in to composite science and technology like Bismaleimide (BMI)
resins.

Polymer Matrix

Most of the polymer matrices are resins. They can be divided into two major classes,
namely thermoset resins and thermoplastic resins. Thermosets are those which set
permanently and cannot be remoulded after curing. Unlike thermosets, thermoplas-
tics can be moulded again with some treatments due to absence of cross links. One
of the examples of thermoplastic resin is poly ether ketone (PEEK). Thermoplastics
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reduces the cost of production by faster processing. The polymer resins are available
in several varieties with different properties as follows:

Epoxy resins

Epoxy resins are intermediate produced from basic monomer bisphenol A diglycidyl
ether (BADGE) or DGEBA [10]. This basic monomer is derived from the reaction
between epychlorohydrine and bisphenolA (BPA). Though there are debatable issues
with the BPA about the merits and hazards caused by it with a list of moderate hazard
warning on the considerable exposure of infant lab animals to BPA [4], BPA based
epoxy resins are largely used in manufacturing of numerous products ranging from
aerospace structures to baby feeding bottles sharing about 80–90% of the market.
Not only monomeric, but epoxy resins may be oligomeric chemicals. These resins
are some intermediate products of reactions [33] and need another process of cross
linking called curing (with curing agents) for complete polymerization and formation
of more stable 3-D network of atoms. Typically, epoxy resins are characterized by
epoxide group, a ring of one carbon and two oxygen atoms [40].

The other types of resins are:

• Vinyl ester resins
• Phenolic resins
• Polyester and
• Polyurethane.

Vinyl ester resins

Principles of epoxy and polyester resin productions are combined to produce vinyl
ester resins to have some advantages of bothwith intermediate cost between polyester
and epoxy resins. They provide superior chemical and water resistance, higher
strength and stiffness at high temperature than polyester resins. These resins are
widely used in marine and construction industries. Vinyl ester resins are also used in
construction of small hull vessels (speed boats, canoes etc.).

Phenolic resins

These resins are highly fire resistant but lower mechanical strengths. They are used
in structural applications for their better flame resistance, lower smoke and toxic
gas emission and high operating temperature they are used in airplane interiors, ship
decks, internal bulkheads as well as ship furnishings.

Polyester resins

Polyester resins are synthetic in nature and is unsaturated. These are derived from
the reaction between organic acids and alcohols. These are mostly used in toner of
printer, bulk and sheet moulding. Polyester resin is the most frequently used matrix
in polymeric composites for their lower cost. Epoxy resins with better adhesive and
lesser shrinkage properties hold the second place in market demand for higher costs.
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Polyurethane

These are copolymers developed from polyols (containing more than two hydroxyl
groups) and polymeric or dual isocyanates. They are good elastic-adherents with
balance in hardness. These are used in production of rubbers, medicines and several
other products ranging from plastics to inks. The material can be used for very soft
to very hard end products.

Newly developed resins for better performance

These resins can be used in aerospace industries with notable advantages over epoxy
resins. Polyimide (PI) resins and bismaleimide (BMI) are two examples of such
resins. Apart from the aerospace industries, they can be employed in several other
composite constructions for these advantages.

The important disadvantage of these polymeric resins is resistance to bio-
degradation. Development of bio-degradable resins or some chemicals to increase
feasibility of degradation of these compounds cover a wide range of current trends
in research and developments.

Metal Matrix

Though metal matrices are not used frequently, Metal matrix composites are still
preferred in defence to perform at elevated temperatures. Generally, aluminium,
magnesium and titanium alloys are used as metal matrix for boron, carbon, alumina
and silicon carbide fibers. In addition, copper, lead, silver and nickel sometimes are
used as metallic matrices.

Ceramic Matrix

Molybdenum disilicide (MoSi2), SiC, silicon nitride (Si3N4), Al2O3, lithium-
aluminium silicate (Li-Al-silicate or glass ceramic) are used as ceramic matrices
for niobium (Nb), carbon and SiC fibers in processing ceramic composites.

The important compound used with polymeric resins for faster and complete
polymerizations of resins are hardeners. Moreover, several modifiers are used for
production of FRPCs.

3.3 Fillers and Other Modifiers

The main purposed served by the fillers or modifiers (additives) in polymeric matrix
is to reduce the cost by saving expensive resins. Additionally, gain in modulus,
smoothness and viscosity can be achieved through addition of additives. More-
over, processability, lubricating efficiency and many permeability reductions can
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be achieved using fillers. Fillers commonly used for ester resins are carbonate of
calcium reducing shrinkage in moulds. Among the other fillers, some microspheres
of glasses, or even mica or clay can be used as additives also.

Apart from the advantages mentioned above, they can reduce the resistance to
impact, make composites weaker sometimes. Therefore, choice of fillers or modi-
fiers is a judicious problem. On the other hand, additives like some elastomers can be
effectively used for increasing resistance against crash and impact of thermoset resins
which are otherwise brittle in nature. Rubbers, silicon and titanium dioxide can be
used for improving different characteristics of FRPCs; like some can reduce flamma-
bility (trioxide of antimony etc.), other can add some colours, or resist fading out of
colours and hazards caused by exposure to ultra violate (UV) rays (benzotriazoles
etc.).

4 Typical FRPCs

Fiber reinforced polymer matrix composites (FRPCs) are processed from the
constituents discussed in the preceding sections. Generally, in the first stage, laminae
are developed as their basic units.

4.1 Laminae

A typical lamina is a thin layer of FRPC (0.1–1 mm thick). Numerous fibers are
embedded within matrices. Lamina can be made of unidirectional fiber layout (UD
lamina or ply), bidirectional or even multidirectional fibrous laminae are produced
to achieve better mechanical performance in two or more directions. UD ply has a
Typical thickness of UD lamina is about 0.12 mm and that of woven one is about
0.25 mm.

It is evident from the above discussion that depending on the fiber orientation,
laminae can be divided into unidirectional, bidirectional or multidirectional laminae.
In bi-directional laminae, normally fibers are arranged in 0° and 90° directions. But
the orientation anglemay vary and the fibers can be arranged in different directions to
develop multi directional laminae. Currently, 3-D woven fibers are used for superior
performances. In UD lamina, fiber direction is generally designated as principal
direction or direction 1, the inplane direction perpendicular to the fibers is designated
as matrix direction 2 (transverse direction) while the direction perpendicular to the
plane of the lamina is denoted as matrix direction 3. Stress and strains are to be
expressed with reference to these principal material directions.

Several laminae can be arranged one over the other, bonded together and
sometimes heat pressed to produce laminates.
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4.2 Laminates

Laminate is the most common form of FRPCs. Thicker single layer (thicker than
typical lamina) fiber reinforced composite of thickness 2–3 mm can be used as skins
of sandwich composites. Primary advantage of sandwich composites is their higher
strength to weight ratios. Laminates are designed for thicknesses required to support
the loads with limited deformations. Direction of fibers sequence of stacking for
different layers of laminates can be adopted to achieve desired advantages.

Several types FRPCs are processed to meet numerous purposes. The FRPCs can
be classified into different classes based on different criteria.

4.3 Classification of FRPCs

Classification based on fibrous reinforcement used:
Based on fibrous reinforcement used, FRPCs can be classified into following

categories:

4.3.1 Carbon Fiber Reinforced Composites (CFRPs)

These are the FRPCs which are processed from polymer matrix reinforced with
carbon or graphitic fibers. These are of high demands in aerospace industries. But
their applications are realized in many engineering and technological fields for the
many fold developments of the fibers and matrices especially for their high strength
and lightweight. But these are costlier than glass fiber reinforced polymer composites
which is accepted in the composite industries for their several advantages.

4.3.2 Glass Fiber Reinforced Polymer Composites (GFRPs)

Essentially, the reinforcing fibers which strengthen the polymer matrices are glass
fibers. These FRPCs are abundantly used in the industries for optimum performances
with respect to their prices. Glass fibers are treated to render added advantages. They
are suitable for almost all types of polymeric resins. Wide range of applications of
GFRPs ranges from helmets to aerospace structural components. Vast field of their
application includes but not limited to automotive, marine engineering and naval
architecture.
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4.3.3 Polymer Fiber Reinforced Polymer Composites

Aramid fiber, especially Kevlar is the most famous polymer fiber for the advantages
mentioned in earlier sections. They are preferred in both defence as well as front
sectors of military organizations.

Polymer fibers as well as their polymeric composites are still a growing field of
research and development in many countries of the world.

4.3.4 Ceramic Fiber Reinforced Polymer Composite

Polymer resin strengthened with ceramic fibers are included in this group. Epoxy
resin reinforced with ceramic fibers and microsilica additive have been reported
for aerospace applications [48]. Throughout the world high temperature application
of ceramic fiber reinforced composites are well practised. But still degradation in
mechanical properties is an open field of research within this area of study.

Classification based on polymer matrices used:
It is already mentioned that FRPCs can be broadly classified into the following

classes:

1. Fiber reinforced thermoset polymer composites.
2. Fiber reinforced thermoplastic polymer composites.

These two classes have been briefly discussed earlier and further discussion on
this topic is avoided here to avoid repetition.

4.4 Speciality of FRPCs

Fiber reinforced polymer composites have strong direction dependence in their char-
acteristics. Themeasurable parameters indicating their properties depend both on the
orientation of fibers as well as direction of applied loads. Conventional metals are
normally regarded as isotropic, however, fiber reinforced polymer matrix composites
are anisotropic or orthotropic in nature. They exhibit higher modulus values in fiber
direction. That is the stiffness in longitudinal fiber direction, in UD FRPC is signifi-
cantly higher than that in transverse direction. In case ofmultidirectional arrangement
of fibers, this difference in stiffness different directions are tried to reduce. Not only
the longitudinal tensile modulus but the other properties like the thermal extensions,
conductance or tensile strengths are considerably different in fiber and transverse
direction in UD FRPCs. The stress distribution along the longitudinal direction are
observed to be different in different cross sections at different distances from the
end tabs of the specimen also in some cases. The design of FRPC components or
structures is not so much straight forward as the metallic counterparts for the failure
mechanism in this case is muchmore complex than metals due to fiber directions and
the complex stress distribution within the interface between the fiber and the matrix.
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The failure due to fracture in FRPCs is a complicated problem and depends on so
many factors like the constituent fibers (different natural and man-made fibers), the
matrices, their interactions especially at the interface, the loading types and direc-
tions, sensitivities of the constituents to the loads (static, dynamic, thermal etc.) and
the environmental factors like including electrical andmagnetic influences etc. These
fracture failures of FRPCs are briefly introduced in the following section.

5 Fracture Failures of FRPCs

It is already mentioned that failures caused by fractures is complicated phenomenon
and depends on several factors. Fibers are key role players in FRPCs. It is therefore
may be an acceptable approach to start with the interaction of fibers with the matrices
during fractures. There are several studies considering fibers and matrices as sepa-
rate entities. The problem may be addressed from different points of views. One of
such views of addressing this problem can be studying the fiber-stresses, stresses
in matrices holding the fibers in positions, the interface stresses, fiber breakage,
matrix cracks, fiber interactions, varying distances between the fibers, influence of
other fibers on the broken one, or localized yields of matrix or fibers. This view of
addressing localized effects of interaction between matrices and fibers is microme-
chanics [20, 35]. On the other hand, composite components and structures made of
FRPCS are of interests for different sections of think tanks throughout the world.
The deformation, buckling and fatigue loads, thermal behaviours, damping, energy
absorbing capacity, effect of holes or similar discontinuities etc., the global responses
are of interests. Response of a layer or a number of layers are intermediate in nature
between these two approaches. In this approach, the deflection or load carrying
capacity of individual layer, or that of the laminates of a groups of layers along with
the interactions between the different layers of laminates are studied to predict their
failures. Role of fiber orientation or constituentmaterials in a single layer or the layers
of a laminate is an ever-growing field of study due to invention and development of
new constituentmaterials for both fibers andmatrices. In this, the investigation can be
started with the deformation or other responses of some element of a layer with many
fibers can be addressed first without going to the responses of individual fiber, matrix
and the interaction between the matrix and fibers (as done in micromechanics).

The defect or flaws plays the key role in the strength exhibited by any material.
These flaws are very much important in fracture failure of FRPCs [23]. The micro
or macro-cracks governs the strength of the FRPCs. Thus fracture mechanics is an
essential field of study in the fracture failures of the FRPCs, be it at micro or macro
levels for strength of materials approach is essential but not sufficient to explain the
behaviours of FRPCs. Three major stages are to be considered in fractures due to
cracks: nucleation or initiation of microcracks, growth and coalescence and crack
propagation. In the growth phase, microcracks grow stably to join with other micro
cracks to form a macro crack. In the final stage, these macro cracks propagate fast
leading to fracture. This happens at a stress level which is critical for unstable crack
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growth. In brittle CFRPs, stage two is not prominent to be realized. Another point is
to be noted here is that FRPCs have high level crack resistance due to matrix ductility
and crack-arresting capability of fibers at the interface between fiber and matrix.

5.1 Modes of Macroscopic Fractures in FRPCs

Depending on the application of loads, fracture failures may occur due to following
modes:

1. Fracture failure due to mode I.
2. Fracture failure due to mode II.
3. Mode III fracture failures.
4. Mixed mode fractures.

In mode I, tensile load is applied perpendicular to the facture plane leading to
opening mode of fracture. It is termed as opening mode for the joints between the
fracture surfaces at the crack tips open like opening some page in writing pad.

In mode two fracture, the load applied is parallel to the fracture plane and results
in sliding the two newly developed fracture surfaces parallel to the crack surface and
in the same direction to the crack front due to shear stress perpendicular to the crack
front.

Mode III fracture occurs when load is applied in such a way that the shear stress
is parallel to the crack front crack plane both. The load is applied out of plane to the
shearing plane like tearing a paper by applying forces by two hands at one edge in
reverse directions.

Mixed mode of fractures:
This mode of fracture can be characterized by the presence of two or more modes

(Mode I andmode II,Mode I andMode III or allmodes)mixed at the crack front. This
mixed mode fracture is common in case of sandwich composites due to asymmetry
in both material and geometry of layers.

The pure modes of fractures (mode I, Mode II and Mode III) are shown in Fig. 1.

Fig. 1 Pure modes of fractures
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Fig. 2 Typical macro-scale failures in FRPCs

5.2 Fracture Failure Procedures

In fracture mechanics, two well accepted hypotheses are:

1. Every real material has inherent flaws, and
2. fracture occurs due to higher stress at the location of flaws than the adjacent

materials [23].

In FRPCs, there are several anomalies or flaws present in the composites in
microscales [46] and these are the breeding points of crack-initiations, growth and
propagation due to the higher stress concentration at flaws than the surrounding
materials. In macroscopic scales, failures mechanisms in FRPCs can be divided in
to major four classes as follows:

1. Delamination,
2. Transverse cracking,
3. Fiber breakage and
4. Longitudinal cracking.

The failure mechanisms in macroscopic scales are presented in Fig. 2.

5.3 Fracture Mechanics Approach in FRPC Problems

Some concepts of isotropic material approach in linear elastic fracture mechanics is
difficult to implement for FRPCs for anisotropy and inhomogeneity. Anisotropy and
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inhomogeneity are there both in materials, and stacking sequence of laminae (i.e.
several laminas in different directions) within the laminates invite complex problems.

The anisotropic materials with homogeneity can be used with fracture mechanics
approach to deal with the FRPCs. Here, composite materials are assumed to be
homogeneous but anisotropic. But in most of the cases FRPCs are not homogeneous
revealing that this assumption is also insufficient to explain the behaviours of the
FRPcs in true sense. Stress distribution around the crack tip is reported by Wu [58].
He finds that the stress intensities around the crack in affected by the properties
of anisotropic materials, crack orientation with respect to the principal material axis
and crack parameters. The researchers worked on the advancements in application of
fracturemechanics to the problems of compositematerials [7, 50, 55]. The problem is
more critical in the case of fatigue. It is a complex phenomenon. Crack tends to grow
parallel to the fibers in a self-similar pattern if the crack is cut in parallel to the fiber
direction, whereas the crack growth is parallel to the fibers if cut at an angle to the
fibers not parallel to the crack itself. In a laminate of various layers, the crack growth
is much more complicated. Therefore, the growth prediction of different cracks in
FRPCs is a complicated problem in reality.

5.4 Effect of Transverse Shear

Transverse shear plays an important role in predicting failures of FRPCs for the
modulus of matrix materials is much lower than the fiber-materials and even lower
than the FRPC laminates as a whole. The shear characteristics of entire laminate can
be considered as the sum of all the transverse shear effects in different interlaminar
regions. Thus, transverse shear stresses have much more effects on FRPCs than
isotropic plates.

5.5 Failure of FRPCs Under Compression

The failures of FRPCs under compression is studied for CFRP laminates with
vascules embedded within the composites [19]. It is observed that among the several
parameters like diameter of vascule, length and areas of resin pockets, disturbance
parameters of the fibers and layup systems, length of the resin pocket has important
influence on the integrity of the FRPC components. Finally failure occurs due to
micro buckling of the fibers.
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5.6 Fracture Failures of FRPCs in Different Scales

It is clear from the foregoing discussions that the fracture failure analysis of FRPCs
is a complicated problem. Different approaches have been proposed to explain the
behaviours of FRPCs subjected to fractures. Some of them are competent to explain
certain behaviour of particular or a group of FRPCs, but insufficient for others. This
is still an open field of research. To handle this complex problem of fracture failure,
one such approach may be acceptable. The problem can be examined in different
length scales to make it convenient for study. In this context, it is logical to discuss
on the failure mechanisms those occur in different scales, i.e. micro, meso and macro
scales [29].

5.6.1 Fracture Study in Micro-scale

It is evident that there are inherent flaws within FRPCs due to manufacturing defects
or some other reasons. These are the hotspots for the fracture initiation and further
growths. Fracture starts at molecular or atomic levels. The bonds are damaged due
to force exceeding some limits to initiate crack growth. Monte-Carlo simulation was
used by the investigators for prediction of failure [15, 28]. But there are limitations in
capturing the complicacy as a whole. The diameter of the fiber (in microns) and their
lengths are taken as input parameters which are much and much larger than atomistic
scales which shows the incapability of this simulation in constituting microstructure
explicitly. This is so much important for it permits to realize different failure mech-
anisms besides failure of individual ingredients. It is started with the flaws in micro
scale around each fiber.

5.6.2 Fracture Study in Meso-scale

Meso scale is characterized by several hundredmicrons. Therefore, it addresses flaws
extending through several fibers. Meso scale fracture study is useful for FRPCs
made with textile fibers. Meso-scale fracture study can well address the inter-ply
delamination as well as splitting. The important input parameter for the inter-ply
delamination is the adhesion between thefiber and thematrix. The surfaces of fracture
exhibit noticeable mutilated or hackle structures through branching and deflection
of cracks [12] for increased bond strength consuming more energy for the same
propagation length of relevant macroscopic crack.

5.6.3 Fracture Study in Macro-scale

The scale ranges from some millimetres to metres. In this study, the laminate thick-
ness or a whole structure can be covered. This macro-scale fracture is defined by
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the types of applied loads for a large range of mechanisms are covered within micro
and meso scales. Fracture type inter-fiber may not result into fracture in macroscopic
scales. But it may impair the stiffness. Macro level fracture may be due to an integral
effect of several microscopic and mesocopic failures. One of such failures may be
damage due to impact. In the case of impact of low velocity, the damage may not
be directly visible on the exposed surfaces but may cause serious damages in micro
and meso scales causing delamination within the laminates leading to fracture.

5.7 FRPC Failure Theories

Many theories have been proposed to predict the failures of FRPCs over the decades
to interlink the different microscopic and mesoscopic failure mechanisms leading to
failures at macro-scales. Additionally, these vary for different type of loading and
materials. The theories can be grouped under different categories based on their field
of applications as follows:

1. Failure theories for static or quasi-static loads
2. Failure theories for damage mechanism, growth and degradation
3. Theories of failures under creep, fatigue and rupture due to stress
4. Theories for high strain rate failures.

5.7.1 Failure Theories for Static or Quasi-static Loads

Tsai-Wu-Criteria is one of the famous such failure theories [52, 59]. Hashin showed
that this criterion is not consistent with all the stress states of FRPCs [14] inviting
new development in the theories. Hashin adopted Mohr’s criterion [34] for fracture
failure of brittle materials. Hinton with the team performed a notable task to work out
predictive capabilities of the failure theories [16, 17, 25]. In this series of attempts,
the theories provided by Pinho et al. [41], Cuntze [8] and other two researcher groups
were capable of holding best position for predicting the behaviours under 3-D state
of stresses.

5.7.2 Failure Theories for Damage Mechanism, Growth
and Degradation

Failure at macroscopic level through the summation of microscopic failure mech-
anism is experimentally challenging. In addition to it, the computational exercise
in microscopic level in fact is very much intensive from computational point of
view. Stress–strain relations in macro-scales, homogeneity, orthotropic symmetry
with layers free from defects are considered to be acceptable for analytical analyses.
In this approach, classical laminate theory (CLT) is valid. Layer-wise theory is used
to predict the failures. Progress of damage within laminates with fracture mechanics
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concepts using strain energy of laminates subjected to triaxial loading is studied [9].
In another notable study, the capability of different criteria to predict delamination
and initiation of cracks within the matrix has been compared [26] to conclude that
experimental verification will be necessary to select which theory will be best in this
approach to predict the behaviour.

5.7.3 Theories of Failures Under Creep, Fatigue and Rupture Due
to Stress

The investigations on prediction of failures due to creep, fatigue and ruptures caused
by stresses are limited. As per definition [42] a strain rate less than 10–6 s−1 is
considered as creep. In case of polymers reinforced with fibers creep generally cause
unacceptable degradation but not always. Besides some studies, there are no much
theories proposed for this type of failures of the FRPCs. In case of stress rupture,
different theories produced similar results in prediction of life time. Some acceler-
ated tests discussed [36] in literature needs further validation regarding stress-rupture.
The investigation on viscoelastic materials in this field is extremely limited. Study of
FRPCs under fatigue load is being continued for a long time. Behaviour of FRPCs
under fatigue load is extremely complicated and challenging field both from exper-
imental as well as computational point of view. Studies are still being continued in
several composite research centres. Prediction of actual point of time for initiation
of cracks is really challenging. Statistical approach is essential for large number of
scattered data. Nevertheless, the study and prediction of fatigue lives are essential
for important structural designs. Different criteria have been proposed with their
competencies and limitations.

5.7.4 Theories for High Strain Rate Failures

Currently, use of FRPCs in crash-worthy structures has been increased. This ensures
the importance of studies under high strain rates. Unlike the other failures discussed
in foregoing sections, the failure is sudden.AThe rate of strain beyond 102 per second
is considered as high strain rate. A strain rate of 106 per second can also be realized
from special cases. The failure is of different nature for there is no scope of stress
redistribution or relaxation etc. Instead of failure theories, several investigations have
been carried out in this field with continuous refinements and developments along
with the use of digital image correlation (DIC) techniques [31]. The location and the
impact energy are being monitored by using sensors.
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6 Experimental Investigations on FRPCs

Experimental mechanics, especially experimental fracture mechanics are frequently
used to measure the parameters and to realize the behaviours of FRPCs for the
different limitations of the mathematical prediction theories and criteria. Experi-
mental investigation itself may suffer from errors due to error in experimental setup
and different other factors. Experimental setup for advanced fiber reinforced compos-
ites is generally expensive but experimental approach is the only way where reliable
input data are not available for numerical simulations or analytical studies. Recently,
both the industrial and political sectors of some countries have realized the impor-
tance of research on FRPCs. Experimental investigations play a great role towards
fulfilment of this demand goals of research in this field.

The topics discussed so far are on thematerials and their characters with emphasis
on their fracture failures. As mentioned, different materials are used for both fibers
and the matrices. The fracture failures of FRPCs with different fibers and matrices
along with environmental effects on these materials will be discussed in following
chapters.

7 Conclusions and Future Prospective

The chapter started with the definition of composite and fiber reinforced composite
materials (FRPCs) followed by historical background of the development of FRPCs.
In subsequent sections, different constituents of FRPCs including readymade
constituents with their ingredients and productions along with their different classes
are addressed from material science point of views. Different classes of FRPCs with
their typical characteristics have been discussed. Finally, different types of fractures
and failure mechanisms have been presented from mechanics or fracture mechanics
approach indicating the existing research gaps in the studies. Advanced learners are
requested to go through the references of this and the following chapters.
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Abstract Today’s industrial scenarios had imposed many academicians and
researchers to develop an eco-friendly, sustainable and cost-effective polymer
composite material instead of synthetic fibers. The implementation of natural fiber
reinforced polymer composites provided a most significant contribution in the devel-
opment of more biodegradable polymer-based composites. The mechanical charac-
teristics of natural fiber-reinforced composite depends not only on the properties of
the fiber, but also on the concentration of fibers loaded on the matrix phase. The
loading rate of reinforcement are usually influenced by the features of fiber and
matrix employed for the composite preparation. Determination of appropriate fiber
loading rate is an important parameter necessary for significant strengthening and
improvement of interfacial bond between fiber and matrix of the composite material.
This chapter discusses the consequence of the percentage of different fiber content
on the mechanical and water absorption behavior of the polymer composites.
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1 Introduction

Many manufacturing sectors like aerospace, biomedical, electrical, structural,
packing and automotive area are started to manufacture their products using natural
fiber reinforced polymer composites due to their lower production cost, light-weight
nature, environmental policy and increasing energy crisis [1].On the other hand, poly-
mers reinforced with natural fiber has some limitations which have notable shortfalls
in their properties in contrast to artificial materials. Generally, the chemical contents
such as lignin, hemicelluloses and waxy substances present in the fiber will permit
absorption ofmoisture from the surroundings,which creates aweak bonding between
the fiber and polymer [2]. Furthermore, fiber-matrix bonding also influences by the
chemical nature of bothmatrix and thefiber. This problemcan be reduced by selecting
a suitable matrix, proper chemical treatments and manufacturing process.

Apart from these factors, fiber loading is considered to be one of the most
persuading parameterswhich determine compositesmechanical properties andmois-
ture absorption rate. When a load is subjected to a fiber-reinforced composite, fibers
acts as a load carrier and as a result uniform distribution occurs by the transfer of
stress from the matrix along with the fibers. Such uniform stress distribution of fiber
and matrix mainly depends upon the fiber loading percentage. Lower fiber loading
causes failure of the matrix since it does not have enough fiber to carry the load,
where stress gets accumulated at a certain point [3]. This phenomina causes cracks
generation that further leads to fiber-matrix de-bonding. Similarly, if the fiber loading
rate was higher than that of critical level, it also affects the interfacial bonding and
reduces mechanical strength of the composites.

During composite fabrication, the flow of resin around the space of the fiber is
complicated due to the limited time and passage. Moreover, the dispersion of the
fibers within the polymer matrix is difficult which needs more care since where fiber
to fiber interaction becomes maximum. Hence intermediate level of fiber loading
rate is recommended to assure efficient stress transfer from the matrix to the fiber
[4]. The amount of fiber loading percentage depends on the criteria such as resin,
fiber orientation and architecture of the fiber. Some of the research carried out on
natural fibers to examine the effect of fiber content on the mechanical properties of
composites are illustrated in Table 1 and a critical review on this aspect is presented
below in detail.

2 Effect of Fiber Loading on Tensile Properties
of the Composites

The tensile strength of the material is largely influenced by the reinforcement param-
eters such as fiber length and fiber content. The appropriate volume content of the
fibers reinforced into matrix combination provides absolute tensile strength to the
respective composite. For instance, a maximum tensile strength of 90.20 MPa and
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Fig. 1 SEM images of composite reinforced with 40 mm fiber length with different fiber contents
(a, b 30 weight percentage and c, d 40 weight percentage) [1]

Young’s modulus of 1.40 GPa was observed for the Cissus quadrangularis (CQ)
stem fiber reinforced polyester composite that loaded with 30 wt% fiber content and
40 mm fiber length [1]. The scanning electron microscopic images of the fractured
specimens of CQSF shown that the bonding of CQ fiber with thematrix was not good
beyond 30 wt% due to the improper filling of the matrix in the fiber voids and higher
fiber to fiber interface was noted (Fig. 1). Hence the study revealed that inappropriate
fiber content decreases the total strength of the composite.

Hence it is concluded from the study that fiber concentration is an important factor
that affects composite quality in greater extent. Likewise, Tamarind fruit fiber was
employed as reinforcements in polyester composites showed good specific properties
[5]. It was also found from the study that 40% fiber addition enhanced the tensile
properties (77.44 MPa) of the fiber, which was 2.08 times higher than that of pure
cured resin.Whilst beyond that specific point, the composite strength gets distracted.
TheAreca fruit husk fiber (AFHF) reinforced in polyester compositewas investigated
to determine the optimum filler content [6]. Tensile and modulus strength was found
to be a peak at 40 wt% of the fiber reinforced composite with a value of 68.2 MPa
for tensile and 1.124–3.155 GPa for modulus.

The mechanical behavior of chemically treated tamarind fruit fiber reinforced in
polyester composite was studied in another study [7]. The three chemical treatments
such as silane, alkali, alkali with silane were applied to accomplish surface modifi-
cation of natural fiber to improve its various characteristics. Results concluded that



Effect of Fiber Loading Rate on Various Properties of the Fiber … 33

higher tensile strength was attained at 25% reinforcement of fiber by its weight in all
the treatment.Alkaliwith silane treatedfiber reinforced composite containing 25wt%
of fiber content exhibited higher tensile modulus and strength as 308.5MPa and 30.6
GPa. However, the chemically treated fiber reinforced composites provided better
strength than raw fiber reinforced composites. Since chemical treatments increases
the roughness of the fiber surface that ensure better interlock between fiber andmatrix
during reinforcement and this implied as raise in tensile properties.

The various weight percentage of coconut coir fiber and sugarcane leaf sheath
(SLS) fiber were reinforced as a hybrid fiber with polyester matrix [8]. In the 30 wt%
of hybrid fiber used, 15 wt% consists of SLS and 15 wt% consists of coir fiber. Such
30 wt% reinforced polyester matrix exhibits a better tensile strength of 16.88 MPa
and tensile modulus of 1.20 GPa when compared to other weight percentage rein-
forcement. Bent Grass fiber-reinforced with polyester matrix was investigated to
determine its tensile behavior [10]. The weight percentage of reinforcement used
varied from 20 to 40% with varying fiber length of 3 mm, 5 mm and 7 mm. The
tensile strength of the composite was higher (23.46 MPa) with 40 wt% volume and
7 mm fiber length, as shown in Fig. 2.

Fig. 2 Effect of varying fiber length and content (a fiber length 5 mm, b fiber length 3 mm, c fiber
length 7 mm) on the tensile strength of Bent Grass fiber reinforced polymer composites [10]
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Another study used fine sized Shorearobusta as a filler for reinforcement in unsat-
urated isophthalic polyester resin [11]. The corresponding tensile properties were
determined for 5, 10, 15, 20 and 25 volume percentage of filler reinforced in the
polymer composite. A maximum tensile strength value of 960.62 MPa was observed
through filler addition at 20% volume while further addition resulted deterioration
of the properties. An experimental investigation performed using Sansevieria cylin-
drical fiber reinforced compositeswith varyingfiber lengths of 10–50mmandweight
percentage of 10–50wt% [4]. The composite wasmanufactured with the fibre weight
percentage of 10%, 20%, 30%, 40%, and 50%, and different fiber length of 10 mm,
20 mm, 30 mm, 40 mm and 50 mm. A critical fiber length of 30 mm determined
was used to test the effect of fiber weight percentage on composite performance.
Sansevieria cylindrical fibre exhibits an increase in tensile strength and Young’s
modulus up to 40% fiber content while decreased to 50 wt%. The addition of fiber
weight percent had increased elongation value due to the reduction in the brittleness
property of polyester resin. Furthermore, the tensile property of snake grass fiber
reinforced polyester composite with varying fiber length and weight percentage was
investigated [12]. A critical fiber length of 30 mm with 25% volume fraction of fiber
content resulted higher tensile strength (35.89 MPa) than other combinations.

The tensile property of the Luffa fiber was also investigated by varying weight
percentage of fiber- epoxy composites [14]. The optimum fiber reinforcement was
identified as 60wt%,which exhibits a tensile strength of 18.3MPa.While beyond that
fiber content, lower tensile strength was observed. The enhancement in composite
strengthwas due to theH-bond formation betweenoxy-groupof epoxy composite and
OH group of cellulose present in the fiber. The addition of harakeke fiber enhanced
tensile strength and Young’s modulus of composites manyfold and which was 4.3
fold higher than that of neat epoxy composite that possess 55 wt% fiber content [16].
An average tensile value of 223 MPa and 16.8 GPa was determined at a fiber content
of 55 wt%. Beyond 55 wt%, decrease in tensile strength was obtained whereas a
moderate increase in Young’s modulus was observed. Hence it is established that the
harakeke fiber bonding parameter is not related to Young’s modulus of the fiber.

Changes in the tensile property for banana fiber in epoxy polymer composite was
investigated was determined by varying fiber loading rate [17]. Increase in weight
ratio up to 12% provided increased tensile strength and modulus of 16.39 MPa and
0.652 GPa. While further increase in weight ratio caused decreased tensile prop-
erties. The Dichrostachys cinerea bark fibers (DCFs) reinforced epoxy composite
was studied with varying its fiber weight fractions [18]. The increasing trend in the
tensile property was noted up to 30 wt% loading rate and subsequent loading rate
leads a drop in tensile value. The use of Date seed as a filler material in the fabrication
of vinyl ester composite was studied for finding optimum filler loading percentage
[27]. The filler loading rate from 5 to 50 wt% at an interval of 5% where an optimum
tensile strength of 40.3 MPa was observed at 30 wt% of fiber content.

The tensile properties of Jute fiber/vinyl ester composite was investigated by
changing its fiber volume percentage from 0 to 35% [28]. The tensile test was
performed on the untreated and treated fiber reinforced composites to find out the
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effects of variedfiber loading rate. The treatedfiberswere classifiedbasedon the treat-
ment hours, and the results are shown in theTable 2.Which confirmed that composites
made with 35% fiber volume treated for 4 h showed maximum improvements in the
tensile property.

A green polymer composite was manufactured using pine needles fiber with
different fiber content of 10%, 20%, 30% and 40%, and a Resorcinol-Formaldehyde
(RF) matrix by compression molding technique [29]. The 30 wt% fiber loading
exhibits maximum tensile strength followed by 40 wt%, 20 wt%, and 10 wt%
showed considerable tensile strength. Conversely, bamboo fiber reinforced compos-
ites preparedwithHDPEmatrix using 10% to 30%fiber content by injectionmolding
technique [28]. The bamboo fiber based composites at 30% fiber content provided

Table 2 Tensile properties of raw and treated jute/vinyl ester composites [28]

Jute fiber content Fiber type Modulus (GPa)

Mean value Standard Deviation

8 Untreated 4.220 0.33

2 h treated 3.446 0.53

4 h treated 4.205 0.71

6 h treated 3.967 0.66

8 h treated 3.130 0.43

15 Untreated 5.544 0.55

2 h treated 6.024 0.04

4 h treated 6.539 0.42

6 h treated 5.546 0.21

8 h treated 5.337 0.26

23 Untreated 7.355 0.51

2 h treated 8.065 0.79

4 h treated 9.384 0.44

6 h treated 8.542 0.41

8 h treated 7.132 0.45

30 Untreated 10.030 0.62

2 h treated 10.990 0.27

4 h treated 12.850 0.27

6 h treated 12.490 0.94

8 h treated 11.170 0.42

35 Untreated 11.890 0.62

2 h treated 12.700 0.37

4 h treated 14.690 0.85

6 h treated 14.890 1.17

8 h treated 12.320 0.35
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maximum tensile strength and modulus of 25.27 MPa and 2674.67 GPa, whereas a
decline in the tensile properties was achieved in the remaining fiber contents used.
Eucaliptus bleached fiber reinforced polyoxymethylene composites formulated with
20% to 40% fiber contents were investigated to determine its altered tensile strength
[31]. It seems that 40% EBF reinforced composites exhibited high tensile value
compared to other fiber contents tested.

3 Effect of Flexural Properties on Varying Fiber Loading

The flexural property is considered as an essential constraint to define the structural
applications of plant fibers. Varied fiber contents in the composite showed noticeable
effect on its flexural property. A maximum flexural strength of 103.04 MPa and
flexural modulus of 2.25 GPa was obtained for Cissus quadrangularis stem fiber
reinforced polymer composite with 40 mm fiber length and 30 wt% fiber content [1].
The flexural property analysis of tamarind fruit fiber reinforced polyester composite
showed that the composite possesses a maximum flexural strength of 88.53 MPa at
40% reinforcement rate [5].

Flexural strength and modulus of randomly oriented Areca fruit husk fiber rein-
forced polyester matrix exhibited maximum flexural strength value of 73.9 MPa at
40 wt% of the fiber [6]. On the other hand, such composite possess 70% higher
value than the flexural property reported for cured resin. The flexural behavior of
treated tamarind fruit fiber reinforced polyester composite was investigated using
three-point bending mode in a UTM machine, in another study [7]. Where, a fiber
loading rate up to 25% enhanced the flexural strength and modulus, while above that
point the properties reported in decreased range. The highest flexural modulus and
strength of 3865 GPa and 41.1 MPa were identified for the fiber treated with alkali
with silane. This increment was achieved due to the removal of the impurities and
hemicellulose present on the surface of the fiber.

Fine sized Shorearobusta with 5%, 10%, 15%, 20% and 25% concentrations were
used as filler reinforcement in unsaturated isophthalic polyester resin to study its
flexural properties, as reported in another study [11]. Maximum flexural strength of
26.16 MPa and modulus of 1810 GPa were observed for filler addition up to 20%
of fiber volume. Further addition of increased filler volume resulted deterioration of
the flexural properties. It is also observed that this decrease in the properties was due
to the weak interface and filler agglomeration as observed through the SEM image.
Flexural strength and modulus of Sansevieria cylindrical fibre reinforced composite
was investigated in later through another attempt [4]. The increase in flexural strength
and modulus up to 40% fiber weight percentage but a decrease in the property as
notedwith factors of increasing fiber loading over 40%.Amaximumflexural strength
and modulus of 84 MPa and 3 GPa were accomplished in the study with 30 mm fiber
length and 40% fiber weight. The effect of different fiber weight percentage on the
flexural property of snake grass fiber reinforced polyester composite was established
[12]. Results showed that there were a gradual increase in the flexural property of the
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Fig. 3 Flexural strength versus fiber volume for treated and non-treated Luffa fiber [14]

composite with 20% weight percentage. This increasing trend continued up to 25%
fiber content, where a maximum flexural strength and modulus of 75.29 MPa and
15.99 GPa were obtained. Beyond 25% weight percentage, the flexural strength gets
drastically reduced. Conversely, Luffa fiber in epoxy composites showed increase
in flexural strength up to 6% volume, while a decrease has found beyond that level.
[14]. The Non-Treated Luffa fiber and amine treated Luffa fiber exhibited specific
flexural strength of 33 and 43%, which was higher than that of plain epoxy resin, as
shown in Fig. 3.

The addition of harakeke fiber up to 49 wt% had increased flexural strength
and flexural modulus of epoxy composites [16]. However, no improvements in the
flexural properties were observed on the further addition of harakeke fiber. The 49
wt% harakeke fiber reinforced epoxy composite exhibits maximum flexural strength
andmodulus of about 223MPa, 13.7GPa, respectively.Changes in flexural properties
of banana fiber reinforced epoxy composite was investigated through a similar work
[17]. The maximum flexural strength and modulus of banana fiber reinforced epoxy
composite was determined as 57.53 MPa and 8.92 GPa with a fiber length of 15 mm
and fiber weight of 16%. Beyond the 16% fiber content, a reduction in the flexural
property was observed. Flexural properties of Dichrostachys cinerea bark fibers
(DCFs) reinforced epoxy composite was analyzed by varying weight fraction of
the fiber [32]. The 30 wt% of DCF in composite showed maximum flexural strength
of 68.89 MPa and modulus of 4.456 GPa. Higher flexural strength was observed due
to better bonding as reflected in the SEM images of the broken specimen used in the
flexural test (Fig. 4).

Date seed was utilized as a reinforcement filler in the fabrication of vinyl ester
based composite to identify the optimum filler loading percentage for higher flexural
strength [27]. It was observed that 30 wt% date seed showed higher flexural strength
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Fig. 4 Flexural strength versus Fiber volume for treated (a) and non-treated (b) Dichrostachys
cinerea bark fibers and the broken SEM (c, d) image [32]

andmodulus. Jute fibers/vinyl ester composites investigated in another study to deter-
mine the flexural property by changing fiber volume percentage from 0 to 35% [28].
The 35% fiber loading provided an improvement in the flexural property up to 20%
when compared with pure resin. Moreover, green polymer composite was manu-
factured and investigated to study the flexural behavior of pine needle fiber [29].
The pine needle fiber with 10%, 20%, 30%, and 40% weight content in resorcinol-
formaldehyde (RF) matrix was used to fabricate composite by compression molding
technique. Theflexural strengthwasmaximum (297.32MPa) at 30wt%fiber loading,
followed by 40 wt%, 20 wt% and 10 wt% showed respective flexural strength.

4 Effect of Fiber Loading on Impact Properties

Impact resistance and fracture toughness of the composite can be enhanced by
assuring the approximate fiber content. Furthermore, the impact strength can be
improved by the addition of right compatibilizer, which will increase the flexi-
bility of the molecular interface chain that results better energy absorption. Hence
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Fig. 5 Effect of impact strength on changing fiber content and orientation [33]

impact properties depend on the factors such as fiber content, fiber strength, interfa-
cial bonding, percentage of elongation, etc. More impact energy is observed when
composite possess higher fibers content [33]. Energy absorption is less for lower
fiber content due to the more considerable distance between fibers. Moreover, impact
strength decreased significantly if the fibers laid parallel to the impact loading direc-
tion. The Ricinus communis plant fiber reinforced polyester composite by varying
fiber content provided utmost impact strength at 40 wt%, as shown in Fig. 5.

The effect of fiber loading on impact strength was analyzed by varying weight
fraction of raw and treated Dichrostachys cinerea bark fibers (DCFs) that reinforced
with epoxy composite [32]. The impact test was carried out with different fiber
loading rate from 10 to 40 wt%. As a result, the maximum impact strength was
achieved at 30% reinforcement with a value of 75.773 and 84.633 kJ/m2 for raw
and treated fiber composites, as shown in Fig. 6. There were a decrease in the fiber
content was observed at 40 wt% as 68.996 kJ/m2 and 76.553 kJ/m2 for raw and
treated composite.

The impact properties were decreased beyond 40% reinforcement in the case of
tamarind fruit fiber reinforced polyester composite, due to restricted space in the
filling of the resin [5]. Hence maximum impact strength of 7.3 J/cm2 was found
at 40% fiber reinforcement used. Although, Areca fruit husk fiber was reinforced
in the polyester matrix by varying fiber weight percentage in the composite and
found that 40 wt% of fiber content yielded better impact strength of 6.826 J/cm2 [6].
Impact strength of polyester composite fabricated with different weight percentage
reinforcement of hybrid fiber that consists of sugarcane leaf sheath and coconut coir
fibers were investigated to explore absolute reinforcement concentration [8]. The 30
wt% of hybrid fiber that contains 15 wt% of sugarcane leaf sheath and 15 wt% of coir
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Fig. 6 Impact strength versus fiber volume of treated and non-treated Dichrostachys cinerea bark
fibers [32]

reinforced with polyester matrix exhibits better impact strength of 0.95 J/m when
compared to other weight percentage reinforcement.

Impact properties of treated Bent Grass fiber reinforced with polyester matrix was
studied in a concurrent study [10]. The impact strength (70.86 J/m) of the composite
was found higher at 40wt% fiber content with 7 mm fiber length. The influence of
fine-sized Shorearobusta fiber as a filler in polyester composite was determined to
establish its impact properties [11]. The results revealed that the incorporation of
Shorearobusta filler up to 10 wt% volume were not improved the material’s impact
property. But an addition up to 20 wt% volume of filler increased the impact strength
moderately while decreased in further addition.

Sansevieria cylindrical fibre with varying reinforcement percentage in polyester
composite was studied for its impact property [4]. The composite reinforced with
30 mm length and 40% weight exhibits 23.6 times greater impact strength than
pure polyester resin, which shows the potential of Sansevieria cylindrical fibre. A
minor decrease in the impact strength by a factor of 0.12 was observed when fiber
weight percentage is augmented from 40% to 50%. The presence of Luffa fiber
had improved the composite’s impact strength. The maximum impact strength was
observed as 3.15 J/m and 3.3 J/m at 8% for un-functionalized and functionalized
fiber composites, respectively. From the results, it was clear that the impact strength
of the composites improved with increase in Luffa fiber content, owing to the fact
that the cellulosic fibers enhance the energy absorption capacity and stiffness of
the composites [14]. Change in impact strength by varying banana fiber loading in
epoxy compositewas also investigated [17]. Impact strength increases up to 16%fiber
loading rate and the impact value is found to be 2.25 J/m. However, it was observed
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that the functionalized composites always possessed superior impact strength when
compared to the un-functionalized composites.

The effect of date seed as a fillermaterial in the fabrication of vinyl ester composite
was investigated through impact analysis [27]. Significantly, the proposed composite
exhibited higher impact strength of 17.03 kJ/m2 resin at 30% filler loading. This was
43.96% superior than the pure vinyl ester. Bamboo fibers at 10–30 wt% were rein-
forced in HDPE composites was examined to study about the Impact behavior of the
composites [34]. It was noted that the impact toughness decreases with fiber content
increases. This decreases in impact property was due to the fiber agglomeration at
higher fiber content, which creates regions of stress concentration that make a path
in lesser energy to propagate a crack. Waste pseudo stem fiber of the banana plant is
reinforced in polypropylene (PP) was used to study its impact strength [35]. Results
revealed that 20% weight volume of xylanase treated fiber showed 120% increase in
impact value compared to pure matrix.

5 Effect of Varying Fiber Loading on Hardness Properties

The toughness of the composite is mainly depend upon the fiber content and the
distribution of fibers throughout the composite [36]. The hardness behavior of Areca
fruit husk fiber reinforced polyester composite was investigated, where the optimum
hardness value is found at 40 wt% of the fiber [6]. A significant reduction in hardness
property was observed as fiber content increases beyond 40 wt%, which might be
due to the poor fiber-matrix bonding. Similarly, the optimum hardness property of
92 HRRWwas resulted at 40 wt% fiber content forCissus quadrangularis stem fiber
reinforced polyester composite [1]. The addition of tamarind fruit fiber in polyester
matrix had increased the hardness of polyester based composite from 62 HRRW to
90 HRRW with 40 wt% fiber and beyond that rate further raise in the feature was
observed [5]. The hardness behavior of the date seed reinforced vinyl ester composite
was studied and found that addition of filler up to 30% weight concentration had
increased the hardness 1.94 times higher than that of pure resin [27].

6 Effect of Fiber Loading Rate on Water Absorption
Characteristics

For the composites used in the aquatic environment, the determination of water
absorption characteristics is vital. An increase in the fiber content will enhance the
percentage intake of water absorbed in the composite. But this can be reduced if the
fibers are treated chemically prior to composite formation. The absorption percentage
for tamarind fruit fiber (40wt%) reinforced polyester composite in fresh and seawater
were investigated [5]. The rate of absorption was found to be at 6%, which suites
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the usage of that material in the aquatic environment. Silane treated tamarind fruit
fiber in polyester composite was studied to understand its moisture absorption rate
with the concept that chemical treatment reduces composite’s moisture absorption
rate [7]. This work reported that the addition of silane agent had reduced the number
of cellulose hydroxyl group present in the interface of the fiber and matrix. When
the composite is silane treated, the hydrolysable alkoxy group leads to the formation
of silanol. Afterwards, the silanol reacts with the hydroxyl group of the fiber which
results in the development of covalent bonding between the fiber and the matrix. This
strong bonds will acts as a barrier against fiber swelling by developing a cross-linked
network along with the interface. Hence, most of the treated fibers showed decreased
water absorption rate when compared to its raw fibers that resulted high moisture
absorption rate.

Date seed vinyl ester composite was employed to study its water absorption
capacity in four watery environmental conditions such as normal water, cold water,
salt water and hot water [27]. This experiment was conducted by using different fiber
content in the reinforced composites to establish better fiber-matrix combination. It
is concluded from the study that an increase in the filler loading had increased water
absorption percentage since raw fibers possess more hydrophilic groups in contrast
to the polymer matrix. A consequence of fiber content along with the fiber length on
the water absorption property of the banana/epoxy composite were investigated, and
the results were shown in Fig. 7. The corresponding study driven out that when fiber
content increases, the moisture uptake of the composite also gets increased. More-
over, variation in the fiber length could not resulted any effect on water absorption
property of banana/epoxy composite [17].

7 Conclusion and Future Perspective

The demand of natural plant fiber reinforced polymer composites increasing day
by day with the aspect of obeying current environmental policies that confines the
replacement of detrimental synthetic polymer material with biodegradable, renew-
able, eco-friendly natural fiber based polymermaterials. The reinforcement of natural
fibers had resulted positive effects on the polymer composite, which enhances the
overall mechanical properties of the composite in greater extent. It was established
that the fiber loading rate largely influence the mechanical properties of the compos-
ites. The maximum properties of fiber reinforced polymer composites can be accom-
plished by assuring appropriate fiber weight percentage and matrix combination,
while beyond that fiber content the total performance of the composite reduces. This
chapter discussed about the effect of varied fiber content on diverse properties of
the fiber reinforced polymer composites. The effect of different concentrations of
reinforcements on tensile, flexural, impact, hardness and moisture absorption char-
acteristics of various composites are clearly conferred in this chapter. In the view of
water absorption, an increase in the fiber content leads a decrease in the moisture
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Fig. 7 Effect of fiber length and fiber content towards water absorption characteristics (a Fiber
length 10 mm, b fiber length 15 mm, c fiber length 20 mm) [17]

absorption rate and also chemical treatment or hybridization of various fibers recom-
mended to enhance the surface properties of the composites that obviously reduce
the moisture absorption rate. Hence, it is concluded from this review that proper
optimization of fiber loading parameters is necessary to attain maximummechanical
properties of the composite.
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Characterisation of Mixed-Mode I-II-III
Delamination in Composite Laminates

King Jye Wong, Mahzan Johar, and Haris Ahmad Israr

Abstract Owing to low interlaminar strength, delamination is a commonly observed
in composite structures. Due to complex loadings in real life applications, delami-
nation is usually occurred in mixed-mode. This chapter begins with the review of
the mixed-mode I-II-III delamination characterisation methods. The shear-torsion-
bending, pre-stressed beam and bending plate tests are extensively discussed, which
include the test setup configuration, advantages and drawbacks of each method.
The interactions between different modes on the fracture toughness distribution are
also plotted and compared. Subsequently, a new method is proposed to characterise
mixed-mode I-II-III delamination. This ten-point bending plate test (10PBP) test
induces mode I, II and III concurrently through the bending of the specimen about
different axes. This test is successfully implemented on a carbon/epoxy composite.
Crack growth is observed along the mid-plane of the specimen where a Teflon
is placed. Finite element modelling is required in the future work to quantify the
participation of each mode and analyse the delamination behaviour.

Keywords Composite materials · Delamination · Mixed-mode · Fracture
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1 Introduction

Composite materials are getting their importance to be used in aeronautics, automo-
tive,marine and civil applications. It ismainly due to their advantages of high specific
strength and stiffness due to their lower density as compared to metals. Soutis [1,
2] reported that one kilogram of weight reduction in an aircraft structure can save
over 2900 litres of fuel per year. Nevertheless, laminated composites are suscep-
tible to delamination, which is the separation of the neighbouring laminas [3–5, 6].
This is due to low interlaminar strength, which is one of the major weaknesses of
laminated composites. Delamination would deteriorate the overall performance of
the composite structures and lead to premature failure. Therefore, it is of paramount
importance to understand the delamination characteristics of composite laminates
for a better design of the structures.

In real life applications, the loadings on the structures are generally complex.
Hence, delamination is usually occurred under mixed-mode loadings. In view of this,
it is essential to characterise the delamination behaviour that involves mixed-mode
I-II-III. Currently, only mode I, II and mixed-mode I-II testing methods have been
standardised through ASTMD5528 (“ASTMD5528. Standard test method for mode
I interlaminar fracture toughness of unidirectional fiber-reinforced polymer matrix
composites” [7],ASTMD7905 (“ASTMD7905. Standard testmethod for determina-
tion of the mode II interlaminar fracture toughness of unidirectional fiber-reinforced
polymer matrix composites” [8] and ASTM D6671 (“ASTM D6671. Standard test
method for mixed mode I-mode II interlaminar fracture toughness of unidirectional
fiber reinforced polymer matrix composites” [9], respectively. Obviously, there are
more works needed to establish reliable testing procedures for other modes of delam-
ination, which include pure mode III, mixed-mode I-III, II-III and I-II-III. Therefore,
this chapterwill firstly review the shear-torsion-bending (STB) andpre-stressed beam
tests, which are the two delamination tests that involve mixed-mode I-II-III charac-
terisation available in the open literature. It is followed by the review of bending plate
tests, which involve characterisation of pure mode III, mixed-mode I-III and II-III
delamination. After that, a new testing method for mixed-mode I-II-III delamination,
which is called as ten-point bending plate (10PBP) test, is proposed. The jig design
is described and the experimental results are also discussed.

2 Mixed-Mode I-II-III Delamination Tests

This section provides the review of the shear-torsion-bending (STB) and pre-stressed
beam tests, which are themixed-mode I-II-III delamination tests available in the open
literature. After that, it is followed by the review of bending plate tests, which involve
characterisation of pure mode III, mixed-mode I-III and II-III delamination.
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2.1 Shear-Torsion-Bending Test

Davidson and Sediles [10] developed a shear–torsion–bending (STB) test (Fig. 1)
to characterise mixed-mode I–II–III delamination toughness determination. STB
test has the advantage of utilising traditional beam-like specimens. This eases the
preparation of the specimens and reduces the cost of materials. In addition, through
three-dimensional finite element analysis, it was shown that STB test could be used at
anymode I, II and III ratio. Not only that, it has the advantage of uniform strain energy
release rate distribution along the crack front. Furthermore, there is a data reduction
method for the calculation of the mixed-mode fracture toughness. Nevertheless, the
major disadvantage is complicated test setup.

The authors performed experimental tests on two types of toughened unidirec-
tional carbon/epoxy composites, which were T800S/3900-2B and IM7/977-3. A
12.7 µm thick Teflon was placed at the mid-thickness location to induce pre-crack
and edge delamination. Through pure mode III characterisation using STB test, the
authors reported average mode III fracture toughness GIIIC for 18-ply T800S/3900-
2B and 26-ply IM7/977-3 composites were 1697 N/m and 1463 N/m, respectively.
In addition, the average mode II fracture toughness GIIC for those two compos-
ites were 2176 N/m and 1020 N/m, respectively. It is apparent that T800S/3900-
2B carbon/epoxy composite has a larger GIIC compared to GIIIC , while IM7/977-3
carbon/epoxy composite has a larger GIIIC than GIIC . This highlights that it is not
suitable to be generally assumeGIIC to be equal toGIIIC . One of the immediate future
works would be the comparison of GIIIC with other mode III testing methods.

Fig. 1 Schematic diagram for the test setup of shear–torsion–bending (STB) test
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2.2 Pre-stressed Beam Tests

Szekrényes [11] used pre-stressed end-notched flexure (PENFI-II) test to evaluate
mixed-mode I-II delamination of an unidirectional E-glass/polyester composite. The
composite was fabricated at the stacking sequence of [07//07], where//indicated
the location of the 0.03 mm polyamide (PA) pre-crack. The composite has an
average fibre volume fraction Vf = 0.43. Table 1 lists the lamina properties of the
E-glass/polyester composite [11].

Figure 2 illustrates the test setup of PENFI-II test. Mode I is induced by the steel
roller, whereas the mode II is induced by the downward lateral load at the mid-span.
The test is performed using three-point bending test setup, which is simple and low
cost.

Figure 3 plots the mixed-mode I-II fracture toughness of the E-glass/polyester
composite, including pure mode I (mode ratio GII /GT = 0) and pure mode II (mode
ratio GII /GT = 1). Pure mode I test was conducted using double cantilever beam
(DCB), while end notched flexure (ENF) test was performed to characterise pure
mode II delamination. The author reported mode I fracture toughness GIC to be
260.9 N/m using improved beam theory (IBT). As for mode II fracture toughness
GIIC , an average value of 724.1 N/m was obtained using direct beam theory (DBT).
All specimens were tested at initial crack length a = 55 mm and half span length
L = 150 mm. It is worth to note that in the original plot by Szekrényes, the author
presented the fracture envelope by plotting the values as mode I versus mode II.
However,O’Brien et al. KevinO’Brien et al. [12]mentioned that it ismore reasonable
to plot the fracture envelope as total fracture toughness versus mode ratio. Reeder

Table 1 Lamina properties of the E-glass/polyester composite [11]

Longitudinal modulus E11 33 GPa

Transverse modulus E22 7.2 GPa

In-plane shear modulus G12 3 GPa

In-plane poisson’s ratio ν12 0.27

Fig. 2 Schematic diagram of the test setup for pre-stressed end-notched flexure (PENFI-II) test



Characterisation of Mixed-Mode I-II-III Delamination … 51

Fig. 3 Variation of mixed-mode I-II fracture toughness with respect to mode ratio for E-
glass/polyester composite. Replotted using the data from References [11, 14]

[13] also described that the fracture envelope shows a more regular pattern using the
same type of plot.

In addition, Szekrényes [14] also characterised mixed-mode I-II delamination
of the E glass/polyester composite by combining double cantilever beam (DCB)
and end loaded split (ELS) tests to develop pre-stressed end loaded split (PELSI-II)
test (Fig. 4). The GIC and GIIC values determined using IBT were 412 N/m and
707 N/m, respectively. By using PENFI-II as reference (GIC= 260.9 N/m and GIIC =
724.1 N/m), the GIC value determined by PELSI-II test was found to have a signifi-
cant difference of 58%. Nevertheless, negligible difference was found between the
GIIC values. The mixed-mode fracture toughness obtained through PELSI-II test at
initial crack length a = 105 mm are also plotted in Fig. 3. It could be seen that the
mixed-mode fracture toughness determined using PENFI-II and PELSI-II tests are in
general differing from each other except at mode ratioGII /GT ≈ 0.14. This illustrates
the testing configuration dependence of mixed-mode fracture toughness using both
tests. Nevertheless, both tests exhibit a similar trend, where the mixed-mode fracture
toughness values are smaller than GIC value at mode ratio GII /GT < 0.9.

To characterise the mode III delamination of E-glass/polyester composite,
Szekrényes [15, 16] adopted modified split cantilever beam (MSCB) test (Fig. 5).
The advantage of MSCB test is the beam-like specimen geometry which is similar
to mode I and mode II delamination tests. In addition, it allows determination of the
mode III energy release rate GIII at a wide range of initial crack length a. Figure 6
depicts the crack length dependence of GIII with a. Surprisingly, the trends obtained
from References [15, 16] are contradicting with one another. In Reference [15], GIII

increases with a; however, GIII is found to decrease with a in Reference [16]. The
difference is possibly attributed to the difference in the test setup. In Reference [15],
a small rig was used to conduct the experiments for a = 80–150 mm. All specimens’
width b was fixed at 9 mm. However, in Reference [16], the same small rig was
employed for b= 9, 12.5 and 14.5 mm at a= 42–90 mm. In addition, another bigger
rig was for b = 9, 12.5, 14.5 and 20 mm at a = 95 – 155 mm. The author found that
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Fig. 4 Schematic diagram of the test setup for pre-stressed end-notched flexure (PELSI-II) test

GIII was independent of b. Since there was no steady-state value obtained within the
range of the a considered by the author, none of theGIII values could not be regarded
as the mode III fracture toughness GIIIC of the E-glass/polyester composite. There-
fore, the author concluded that it is either MSCB test or the data reduction scheme is
inappropriate. It is apparent that more works are needed to further improve MSCB
test.

Subsequently, Szekrényes [17] combinedDCBandMSCB to propose pre-stressed
split cantilever beam (PSCBI-III) test (Fig. 7) to evaluate mixed-mode I-III delami-
nation of the E-glass/polyester composite. Figure 8 plots the variation of the mixed-
mode fracture toughness with respect to themode III ratioGIII /GT . It is to note that all
values are plotted using improved beam theory (IBT) for specimens tested at initial
crack length a = 105 mm. It is apparent that the mixed-mode fracture toughness
decreases with the mode III ratio GIII /GT .

To evaluate mixed-mode II-III delamination of the E-glass/polyester composite,
Szekrényes [18] combined ENF andMSCB tests to develop pre-stressed end notched
flexure (PENFII-III) test (Fig. 9). Figure 10 plots the variation of the mixed-mode
fracture toughness with respect to the mode III ratio GIII /GT . The values are plotted
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Fig. 5 Schematic diagram of the test setup for modified split-cantilever beam (MSCB) test

Fig. 6 Mode III energy release rate of the E-glass/epoxy composite measured by modified split
cantilever beam (MSCB) test. Replotted using the data from References [15, 16]

using improved beam theory (IBT) for specimens tested at initial crack length a =
55 mm and half span length L = 75 mm. It is noticed that mixed-mode fracture
toughness decreases with GIII /GT .
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Fig. 7 Schematic diagram of the test setup for mixed-mode I-III pre-stressed modified split
cantilever beam (PSCBI-III) test

Fig. 8 Variation of mixed-mode I-III fracture toughness with respect to mode ratio for E-
glass/polyester composite. Replotted using the data from Reference [17]
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Fig. 9 Schematic diagram of the test setup for pre-stressed end-notched flexure (PENFII-III) test

Fig. 10 Variation of mixed-mode II-III fracture toughness with respect to mode ratio for
E-glass/polyester composite. Replotted using the data from References [18, 19]

After that, Szekrényes and Vicente [19] proposed mixed-mode II-III pre-stressed
split cantilever beam (PSCBII-III) test. This test combines end loaded split (ELS) and
modified split cantilever beam (MSCB) tests (Fig. 11). Compared to PENFII-III test,
it allows a larger range of initial crack lengths. In addition, mode III component
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Fig. 11 Schematic diagram of the test setup for mixed-mode II-III pre-stressed modified split
cantilever beam (PSCBII-III) test

is pre-stressed in PENFII-III test, whereas in PSCBII-III test, mode II component is
pre-stressed. Pre-stressing mode II component is more appropriate due to a higher
compliance in mode II loading direction compared to mode III loading direction.

The variation of the mixed-mode fracture toughness with the mode III ratio
GIII /GT is plotted in Fig. 10. The values are plotted using virtual crack closure
technique (VCCT) for specimens tested at initial crack length a = 105 mm. Similar
to PENFII-III test, the mixed-mode fracture toughness values from PSCBII-III test are
also decreasing with GIII /GT . Nevertheless, there is a significant difference between
the mixed-mode II-III values determined using PENFII-III and PSCBII-III tests. The
values obtained from PENFII-III test are always larger than the one determined from
PSCBII-III test. This illustrates the testing configuration dependence of mixed-mode
fracture toughness using both tests.

To evaluate mixed-mode I-II-III delamination, Szekrényes [20] developed pre-
stressed end notched flexure (PENFI-II-III) test (Fig. 12). PENFI-II-III test combines
double cantilever beam (DCB), end notched flexure (ENF) and modified split
cantilever beam (MSCB) tests. Mode I and mode III are being pre-stressed, while
mode II component is induced by the machine using three-point bending setup. The
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Fig. 12 Schematic diagram of the test setup for mixed-mode I-II-III pre-stressed end notched
flexure (PENFI-II-III) test

author used improved beam theory (IBT) to quantify the fracture energy at each
mode. Pure mode I, II and III fracture toughness were determined using DCB, ENF
and MSCB tests, respectively. In addition, PENFI-II, PSCBI-III and PENFII-III tests
were performed to obtain the mixed-mode I-II, I-III and II-III fracture toughness.
All tests were conducted at initial crack length a = 55 mm and half span length L =
75 mm. However, in Reference [20], the energy release rate values of mixed-mode
I-II-III were not reported by the author. The three-dimensional (3D) plot is therefore
not able to be reproduced here. Readers could refer to Reference [20] for the 3D plot
of the energy release rates.

After that, Szekrényes [21] combined double cantilever beam (DCB), end loaded
split (ELS) and modified split cantilever beam (MSCB) tests to propose pre-stressed
split cantilever beam test (PSCBI-II-III) test (Fig. 13) to quantify the fracture energy
at any combination of mode ratio. In PSCBI-II-III test, mode I and mode II are being
pre-stressed, while mode III component is induced by the machine. The author used
virtual crack-closure technique (VCCT) to quantify the fracture energy at eachmode.
Pure mode I, II and III fracture toughness were determined using DCB, ELS and
MSCB tests, respectively. In addition, PELSI-II, PSCBI-III and PSCBII-III tests were
performed to obtain the mixed-mode I-II, I-III and II-III fracture toughness. This has
ensured the consistency in the loading configurations to induce mixed-mode I-II-III.

Figure 14 plots the mixed-mode I-II-III fracture toughness in three-dimensional
plane. All tests were conducted at initial crack length a = 105 mm. It is apparent
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Fig. 13 Schematic diagram of the test setup for mixed-mode I-II-III pre-stressed split cantilever
beam (PSCBI-II-III) test

Fig. 14 Three-dimensional plot of the variation of mixed-mode I-II-III fracture toughness for
E-glass/polyester composite using PSCBI-II-III test. Replotted using the data from Reference [21]
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that the E-glass/polyester composite used by the author has the largest resistance to
crack initiation in shearing mode (mode II). It is relatively weak in opening mode
(mode I) and tearing mode (mode III). Since the loadings in real life applications
are usually complex, that delamination is usually occurred in mixed-mode, further
research could be conducted to enhance the resistance to fracture of the material
under mode I and mode III loadings.

Based on the previous discussion, it could be summarised that pre-stressed beam
tests have the advantage of utilising the conventional beam-like specimens like those
used for DCB (mode I) and ENF (mode II) tests. This provides convenience in the
preparation of the specimens. In addition, it saves some of the experimental cost,
because the size of the specimens is relatively small. Not only that, the pre-stressed
beam tests allow the determination of the energy release rate at a wide range of
mixed-mode ratio. In addition, the closed-form solution is available, that the energy
release rate could be calculated analytically. Furthermore, the imposed displacement
is not large in order to initiate the delamination, that the geometrical nonlinearities
are not significant. This allows an easier and more accurate determination of the
critical load to calculate the energy release rate.

Nevertheless, pre-stressed beam tests have several drawbacks. Firstly, the spec-
imens have the tendency to rotate during testing. Secondly, the mixed-mode ratio
is not uniform along the crack front. Thirdly, the mode ratio varies with the crack
length and applied load. Therefore, the specimens need to be transparent. Fourthly,
the mode ratio cannot be predetermined before carrying out the experiment. Fifthly,
the tests can only quantify the energy release rate at crack initiation. If there is fibre
bridging behaviour during delamination, this phenomenon cannot be quantified.

2.3 Bending Plate Tests

DeMorais and Pereira characterised themode I, mode II andmixed-mode I-II delam-
ination of HS 160REMcomposite using double cantilever beam (DCB), end notched
flexure (ENF) and mixed-mode bending (MMB) tests (Fig. 15), respectively [22].
HS 160 REM composite consists of T300 high strength carbon fibres and toughened
epoxy. The single ply thickness is 0.15 mm with fibre volume fraction Vf = 0.65
[22]. The lamina properties are shown in Table 2 [23, 24]. The stacking sequence of
the unidirectional laminate is [014//014], where //refers to the location of the pre-crack
(a 13 µm polytetrafluoroethylene (PTFE) film). They reported the mode I fracture
toughness GIC and mode II fracture toughness GIIC to be approximately 250 N/m
and 815 N/m, respectively. Figure 16 describes the variation of the mixed-mode
fracture toughness with respect to the mode II ratio GII /GT . It is obvious that the
fracture toughness increases with the mode ratio. In addition, the mode II to mode
I fracture toughness ratio, GIIC/GIC for this material is approximately 3.2. A higher
GIIC compared to GIC is commonly noticed in brittle matrix materials [25], which
has been summarised by Johar et al [4] as well.



60 K. J. Wong et al.

Fig. 15 Schematic diagram of the test setup for double cantilever beam (DCB), end notched flexure
(ENF) and mixed-mode bending (MMB) tests

Table 2 Lamina properties of HS 160 REM carbon/epoxy composite [23, 24]

Longitudinal modulus E11 130 GPa

Transverse modulus E22 8.2 GPa

In-plane shear modulus G12 4.1 GPa

In-plane poisson’s ratio ν12 0.34

Out-of-plane poisson’s ratio ν23 0.41

Fig. 16 Variation of mixed-mode I-II fracture toughness with respect to mode ratio for HS 160
REM carbon epoxy composite. Replotted using the data from Reference [22]
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Fig. 17 Schematic diagram of the test setup for edge crack torsion (ECT) test

After that, de Morais et al. [26] determined the mode III fracture toughness GIIIC

of the same composite through edge crack torsion (ECT) test (Fig. 17). The stacking
sequence for the ECT specimen is [0/(±0 45)4/(±45)4/0]S, with 0-degree refers to
the direction that is perpendicular to the crack front. The PTFE film was placed at
the mid-thickness of the specimen. The authors reported the GIIIC value to be in the
range of 850–1100N/m. Themain disadvantage of ECTwould be non-uniform crack
propagation, which has been highlighted by some other researchers as well [27, 28].
Subsequently, de Morais and Pereira [29] proposed four-point bending plate (4PBP)
test (Fig. 18) to characteriseGIIIC . This new test is more cost effective than ECT test.
In addition to simpler test setup, 4PBP test utilises thinner specimens compared to
ECT test aswell. The stacking sequence for the specimens is [(902/0)2S/0]S, forwhich
the number of plies is 26 as compared to 36 in ECT test. Also, it does not require
45-degree layers, which eases the composite preparation and reduces material waste.
In addition, the crack growth is visible along the edges of the specimen. However,
the crack initiation location is difficult to be predicted. In addition, the data reduction

Fig. 18 Schematic diagram of the test setup for four-point bending plate (4PBP) test
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method for 4PBP is not yet available, hence it requires finite element analysis (FEA)
to determine the fracture toughness value. Through FEA, the fracture toughness was
estimated to be GIIIC = 1550 N/m. The authors postulated that a higher GIIIC value
compared to ECT was attributed to R-curve effect.

For mixed-mode I-III characterisation, Pereira and de Morais [30] developed
a new eight-point bending plate (8PBP) test (Fig. 19). The stacking sequence is
[(902/0)2S/0]S, which is the same as 4PBP specimens. However, the test setup
is complicated. The authors tested at GIII /GT of 0.22, 0.42, 0.58, 0.71 and 0.86.
Figure 20 plots the variation of the mixed-mode I-III fracture toughness with respect
to the mode III ratio GIII /GT . It is to note that the mode I fracture toughness GIC

used to plot Fig. 20 is 250 N/m [22], whereas the mode III fracture toughness GIIIC

Fig. 19 Schematic diagram of the test setup for eight-point bending plate (8PBP) test

Fig. 20 Variation of mixed-mode I-III fracture toughness with respect to mode ratio for HS 160
REM carbon epoxy composite. Replotted using the data from Reference [30]
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is 1100 N/m (estimated from 8PBP test) [30]. The mixed-mode fracture toughness
appears to increase with the mode ratio GIII /GT . It is worth to note that the experi-
mental results show that the mixed-mode fracture toughness increases linearly with
mode III ratio for GIII /GT ≥ 0.42. The mode III fracture toughness GIIIC estimated
through linear extrapolation is 1100 N/m, which is the same value as the upper range
of the GIIIC calculated through ECT test [26].

The 8PBP test has gained attention by some other researchers. For example,Miura
et al. [31, 32] used 8PBP test to characterise the mixed-mode I/III delamination of
G-11 woven glass/epoxy composites at cryogenic conditions under both quasi-static
and fatigue loadings.

On the other hand, de Morais and Pereira [33] also developed six-point bending
plate (6PBP) test (Fig. 21) to characterise mixed-mode II-III delamination. The
authors used the same stacking sequence as 4PBP and 8PBP tests, which is
[(902/0)2S/0]S. The authors carried out the experimental tests at GIII /GT of 0.15,
0.40, 0.60, 0.75 and 0.85. Figure 22 plots the variation of the mixed-mode II-III frac-
ture toughness with respect to the mode III ratio GIII /GT . It is to note that the mode
II fracture toughness GIIC used is the value from ENF test (GIIC = 815 N/m) [22]. In
addition, the values plotted are the fracture toughness obtained using the peak load
from the force-displacement curves. It is because the mode III fracture toughness
GIIIC estimated using this approach is closer to the one predicted by 8PBP test [30]
and the upper limit from ECT test [26]. It is noticed that the mixed-mode fracture
toughness increases with the mode ratio GIII /GT . Furthermore, it is worth to note
that the increasing trend of the mixed-mode II-III fracture toughness agrees with the
observation from ENF [22], ECT [26] and 4PBP [29] tests, where GIIIC is estimated

Fig. 21 Schematic diagram of the test setup for six-point bending plate (6PBP) test
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Fig. 22 Variation of mixed-mode II-III fracture toughness with respect to mode ratio for HS 160
REM carbon epoxy composite. Replotted using the data from Reference [33]

to be larger than GIIC . This is similar to the observation on IM7/977-3 carbon/epoxy
composite [10].

After the introduction of 6PBP test by de Morais and Pereira [33], this test has
also been used by Asgari Mehrabadi to characterise the mixed-mode II-III fracture
toughness of AF301 woven glass reinforced ML506 epoxy composite [34] and AD-
314 epoxy adhesive bonded low carbon steel joints [35]. It has also been used by
Miura et al. [36] to characterise the mixed-mode II-III delamination of G-11 woven
glass/epoxy composites at cryogenic conditions. Israr et al. [37] had also used cohe-
sive zone modelling to simulate the results by de Morais and Pereira [33] in order to
understand in depth the participation of mode II and mode III during crack growth
process.

Figure 23 plots the fracture envelope of the HS 160 REM carbon epoxy composite
in three-dimensional form. It is apparent that the tearingmode has the highest fracture
toughness (GIIIC), followed by shearing mode (GIIC) and the lowest value is attained
at opening mode (GIC). This is opposite to the trend observed in E-glass/polyester
composite (Fig. 14). In addition, it is also noticed that the variation of the mixed-
mode fracture toughness is not necessarily linear. Instead, it varies with a positive
increasing slope in all three mixed-modes I-II, I-III and II-III. Non-linear variation
is also observed in E-glass/polyester composite as shown in Fig. 14, despite the
trend of variation is different. Therefore, if a three-dimensional fracture criterion is
to be developed, one has to consider non-linear variation with three different fitting
parameters for each two-dimensional mixed-mode plane.

Bending plate tests have the advantages of crack propagation near the edges
that allows the visual inspection of the delamination. Furthermore, these tests allow
mixed-mode characterisation at a wide range of mixed-mode ratio. Nevertheless,
bending plate tests do not have data reduction scheme to calculate the fracture tough-
ness. Hence, finite element analysis (FEA) is required to determine the mode ratio
and fracture toughness. Not only that, the mixed-mode ratio is not uniform along
the crack front. In addition, the larger specimens’ size as compared to the traditional
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Fig. 23 Three-dimensional fracture envelope of HS 160 REM carbon epoxy composite

beam-like specimens leads to a higher cost for the materials. More works are needed
to look into bending plate tests.

3 Ten-Point Bending Plate Test

Based on the literature review on bending plate tests, it is observed that 8PBP induces
mixed-mode I-III through opening in the out-of-plane direction and bending about
the longitudinal axis [30], whereas 6PBP utilises concurrent bending in the axial
and transverse directions to induce mixed-mode II-III [33]. Inspired by 8PBP and
6PBP tests, a ten-point bending plate (10PBP) test is proposed to inducemixed-mode
I-II-III delamination. Figure 24 illustrates how the specimen is loaded. Pins 1-4 are
responsible for mode I (opening), pins 5-8 are for mode II (shearing) component,
whereas pins 9-10 are meant to induce mode III (tearing) delamination. Figure 25
shows the entire assembly of the jig design for 10PBP test.

To evaluate the applicability of 10PBP test, experiments were conducted using
a carbon/epoxy composite. This unidirectional carbon/epoxy prepreg has a nominal
ply thickness of 0.15 mm. The average fibre volume fraction is 65.7 ± 6.3%, while
the carbon fibre has an average diameter of 6.8 µm. Figure 26 shows the scanning
electron micrograph of the cross-section of the composite. Firstly, a unidirectional
composite plate with [(90/0)3S/0]S was fabricated using hand lay-up technique. To
generate the pre-crack, a 15 µmTeflon film was placed at the mid-thickness location
of the plate. The composite was then hot-pressed and has an average thickness 2 h of
3.9 mm upon curing. After that, it was cut into specimens of 180 mm × 144 m size
using a computer numerical control (CNC) machine. All specimens were prepared
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Fig. 24 Schematic diagram for the test setup of ten-point bending plate (10PBP) test

Fig. 25 Jig design for mixed-mode I-II-III delamination using ten-point bending plate test

and supplied by X Plas Singapore. This composite material has been successfully
used in the previous study to characterise mode I delamination with displacement
rate effect [38].
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Fig. 26 Cross-sectional micrograph of the carbon/epoxy composite used in this study

Figure 27 shows the experimental setup of 10PBP test. The edges of the specimens
were applied by a layer of white paint to facilitate the visual inspection of the crack
propagation. It is apparent that the crack has successfully propagated during the test.

Figure 28 depicts the force displacement curves from the 10PBP tests. All four
curves show comparatively good repeatability. Upon loading, the force increases

Fig. 27 Experiment test setup of ten-point bending plate test



68 K. J. Wong et al.

Fig. 28 Experimental force-displacement curves from 10PBP test

linearlywith the displacement. At the force of approximately between 2.7 and 3.5 kN,
a slight drop in the force is noticed. The difference in the first load drop among the
specimens is believed to be attributed to the experimental scatter. The first load drop
is an indication of the initiation of crack propagation. During the experiment, it was
also accompanied by cracking sound and visual inspection of crack growth along the
mid-edges of the specimens. Subsequently, the force increases gradually. This could
be an indication of fibre bridging, which was postulated by Pereira and de Morais
[30] in mixed-mode I-III delamination using 8PBP test. Further work is required to
quantify the participation of each mode during the initiation of crack propagation
through finite element analysis.

4 Conclusions and Future Perspectives

The chapter reviews the shear-torsion-bending and pre-stressed beam tests, which
are the two testing methods available in the open literature to characterise mixed-
mode I-II-III delamination of laminated composites. Subsequently, bending plate
tests are also discussed. Inspired by bending plate tests, a ten-point bending plate test
(10PBP) is proposed to characterise mixed-mode I-II-III delamination. The experi-
mental observations show that the specimens failed under delamination prior to other
types of damage mechanisms. This has partially validated the concept of 10PBP test.
Finite element analysis is needed to determine the mixed-mode fracture toughness,
quantify the participation of each mode and simulate the crack growth behaviour.
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Fracture Analysis of Fused Deposition
Modelling of Bio-composite Filaments
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Abstract In the past decades, Additive manufacturing (AM) and its application are
increased rapidly due to advanced improvement in the AM process. FDM is a widely
used AM process at affordable prices compared to other methods. FDM consumes
polymers to develop 3D models into 3D products in a simple way. Due to the weak
nature of pure polymer strength, composite-basedmaterialswere designed to enhance
the life span of FDM’s products. This chapter presents a review of biocomposite
filaments, and its mechanical strength is explained.
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ABS Acrylonitrile butadiene styrene
TMP Thermo Mechanical Pulp
WF Wood Flour
WPC Wood Plastic Composite
EBM Electron Beam Melting
SLS Selective Laser Sintering

1 Introduction

The additive manufacturing (AM) process is a material addition process by layer by
layer with the help of numerical control of CAD data. AM process is divided into
three categories based on processing material types such as solid, liquid, and powder.
FDM is a solid based AM process, and it uses thermoplastics as feedstock material.
Recently fiber-reinforced composites are used as feedstock material for FDM based
AM process. Fiber-reinforced polymer composites are applied wide range in auto-
mobile, construction, etc. However, conventional composite manufacturing methods
require molds. The advantage of the AM process eliminates additional tools such
as molds, fixtures, jigs. Fabrication of polymer composite feedstock for the FDM
based AM process is done with the material extrusion process. Unlike the tradi-
tional subtractive manufacturing method, AM allows users to fabricate prototypes or
functional products with complex shapes at a low manufacturing cost [13]. Recent
studies show that pure polymeric based feedstocks show lesser strength compared
to composite parts. So, fiber-reinforced polymer composite feedstocks are gaining
attention in the AM process with enhanced durability. From this, bio-based polymer
composites are sustainable and had reasonable strength compared to pure polymer
materials. The right combination of polymers and bio-based reinforcement with
an enhanced life span of product fabrication is achievable using the FDM-based
AM process [5]. This chapter is presenting a review of biocomposite filaments and
mechanical properties of the FDM based AM process. This chapter is organized as
follows, review methodology, an overview of the FDM process, fabrication methods
of composite filaments for the FDM process, literature study, and discussion.

2 Review Methodology

In the last decades, much researches have been conducted to improve the strength
of FDM products. In this regard, analyses developed composites based filaments
(bio-based and synthetic) for the FDM process. In this chapter, only bio-based bio-
composite filaments were considered for review. In this regard, thirteen articles were
found in the FDM based AM process related to bio-composite filaments.
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3 Fused Deposition Modeling (FDM)

FDM is one AM technique that converts 3D CAD data into 3D products. It develops
3D products by the addition of materials by layer by layer. FDM based AM process
uses thermoplastics as a feedstock material for product development. FDM is one
of the cheapest AM processes compared to other methods such as Electron Beam
Melting (EBM), Selective Laser Sintering (SLS), etc., FDM is the most common
3D printing technology and has excellent reliability, affordability and operates with
minimal waste [11]. FDM has wide popularity in industry due to ease of operation
methods. Enterprises are using FDM for prototyping making as well as for real-time
product development. FDMeliminates additional tools such as jigs andfixtures. FDM
process consists of several working parts such as filament feeder, printing head, build
time, control panels, etc.

The critical process parameters are print speed, print direction (45/-45), build
orientation, printing temperature, raster angle, raster width, infill density, and infill
pattern. This thermoplastics feedstockmaterial is called a filament, which is commer-
cially available in 1.75 and 3mmdiameter.Acrylonitrile butadiene styrene (ABS) and
Polylactic Acid (PLA) are widely used materials. Recently fiber-reinforced polymer
composite feedstocks are gaining more importance in many fields to improve the
FDM product’s strength. Many studies have been done with natural (plant fibers) and
synthetic fiber (glass fiber, carbon fiber, etc.) to improve FDM products’ strength.
The natural fibers based composites are eco-friendly and had lesser cost compared
to synthetic fiber-based polymer composite. Natural fibers such as sisal, jute, hemp,
bamboo, and wood fibers are derived for nature and reinforced with natural polymers
(PLA, TPS, etc.) to improve FDM’s sustainability products. Industries are utilizing
bio-based composites in their products [5].

4 Fabrication Methods of Composite Filaments

A commonly known filament fabrication method is the extrusion process. Graduated
pellets are dropped into the hopper and allowed to pass the screws in the barrel. The
melting temperature is fixed in heating elements, and pellets are melted and drawn
into wire form. For the filament extruding process, single screw and twin-screw
extruders are widely used. Figure 1 depicts the twin-screw extruder setup for the
filament extrusion process (CIPET Chennai). Figure 2 illustrates the CAD model of
a single screw extruder.
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Fig. 1 Twin screw extruder
setup

Fig. 2 CAD diagram of
single screw extruder

5 Literature Study

LeDuigou et al. [7] developed awood fiber-based biocomposite and studiedmechan-
ical properties. PLA and wood fiber were used to fabricate the biocomposite filament
to develop a bilayer microstructure. Wood fiber filled PLA filament with 2.85 diam-
eters is used to print the samples at longitudinal, transverse orientations with 100,
200, 300% of printing width. Compressed filaments are used to compare the hygro-
scopic and hygromorph dynamic properties of the filament, and printed samples were
observed for the water intake test. 100% PLA is compared with 10 to 20% of wood
fiber-based composite. Infill density of 100% was set, standard 0.4 mm nozzle is
used by varying the width. The thickness of the sample is 3 mm and print speed
of 18 mm/s and printed with Longitudinal direction. Compressed filament shows
similar tensile properties in transversely printed samples. SEM image shows 16.5%
porosity in filament was as after printing porosity at longitudinal direction is high
than the transversely printed samples. This is due to close packing in 90 degrees
and quickly pass. Mechanical properties strongly depend upon the print orientation
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and printing width. The water intake and swelling increases depend upon the diam-
eter and porosity. This is because of the anisotropic hygro elastic property of the
composite.

Tao et al. [11] fabricated wood flour based biocomposite for 3D printing applica-
tions, where PLA and wood flour (WF) based biocomposite filament is examined for
physical and mechanical properties. PLA with 5% wood flour filament is prepared,
andmechanical, thermal properties of 3Dprinted sampleswere considered. Thewood
flour (mean particle size of 14 µm) contains 95% of PLA and compared with 100%
PLA. 100% infill density is maintained for all samples. The default nozzle diam-
eter of 0.4 is used for printing the samples. Microstructure analysis shows a clear
gap in certain areas between interfaces because of the hydrophobic and hydrophilic
behavior of the PLA and WF. The thermal degradation of the material at starting is
decreased slightly, and the residual ratio is increased since wood is added maximum
decomposition takes place at 330 °C. DSC results show that there is a decrease in
glass transient temperature from 65 to 67 °C due to poor compatibility of WF and
Clear gaps are Observed in certain places andweak bonding betweenwood and PLA,
which lowers the strength. XRD results show that the interface compatibility is low
between the composites. Tensile stress is increased as strength is dropped compared
to neat PLA.

Stoof et al. [10] developed PLA, Hemp, and Harakeke based biocomposites using
the FDMbasedAMprocess and studiedmechanical properties of fabricated compos-
ites. Chemical treated hemp, harakeke fiber mixed with PLA, and printed with 1 mm
nozzle. Surface and mechanical properties were investigated for fabricated biocom-
posites. Fiber content added with varying percentages of 10, 20 and 30 and PLAwith
a weight ratio of 90, 80, 70%. Filaments were fabricated with a diameter of 3 mm.

100% infill density with concentric layer setting is used to print the sample. 1 mm
layer thickness is maintained with 1 mm nozzle. Hemp fiber is treated with 5%
NaOH and harakeke fiber with 5% NaOH and 2% sodium sulfite and alkali solution
for better digestion to reduce the dimension of the fiber. The optical microscopic
image confirms the reduction of diameter after ingestion. From SEM analysis, it
is observed that pores and fiber pull out was observed, resulting in poor adhesion
between fiber matrix, which also reduces the strength of the printed part 30 wt%
and has a weak surface finish compared to other composition. Tensile strength of
the harakeke with 20% fiber content and 10% hemp fiber had good tensile strength
compared to neat PLA. Young’s modulus of harakeke fiber tends to increase with
an increase in fiber content because of the fine fibers. Interline voids and interlayer
voids were noted in the fracture surface reason is an insufficient fusion of layers.

Kariz et al. [5] investigated mechanical and rheological property for wood-based
biocomposite. Different weight ratios of wood from 0 to 50% was used to study
the mechanical and rheological property fabricated bio-composite material. Beech
Wood particles with even particle size aremixedwith PLA tomanufacture a 1.75mm
diameter wood composite filament. The fabricated filament was compared with neat
commercial PLA and ABS filament. The biocomposite composition is 10/90, 20/80,
30/70, 40/60, 50/50%ofwood toPLA, respectively. Fabricatedfilament diameters are
1.45–1.75mm.An increase inwood content decreases the density of the filament. The
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results show that high wood content produces inferior parts due to uneven filament
diameter, and nozzle clogging was observed.

The tensile strength of the part is increased slightly with 10% composition, and
resistance is dropped with higher ratios. Due to the weak bonding of wood particles,
durability is reduced. When Increasing the wood percentage, it is observed that
voids are increased, and poor surface finish is observed. The young’s modulus of
the material is low compared to neat PLA, and 33% is decreased. Also, 10–20% of
after wood content shows better young’s modulus than neat PLA, and no significant
change is observed in the glass transient temperature of the material between 65 and
66 °C.

Filgueira et al. [4] fabricated PLA based Thermo Mechanical Pulp (TMP) fibers
composite filaments and tested for physical and mechanical properties. Raw TMP
and two differently (octyl gallate (OG) lauryl gallate (LG)) chemically treated fibers
with 10, 20 wt% are reinforced with PLA to manufacture a bio-based filament of
diameter 2.2± 0.1 mm. Three fibers treated octyl gallate OG treated, and LG treated
were mixed with 10 and 20%weight ratio to PLA, forming six different samples and
neat PLA is used for comparison. A nozzle of diameter 0.4 mm was used to print the
samples, and 15 mm/s print speed was set for all samples. TMP fibers were milled
to a 30 mesh size, and an average fiber length of TMP and ground TMP 1.5 and 0.4
diameter of 33 and 38 µm is achieved.

OG and LG Chemical treatment changed the fiber surface property from
hydrophilic to Hydrophobic, which reduces the water-absorbing capacity of the
composites. Untreated TMP fibers show the high hydrophilic property in the water
contact angle test. A water absorption study shows that untreated fiber absorbs more
water, and OG treated 10% fiber has low intake. However, 20% of fiber samples
exhibit secondary water absorption compared to 10%, which leads to micro cracks.
With 20% of OG treated fibers, PLA had good mechanical strength compared to
other compositions. That is, modified fiber promotes better adhesion with the PLA
matrix, and also the strength of the composite is low compared to the plain PLA. This
is due to porosity and weak adhesion of fibers in the filament. Fibre agglomeration
and the protrusion are noticed in the fractured area, which shows the poor distribution
of fibers.

Liu et al. [8] fabricated PLA and sugarcane bagasse fiber-based biocomposites
in FDM and examined for morphological, mechanical, and thermal properties. Raw
sugarcane bagasse fiber (SCBF) and chemical treated SCBF mixed with PLA and
printed with different raft angle using a 0.6 mm diameter nozzle. Pure PLA is
compared by varying the fiber to PLA ratio by 3–15%. 100% infill density with
different orientation of printing was done. 0.4 mm layer thickness set for all the parts
and print speed of 40 mm/s.

FTIR results show there is no change in before and after chemical treatment
of cellulose peaks were as hemicellulose and lignin completely disappeared. XRD
shows there is no change in the crystalline morphology of the cellulose. From SEM
studies, it is found that lots of impurities and debris at the surface of the fibers before
treated. Fibers show clear texture on the surface; deep interline voids and porosi-
ties are noted in SCBF/PLA than RSCBF/PLA composite. The chemical treatment
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removes the organic compounds and impurities, therebymodifying the fiber’s surface
property, which increases the strength when compared to the raw fiber default voids
during the FDM process, and reduced interfacial filler matrix reduces the strength.
When compared to the neat PLA whereas 6-wt% has prominent tensile strength, out
of different orientations. Default cross parallel and vertical orientation give the worst
strength. However, cross and parallel printing obtain an optimum value due to the
presence of interline, interlayer voids, and pulled out fibers, which causes poor flow.
Thermal properties show that SCBF is capable of promoting the crystallization of
PLA.

Martikka et al. [9] evaluated mechanical properties for wood plastics composite.
PLA and wood fiber composites are fabricated, and mechanical properties were
analyzed and compared with pure PLA. Pure PLA and wood composite (30% WF
and 70%PLA) are compared. Density, Tensile, impact tests were carried out to check
the mechanical properties of the printed samples and also compared with pure PLA.
100% PLA is compared with the fiber weight content of 30–70% 40–60% wood
fibers with 1.75 mm filament diameter. Infill density of 23, 55, 100% with a shell
thickness of 0.4mm is printed. 0.4mm layer thickness was set with a nozzle diameter
of 0.5 mm is used to print the samples. Print speed is set to a minimum of 1 mm/s.
The density of the WF filament is estimated as 0.2 g/cm density of the printed WF
samples shows decreases in density with an increase in infill density. Charpy Impact
results show that the lower percentage of wood fiber increases the impact strength
of the sample were as higher the infill reduces the impact strength.

Coppola et al. [2] investigated themechanical and rheological factors for PLA and
hemp-based composites. PLAwith hemp is used as a filler for FDM, and mechanical
and rheological experiments were conducted. PLAwith different hemp compositions
was fabricated with a 2.85 mm diameter. The weight percentage of hemp is 1, 2 and
3% and mixed with PLA with a weight percentage of 99, 98 and 97% and compared
with pure PLA. A layer thickness of 0.1 mm, nozzle temperature of 180 °C, and a
print speed of 20 mm/s for all samples. The rheological analysis shows there is a
decrease in complex viscosity at the high fiber content. Tensile strength and elastic
modulus increase at high fiber content when compared to neat PLA.

Yang [13] studied physico-mechanical properties for unidirectional wood-based
biocomposite using FDM. PLA and wood fiber-based biocomposite filament fabri-
catedwith the reinforcement of 40wt% ofwood. The Physico-chemical andmechan-
ical properties were investigated for fabricated biocomposites. The fabricated fila-
ment was printed with different temperatures. A commercially available 60% PLA
and 40% Cedar fibers filament are used for comparison. Infill percentage of 100 is
set for all the printed samples, and 0.2 mm layer thickness was established with a
nozzle diameter of 0.4 mm, and 30 mm/s print speed was set for all printed samples.

Thermal property study shows that the degradation of wood fibers occurs at 200–
230 °C, and the weight loss was high above 240 °C. Physical properties show that
there is a change in color as the temperature increases; also, there is a change in
weight with an increase in temperature, but volume remains the same; this is due to
the increase in viscosity. The water absorption of the samples varies between 2.6 and
3.1%, and the thickness of the swelling rate ranges from 0.8 to 1.1%. It is mainly due
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to the hydrophilic nature of the wood fibers and the kind of gap present during the
FDM process. Mechanical properties show a decrease in tensile with an increase in
temperature due to the formation of acidic products at high temperatures. Good fiber
bonding is noticed between PLA and wood fibers at high temperatures. However,
because of thermal degradation, the strength of the thread is low.

Le Duigou et al. [6] fabricated flax fiber-reinforced biocomposites by varying
percentages of fiber content. PLA and continuous flax fiber filament are fabricated
and analyzed for mechanical properties. Continuous flax fiber composite filament is
manufactured by twisting the yarnwith PLAandprintedwith 1.8mmnozzle diameter
at the longitudinal and transverse direction to check the mechanical properties and
porosity content. 100% infill density is printed in the longitudinal and transverse
rectilinear pattern. The layer thickness of 252± 22µm is observed inmicrostructural
analysis for the samples. The print speed of 6 mm/s is set for all the prints. Irregular
filament cross-section and dispersion are found in the microstructural analysis and
low porosity within the fibers. The deviation of fiber is observed in the cross-section
of the filaments. In print parts, reinforcement is homogeneous, and compression
of the print reduces the thickness and increase the width there by the porosity of
the region is reduced and also regular as well as overlapping loops are observed in
print due to mismatch in nozzle and filament diameter. The mechanical property of
continuous flax fiber PLA has gained 4.5 times of tensile strength and tensile stiffness
compared to the neat PLA.

Badouard et al. [1] studied the mechanical properties of fully compostable flax
reinforced composite. PLLA, PBS, PBAT, and flax fibers are mixed at different
compositions and tested for printing. PLLA, PLLA/PBS, PBATflaxfibers, and shives
aremixedwith 0, 10, 20, 30-wt%, and extrudedwith 2.85diameter filaments. Samples
printed with 1 mm nozzle and compared with Injection Moulded (IM) samples. The
composition mixed proportion are, PLLA with 10% flax fibres, PLLA50% PBS
50%with 10% flax fibres, PLLA 50% PBS 50% with 10% flax shives, PBAT 90%
with 10% flax fibres, PBAT 80% with 20%flax fibres, PBAT 70% with 30% flax
fibres. 100% infill density is set to all samples and compared to IM parts. They
are printing speed for all samples varied between 0.8 m/min to 1.5 m/min. Particle
size analyzer shows that Flax shives have a mean diameter of 162 µm were as flax
fiber has a different peak of 20, 125, and 650 µm. Processing of filament with 10%
composition is easy compared to high fiber content 20, and 30% shows poor flow
resulting in sharkskin phenomenon since pores were present in the 3D Printed parts.
3D printed parts strength is low when compared to the IM parts.

Depuydt et al. [3] developed and analyzed characterization for bamboo and flax
fiber-based biocomposite. PLA, bamboo, and flax fibers are mixed along with two
types of plasticizers, and physical, thermal, and mechanical were found. Bamboo
fibers were measured by image processing algorithm before and after compounding
to examine the fiber changes during extrusion and compared with the commercial
PLA/bamboo fiber. The filament composition of 75% PLA and 10% plasticizer
cPLA1 and cPLA2 with 15% fibers were mixed to form a 3 mm filament. Plas-
ticizer had a good impact on Glass transient temperature, and the tensile strength of
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the composite is low compared to neat PLA. However, PLA with flax fiber had good
strength when compared to bamboo fiber composite.

Xiao et al. [12] developed sustainable biocomposite using PLA and hemp. PLA
Hemp hurd (HH) is used as filament for FDM.Rheological, mechanical, thermal, and
morphological tests were conducted to study the properties of the material 87 and
13% of PLA/PBAT with ethylene-methyl acrylate-glycidyl methacrylate terpolymer
(EGMA) used as toughening agent. Printed parts compared with injection-molded
samples. Hemp Hurd with 10, 20, 30 and 40 wt% is mixed with PLA/PBHAT
and using EGMA as a compatibilizer pure PLA/PBHAT/EGMA with 87/13 weight
percentage is mixed, and the filament is fabricated with a diameter of 1.75 mm. Infill
density of 100% and the layer thickness of 0.15 mm is set to all the samples. An
average print speed of 60 mm/s is set to print the specimens. Rheological behavior
shows slight shear thinning behavior in the examples, because of weak interparticle
interaction in lower HH percentage. The crystallinity of the polymer increased with
an increase in HH percentage, and uniform distribution of fibers is observed in SEM
with no particular orientation. Agglomeration of HH particles is seen at a higher
rate of the polymer matrix. SEM images show brittle fracture without any plastic
deformation in injection molded parts. FDM parts have higher impact strength over
injection molded parts on impact strength. Dimensional accuracy and roughness of
the filament are increased with an increase of HH in composite samples. Table 1
represents, list of materials used, and machine type used for filament extrusion of
previous studies.

6 Discussions

Fused deposition modeling is one of the AM processes and widely used due to ease
of operation. With less working skills using the FDM based AM process can develop
newproductswith lesser cost. Thermoplastics are used as feedstockmaterial to estab-
lish 3D products. Nowadays, composite-based materials are available for the FDM
process with enhanced strength. Fiber-reinforced composite filaments are gaining
considerable attention among researchers and industrialists and using biopolymers
and bio-based materials for reinforcing, environmentally friendlier, and economi-
cally beneficial for the product developers. Industries and researchers are trying to
improve the quality and reliability of composite filaments application in many fields.
From a literature study, it is found that pure polymer feedstocks show lesser mechan-
ical strength compared to composite filaments. There are many difficulties observed
from the literature survey during composite filament fabrication. Such as Surface
quality, improve fiber orientation, fiber pull out, voids, uneven filament diameter, etc.
When using fibers in composites, fiber orientation is essential for the final product
properties [5]. Mechanical properties strongly depend upon the print orientation and
printing width [7]. The following inferences are derived from the literature study.
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Table 1 Literature analysis of previous studies

S. No. Authors Material Machine type

Polymer Fibres

1. Yang [13] PLA Cedar fibres Commercial
filament

2. Kariz et al. [5] PLA Beech wood (Fagus
sylvatica L.)

Single screw
extruder

3. Tao et al. [11] PLA Aspen wood flour Single screw
extruder

4. Le Duigou et al. [7] PLA, PHA Wood fibre Commercial
filament

5. Stoof et al. [10] PLA Hemp fibre Twin screw
extruder

6. Filgueira et al. [4] PLA Spruce thermo
mechanical pulp
fibres

Single screw
extruder

7. Liu et al. [8] PLA Raw Sugarcane
bagasse fibre
(RSCB) and
Sugarcane bagasse
fibre (SCB)

Twin screw
extruder

8. Martikka et al. [9] PLA Wood fibres Commercial
filament

9. Coppola et al. [2] PLA Hemp powder Twin screw
extruder

10. Duigou et al. [7] PLA Continuous flax
fibre

Extrusion coating
technique

11. Badouard et al. [1] PLLA, PBS, PBAT Flax fibres and Flax
shieves

Twin screw
extruder

12. Depuydt et al. [3] PLA Bamboo and Flax
fibres

Twin screw
extruder

13. Xiao et al. [12] PLA, PBAT Hemp hurd Twin screw
extruder

7 Inferences Based on Fibre Content

Sisal, jute, hemp, and wood fibers are widely used bio-based materials to make
composite materials. The purpose of alternate material like composite is used to
enhance the strength of the final product. There is some limitations observed form the
literature during part fabrication and filament fabrication. Uneven filament diameter
mostly occurs in composite filaments due to inferior fibers distribution and fibers
present in the top surface of the filament. Irregular flow of polymer is disturbed
due to various parameters such as clogging, temperature, etc. Poor distribution of
fibers in the filament is based on the use of compatibilizer and coating techniques,
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Fig. 3 SEM image of layer
arrangement of FDM sample

leading to the formation of a fiber cluster in the matrix. Figure 3 represents the layer
arrangement of the FDM component in the SEM study. The layer is arranged 45/-45°
orientation.

Uneven l/d ratio of fibers causes poor sieving and grinding of fibers and produce
clogging in the nozzle and affects the surface finish of the part. Weak bonding of
fibers with polymer matrix: fibers won’t attach to the polymer blend that is due to the
smooth surface of fibers pretreatment will improve the adhesion. Agglomeration of
fibers is a group of fibers that get deposited in a particular area resulting in fractured
surfaces. The component color becomes dark when the extrusion temperature is
increased [13]. Layer adhesion is defined as the bonding of one layer above the other
it mostly depends upon the temperature and contact surface area between the layers.
An increase in fiber content leads to poor adhesion in layers, and the mechanical
party is affected [5, 9].

8 Inferences Based on Voids

Voids are unoccupied space in a polymermatrix in default. FDMproduces voids since
it’s a layer by layer manufacturing. Interlayer voids are the gap between the layers;
these occur due to weak fusion of layers. Interline or intralayer voids are present
inside the layer (cross-section of the layer). Interfacial voids are often happening
due to thin layer deposition that is due to the uneven flow of polymer. Voids are a
significant problem in composite material manufacturing as well as product manu-
facturing. During composite filament manufacturing porosity, voids are observed in
the composite filaments. Voids may be presented inside or surface of the filament.

Figure 4 depicts an SEM image of composite filament, and it is found that uneven
surface and protrusion are observed in the outer side of the filament. Some fibers are
come out from the filament during the extrusion process, and the protrusion is found
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Fig. 4 SEM image of bio
composite filament

Fig. 5 SEM image of
filament

at the surface of the filament. The protrusion may lead to making nozzle clogging.
Figure 5 depicts surface voids in the surface of biocomposite filament. Kariz et al.
[5] study observed that uneven surface and protrusion cause nozzle clogging. Nozzle
clogging occurs due to fiber agglomeration irregular diameter of the filament and
low melting of filament. Fiber pullout is the overhanging of fiber in the filament or
print surface that is observed in fiber composites due to the weak binding of fiber
with polymers. Due to the percentage of wood content increase in the filament, voids
are generated during filament fabrication. The presence of voids in filament causes
weak strength in mechanical property and increases voids in fabricated products [5,
10].

9 Inferences Based on Chemical Treatment

Chemical treatment is used to improve the fiber strength and to remove unwanted
impurities from the fibers. Chemical treatment modifies the fiber’s surface and
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enhances the strength compared to raw fiber. At the same time, chemical treatment
removed the organic component and impurities from the fiber [8]. From Filgueira
et al. [4] study, untreated fibers absorb more water in water absorption study. There
is no change before and after the chemical treatment of cellulose peaks in the
characterization study [8].

10 Conclusions

This chapter summarized fused deposition modeling biocomposite filaments and
their mechanical property. Many authors focused on enhancing the mechanical
properties of composite filaments. The following inferences are observed from the
review.

• Mechanical property is decreasing when fiber content increasing.
• Due to an increase in fiber content layer adhesion problem is occurred.
• The uneven surface of the filament, nozzle clog is observed.
• Voids are observed inside and outside of the filament.
• Due to voids presence, fabricating parts also have voids.
• Fiber pulls out are observed during the fabrication of filament.
• The chemical treatment removes organics components from fibers.
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Experimental Evaluation of Laminated
Carbon Composite Step Lap Repair
Through Static and Fatigue Compression
Loading
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Abstract The static compression test is performed on various carbon fiber rein-
forced plastic (CFRP) epoxy-based laminate panels manufactured with the vacuum
enhanced resin infusion technology (VERITy) process. These tests are conducted for
establishing the compression strength and evaluation of the step-lap repaired method
effectiveness. The barely visible impact damage (BVID) is simulated experimen-
tally by impacting with low energy. The response of the pristine, impact-damaged,
and step-lap repaired composite panels are captured experimentally through the
online strain measurement during the testing at various locations. The predicted
strain response from the finite element analysis is validated with that of the experi-
ment for all of the specimen configuration. Reasonable good agreement is observed
between the predicted and the experimental strain values in terms of their magnitude
and the trend. It is observed that both of the strength and the stiffness are regained
in the composite panels after the step-lap repair scheme is implemented. Constant
amplitude fatigue behavior of pristine and step-lap repaired composite panels are
tested under compression-compression fatigue loads. It is observed that the stiffness
of both of these panels is not significantly degraded over a testing period of million
fatigue cycles.
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1 Introduction

The use of advanced composite materials, and in particular of CFRP material, has
become a common factor even in the conservative, economy driven design environ-
ment of today’s civil aircraft. Just like metallic materials, fiber-reinforced composite
materials are hampered by particular inherent weaknesses, which must be under-
stood and accounted for in the design of a structure. The dominant gap of this
layered material configuration is the impact damage, introduced accidentally during
the manufacture, the operation, or the maintenance of the aircraft.

In the presence of any such impact damage in the structure made up of the
composite material, when it is subjected to the in-plane compression loads, the
damage may lead to catastrophe depending on the nature and extent of the damage
and also its location [1].

In the case of the repairable damages, it is important to develop suitable repair
methodology depending upon the extent, its location, and the accessibility of the
damaged part in the structure. A damaged part of the structure is repaired to restore
the original strength and stiffness. It is also necessary to establish the reference
values for the original strength and stiffness of the similar healthy (pristine) structure
or panel without any damage or repair. The data on the pristine panel serves as
reference values of strength and stiffness for assessing that of the repaired panel [2].

The major area of the impact study involves BVID, which is the measurement of a
property after impact and the impacting of the stresses bodies. BVID occurs when an
object, such as a tool, is dropped accidentally onto a composite structure [3]. A thin
shell-like, highly stressed aircraft component such as composite wing is particularly
vulnerable in this regard. The danger is that the damage is so slight it is not readily
noticed by the naked eye, but nevertheless, there is a reduction in the load-carrying
capacity of the component. Since many of the crucial aircraft components made up
of composite materials such as CFRP are stressed in compression, it is important to
evaluate the compression strength after the impact [4].

To repair the dominant weakness of this layered material configuration is impact
damage, introduced accidentally during manufacture, operation or maintenance of
the aircraft leads to delamination between the layers in addition to matrix cracks
and fiber fractures and simultaneously to increase the load-carrying capacity of the
CFRP specimen by improving the material property of the impacted zone.

Our main aim of the present study is to repair the BVID created by impacting the
specimens with an impactor at low velocity. The impactor mass and height of drop
are chosen to result in an impact energy of 10 J, which would produce a BVID for
that laminate.

In order to understand the compression behavior completely, it is important to
evaluate the compression behavior [5] of the laminates with and without impact
damage and then evaluate a suitable repair method in order to recover the desired
strength and stiffness [6]. Further, it is important to develop a suitable numerical
model simulating [7] the impact damage and repair method to understand the state
of the stress and strain for assessing the effectiveness of the repair technique [8].
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(a) With complete set-up (b) Showing panel 

Fig. 1 Experimental set-up for the static and fatigue compression test on the different test panels

Hence the present study is towards the experimental and numerical evaluation
of the compression behavior [9] of the laminates are made up of CFRP material
fabricated with the VERITy process [10].

2 Experimental Set-Up

In a compression test, it is important to prevent or eliminate the global buckling so
that the test panel experience the compression load only. Buckling in the compression
test leads to significant errors in the assessment of the compression strength of the
test panel.

Figure 1 shows a photograph of the experimental set up along with the test panel
in a computer-controlled servo-hydraulic test machine.

3 Test Fixture

The compression test fixture in accordance with the ASTM standard, ASTM D7137
(2007) [11, 12] is shown in Fig. 2. The test fixture consists of left side knife edges,
right side knife edges as well as the top-loading block which has two flat edges for
holding the top portion of the test panel. Each of these knives and/or flat edges are
adjustable independently to align the pristine test panel in the loading line and/or
loading plane. The left side and right side knife edges together serve as an anti-
buckling guide mechanism to prevent global buckling of the test panel during the
compression testing. Flat edges of the top-loading block help in holding the top edge
of the test panel during the compression testing and also responsible for keeping the
loading plane and/or axis in-line with the mid-plane of the test panel.
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Top loading 

Left side knife Right side knife 

Fig. 2 Photograph showing the details of the test fixture

Similarly, the left side and the right side knife edges of the anti-buckling guides
are required to align with the mid-plane of the test panel synchronously. In addition
to this, the top-loading block also needs to be synchronous with the anti-buckling
guides.

4 Test Matrix and Specimen

The material used for the current study is a CFRP with epoxy-based composite
laminate produced by the VERITy process.

In this process, the unidirectional (UD) carbon (Hexforce-G0827-S1040-HP03-
1F) fabric of size (600 × 400) mm2 is laid up in quasi-isotropic layup sequence
on a flat metallic mold, and the epoxy resin (Epolam 2063) is infused into it under
vacuum, followed by curing. The properties of this material are given in Table 1. The
resulting laminate is cut into the required size for various specimen configurations
such as pristine (without damage), impacting (with impact damage), and step-lap
repaired test panels and a typical size of each test panel is illustrated in Table 2.

Table 1 Typical mechanical properties of the CFRP material

Modulus in normal
directions (GPa)

In-plane shear
modulus (GPa)

Transverse modulus
(GPa)

Poisson’s ratio

E11 E22 E33 G12 G23 G13 υ12 υ23 υ13

130 8 8 3 3.5 3 0.32 0.27 0.30
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Table 2 Specification of the test panel for pristine, impact damaged, and repaired configurations

Test panel length (mm) 150

Test panel width (mm) 150

Test panel thickness (mm) 4.20

No. of plies 24 layers

Layup sequence (angle in degrees) Quasi-isotropic [(45, 0, −45, 90)3]s

Ply thickness (mm) 0.175

(a) Pristine (b) Impact damaged 

(c) Step-lap repaired 

X 

Y 

X 

Y 

X

Y

150 

1(2)

5(6) 

3(4) 

Fig. 3 Schematic of the compression test panel configurations
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50

150 

X 

Z 

4.2 

100

Base panel 
Step-lap patch 

Fig. 4 Schematic of a cross-section of the step-lap repaired test panel

Figure 3 shows a schematic diagram of typical test panel configurations such
as pristine, impact-damaged, and step-lap repaired laminates, and the positive Y-
direction indicates the direction of the 0° for the plies. The direction of the compres-
sion load application is also in the Y-direction. A typical cross-sectional view of the
step-lap repair indicating various steps from diameter 50 mm to diameter 100 mm
in 5 steps, as shown in Fig. 4.

Each of these steps is having an incremental diameter of 10 mm in diameter with
the layer of epoxy around 0.175 mm in each step between the base panel and step-lap
repair patch. The coordinate locations of each of the six strain gauges from G1 to
G6, as shown in Fig. 3c, are tabulated in Table 3 for pristine, impact-damaged, and
step-lap repaired laminates. The origin of the Cartesian coordinate system is located
at the center of the test panel laminate, as shown in Figs. 3 and 4.

Impact damage is induced at the center of the pristine test panel subjected to a
low-velocity impact with an impact energy of 10 J. While impacts on the test panel,
adequate care is taken to prevent multiple impacts on the same laminate through
an appropriate anti-rebounding system. The extent of the impact damage is quanti-
fied using non-destructive techniques such as Ultrasound C-scan and A-Scan. The
ultrasound signal is being attenuated at the location where there is impact damage
compared to that of the rest of the test panel laminate [13]. The size of the impact
damage is clearly visible as a white spot at the center of the test panel on either side
(front and rear) in a typical C-scan image as shown in Fig. 5.

Table 3 Location of the strain gauges on various compression test panels

Strain gauge number Strain gauge notation Coordinate location in mm (origin is at the
center of test panel)

X Y Z

1 G1 0 45 2.10

2 G2 0 45 − 2.10

3 G3 45 0 2.10

4 G4 45 0 −2.10

5 G5 30 30 2.10

6 G6 30 30 −2.10
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(a) Front side (b) Rear side

Fig. 5 Typical ultrasound C-Scan image of an impacted test panel with 10 J impact energy

Figure 6 shows photographs of various test panel configurations along with the
direction of the 0° for plies before subjected to compression tests. The pristine and
impact damaged test panel configurations are shown in Fig. 6a, b, respectively. The
step-lap repair patch bonded to the base laminate is shown on either side (Front and
Rear) of the laminate from Fig. 7.

(a) Pristine panel (b) Impact-damaged panel

Fig. 6 Photograph of pristine and impact damaged compression test panel configurations
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Fig. 7 Photograph of step-lap repaired compression test panel configuration

5 Static and Fatigue Testing

For conducting the static and fatigue compression testing, a computer-controlled
closed-loop servo-hydraulic universal testing machine is used with a capacity of
500 kN with a 100 mm stroke. Resistance strain gauges having gauge resistance
of 120 � with a gauge factor of 2.14 are bonded on various test panels at appro-
priate locations (as indicated in Table 3) for capturing strain response in loading
direction (that is Y-direction) during the static and fatigue testing. The data acqui-
sition system, System 5000 make, is adapted, which is having a capacity of 1–50
sample(s) recording simultaneously up to 20 channels is used for online real-time
data acquisition during the testing.

The strain gauges are fixed to the test panels in the loading direction, which is
the direction of the 0° plies as well for each of the test laminate. Static compression
tests are conducted under the stroke-control mode, at a loading rate of 0.02 mm/min
and tested until the failure. The applied load, stroke, and strain values are recorded
continuously. Alternate method of monitoring is dealt by authors [14].

The manufacturing process adapted for the composite repair is VERITy, and no
base data is available to have a pure compression strength. Hence, to establish base
compression strength data, coupon level tests are conducted using the IITRI (Illinois
Institute of Technology Research Institute) test fixture as per ASTM standard, ASTM
D3410 (2008) [15] subjected to a pure static compression loading on quasi-isotropic
laminates fabricated with VERITy manufacturing process. The typical experimental
set-up is shown in Fig. 8, with a fixture in the computer-controlled servo-hydraulic
test machine.

The size of the specimens is (140 mm × 25 mm × 2.08 mm), and the material
is CFRP. Ten numbers of specimens are tested with static compression load while
making sure that there is no global buckling during the test. In each of the specimens,
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(a) Test set-up (b) Before test (c) After a test

Fig. 8 Experimental set-up with the IITRI fixture and specimen before and after the test

linear strain gauges are mounted on the front and rear side of the specimen at the
study section, which is at the center. During the test, strains are measured through an
online data acquisition system. The test is conducted up to the failure of the specimen.
The static compression failure strength is computed for each of the ten specimens.
The test coupon before and after the compression test is shown in Fig. 8b, c along
with the failure mode and its location. The value of the average normalised static
compression strength obtained experimentally is 1.46.

Similarly, at the test panel size level of 150 mm× 150 mm× 4.2 mm, a reference
compression strength and stiffness data need to be established by evaluating pristine
(healthy) laminates subjected to static and fatigue compression tests in order to assess
the effectiveness of the step-lap repair scheme. In addition, it is also required to have
a compression strength value for the impact-damaged laminate. The effectiveness of
the step-lap repair is evaluated by comparison of the strength values obtained with
the reference (pristine) strength and that of the impact damaged panels. For static
compression tests, each of these test panel configurations (Pristine, Impacted, and
Repaired), a minimum of three numbers of samples are tested.

The failure location in the pristine test panel is nearly close to the compression
loading edge, whereas, in the case of the impact damaged test panel, the laminate
failed at the center of the panel as it is evident from the fact that laminated isweakened
by the impact damage.But in the case of the step-lap repaired test panel, there bonding
between step-lap repair patch location is weaker, and hence the failure mode is to
de-bonding of the patch from the base laminate as shown in Fig. 9.

The fatigue testing is conducted in load controlled mode at 0.1 Hz frequency
on pristine and step-lap repaired test laminates subjected constant amplitude
compression-compression fatigue loads with a stress ratio of 0.1, [16] as shown
in Fig. 10. The minimum and maximum loads applied on the pristine and step-
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(a) Base plate (b) Repair patch 

Fig. 9 Step-lap repaired CFRP panel after compression test

Fig. 10 Typical compression-compression fatigue load cycles

lap repaired panels expressed in terms of normalized stress values using the static
compression strength value of the pristine panel are−0.32 and−0.032, respectively.

The purpose of the fatigue testing on the pristine laminate is to have reference data
to compare with that of the repaired panel. Each of these two test panels is subjected
to 1 million load cycles during the compression-compression fatigue test. Strain
response is captured during every one lakh load cycles to check for any stiffness
degradation due to fatigue loads.
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6 Finite Element Analysis (FEA)

A static geometrically nonlinear three-dimensional (3-D) finite element analyses of
the pristine, impact damaged step-lap repaired CFRP laminates subjected to the static
compression loads [17] and appropriate boundary conditions using commercially
available finite element package [18]. Figure 11 shows a typical finite element model
of a complete step-lap repair panel indicating the base plate and the step-lap repair
patch with the simulated step-laps.

Taking advantage of the symmetry, and only the quarter model is simulated and
analyzed subjected symmetric boundary conditions [16] as shown in Fig. 12. The
10 J impact damage is quantified with the help of Ultrasound A- and C-scans of
the laminate. The quantified impact damage is simulated appropriately in the finite
element modeling for the impact damaged panel. Uniformly distributed compression
loads are applied on the laminate in the Y-direction in adequate number of load steps
in order to have data for comparing with that of the experimental data sufficiently
and up to laminate failure.

Figure 13 shows a typical deformation pattern when subjected to in-plane
compression loads [19]. The out-of-the plane displacement pattern is shown through
the exploded view at the center of the impact-damaged laminate panel, as shown in
Fig. 13b due to the simulated impact damage.

A typical stress variation pattern with a step-lap repaired laminate panel is shown
in Fig. 14, wheremaximum stress occurs at the step-lap patch area, which is indicated
in red color contour.

(a) Base plate with patch (b) Base-plate (c) Step-lap patch

Fig. 11 Finite element model of a step-lap repaired composite laminate
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Fig. 12 Typical finite element model for test panel showing load and boundary conditions

(a) Overall displacement pattern             (b) Exploded view around the impact damage

Fig. 13 Typical overall displacement pattern of the impact damaged test panel
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Fig. 14 The typical finite element model shows the pattern of the stress developed

7 Results and Discussion

7.1 Strain Response for Global Anti-buckling Check

In the compression test, it is very important to ensure there is no global buckling.
For each of the panel configurations, good anti-buckling is achieved through proper
adjustment of the test fixture. The applied compression loads are normalized using
static compression failure strength value of the pristine panel. Figure 15 shows the
graph of applied static compression load in normalized stress versus strain obtained
in micro strains, in the loading direction on the different test panels.

The strain measurement is obtained at the front and rear location on the test panels
during the static compression test to verify the effects of the global buckling. In the
pristine panel, a good anti-buckling effect is observed, as it is evident from Fig. 15a.

But in the case of impact damaged and step-lap repaired panels, there is a consid-
erable deviation of the strain response between the front and rear strain locations.
The deviation observed in the impact damaged and repaired panel is attributed to
the local buckling. As far as the global buckling is concerned, there is a good anti-
buckling up to a normalized stress value of −0.12, as it is evident from Figs. 15b, c.
The deviation is due to the possible asymmetry of the impact damage in the impact
damaged panel. Due to this asymmetry, there is an eccentricity in the loading plane
of the impact damaged panel. This eccentricity increases as the damage inside the
laminate open up with the loading, and it is evident from Fig. 15b. Similar load plane
eccentricity exists due to the improper bonding of the step-lap repair patch to the base
laminate. Hence there is a considerable deviation in the strain response between the
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(a) Pristine panel (b) Impact damaged panel

(c) Step-lap repaired panel 
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Fig. 15 Typical strain comparison between front and rear on the different test panels for the
anti-buckling check

front and rear strain locations on the step-lap repaired laminate, as shown in Fig. 15c.
The primary reason for this deviation is due to non-uniformity in the bond thickness
between the step-lap repair patch and the base laminate.

7.2 Validation of Strain Response FEA with Experiment

The strain response at different strain gauge locations is computed from FEA and
compared with that of the experiments [19].

Figures 16, 17 and 18 show the typical strain comparison between test and FEA
for the pristine, impact-damaged, and step-lap repaired laminates, respectively. At
the strain gauge location G1 on the pristine test panel, the strain deviation between
FEA and test values starts somewhere around a normalized stress value of −0.32,
and thereafter it is increasing with the increase in the applied load. There is good
agreement between the strain values between test and FEA at the location G2 up to
a normalized stress value, −0.64, as shown in Fig. 16. The strain gauges G1 and G2
are located on either side of the test panel and very close to the loading edge. For
the same applied load, there is a considerable between the strain values measured
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(a) At G1 location (b) At G2 location
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Fig. 16 Comparison of strain values between the test and the FEA for pristine laminate

(a) At G5 location (b) At G6 location
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Fig. 17 Comparison of strain values between the test and the FEA for impact damaged laminate

(a) At G1 location (b) At G2 location
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Fig. 18 Comparison of strain values between the test and the FEA for step-lap repaired laminate
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at G1 and G2. This difference of strain values suggests there is a local buckling
taking place. The final failure for the pristine test panel happening is very close to
the loading edge.

In the case of impact damaged test laminate, the final failure occurs at the center
section because of the impact damage is present at the central section of the laminate.
There is a good agreement in the strain response between test and FEA values up
to a normalized stress of −0.64 at G5 and up to a normalized stress of −0.48 at G6
locations, as shown in Fig. 17.

Similarly, there is a good match between test and FEA values on the step-lap
repaired test panel up to an applied normalized stress value of −0.71, as shown in
Fig. 18.

Overall, the FEA predicted strain values match well at most of the strain gauge
locations in terms of magnitude and trend. The strain response curves predicted by
FEA start deviating from that of the test valuewhen the test panel is likely undergoing
an initiation of the final failure.

7.3 Evaluation of Step-Lap Repair Against Static Loading

The experimentally obtained failure loads are tabulated, and then the failure strength
values are computed. The average static compression failure strength for each panel
configurations is tabulated in Table 4. The normalized static compression strength
obtained through pure compression strength using the IITRI test fixture is 1.46 times
that of the pristine panel, which is higher than that of the pristine test panel due to the
absence of buckling. In the case of a pristine test panel, it undergoes a considerable
amount of local buckling at the section where final failure occurs.

It is observed that there is a 19% reduction in the strength due to the impact damage
on the CFRP panel with respect to that of the pristine panel. The step-lap repaired
panel is observed to recover around 14.5% of the strength in comparison with that
of the impact damage, and there is a 4.5% reduction in the strength observed when
compared with that of the pristine panel. Therefore, a good amount of recovery of the
static compression strength is seen experimentally with the step-lap repair method.

The experimental strain response obtained from the pristine, impact-damaged,
and repaired panels is analyzed. The typical experimental strain responses are plotted

Table 4 Comparison of strength values between different test panel configurations

Panel configuration Normalized compression failure
strength

Reduction in load carrying capacity
(%)

IITRI coupon 1.460 Pure compression

Pristine 1.000 Reference

Impact damaged 0.810 19

Step-lap repaired 0.955 4.5
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(a) At G1 location (b) At G3 location

(a) At G5 location 
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Fig. 19 Experimental strain comparison between pristine, impact damaged and repaired panels

against applied load in in terms of normalized stress, as shown in Fig. 19 for each
of the test panel configurations at G1, G2, and G3 locations. The stress-strain curve,
which is closer to the vertical axis of the graph in Fig. 19, indicates the test panel is
stiffer, and the stress-strain curve, which is closer to the horizontal axis indicates the
in the reduction in the stiffness when compared to that of the pristine test panel. With
this, it is evident from the graphs that the step-lap repair panel is stiffer compared
to that of the impact damaged panel and closer to that of the pristine (reference)
panel at both of the strain gauge locations. Therefore, the repair method is capable
of recovering the stiffness as well.

In summary, the static compression strength and stiffness are recovered with the
step-lap repair method in terms of the magnitude and the trend.
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Fig. 20 Experimental stress-strain response for the pristine panel at G1 location during the
compression-compression fatigue test

7.4 Evaluation of Step-Lap Repair Against Fatigue Loading

During the fatigue testing, the strain responses at G1 to G6 location are recorded at
the interval of one lakh (1L) fatigue load cycles up to one million (10L) load cycles.

These strain responses, thus computed, are plotted in a graph against the remote
fatigue compression stress cycle. Figures 20 and 21 show the stress–strain diagram
for the pristine and step-lap repaired panels from 1 to 10L load cycles, respectively.
The slopes of the curves in Fig. 20 are observed to be almost constant between each
other at 1L to 10L load cycles, and the strain deviation is around 1%. A similar trend
in the slope is also observed with the step-lap repaired test panel as it can be seen
from Fig. 21 at strain locations such as G1, G3, G4, and G5, but there is a slight
deviation at locations G2 and G6. The shift of each curve in Fig. 21 is due to the
various start and stop of the fatigue test since the duration of the one fatigue test is
around 60 working days approximately. Due to this, their stress–strain curves are
shifted by maintaining the same or approximately constant slopes at each of these
curves at various locations, G1 to G6, and at various recording intervals between 1
and 10L number of fatigue cycles.

The strain values at G1 to G6 locations corresponding to a load point say normal-
ized stress value of −0.48, which is closest to the highest load in the fatigue load
cycle, are tabulated, and the percentage of deviation of the strain values are computed
in Table 5.

The highest strain deviation percentage observed is around 25% at G1 and 20%
at G5 locations, respectively, with the step-lap repaired laminate. At the rest of the
locations such as G2, G3, G4, and G6, the percentage of deviation is below 10%.
Due to the negligible change in the slopes of the stress-strain curves from 1 to 10L of
applied load cycles for each of these strain gauge locations G1 to G6 on the step-lap
repaired test laminate, the local changes in the strain values are attributed to the local
buckling [20].

The strain gauges G1, G3, G5, are located on the step-lap patch whereas G2, G4,
G6 are located on the base panel at identical locations respectively on the laminate. A
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Fig. 21 Experimental stress-strain response for the step-lap repaired panel during the compression-
compression fatigue test

small non-uniform application of adhesive for bonding the step-lap repair patch leads
in inducing an eccentricity in the loading plane, which is, in turn, local buckling, and
hence it gets reflected by the proportionate increase in the strain values with increase
in the applied load.

This phenomenon of induced eccentricity is observed by calculating the difference
in strain values between the front and rear strain gauges that are tabulated in Table
6. The percentage of deviation of the strain values at G1 and G2 is 33.8% and 21.2%
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Table 5 Deviation of strains at various strain gauge locations on step-lap repaired test panels

Strain gauge location Compression strain at a normalized stress of −0.48 Deviation (%)

At 1 lakh cycles (1L) At 10 lakh cycles (10L)

G1 −314 −394 25

G2 −474 −500 5.5

G3 −1024 −1111 8.5

G4 −1608 −1720 7

G5 −686 −823 20

G6 −1008 −1084 7.5

Table 6 Deviation of strains at between front and rear locations on the step-lap repaired test panel

Front and rear strain gauge pairs Percentage of strain deviation (%) at a normalized stress of
−0.48 load level

At 1 lakh cycles (1L) At 10 lakh cycles (10L)

G1 and G2 33.8 21.2

G3 and G4 36.3 35.4

G5 and G6 31.9 24.1

at the end of 1L and 10L load cycles, respectively. A similar trend of deviation is
observed with G3 and G4, along with G5 and G6 pairs, as shown in Table 6.

This deviation serves as ameasure of the amount of eccentricity induced primarily
due to the non-uniformity of bonding of the step-lap repair patch to the base laminate
while adopting a particular repair method and manufacturing process.

8 Conclusions

The static compression tests on the various specimen configurations such as pristine,
impact damaged, and step-lap repaired test panel laminates manufactured with the
VERITyprocess are carried out till failure to establish the static compression strength.
The pure compression strength experimentally obtained using the IITRI fixture is
comparedwith that of the pristine test panel. The strain response of these test panels is
captured through the online strainmeasurement at various locations on the laminates.
The strain gauges on either side of the test panels also serve as feedback for proper
alignment adjustment in order to ensure that there is no global buckling. This ensured
the compression loading is in-plane with the mid-plane of the test panels during the
test.

Constant amplitude fatigue on pristine and step-lap repaired test panels are tested
with compression-compression load cycles with a stress ratio of 0.1 up to onemillion
load cycles. The strain response at various intervals of applied cycles is recorded and
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compared. It is observed that there is no failure occurredwith the pristine and step-lap
repaired panels even after 1 million load cycles. There is a reasonable degradation of
the stiffness observed with the step-lap repaired test panels and is attributed primarily
to the load eccentricity because of the non-uniform bonding of the step-lap repair
patch. This happens even due to the way the bonding process of the step-lap repair
patch on the base laminate is carried out. If the uniformity in the bonding and bonding
thickness is maintained along with continuous non-stop fatigue testing till 10L load
cycles, then there would be a negligible variation of strain values and the slopes of
each of the stress-strain curves at various strain locations at the end of each completed
1L to 10L number of fatigue cycles.

3-D finite element analyses are performed by modeling above three test panel
laminate configurations at various load levels for capturing the state of stress in
and around the impact damage and step-lap repair patch with the base laminate. The
typical strain responses predicted from FEA are validated with that of the experiment
for all of the test panel configurations.

The impact damage impactedwith a 10 J impact energy, thus quantified using non-
destructive techniques, is successfully simulated. And the predicted strain response
from FEA is validated with that of the test results. Similarly, step-lap repair details
are also simulated along with the validation of FEA results with that of the test. The
predicted strain response from the FEA is reasonably in good agreement with that of
the experiment in terms of their magnitudes and trend at most of the strain locations,
although there is a reasonable amount of deviation when strain reaches closer to the
compression failure.

The step-lap repair scheme for repairing CFRP laminates fabricated with the
VERITy process is successfully experimentally evaluated under static compres-
sion and compression-compression fatigue loads to qualify the repair method. It
is observed that the repair method is capable of recovering the strength and the
stiffness under compression loads.
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Fracture Behavior and Toughness
of Fiber Reinforced Thermoset
Composites

Alak Kumar Patra and Indrajit Ray

Abstract The fiber reinforced polymer composites (FRPC) are beingwidely used in
several advanced engineering structures ranging from civil infrastructure to aircraft,
spacecraft, ships, cars and in many other outdoor and household applications. The
major advantage is its high specific strength, stiffness, and durability leading to
sustainable applications. Thermoset resins have advantages of retaining shape and
strength at a higher temperature and harsh environment and lower life-cycle cost
compared to thermoplastic resins. However, the knowledge of their behaviors during
fracture failures are essential to properly evaluate the performance of thermoset
composites. This chapter is divided into following five sections: Sect. 1 provides
the introduction; Sect. 2 discusses the fracture mechanism of FRP’s from microme-
chanics and global response of components or structure as a whole. The detailed
information on general fracture mechanics approach including different modes of
fracture, fracture failure procedures, fracture mechanics approach in FRC prob-
lems, fracture under compression, and failures at different scales will be provided.
Section 3 elaborates on various failure theories such as micromechanical failure
of FRP with UD lamina, anisotropic failure theory including theory of maximum
stress, maximum strains, deviatoric strain energy theory, theory of tensor polyno-
mial, failure for damage mechanism, failures under creep, fatigue and rupture, high
strain rate failures. Section 4 covers the variousmodes of experimental investigations
on FRPC including mode I, mode II, mode III, and mixed mode fracture toughness.
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1 Introduction

Fracture behavior of FRPCs includes the behavior of FRPCs in the course of their
fractures. The behavior can be described in different ways. Fracture failure is the
focal point of all these exercises. Inability of the element of structure to withstand
against load or loss of material integrity can be defined as failure [29]. Failure of
FRPC is a complicated phenomenon and a continuous growing field of research
for its importance. There are obvious reasons behind it. The FRPCs are stronger
in the direction of fiber in comparison to other directions. It is evident that the
failures of FRPCs depend on the direction of stresses. FRPCs fail in much lower
stresses in the direction normal to the fiber than that required to cause failure in
the direction of fiber. Failure under tensile load is governed by the strength of the
fiber and controlled by the bond strength between the fiber and the polymer matrix
and the matrix-strength in the direction perpendicular to the fiber direction. But
the failure in an angular direction other than the 0° or 90° depends on the direct
stresses in 0° and 90° directions with respect to fibers and the shear stress also. It
becomes an important point of investigation that under which stress (direct/shear) or
stress combination the FRPC will fail. Matrix materials in FRPCs may be ductile or
brittle. In case of ductile polymer matrix, the material may fail due to disruption in
load transfer mechanism from matrix to fiber under large strain of matrix. Polymer
composites with brittle matrices may exhibit numerous cracks about the fibers or in
between the fibers causing disturbances in the transfer mechanism of the load to the
fibers from the matrices leading to failures. Buckling or enormous deformation of
fibers may cause the failure of FRPCs under compressive loads. Most of the times,
failure is an ultimate result of initiation and maturity of a combination of more than
one of these mechanisms which is a complex and intricate event. FRPCs are not
only multi-phase materials but also multi-layered and may be composed of fibers
in multiple directions which may be subjected to a variety of loads. Even if the
failure of unidirectional (UD) lamina of FRPC is considered, it becomes difficult
to understand for the dissimilarities in stress distribution in different phases and
interfaces. This is because in UD lamina, matrix and fibers are of different strengths,
interface behaves differently from the matrix and the manufacturing defects or flaws.
It is now obviously understandable why failure of FRPCs is a complicated topic
and why it is studied by so many researchers and groups of researchers till today.
Instead of the importance of understanding the failure mechanisms in FRPCs, it is
not possible to realize the details of every state of failure. From practical point of
view, it is important to know for the safety of the structure whether a stress level
or combination of stresses or that of strains are below some critical limit or not.
Establishing a fracture criterion for the improvement in precision of predictability
of a fracture behavior is essential [46]. Another important point is that the criteria
of failure should not be much conservative without compromising its safety against
failure, must be understandable and verifiable through experiments. At base, all
these criteria are either maximum stress or maximum strain criteria or interaction
between them, sometimes are modified by some specific observations obtained from
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experimental investigations. The objective of all these straight or intricate approaches
is to predict the failure through some failure criteria. The significance of so many
criteria is that instead of immense efforts, none of them is able to explain the failure
behaviors of all the FRPCs subjected to any kind of loading system. The issue is same
for isotropic materials also; some fail due to yielding while some others’ failure is
of brittle nature. Many criteria may be acceptable when the criteria are considered
for indication, not for prediction of failures under all conditions.

Fracture behaviors of FRPCs can be assessed from the criteria for fracture [51].
The mechanisms from crack initiation to propagation is not clear for complicated
relation between the material’s microstructure and the stress field at macroscopic
level [56]. One approach followed in fracture mechanics calculates critical rate of
release of strain energy from macroscopic displacements and applied forces. A look
into the cracks at microscopic level reveals that the strain energy induced in the
location of crack supplies the energy required for the newly generated surfaces from
the formation of cracks, heat, some additional release of elastic energy as well as
energy required for plastic deformation. Instead of significant advancement in frac-
ture mechanics, much insights are yet to be gained on the extension in front region of
the crack tip as well as on the kinetic and kinematic instabilities in the displacement
field around the crack tip [17, 76]. Reason is straightforward, it is very difficult to
investigate directly on propagation of crack starting from the nucleation for the speed
of propagation of cracks in solids.

Fracture behaviors of brittle thermoset polymers (mostly epoxy resins) were
started to be addressed through kinetic approach to explain the fracture in ther-
moset polymers as ruptures of bonds [21, 80, 81]. In a latter approach [67, 68], the
micro-level stresses have been taken into account to address the kinetics of polymer
fracture. The kinetic theory is much applicable to the initiation of fracture in brittle
polymer and cannot be efficiently used for the crack propagation especially for non-
brittle polymers with deformations consisting of inelastic and/or plastic components
[37]. There are some other approaches also for explanation of fractures in polymers
like molecular fracture etc. [37]. Thermoset polymers are well known brittle mate-
rials. These thermosets are reinforced with toughners and/or fibers to improve its
characteristics and toughness against fracture. Consequently, the fracture behavior
of thermoset FRPCs are often studied by application of fracture mechanics. Though
detailed scientific criteria to address the failures of all FRPCs under all conditions are
not available, phenomenological procedures are there to address the failures of such
materials due to formation of cracks. Mechanics of cracks or fracture mechanics is
based on Griffith’s and Irwin’s approaches [19, 20, 30]. These approaches can be
followed to describe the fracture in ceramics, polymers or metals. But for FRPCs,
heterogenous ingredients of different length scales are infused into homogeneous
and isotropic matrices with some other consequences for arresting, branching or
deflection of cracks along with mixedmode features. Consequently, some conditions
assumed in classical theories or hypotheses become insufficient for these compos-
ites. Moreover, with the advent of new varieties of matrices and fibrous materials,
additional theories are being employed to explain the fracture behaviors of FRPCs.
Diverse field of development of different theories are becoming important day by
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day to address the fracture problems of fiber reinforced polymeric composites. These
FRPCs are used in many applications for their appreciable performances in resisting
fractures or fracture toughness.

2 Fracture of FRPCs

Fracture of FRPCs is a type of failure that can be explained by several approaches.
One of the approaches deals with micromechanics of composites. Another approach
is to estimate the global response of components or structure as a whole which is very
much important to the scientists, engineers and policy makers of the world. There is
one intermediate approach between the two. In this approach, the deformation or the
load carrying capacity of each layer or that of the number of layers of a laminate with
the interactions between the different layers of laminated composite is addressed.
The topics are discussed in a little more detail in the following section.

Based on reinforcing materials, polymeric composites can be divided in to two
broad classes (as described in details in first chapter): Particulate and fiber reinforced
composites. Based on matrices, they are primarily divided into two types: thermo-
plastic and thermoset polymeric composites. The target of discussion in this chapter
is the fracture behavior of the fiber reinforced thermoset polymeric composites. It
is clear from the fore going discussions that fracture in FRPCs is a complicated
phenomenon. Nevertheless, fibers play key roles in FRPCs. Legitimate approach
is to start with the interaction between fibers and matrices during fractures. Fibers
and matrices are treated as elements of separate constituents in numerous studies.
The failure problem may be addressed from different points of views. One of such
views of addressing this problem is studying the fiber-stresses, stresses in matrices
holding the fibers in positions, the interface stresses, fiber breakage, matrix cracks,
fiber interactions, varying distances between the fibers, influence of other fibers on
the broken one, or localized yields of matrix or fibers. This view of addressing local-
ized effects of interaction between matrices and fibers is micromechanics [32, 41].
On the other hand, different intellectuals of the world are interested in the global
response of composite structures or structural components made of FRPCs. The
global responses like deformation, buckling and fatigue loads, thermal behaviors,
damping, energy absorbing capacity, effect of holes or similar discontinuities etc. in
the components or the structure as a whole are more important to them from appli-
cation point of view. Response of a layer or a number of layers are intermediate in
nature between these two approaches. In this approach, the deflection or load carrying
capacity of individual layer, or that of the laminates of a groups of layers along with
the interactions between the different layers of laminates are studied to predict their
failures. Role of fiber orientation or constituent materials in a single layer or the
layers of a laminate is an active field of study due to invention and development of
new constituent materials for both fibers and matrices (as mentioned in the previous
section). In this technique, the responses like deformations of some element of a layer
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with many fibers are addressed without going to the micromechanical responses of
individual fiber, matrix and their interactions.

The next section will be dedicated to failures accompanied with fractures only as
the topic of this section is fracture of FRPCs followed by much more insights from
micro, meso and macro level study of failures.

2.1 General Fracture Mechanics Approach

Fracture mechanics deals with the propensity of inherent cracks of materials to grow
under applied loads. The strength of component or structures is reduced due to
existing flaws or cracks. If the cracks are long enough, the structure or structural
component will fail much below the design loads. The defect criticality assessment
for the performance of a structure is the prime objective of fracture mechanics.
Moreover, fracture mechanics is applied to calculate the maximum allowable size of
cracks.

The material science and applied mechanics are generally integrated in fracture
mechanics to study the behaviors of materials with defects. Applied mechanics is
applied to find the relationship between the stress field and deformation at the tip of a
crack in a crackedmaterial body. The resistance of the materials against fracture (due
to crack) is estimated in material science applying fracture mechanics for developing
more robust materials through better processing and design of materials.

The defect or flaws plays the key role in the strength exhibited by any material.
These flaws are very much important in fracture failure of FRPCs [32]. The micro
or macro-cracks governs the strength of the FRPCs. Thus, fracture mechanics is an
essential field of study in the fracture failures of the FRPCs, be it at micro or macro
levels for strength of materials approach is essential but not sufficient to explain the
behaviors of FRPCs.

Three major stages are to be considered in fractures due to cracks: nucleation
or initiation of microcracks, growth and coalescence and crack propagation. In the
growth phase, microcracks grow stably to join with other micro cracks to form a
macro crack. In the final stage, these macro cracks propagate fast leading to fracture.
This happens at a stress level which is critical for unstable crack growth. While
these stages are prominent in thermoplastic FRPCs, due to matrix ductility and crack
arresting capability of fibers at the interface between the fibers and matrix, stage
two is not prominent to be realized in thermoset FRPCs for brittle character of the
thermosets. It is alreadymentioned that polymer composites with brittlematrices like
thermoset resins are prone to exhibit numerous cracks about the fibers or in between
the fibers causing disturbances in the transfer mechanism of the load to the fibers
from the matrices leading to failures.

Failures may occur under one or combination of more than one of the modes of
fractures. Based on applied loads, following modes of fractures are encountered in
fracture mechanics.
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Fig. 1 Fracture under mode I loading

1. Mode I fracture
2. Mode II fracture
3. Mode III fracture failures and
4. Mixed mode fractures.

2.1.1 Mode I Fracture

Inmode I, tensile load is applied perpendicular to the facture plane leading to opening
mode of fracture. It is termed as opening mode for the joints between the fracture
surfaces at the crack tips open like opening some page in writing pad as shown in
Fig. 1.

2.1.2 Mode II Fracture

In mode II fracture, the load applied is parallel to the fracture plane and results in
sliding the two newly developed fracture surfaces parallel to the crack surface and
in the same direction to the crack front due to shear stress perpendicular to the crack
front. The loading direction, cracked surfaces and the crack front are presented in
Fig. 2. This is sometimes termed as sliding mode for the newly developed fractured
surfaces which are parallel to the crack-plane, slide in directions opposite to each
other as shown in figure. Definitely, in-plane shear forces play important role in this
type of fracture.

2.1.3 Mode III Fracture

Mode III fracture occurs when load is applied in such a way that the shear stress is
parallel to the crack front and crack plane both. The load is applied out of plane to
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Fig. 2 Fracture under mode II loading

Fig. 3 Fracture under mode III loading

the shearing plane. This is called as tearing mode of fracture for this mode of fracture
is often realized in tearing some component. As for example, this mode of fracture
observed when a paper is torn by applying forces by two hands at one edge in reverse
directions. Mode III fracture is schematically presented in Fig. 3.

2.1.4 Mixed Mode of Fractures

A combination of the different pure modes of fractures (mode I, mode II and mode
III) are frequently experienced in practical cases of complex situations. This mode
of fracture can be characterized by the presence of two or more modes (Mode I and
mode II, Mode I and Mode III or all modes) mixed at the crack front. This mixed
mode fracture is common in case of sandwich composites due to asymmetry in both
material and geometry of layers and in several loading cases.
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It is already mentioned that different mechanisms ultimately result in failures.
Several mechanisms which finally lead to failures in FRPCs are presented in the
following section.

2.2 Fracture Failure Procedures

Two well accepted hypotheses of fracture mechanics are:

1. There are inherent flaws in every real material, and
2. Higher stresses are induced at the location of flaws than the surrounding region

of the materials which finally lead to fracture.

Several anomalies or flaws in microscales exist in FRPCs due to defects in
manufacturing or other reasons [4]. These defects are the breeding points of crack-
initiations leading to propagation due to the higher stress concentration at flaws than
the surrounding materials. Failure in macroscopic scales within FRPCs can include
the following four mechanisms.

1. Transverse cracking,
2. longitudinal cracking
3. Delamination and
4. Fiber breakage.

Based on observations, the resultant event of failure in laminated composites starts
with transverse cracks which leads to series of failure events such as: cracking in
longitudinal direction, delamination and breakage of fibers. The failure mechanisms
in macroscopic scales mentioned above are briefly presented below.

2.2.1 Transverse Cracking

Crack in the matrix in a direction transverse to the direction of applied load is one of
the mostly observed mode of damage in laminated composites [77]. The transverse
cracking in laminates has been shown in aqua color in Fig. 4. Transverse crack

Fig. 4 Transverse cracking in FRP laminates
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initiation and propagation is an enduring issue over some decades. The microcracks
at 90° plies due to loads applied along plies at 0° direction are commonest form of
damage [43]. Stiffness of laminates is reduced due to it followed by stress singularity
at the location of crack tip along with initiation of delamination between the laminae.
Delamination leads to disband between the matrix and the fibers and breakage in
fibers. Finally, the integrity in the structures is lost inviting failures in structures.
It is now understandable that failure of laminated composites starts with transverse
cracks which can be followed by cracking in longitudinal direction, delamination
and breakage of fibers. Analytical and experimental investigations on the failures of
laminates have been concentrated over decades on the initiation of cracks transverse
to the loading direction and their propagation in laminated composites. Finite element
method was employed in a three-dimensional analysis of specimen [78] to calculate
the rate of energy release for initiation and propagation of crack across the width.
Behavior of neighboring plies due to transverse cracking in matrix and generalized
plane strain induced delamination was studied by Yokozeki et al. [79]. Propagation
of crack in the matrix of continuous carbon fiber reinforced epoxy composite was
predicted [62] by another research group applyingfinite elementmethod in non-linear
domain.

2.2.2 Longitudinal Cracking

Investigation based on numerical analysis reveals that matrix-crack in the direction
transverse to the loading direction is first damage mode and longitudinal cracking
[48] is the second mode of damage. Longitudinal cracks are developed when the
direction of primary loading is parallel to the direction of fibers. While longitudinal
cracks are not developed in the life time of some laminates, they are observed to
occur before the failure in some of the laminated composites. Sometimes, for this
reason, longitudinal cracks are not taken into account in modelling laminates. But
they can develop in cross-ply laminates [48]. The longitudinal cracking in laminates
has been shown in aqua color in Fig. 5.

2.2.3 Delamination

In case of laminated or layered composites, delamination is separation of different
laminae or layers of composites. It is a critical mechanism of failure [73] in compos-
ites made of polymeric matrix reinforced with different fibers. This is a basic differ-
ence between the behaviors of the FRPCs and metals. Delamination is resulted from
higher stresses in the interfacial region accompanied with lower strength through
the thickness. This is evident as the fibers provided along the plane of laminae do
not render any reinforcing effect in the through-thickness direction leaving weaker
matrix only to carry the loads in that direction. In addition, the tendency of delami-
nation is increased by the matrices like brittle resins. It may occur due to failure in
adhesives or glues joining the layers. Material fibers of higher strengths like carbon
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Fig. 5 Longitudinal cracking in cross-ply FRP laminates

Fig. 6 Delamination and fibre fracture in FRPCs

or glass fibers are bonded together by lower strength matrices. Load applied in the
direction perpendicular to the layer of higher strength or some shear force may cause
fracture failure of matrix or debonding of fibers from the matrix. The separation
of two layers of layered composite is schematically shown by aqua color in Fig. 6.
Delaminationmay be there as manufacturing defect or may originate within the body
of the composite component under service loads which are not visible on the exposed
surfaces of the component. It may grow under applied loads or due to environmental
effects finally leading to catastrophic failures and huge loss of wealth or life. This
is one of the major concerns of the material scientists and engineers working with
composite structures.

2.2.4 Breakage of Fibers

This mechanism finally leads to failures in fiber reinforced polymer composites. The
name of themechanism is self-explanatory. Typical breakage in fiber is schematically
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shown in Fig. 6. As per fiber bundle approach, a number of fibers must break before
ultimate failure under tensile loads [55]. Mechanical performance of laminated and
other fiber reinforced composites can be degraded due to breakage in fibers [65].
Pullout and breakage of fibers appear to be common mechanisms of failures in the
impact tests under lowvelocity.Due to shear force or highflexural stresses at the stress
field induced in the sides opposite to the face indented or hit by the projectiles, fibers
break or fail. Breakage of fibers may be caused by the high stress or instantaneous
rise in temperature during indentation or experiment. High level fiber breakage may
be experienced by a fibrous composite specimen at the location of impact [6]. This
breakage of fibers obviously depends on many factors like fiber types, fiber volume
ratio, original aspect ratio of fibers at initial stage and the stress–strain condition
duringmanufacturing of fibers.Modelling on fiber breakage is exercised by research-
group on ruptures in carbon composite [31, 42, 63] to address both the theory and
applications.

2.3 Fracture Mechanics Approach in FRPC Problems

Some concepts of isotropic material approach in linear elastic fracture mechanics is
difficult to implement for FRPCs for anisotropy and inhomogeneity. Anisotropy and
inhomogeneity are there both in materials, and stacking sequence of laminae (i.e.
several laminas in different directions) within the laminates invite complex problems.

The anisotropic materials with homogeneity can be used with fracture mechanics
approach to deal with the FRPCs. Here, composite materials are assumed to be
homogeneous but anisotropic. But in most of the cases FRPCs are not homogeneous
revealing that this assumption is also insufficient to explain the behaviors of the
FRPCs in true sense. Stress distribution around the crack tip is reported by Wu [74].
He finds that the stress intensities around the crack in affected by the properties
of anisotropic materials, crack orientation with respect to the principal material axis
and crack parameters. The researchers worked on the advancements in application of
fracture mechanics to the problems of composite materials [10, 59, 69]. The problem
is more critical in the case of fatigue. It is a complex phenomenon. Crack tends to
grow parallel to the fibers in a self-similar pattern if the crack is cut in parallel to the
fiber direction, whereas the crack growth is parallel to the fibers if cut at an angle to
the fibers not parallel to the crack itself. In a laminate of various layers, the crack
growth is much more complicated. Therefore, in reality, the growth prediction of
different cracks in FRPCs is a complex problem.

2.4 Fracture in FRPCs Under Compression

Fracture and delamination in laminates may be caused by compression beyond a
certain limit.



118 A. K. Patra and I. Ray

Fig. 7 Delamination of carbon fiber reinforced polymer under compression load [Courtesy:
Wikimedia Commons (under free reuse license)]

This type of delamination followed by fracture due to compressive load beyond
limit is presented in Fig. 7.

The crack-interactions among the cracks in orthotropic layered composites under
compression were analyzed in a non-classical approach of fractures mechanics [72].
The problem was treated as transversely isotropic one with parallel fibers embedded
in matrix and analyzed by finite element method. The investigators reported that the
critical strain in layeredmaterials under compressive loading not only depends on the
interaction of cracks but also depends on the crack size and their mutual positions.
There are several other works also on the fracture of FRPCs under compressive loads.

2.5 Fracture Failures of FRPCs in Different Scales

It is clear from the foregoing discussions that the fracture failure analysis of FRPCs
is a complicated problem. Different approaches have been proposed to explain the
behaviors of FRPCs subjected to fractures. Some of them are competent to explain
certain behavior of particular or a group of FRPCs, but insufficient for others. This is
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Fig. 8 Micro level flaw near a fiber in FRP

still an open field of research. To handle this complex problem of fracture failure, one
such approach may be acceptable. The problem can be examined in different length
scales to make it convenient for study [58]. In this context, it is logical to discuss on
the failure mechanisms those occur in different scales, i.e. micro, meso and macro
scales [36]. The study of fracture behaviors of fiber reinforced composites will be
briefly addressed in the following section on the next page.

2.5.1 Fracture Study in Micro-scale

It is evident that there are inherent flaws within FRPCs due to manufacturing defects
or some other reasons. These are the hotspots for the fracture initiation and further
growths. Fracture starts at molecular or atomic levels at these hotspots. One of such
flaws in the matrix at the location of a fiber is shown in Fig. 8 hiding all neighboring
fibers. Crack may grow under service loads. The problem is much more complex
when treated with fracture mechanics. Each of these mechanisms at micro level
depends on the types of loading at macroscopic levels. How the effects of loads are
distributed among these micro cracks, how they are affected is not clear till date.
The bonds are damaged due to force exceeding some limits to initiate crack growth.
For the uncertainties associatedwith thesemechanisms,Monte-Carlo simulationwas
used by the investigators for prediction of failure [23, 35]. But there are limitations in
capturing the complicacy as a whole. The diameter of the fiber (in microns) and their
lengths are taken as input parameters which are much and much larger than atomistic
scales which shows the incapability of this simulation in constituting microstructure
explicitly. This is so much important for it permits to realize different failure mecha-
nisms besides failure of individual ingredients. It is started with the flaws in atomistic
scales at fiber location.

2.5.2 Fracture Study in Meso-scale

Meso scale is characterized by several hundredmicrons. Therefore, it addresses flaws
extending through several fibers. One of such fractures extending through multiple
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Fig. 9 Meso scale crack in FRP

fibers in a cross-ply laminate is shown in Fig. 9. In this type of fracture, the micro
level mechanisms can grow and conglomerate through complicated mechanisms
under external loading. Meso scale fracture study is useful for FRPCs made of fibers
arranged with textile fashion for laminates with UD fibers are very weak in transvers
direction with respect to the fiber direction. Laminates are often manufactured by
stacking UD laminae in different directions, woven fabrics etc. Mesoscale is useful
when the interactions of constituent plies of laminates in fracture is considered.
Meso-scale fracture study can well address the inter-ply delamination as well as
splitting. The important input parameter for the inter-ply delamination is the adhesion
between the fiber and thematrix. The surfaces of fracture exhibit noticeablemutilated
or hackle structures through branching and deflection of cracks [18] for increased
bond strength consuming more energy for the same propagation length of relevant
macroscopic crack.

If the individual ply is weak, then interlaminar crack can grow and propagate
through it. But the bonding between the matrix and fiber is the key factor for delami-
nation between the plies. Delaminationmay occur within a layer also if it is subjected
to high stress in out-of-plane direction with rough surfaces of fracture and noticeable
splitting of the layers of fibers as shown in Fig. 10.

Several plies of these laminates are subjected to different levels of stresses in
axial direction. Strain coupling [57] is possible in this case if there is no interfacial
damage between the laminae. The strength and elastic behaviors really depend on
the orientation of the fibers at different plies with different states of stresses. Cracks
between the fibers of the off-axis plies are readily observed under tension. Fracture
depends on the configuration of loads and the sequence of the stack. These cracks

Fig. 10 Interlaminar delamination from inter-fiber cracks
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may developwithin the fibers in both the direction of loads or in a transverse direction
to it. Consecutive plies with fibers in different directions may stop or halt the growth
of cracks for the fibers in loading direction can avoid the matrix failure under local
coupling of strains. But such cracks among the fibers may cause to more damage due
to crack tip-stress concentration and lead to propagation of delamination between
the layers of laminates.

Fiber bridging is another type of failures which may occur under tensile loading
at mesoscopic scales due to low bonding strength between the matrix and fiber. Even
after some pull out, the fibers in transverse direction to the crack propagation can
resist the propagation of load to some extent.

In addition to the above some pores at mesoscopic level may exist within the
laminated composites which can act as the local spot of stress concentration leading
to delamination or buckling or may reduce the effective area of cross section to
increase the stress level.

2.5.3 Fracture Study in Macro-scale

The scale ranges from some millimeters to meters. In this study, the laminate thick-
ness or a whole structure can be covered. This macro-scale fracture is defined by
the types of applied loads for a large range of mechanisms are covered within micro
and meso scales. Fracture type inter-fiber may not result into fracture in macroscopic
scales. But it may impair the stiffness. Macro level fracture may be due to an integral
effect of several microscopic and mesoscopic failures. It can be observed from a test
of T-pull, pattern of damage or fracture in a woven fabric composite. In fracture of
woven fabric components, it is observed that through-thickness macroscopic fracture
surfaces are results of branching of cracks into several mesoscopic cracks causing
many inter laminar debonding, micro buckling of several layers and other micro or
mesoscopic damages. On the microscale, cracks between fibers with breakage of
fibers are observed. One of such macroscopic failure resulting from several micro
and meso level failures may be damage due to impact. In the case of impact of low
velocity, the damage may not be directly visible on the exposed surfaces but may
cause serious damages in micro and meso scales causing delamination within the
laminates finally leading to fractures.

3 FRPC Failure Theories

Many theories have been proposed to predict the failures of FRPCs over the decades
to interlink the different microscopic and mesoscopic failure mechanisms leading to
failures at macro-scales. Additionally, these vary for different type of loading and
materials. The theories can be grouped under different categories based on their field
of applications as follows:
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1. Failure theories for static or quasi-static loads
2. Failure theories for damage mechanism, growth and degradation
3. Theories of failures under creep, fatigue and rupture due to stress
4. Theories for high strain rate failures.

Laminae are the building blocks of laminated composites. Before going to a brief
review on most significant developments in this theoretical area, it will be legitimate
to start with the micromechanics of UD FRPC lamina. Primarily following three
modes of failures are observed at micro level [41, 66] in UD laminaemade of FRPCs.

1. Failure dominated by fibers
2. Failures dominated by matrix
3. Interfacial failures or failures dominated by flaws.

Instead of failures are induced in FRPCs by the above-mentioned causes, global
failures are not usually treated with them (which are considered at microlevels).

FRPCs fail gradually, stresses are redistributed among the other laminae when a
particular lamina is affected by failure. Basically, in the analysis of failures. Strength
is considered to be the important criterion. This strength of laminae is affected by
directionality and there is significant difference between tensile and compressive
strengths of UD lamina. Additionally, the direction of shear stress in comparison to
the direction of fibers plays important role on the strength of UD lamina.

3.1 Micromechanical Failure of Fiber Reinforced Polymeric
UD Lamina

The failure of UD FRPC lamina with their strengths with respect to the three phases
(fiber, matrix and interfaces) will be briefly presented below.

3.1.1 Tension in Longitudinal Direction

The ingredient with lower ultimate strainwill fail before the other for fiber andmatrix
exhibit different values of ultimate strains under tension. The stress in longitudinal
direction of lamina is given by

σ1t = σ1t f V f + σ1tmVm (1)

where

σ1t f is the average stress in fibers under uniaxial tensile load.
σ1tm is the average stress in matrix under uniaxial tensile load.
Vf volume fraction of fiber present in the FRPC.
Vm volume fraction of matrix (resins or other polymers) in the FRPC.
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There is a possibility of two cases.
Firstly, it is possible that the ultimate strain inmatrix is greater than that of the fiber.

The UD lamina will fail when strain in longitudinal direction exceeds ultimate strain
in fiber. In that case, the strength of lamina in longitudinal direction is approximately
given by

S1t = S1tfVf + σavmVm (2)

where

S1t is tensile strength of the lamina in longitudinal direction.
S1tf is tensile strength of the fiber in longitudinal direction.
σavm is the average stress in the matrix in longitudinal direction at the time of

ultimate strain in the fiber.

Secondly, the ultimate strain in fiber may be greater than that of the matrix.
The UD lamina will fail when strain in longitudinal direction exceeds ultimate

strain in matrix. In that case, the strength of lamina in longitudinal direction is
approximately given by

S1t = SmtVm + σav f V f (3)

where

Smt is tensile strength of the matrix.
σav f is the average stress in the fiber in longitudinal direction at the time of ultimate

strain in the matrix.

This may be written in another form as

S1t = Smt

(
V f

E f 1

Em
+ Vm

)
(4)

Ef1 is the elastic modulus of fiber in longitudinal direction.
Em is the Modulus of elasticity of matrix material.

But the statistical distribution of the strength of fibers andmatrix is not considered
in above discussion [52, 53]. Strength in longitudinal direction in this case is governed
by the strength of fibers.

Three different types of failures can be observed in FRPCs.

1. Transverse matrix crack for stronger interface and brittle matrix.
2. Matrix-fiber debonding for weaker interface and higher ultimate strain of fibers.
3. Failure through conical shear for stronger interface and matrix-ductility which

does not occur in thermoset resins for thermosets are well known for their
brittleness.
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The stresses are redistributed among the other fibers when a particular fiber break.
This is a localized phenomenon. A greater number of fibers break with increased
loads. These localized failures result in eventual failures when they join together and
interacts among them. The pattern of failure depends on the volume fractions of the
constituents and their properties.

3.1.2 Compression in Longitudinal Direction

It is very difficult to verify the results of numerical analysis of UD FRPC lamina
through experiment for two reasons.

Firstly, it is very difficult to arrange experimental setup for UD composite lamina
through which it will be subjected to true compression only. Secondly, the experts
may have the opinions that these structural components or the structures are rarely
subjected to true compression. Except some special cases, instability influences the
failure in these cases before failure under pure compression. Significant investigations
have been exercised to address the compressive strength of FRPC [47].

Compression failure in longitudinal direction occurs due to micro-buckling or
kinking of fibers. In out-of-phase micro-buckling, the compressive strength at low
Vf is expressed as

S1c ∼= 2Vf

√√√√
[
EmE f 1V f

3
(
1 − V f

)
]

(5)

compressive strength at higher Vf is expressed as

S1c ∼= Gm

1 − V f
(6)

Expression (6) gives the compressive strength for the failure for higher Vf occurs
due to in-phase or shear mode and Gm is the modulus of rigidity or shear modulus
of the matrix. The compressive strength may be governed by the strength of fiber in
shear also in another failure mode. In that case, compressive strength is expressed as

S1 ∼= 2Sfs

[
V f + (

1 − V f
) Em

E f 1

]
(7)

where

Sfs is the strength of the fiber in shear.
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3.1.3 Tension in Transverse Direction

In case of UD lamina of FRPC, transverse tension is most critical for failure. Matrix
and interphase experience very high strain or stress concentration under this loading.
Distribution of stress about the fiber can be determined experimentally or theoret-
ically. Experimentally it can be determined by photo elastic method. The methods
of complex variable, finite element, boundary element or finite difference can be
applied to determine the theoretical stress distribution. Primarily, the critical stress
and the critical strains are developed in the interface between the fiber and thematrix.

Concept of stress concentration factor is used to determine the strength of
the lamina under tension in transverse direction and that is related to the strain
concentration factor as follows [14].

Ke = e2max

e2
∼= Ks

(
E2t

Em

)
(1 − νm)(1 − 2νm)

1 − Vm
(8)

where

Ke is the factor of strain concentration.
Ks factor of stress concentration.
e2max Maximum value of strain in transverse direction.
e2 Average value of transverse strain.
νm Poisson’s ratio for the matrix material.

Composite laminas are subjected to thermal stress inmany cases. Curing ofmatrix
induces residual stress and residual strains. The induced stresses cause difference
in values of thermal coefficients in the ingredients. Failures of composite laminae
subjected to thermal stresses are predicted through the linear relation between the
stress and strains. If the thermal stress is considered with criterion for the maximum
stress, then the tensile strength of FRPC in transverse direction can be expressed as

S2t = 1

Ks
(Stm − σmr ) (9a)

where

σmr Maximum value of residual stress.

If the thermal stress is considered with criterion for the maximum strain, then the
tensile strength of FRPC in transverse direction can be expressed as

S2t = (1 − νm)

Ks(1 + Vm)(1 − 2νm)
(Stm − emr Em) (9b)

where

emr Maximum value of residual strain.
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3.1.4 Compression in Transverse Direction

Severalmechanisms inUDFRPCsmay result in compression failures. Stress concen-
tration at of high magnitude at the interface under compression may lead to matrix
failure or fiber failure through crushing. The transverse compressive stress of UD
composite lamina is

S2C = 1

Ks
(Scm − σmr ) (10)

where

Scm matrix-compressive-strength.

Overall shear failure may be observed at higher stress under compression for
higher stress at the interface resulting in delamination or shear failure in matrix.

3.1.5 In Plane Shear

The interface between the matrix and fiber of UD lamina is the worst affected region
under inplane shear. It can be fairly assumed that the matrix of UD lamina fails under
inplane shear, and the predicted shear strength is given by

S6 = Ssm
Kτ

(11)

where

Kτ concentration factor for the shear strength.
Ssm Shear strength of the matrix.

The values of Kτ varies with the materials and Vf which can be determined by
the method of finite difference [1].

3.2 Anisotropic Failure Theories

Prediction on failure initiation frommicromechanical analysis is acceptable at critical
points. In case of global failures, that is an approximation only. Micromechanically,
laminae are anisotropic and the strength is a function of the direction of fibers. Lamina
may have five parameters for in plane micromechanical strengths—S1t, Sc1, S2t, S2C
and S6.

Theories of micromechanical failures of composites are adoption and extensions
of isotropic theories. There is a good review on the anisotropic composite failure
theories [60].

Four failure criteria are basically employed to explain failures of FRPCs.
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1. Theory of maximum stress
2. Theory of maximum strain
3. Theory of deviatoric strain energy or Tsai-Hill theory
4. Theory of tensor polynomial or Tsai-Wu theory.

3.2.1 Theory of Maximum Stress

This theory states that the UD lamina fails when a stress component reaches a value
of the strength in the direction of corresponding principal axis. The stresses in a
complex state can be transformed into stresses in principal axes of the materials.
Failure takes place when

σ1 = S1t when σ1 is positive
−Sc1 when σ1 is negative

}
(12a)

σ2 = S2t when σ2 is positive
−S2c when σ2 is negative

}
(12b)

|σ6| = S6 (12c)

σ1 = σx cos
2 θ

σ2 = σx sin
2 θ

σ6 = −σx cos θ sin θ (13)

Equating strengths to corresponding stresses, strengths in off-axis direction (Sx)
are determined as follows (Fig. 11).

For σx is tensile, i.e., σx, is positive

Fig. 11 Unidirectional lamina under off-axis load
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Sxt = S1t
cos2 θ

Sxt = S2t
sin2 θ

Sxt = S6
cos θ sin θ

(14)

For σx is compresive, i.e., σx, is negative

Sxc = S1c
cos2 θ

Sxc = S2c
sin2 θ

Sxc = S6
cos θ sin θ

(15)

According to theory of maximum stress, only three out of five subcriteria are
applicable depending on whether σx is compressive or tensile. As per this theory,
failure in any direction is not dependent on the stresses in its perpendicular directions.
The interaction of stresses as in biaxial stresses is not considered in this theory.

3.2.2 Theory of Maximum Strains

This theory states that the UD lamina fails when a strain component reaches a value
of the ultimate strain in the direction of corresponding principal axis. The stresses in
a complex state can be transformed into stresses in principal axes of the materials.
Failure takes place when

e1 = e1tu if e1 is positive
e1cu if e1 is negative

}
(16a)

e2 = e2tu if e2 is positive
e2cu if e2 is negative

}
(16b)

e6 = e6u (16c)

where

e1tu is ultimate tensile strain in longitudinal direction.
e1cu is ultimate compressive strain in longitudinal direction.
e2tu is ultimate tensile strain in transverse direction.
e2cu is ultimate compressive strain in transverse direction.
e6u is in plane ultimate shear strain.
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In case of biaxial stresses, stresses in xy-coordinate axes are expressed in 1–2
axes (principal axes system of material) through transformation. The components
of strains in 1–2 axes system can be obtained from the relation between stress and
strains.

e1 = 1

E1
(σ1 − ν12σ2) (17a)

e2 = 1

E2
(σ2 − ν21σ1) (17b)

e6 = σ6

E6
(17c)

The signs in principal direction of the material for the shear stresses are shown in
Figs. 12 and 13.

In case of UD lamina, ultimate strains can be determined from basic parameters
of the strengths.

e1tu = S1t
E1

σy = σ6

σx =  - σ6

1

2 

σσ6σ6
σ6

σ6

Fig. 12 Positive shear stress

σy =  - σ6

σx = σ6

σ6

σ6

Fig. 13 Negative shear stress
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e1cu = − S1c
E1

e2tu = S2t
E2

e2cu = − S2c
E2

e6u = S6
E6

(18)

The criteria for failure in general state of biaxial stress can be written as

σ1 − ν12σ2 = S1t if e1 is positive
−S1c if e1 is negative

}
(19a)

σ2 − ν21σ1 = S2t if e2 is positive
−S2c if e2 is negative

}
(19b)

|σ6| = S6 (19c)

According to theory of maximum strains, number of subcriteria is five. Material
can experience strain in any direction without any applied stress in that direction due
to Poisson’s or residual thermal effects. The interaction of strains is not considered
in this theory also.

3.2.3 Theory of Deviatoric Strain Energy or Tsai-Hill Theory

In three-dimensional stress field, the yield criterion proposed by von Mises for
isotropic materials is expressed as

σ2
1 + σ2

2 + σ2
3 − σ1σ2 − σ2σ3 − σ3σ1 = σ2

yp (20)

where

σyp is material’s yield stress.

This criterion for isotropic material was modified by Hill [24] to describe
anisotropic behavior of isotropic metals for large deformation in plastic region.

Aσ2
1 + Bσ2

2 + Cσ1σ2 + Dσ2
6 + Eσ2

3 + Fσ2σ3 + Gσ3σ1 + Hσ2
4 + Iσ2

5 = 1 (21)

Equation (21) can be expressed as following for a two-dimensional problem

Aσ2
1 + Bσ2

2 + Cσ1σ2 + Dσ2
6 = 1 (22)

The constants A, B, C, etc. depend on the anisotropy of the material.
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Assuming FRPCs as transversely isotropic, and 1-direction as the direction of
fibers Tsai and Azzi [5] expressed the following relations for FRP composite in
two-dimensional stress field from the relation (22) provided by Hill.

In case of failure under in plane shear.
σ6u = S6 and σ2 = σ1 = 0. The relation (22) is modified as

D = 1

S26
(23)

In case of failure under uniaxial loading in transverse direction.
σ2u = S2 and σ6 = σ1 = 0. The relation (22) is modified as

B = 1

S22
(24)

In case of failure under uniaxial loading in longitudinal direction.
σ1u = S1 and σ6 = σ2 = 0. The relation (22) is modified as

A = 1

S21
(25)

Only C is the remaining parameter which can be determined from the interaction
between σ2 and σ1 through biaxial test. Alternately, for equal loading along both the
axes, though σ6 = 0; σ2 = σ1 �= 0. Failure of the material can be defined by criteria
of maximum stress. That is the material will fail when σ2 reaches composite strength
in transverse direction for S2 � S1. The relation (22) can be expressed as

C = − 1

S21
(26)

Then Eq. (22) can be expressed with these values of A, B, C, D as

1

S21
σ2
1 + 1

S22
σ2
2 − 1

S21
σ1σ2 + 1

S26
σ2
6 = 1 (27)

where

S1 = S1t or S1c

S2 = S2t or S2c

The tensile strength is to be used for S1 and S2 values when the composite is
subjected to tension and the compressive strength is to be used for S1 and S2 values
when compressive load is applied on the composite.

Equation (27) can be written as
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1

S21
σ2
1 + 1

S22
σ2
2 −

(
σ1

S1

)(
σ2

S2

)
+ 1

S26
σ2
6 = 1 (28)

The relation can be expressed as the following one for uniaxial off-axis load
(Figs. 10 and 11) using Eqs. (13) and (28).

1

S2x
= m4

S21
+ n4

S22
+

(
1

S26
− 1

S1S2

)
m2n2 (29)

where m = cosθ, n = sinθ and Sx = σxu.
For advanced composites
S1 � S6, Eq. (29) is transformed to

1

S2x
= m4

S21
+ n4

S22
+ m2n2

S26
(30)

Tsai-Hill criterion is a single criterion. This is the primary advantage of it over
theories of maximum stress and maximum strain (with many criteria). Though the
interaction between S1, S2 and S6 is considered but the tensile and compressive
strengths are not separately considered in Tsai-Hill criterion.

3.2.4 Theory of Tensor Polynomial or Tsai-Wu Theory

A theory of tensor polynomial has been proposed and modified by Tsai and Wu [64]
with the assumption of existence of a failure surface within stress space which can
be expressed with contracted notations as follows:

Siσi + Si jσi j = 1 (31)

Si is second rank strength tensor.
Sij is forth rank strength tensor.

Equation (31) is a very complicated one. The expanded form of Eq. (31) for an
orthotropic lamina in plane stress is given by

S1σ1 + S2σ2 + S6σ6 + S11σ
2
1 + S22σ

2
2 + S66σ

2
6 + 2S12σ1σ2 + 2S16σ1σ6

+ 2S26σ2σ6 = 1 (32)

S12 incorporates the interaction between σ 1 and σ 2.

Tsai-Wu theory of failure is most general among all the theories discussed in
Sect. 3.2.

Maximum stress criterion, maximum strain criterion, and Tsai-Wu theory have
been discussed as they are the most popular criteria for strength of composites for
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these are based on simple specimens subjected to tension, compression or shear.
Further, these can be used to predict the failure loads of composite structures
subjected to combined stress.

Important developments in the failure theories will be summarized below for the
FRPCs without going to detailed discussion on complicated Tsai-Wu theory. The
current developments and usage of experimentally determined input parameters of
the theories will be emphasized in the following sections.

It is already mentioned in Sect. 3 that the failure theories can be grouped under
four major classes:

1. Failure theories for static or quasi-static loads
2. Failure theories for damage mechanism, growth and degradation
3. Theories of failures under creep, fatigue and rupture due to stress
4. Theories for high strain rate failures.

3.2.5 Failure Theories for Static or Quasi-static Loads

Tsai-Wu-Criteria is one of the famous such failure theories [64, 75]. Hashin [22]
showed that this criterion is not consistent with all the stress states of FRPCs inviting
new development in the theories. Hashin adopted Mohr’s criterion [39] for fracture
failure of brittle materials. Hinton with the team performed a notable task to work out
predictive capabilities of the failure theories [26, 27, 33]. In this series of attempts,
the theories provided by Pinho et al. [45], Cuntze [12] and other two researcher
groups were capable of holding best position for predicting the behaviors under 3-D
state of stresses.

3.2.6 Failure Theories for Damage Mechanism, Growth
and Degradation

Failure at macroscopic level through the summation of microscopic failure mech-
anism is experimentally challenging. In addition to it, the computational exercise
in microscopic level in fact is very much intensive from computational point of
view. Stress–strain relations in macro-scales, homogeneity, orthotropic symmetry
with layers free from defects are considered to be acceptable for analytical analyses.
In this approach, classical laminate theory (CLT) is valid. Layer-wise theory is used
to predict the failures. Progress of damage within laminates with fracture mechanics
concepts using strain energy of laminates subjected to triaxial loading is studied [16].
In another notable study, the capability of different criteria to predict delamination
and initiation of cracks within the matrix has been compared [34] to conclude that
experimental verification will be necessary to select which theory will be best in this
approach to predict the behavior.
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3.2.7 Theories of Failures Under Creep, Fatigue and Rupture Due
to Stress

The investigations on prediction of failures due to creep, fatigue and ruptures caused
by stresses are limited. As per definition [47] a strain rate less than 10–6 s−1 is
considered as creep. In case of polymers reinforced with fibers creep generally cause
unacceptable degradation but not always. Besides some studies, there are no much
theories proposed for this type of failures of the FRPCs. In case of stress rupture,
different theories produced similar results in prediction of life time. Some acceler-
ated tests discussed [44] in literature needs further validation regarding stress-rupture.
The investigation on viscoelastic materials in this field is extremely limited. Study
of FRPCs under fatigue load is being continued for a long time. Behavior of FRPCs
under fatigue load is extremely complicated and challenging field both from exper-
imental as well as computational point of view. Studies are still being continued in
several composite research centres. Prediction of actual point of time for initiation
of cracks is really challenging. Statistical approach is essential for large number of
scattered data. Nevertheless, the study and prediction of fatigue lives are essential
for important structural designs. Different criteria have been proposed with their
competencies and limitations.

3.2.8 Theories for High Strain Rate Failures

Currently, use of FRPCs in crash-worthy structures has been increased. This ensures
the importance of studies under high strain rates. Unlike the other failures discussed
in foregoing sections, the failure is sudden.AThe rate of strain beyond 102 per second
is considered as high strain rate. A strain rate of 106 per second can also be realized
from special cases. The failure is of different nature for there is no scope of stress
redistribution or relaxation etc. Instead of failure theories, several investigations have
been carried out in this field with continuous refinements and developments along
with the use of digital image correlation (DIC) techniques [38]. The location and the
impact energy are being monitored by using sensors.

There is no criterion which is accepted universally for the failure of composites
[25].

Instead of an appreciable number of failure theories has been developed, no crite-
rion alone can accurately predict the failure of all FRPCs under all classes of loadings
[29].

Large scale applicability of Tsai-Wu criteria in industrial composites is due to
its capability in predicting composites’ strengths reasonably. But the failure mode
is not predicted through this criterion [25]. On the other hand, it is to be noted that
World-Wide -Failure-Exercise concluded that no failure model predicted the failure
accurately [25].

In early 1960s, the competitors of metals among FRPCs were boron or carbon
fiber reinforced polymeric composites. Polymeric matrices like epoxy resins with
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low toughness were not considered for determining the toughness of the compos-
ites. Improved matrices with considerable toughness were developed as per civil and
military demands of applications in 1980s. Moreover, new fibers are also developed
in the composite world. This resulted in improvements and development of experi-
mental techniques for investigation on the toughness and tolerance of FRPCs against
fracture/damage. New test methods were proposed and developed for testing FRPCs
including different modes of fracture tests under experimental fracture mechanics.
These experimental investigations will be addressed in the following section.

4 Experimental Investigations on FRPCs

Experimental mechanics, especially experimental fracture mechanics are frequently
used tomeasure the parameters and to realize the behaviors of FRPCs for the different
limitations of the mathematical prediction theories and criteria. Experimental inves-
tigation itself may suffer from errors due to error in experimental setup and different
other factors. Experimental setup for advanced fiber reinforced composites is gener-
ally expensive but experimental approach is the only way where reliable input data
are not available for numerical simulations or analytical studies. Recently, both the
industrial and political sectors of some countries have realized the importance of
research on FRPCs. Experimental investigations play a great role towards fulfilment
of this demand goals of research in this field.

Numerous experiments were performed by Wu [74] on FRPC material for real-
izing the extent of applicability of fracture mechanics of linearly elastic materials.
He investigated on UD FRPCs with central cracks for critical loads and lengths (of
cracks) at the initiation of rapid extension of cracks with different crack orientation
and several loadings with respect to direction of fibers. Cracks were recorded to
propagate colinearly with the original cracks. In addition, the opening mode was led
by the symmetric loading while sliding mode was observed under skew symmetric
loadings. For tensile load σ∞ perpendicular to the central crack parallel to fibers,
the intensity factors for stress are

k1 = σ∞(a)1/2

k2 = 0 (33)

Critical intensity factors for stress are

k1c = σc∞(ac)
1/2

k2c = 0 (34)

where
σc∞ is defined as critical stress and the half crack length at the point of initiation

of fast crack extension is denoted by ac. Equation (34) can be written as
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log k1c = log σc∞ + 1

2
log ac (35a)

i.e., log σc∞ = −1

2
log ac + log k1c (35b)

Equation (35b) indicates that a plot of log σc∞ versus log ac will be a straight
line with a slope of −(1/2) if k1c is considered as a constant expressing material
property. In fact, the slope is determined to be −0.49 [18] which shows that the
theory is applicable to orthotropic thin laminawith cracks in principal direction of the
material, i.e., in the direction parallel to the fibers. Numerous works of researchers
through decades have advanced the level of knowledge on application of fracture
mechanics to the fracture problems of FRPCs.

4.1 Fracture Toughness of FRPCs

Selection of a materials for an application is based on its toughness.
Fracture toughness (FT) indicates the resistance of a material against the growth

of a crack which is measured in terms of intensity factor for stress or rate of release
of the strain energy Gc at critical stage of crack growth. In anisotropic FRPCs, the
highest fracture toughness is measured during in-plane fracture. This in-plane frac-
ture is associated with pull-out or breakage of fibers. Lowest fracture toughness is
recorded in interlaminar delamination. Fracture toughness of wood or fiber rein-
forced such other natural composites also reflect the anisotropic characters. This
parameter largely depends on the properties of constituent materials of the FRPCs.
The toughness of FRPCs against fracture can be improved through materials modifi-
cations like tougheningmatrices or by structural modifications like stitching, pinning
etc. Additionally, many factors (Wu proposes seven factors) influence the resistance
of the materials against fracture. Dr. Hyer demonstrated that none of the prediction
models are capable of predicting the fracture behaviors of the each FRP composites
under all conditions. In addition, the most general one, i.e., Tsai-Wu criteria is a very
involved one with its limitations. Experimental investigations on mode I, mode II,
mode III and mixed mode fractures are frequently used for determination of fracture
toughness of FRPCs under quasi static loads for understanding the fracture behav-
iors. Numerous investigations on fracture behaviors of FRPCs under fatigue loads
have been undertaken through decades. The uncertainties associated with fracture of
FRPCs needs rigorous statistical approaches for determining a most probable frac-
ture and fracture toughness under fatigue loadings. To introduce the readers first with
the fracture events under quasi static loads will be briefly introduced in the following
sections before addressing complicated fatigue behaviors of FRPCs.
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4.2 Experimental Investigations on Fracture Toughness
of FRPCs

A majority of the research works on FRPCs from early 1970s has focused on appli-
cation of LEFM or linear elastic fracture mechanics in determining the fracture
toughness. In case of thermoset polymeric composites, with randomly oriented short
fibersmore or less 0.5mm long, the inelastic zone in front of crack tip is small enough
to apply LEFMon the crack initiation and propagation. But the inelastic region ahead
of the crack tip for long fibers (>25 mm) is sufficiently extended and the assump-
tion of small yielding required for application of LEFM is no longer valid. In that
case, some alternative procedure like that based on tension-softening plot or fracture
mechanics applicable to non-linear characters are more acceptable to determine the
fracture toughness of FRPCs [40].

As already stated in Sect. 2.1, fracturemechanics is themechanics of crackswhich
includes the mechanisms from initiation to propagation of cracks and is applied
in analysis and design of composites materials and structures. One of the primary
objectives of analysis through fracture mechanics is prediction of initiation of crack
and its growth in a material body with a cracks-size. LEFM is applicable to cracks
in some composites [71] and in UD composites of brittle matrices [70]. The state of
crack can be understood from the elastic stress intensity in the field about the crack
tip. It is realized from the investigations that stress singularity is a function of—(re)1/2

at a distance re from crack tip in homogeneous and isotropic or orthotropic materials
[2]. If the plane of crack follows any plane of symmetry of orthotropic materials,
the intensity factors for stress can be calculated [61]. Loadings at crack tip can be
partitioned into three modes of fractures as shown in Figs. 1, 2 and 3. Mode I, Mode
II and mode III [8].

It is becoming a common tendency to investigate interfacial cracks applying the
concept of rate of energy release G. It is derived from energy considerations, defined
mathematically and can bemeasured experimentally. It is based on original Griffith’s
criterion of fracture which considers the energy required for extension of crack from
the available energy.

Potential of elastic energy in a body with crack can be expressed as

V = We −Ui (36)

where

We is the work done by external forces,
Ui is the strain energy due to strain of the body.

The energy required for creation of unit area of crack (Gc) due to crack growth is
given by

δV ≥ GcδA (37)
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In which, increase in the area of crack is given by δA.
At critical condition, the net energy is used to just balance the energy required for

creation of unit area of crack (Gc). The condition can be expressed as

δV = GcδA (38)

The crack grows when the equilibrium is disturbed. i.e.,

δV > GcδA (39)

The rate of release of energy G is given by

G = δV

δA
(40)

Then, the fracture criteria can be expressed as

G > Gc (41)

This can be demonstrated through Fig. 14 for a body which is linearly elastic with
initial crack size “a”. It is assumed that the growth of crack occurs at fixed load or
constant displacement (grip is fixed).

In case of fixed load,

δUi = 1/2(Fδx) (42)

δWe = Fδx (43)

a

Deformation, x

x + δxx

L
oa

d,
 F

 

F - δ

F

a+δa

Fig. 14 Load deformation plot for crack size a and a + δa
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From Eq. (36),

δV = Fδx − 1/2(Fδx) = 1/2(Fδx) (44)

Then, Eq. (40) can be written as

G = 1/2( Fδx/δA) (45)

In case of constant displacement, i.e., when the grip is fixed, theWe is zero and

δV = 1/2(xδF) (46)

Stiffness is reduced due to crack extension, for that, the δF is negative.

G = −1/2(xδF/δA) (47)

As the material is linearly elastic, therefore,

x = CF (48)

In Eq. (48), compliance is denoted by C.
Using the Eqs. (48) and (45) for fixed load,

G = 1/2F2(δC/δA) (49)

In case of fixed displacement, i.e., when the grip is fixed, substituting F = x/C in
Eq. (47)

G = x2

2C2

∂C

∂A
= F2

2

∂C

∂A
(50)

It is clear from Eqs. (49) and (50) that both for fixed load and fixed displacement
cases, the rate of energy release G is given by same expression.

If a crack in principal plane of material is considered, it can be decomposed into
three modes of cracks shown in Figs. 1, 2 and 3. That is

G = GI + GII + GIII (51)

where

GI rate of energy release due to mode I component of crack,
GII rate of energy release due to mode II component of crack and
GIII rate of energy release due to mode III component of crack.

Theoretically, the above components can be determined from Irwin’s concept
which states that the energy release for a small crack is equal to the energy required
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to close the crack for the same length. To maintain the direction of this section, the
experimental methods for determining these components will be discussed in the
following section.

4.2.1 Experimental Investigations on Mode I Fracture Toughness
of FRPCs

Method of mode I interlaminar fracture toughness of unidirectional fiber-reinforced
polymermatrix composites is specified inASTMD5528-13 [3]. The schematic of the
specimen is shown in Fig. 15. The initial delamination in DCB testing of composites
is placed symmetrically atmid-plane as shown in Fig. 15. The two cantilever limbs on
both top and bottom of pre-crack is assumed to be firmly supported at the remaining
portion of the specimen. Load is applied through the hinge tab fixed at top of the
upper cantilever limb of the sample while the advancement of crack is recorded with
the load displacement data of the experiment. Determination of global compliance
(C) as a function of crack length (a) is typically obtained in the analysis of fracture
test specimens. The energy release rateG is obtained by differentiatingCwith respect
to a and is given by the following equation,

G = P2

2b

dC

da
(52)

where b is the specimen width and P is the applied load. C is the compliance given
by

C = δ/P (53)

and δ is the displacement of the loading point.
At critical condition,

Gc = P2
c

2b

dC

da
(54)

and

P 

a 

Pre-crack 

Fig. 15 Double cantilever beam specimen
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Cc = δc

Pc
(55)

Analytical solutionof compliance (C) as a functionof crack length,C(a) is possible
in some specimenwith simpler geometry, loading and support conditions. The energy
release rate (G) is obtained by differentiation of C(a) with respect to crack length
(a) as per Eq. (52). Experimentally, compliance versus crack length data of the DCB
specimen is fitted to a power function of crack length as

C = C0a
n (56)

From Eqs. (54) and (56),

G = nPδ

2ab
(57)

Under critical condition like crack initiation point in DCB test

Gc = nPcδc
2ab

(58)

The value of parameter n can be determined by curve fitting to the experimental
compliance (C) versus crack length (a) plot. Once the value of n is experimentally
determined, the energy release rate G can be calculated from Eq. (58) for each crack
length (a).

4.2.2 Experimental Investigations on Mode II Fracture Toughness
of FRPCs

End notch flexure (ENF) test specimen used for mode II fracture characterization
originally developed forwooden beamand applied to laminated composite byRussell
[54] as shown in Fig. 16 who used this specimen as an end-delaminated three-point
bend specimen tomeasure theMode II interlaminar fracture energy of graphite/epoxy
laminates. This specimen is used for mode II test in which the element of monolithic
composites at crack tip is subjected to shear stress due to this experimental setup.

4.2.3 Experimental Investigations on Mode III Fracture Toughness
of FRPCs

In spite of numerous works in mode I, mode II or mixed mode (mode I and mode II)
testing, the study on mode III testing of sandwich is remarkably less due to presence
of unwanted mode II component at the crack tip caused by in-plane bending moment
higher near the edge. Among the test methods for mode III, Split Cantilever Beam
(SCB) test set up shown in Fig. 17is most commonly used which is first used by
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Fig. 16 End notch flexure test (ENF) specimen for mode II test

Fig. 17 Split cantilever beam test configuration

Donaldson [15]. Robinson and Song [50] modified the split cantilever beam setup by
introducing additional loading points to reduce the unwanted mode II component.
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4.2.4 Experimental Investigations on Mixed Mode Fracture Toughness
of FRPCs

In a number of cases, failure due to delamination is associated with mixed mode
loading (i.e. mixed mode I, mode II and /or mode III loading). In laminated compos-
ites, initiation of crack or its propagation is caused by influence of both mode I
(causing normal stress) and shear stresses (mode II). The procedure of test for delam-
ination undermixed-mode loadingwas executed by combining setup of loadingDCB
specimens for mode I test and the setup of loading ENF specimens for mode II test
of UD laminates. A single load (F) applied through a lever can induce both mode I
and mode II components of loading on the specimen as shown in Fig. 18. Delam-
ination under combined normal and shear stresses was experimentally investigated
by Crews [11] and Reeder [49]. Experimentally, laminated composite specimens are
tested with mixed mode bending (MMB) apparatus. Loading in MMB apparatus can
be considered as the combined mode I and mode II loadings [3, 4].

The test can be executed for different mode ratios (GI/GII) by changing the posi-
tions of load applications on the lever. The standard testing procedure for MMB

Fig. 18 MMBapparatus: aMixedmode apparatuswith laminate specimen,b components ofmixed
mode
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fracture of UD fiber reinforced laminated samples is demonstrated in ASTM stan-
dard [28]. In the interest of conciseness, the first author requests to accept apolo-
gies for restricting the discussions on laminated composites only without going
through the analysis of sandwich composites. Advanced learners are requested to
go through the references [4, 7–9, 11, 13, 28, 49] for the detailed theoretical analysis
and experimental investigations.

5 Conclusions and Future Perspective

The chapter started with an introduction to fracture behaviors and toughness of
fiber reinforced polymer matrix composites (FRPCs). Fracture failure mechanisms
in different length scales (micro, meso andmacro) are addressed. The primary failure
theories for fiber reinforced thermoset composites have been discussed. Failures of
UD lamina under different loading conditions have been addressed from microme-
chanical approaches. Anisotropic failure theories applicable to FRPCs have also
been presented in this chapter. Damage mechanisms, and theories of failures under
creep, fatigue and high strain rates are briefly presented. The fracture behaviors of
thermoset composites under different modes of fractures are theoretically discussed.
Finally, the fracture behaviors and toughness of fiber reinforced thermoset polymer
reinforced composites are addressed through the procedures of experimental fracture
mechanics. Existing research gaps have been indicated in different sections.
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Dimensional Analysis for Predicting
the Fracture Behavior of Particulate
Polymer Composite Under the Effect
of Impact Loading

Vinod Kushvaha and Aanchna Sharma

Abstract In the current study, a methodology of dimensional analysis based on
Buckingham-pi theorem is presented to determine the dynamic fracture behavior
of glass filled epoxy composites. Rod shaped glass fillers having an aspect ratio of
80 have been used to reinforce the epoxy matrix. These glass fillers were used in
the volume fraction of 0%, 5%, 10% and 15%. Dynamic fracture toughness index
for crack-opening mode (mode-I) is proposed to find out the fracture toughness of
the Particulate Polymer Composites (PPCs) under different strain rate conditions
of impact loading. The legitimacy of the proposed methodology is supported with
the limited experimental results of dynamic fracture test which was conducted for
varyingfiller concentration. The influence of various governing factors on the fracture
toughness of the particulate polymer composites is also discussed and shear wave
speed is found to have the most pronounced effect on the dynamic fracture toughness
of the resulting composite.

Keywords Buckingham-pi theorem · Dynamic fracture toughness index ·
Dimensional analysis · Impact loading · Particulate polymer composite

1 Introduction

Composite materials have recently grown into the most appropriate alternative mate-
rials to be used by several industries like automobile, marine, aerospace, biomedical
and electrical [5, 13, 20, 31, 48] etc. due to the combination of excellent proper-
ties such as high strength to weight ratio, corrosion resistance, chemical resistance,
adhesion and dielectric properties [2, 10, 12, 24]. Depending upon the choice of rein-
forcement material, there are different types of composites that exist. Among these
different types, Particulate Polymer Composites (PPCs) are easiest to manufacture
and the most common type of composites [34, 36]. PPCs are made up of two or more
constituent materials in which polymer serves as the matrix and some inorganic
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particles serve as the reinforcement. Mica, alumina, zirconia, silica etc. can be used
to reinforce the polymer matrix. The fabrication of PPCs is also relatively cheaper
along with the advantage of achieving tailored properties of the resulting composite
by selecting the suitable filler reinforcement (in terms of type, size and shape), its
volume fraction and the manufacturing process. Another aspect that makes PPCs one
of the most appropriate materials for mechanical structural design is the macroscopic
isotropy that these composites possess. The interfacial strength between the filler and
the matrix is one of the key parameters that determine the overall performance of the
resulting composite [9, 19, 37]. Hence, understanding the role of volume fraction
of the filler and it’s interfacial strength with the polymer matrix in determining the
mechanical properties like strength, stiffness and toughness of the resulting PPC is
critical for strategic engineering applications [21, 23, 41]. Investigating the mechan-
ical behavior of composites corresponding to different design parameters and varying
loading conditions experimentally is a very cumbersome and time consuming task.
This has motivated researchers to look for alternative techniques in order to char-
acterize the composite behavior with limited experimentation when subjected to
different loading conditions [7, 8, 22, 38, 44, 45].

One such technique is the dimensional analysis, more precisely the Buckingham-
π theoremwhich has been recognized as a very promising methodology for handling
the intricacies of various physical concepts [4, 28]. This methodology offers certain
process steps in order to develop compatible and meaningful dimensionless factors
using the available set of parameters. The flexibility of the Buckingham-pi theorem
lies in the fact that the characteristic relation between the parameters does not need to
be known. This methodology has an ingrained physical basis because of which it has
been extensively utilized in numerous engineering applications [11, 27]. The appro-
priate dependent and independent parameters obtained from physical experimenta-
tion are selected and using the technique of dimensional analysis, a functional rela-
tionship is established between the dimensionless quantities. Buckingham-π theorem
has proven to be a very powerful scaling method and engrossed many scientists and
engineers in the field for designing the practical problems. A numerical electroos-
motic flow model was developed by making use of Buckingham-pi theorem in order
to find a correlation between different physiochemical factors [32]. Another research
group [6] performed an analysis of the roller bearings by means of Buckingham-pi
theorem. A full scale test specimen of a simply supported beammade up of isotropic
material was designed based on Buckingham-π theorem [46]. A research group [30]
studied the characteristics of multiple bearing parameters when exposed to different
temperature conditions and used dimensional analysis to determine the most signifi-
cant factor affecting the bearing system. Another group [14] conducted a parametric
study based onBuckingham-pi theorem to investigate the different systemgeometries
of a composite slab.

In an attempt to solve a problem, analytical relations are usually established but
it becomes very difficult to solve them as the number of parameters increases with
increase in the intricacy of the problem. While in the laboratories, performing exper-
iments that involve impact loading in order to study the fracture response of the
composite materials, is very expensive and laborious [15, 16, 47]. In addition, it is
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a well-established fact that the fracture behavior of composites is non-linear in both
pre- and post-crack initiation stages.

Owing to the potential of Buckingham-pi theorem to predict thematerial behavior,
it has been implemented in various studies by different researchers. A group of
researchers [39] came up with a model so as to find out the strain analogue to a
very small biaxial loading condition. They derived conditions for the strain analogue
to large biaxial loading by using Buckingham-pi theorem. Another research group
[40] developed a mathematical model again by using Buckingham-pi theorem and
studied the correlation between the different parameters influencing the tribological
performance of the cutting tool. A study [17] was conducted to investigate the wear
behavior of polymer composites reinforced with chopped fibres using the approach
of dimensional analysis. A group of researchers [3] used the methodology of dimen-
sional analysis to comprehend the micromechanics of particulate composites based
on the macroscopic fracture toughness.

In this view, it is desirable to make use of dimensional analysis using the approach
of Buckingham-pi theorem which is a powerful tool for better understanding of
the fracture behavior under impact loading with limited experimentation. A lot of
experimental work has been reported in the purview of dynamic fracture toughness
of particulate polymer composites but the prediction of this dynamic behavior as a
function of filler volume fraction is still ambiguous and requires attention.

Therefore the currentworkpresents an integrated approach to illustrate the fracture
behavior of particulate polymer composites under the effect of impact loading at
varying strain rates. This approach is ingrained based on a similarity condition which
is denoted as ‘dynamic fracture toughness index’. This index represents various
factors like strain rate, material density, filler volume fraction, longitudinal wave
speed and shear wave speed that can affect the crack initiation fracture toughness.
This index is very useful for designingmaterials which have high resistance to impact
load and hence can be utilized in numerous engineering applications.

The current study focuses on using Buckingham-pi theorem as a powerful tool of
dimensional analysis in order to develop a model which will be used to evaluate the
correlation between the crack-initiation fracture behavior and the dynamic fracture
toughness index. This analysis utilizes the values of stress intensity factor analogue to
different volume fractions of glass fillers obtained through lab experiments. Dynamic
fracture toughness index is determined corresponding to different conditions of strain
rate so as to widen the scope of utilizing the developed model to encounter various
practical problems. Detailed methodology of the determination of this toughness
index is reported elsewhere [18].

2 Experimental Procedure

In the current study, rod-shaped glass fillers of length 800 μm with a diameter of
10 μm (refer to Fig. 3) were used to reinforce the polymer matrix. Epoxy of low
viscosity (Bisphenol-A) was used as the polymer matrix and glass fillers with an
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aspect ratio of 80 were used in a volume fraction of 0%, 5%, 10% and 15%. First of
all, glass-filled epoxy sheets were cast and cured for seven days. Then these sheets
were cut into rectangular test specimens of dimensions 60 mm × 30 mm × 9 mm.
A notch of length, 6 mm was made at the middle of each test specimen with the
help of a circular saw. The density, longitudinal wave speed and shear wave speed
for neat epoxy composite (0% glass fillers) is 1146 kg/m3, 2481 m/s and 1128 m/s
respectively. The material properties of glass filled epoxy composite corresponding
to different volume fraction of the glass fillers is given in Table 1. The detailed
procedure of measuring those material properties is reported in another study [19].

The setup used to conduct the dynamic fracture test is shown in Fig. 1. The
projectile impacted the test specimen at a velocity of around 16 m/s. Three different
values of strain rate (3.7 s−1, 10.7 s−1 and 40 s−1) were used in the present study.

The in-plane deformation of the test specimen was measured by using the tech-
nique of Digital Image Correlation (DIC). The deformed and undeformed states of
the test specimen were examined by means of a black and white speckled pattern on

Table 1 Material properties of glass filled epoxy composite

Particle type Density, D
(kg/m3)

Longitudinal
wave speed, CL
(m/s)

Shear wave speed,
CS (m/s)

Fiber volume
fraction, Vf (%)

Rod shaped glass
fillers

1226 2534 1188 5

1285 2534 1243 10

1375 2598 1286 15

Data Acquisition 
system

Gas Gun 
Cylinder

Barrel Pulse Shaper

Delay 
Generator

Lamp 
Control Unit

High
Speed 
Camera

High Energy 
Flash Lamp

Specimen

Long Bar

Strain Gauge
Putty

Striker

Computer

Fig. 1 Schematic of the setup used for dynamic fracture test [35]
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the surface of the specimen. Further in order to extract the dynamic fracture tough-
ness in terms of stress intensity factor, displacement fields obtained from Williams
expressions were used. The detailed description of the experimental procedure is
reported in a previous study [20].

When Buckingham-pi theorem is used to solve a problem having “x” variables
and “y” dimensions then the variables can be reorganized into “x-y” independent
dimensionless variables. This study deals with using Buckingham-pi theorem so as
to establish the necessary functional relationships [1, 25, 33, 42, 43].

The functional relationship between the governing parameters which significantly
affect the crack-opening mode (mode-I) dynamic fracture toughness under the effect
of impact loading is given in Eq. (1).

Kd
I = f (ρ,Cs or CL , V f , v, γ, ε̇) (1)

where Kd
I is the dynamic fracture toughness, ρ is the density of the material, v is the

velocity of the crack, CS is the shear wave speed, CL is the longitudinal wave speed,
γ is the Poisson ratio, V f is the volume fraction of the glass fillers and, ε̇ is the strain
rate.

Using the Buckingham-pi theorem,

π0 = f (π1, π2, π3) (2)

Out of the six governing parameters, CS or CL, ε̇, ρ, γ , V f and v, three parameters
viz. ε̇, v and ρ have independent dimensions. Therefore the dimensions of CS or CL,
γ , and V f are given as:

π1 = [CS or CL] = [v] (3)

π2 =
[
γ
] = [1] (4)

π3 = [V f] = [1] (5)

π0 = K index
I = Kd

I · (ε̇0.5/(ρ · (CL or CS)
2.5) (6)

where, K index
I is the dynamic fracture toughness index and vindex = v/Cs or v/CL

is the crack velocity index.
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3 Results and Discussion

In order to investigate the fracture behavior of particulate polymer composites, a
mathematical relationship between the dynamic fracture toughness index and crack
velocity index is presented using the approach of dimensional analysis.

When a composite specimen is subjected to impact loading, the material experi-
ences two different types of stress waves namely, longitudinal stress wave and shear
stress wave [20]. Therefore the longitudinal and shear wave speed are included in the
development of the mathematical relationship so as to account for the contribution
of these stress waves in assessing the fracture toughness of the composite.

Figure 2a shows the variation in dynamic fracture toughness with respect to the
crack velocity index for neat epoxy and glass-filled epoxy (V f = 10%) composite.
This graph is corresponding to three different strain rates and the longitudinal wave
speed has been used as one of the parameters in the above mentioned mathematical
model. Figure 2b represents the same variation but by utilizing shear wave speed
in the developed model. The variation corresponding to both, the shear wave speed
and longitudinal wave speed is found to be linear. Both the figures clearly show that
the glass filled epoxy possesses a higher value of dynamic fracture toughness index
compared to the neat epoxy composite. This is attributed to the fact that glass fillers
improve the overall strength of the resulting composite.

The slope in the first case corresponding to Fig. 2a is approximately 50 and
the same corresponding to Fig. 2b is around 155, which clearly indicates that the
influence of shear wave speed is much more pronounced on the fracture behavior of
the composite compared to the longitudinal wave speed.

For better understanding of the failure mechanism due to the dynamic fracture,
fractographic examination was done by means of scanning electron microscopy.
Figure 3 shows the fractograph of the glass filled epoxy composite which clearly
demonstrates the crack interaction with the filler reinforcement. Various failure
modes like cracking of matrix, filler breakage and filler pullout are shown in Fig. 3.
Each of these failuremodes dissipate energywhich consequently enhances the overall
fracture toughness of the composite. At the crack tip, the presence of a substantial
component of the in-plane shear resulted in filler matrix interface separation which
further led to matrix cracking and hence matrix cracking was found to be the most
dominating mode of failure. Similar filler-matrix interface separation as a failure
mode has been reported for PPCs [26].

Figure 4 shows the relationship between the fracture toughness index and the crack
velocity index at a constant strain rate, corresponding to the different filler volume
fraction (5%, 10% and 15%). It was observed that increase in the concentration
(volume fraction) of glass fillers, increases the dynamic fracture toughness of the
composite. But this effect is not as much pronounced as it was due to the shear
wave speed and this can be attributed to the fact that increase in the overall density
and shear wave speed suppresses the effect of filler volume fraction. However, the
contribution of filler concentration can be ascribed to increase the density of the
resulting composite which ultimately makes the composite stiffer and stronger [29].
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Fig. 2 Variation in dynamic fracture toughness indexwith respect to the crack velocity index awith
longitudinal wave speed, b with shear wave speed

During the event of impact, shear stress wave interacts with the matrix and the
fillers at a very high speed and this interaction directs the fracture behavior of the
overall polymer composite. The filler pullout and breakage as shown in Fig. 3 is
also attributed to the shear wave interaction with the fillers present in the glass filled
epoxy composite.
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Fig. 3 Fractograph of rod-shaped glass-filled epoxy composite (scale bar = 100 μm)
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Fig. 4 Variation of dynamic fracture toughness index with respect to the crack velocity index for
glass-filled epoxy

Finally, the developed functional relationship between the dynamic fracture tough-
ness index and the crack velocity index was used to predict the fracture tough-
ness for glass filled epoxy composites with three different volume fractions of the
glass fillers (5%, 10% and 15%). These predicted results were compared with the
experimental ones and the values were found to be close enough. Figure 5 shows
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a good agreement between the two results which encourages to further explore the
possibility of using the proposed approach for predicting dynamic fracture toughness
of PPCs with limited experimentation.

4 Conclusion and Future Perspective

The current study presents a technique to predict the dynamic fracture toughness of
the glass filled epoxy composites under the effect of high strain rate impact loading
by using dimensional analysis based on Buckingham pi-theorem. The legitimacy
of the proposed methodology is supported with the limited experimental results of
dynamic fracture test which was conducted for varying filler concentration. Shear
wave speed is found to have the most significant effect on the dynamic fracture
toughness of particulate polymer composite. The proposed dimensional analysis
is found to be a very reliable and potential methodology to predict the dynamic
fracture behavior of PPCs which is otherwise very tedious to investigate through
multiple experiments. Furthermore, since the methodology has been observed to
perform fairly efficiently, the same can be further extended to investigate the fracture
behavior of composites using biofillers. This would assist in selection of a more
efficient material and development of a robust composite with superior potential to
resist fracture under dynamic loading.
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Evaluation of Strength of Laminates
in Four-Bar Mechanism Using
Tsai-Wu-Hahn Failure Criterion

Hemaraju Pollayi and Dineshkumar Harursampath

Abstract The objective of this chapter is to evaluate the component-laminate load-
carrying capacity, i.e., to calculate the loads that cause the failure of the indi-
vidual layers and the component-laminate as a whole in four-bar mechanism. The
component-laminate load-carrying capacity is evaluated using the Tsai-Wu-Hahn
failure criterion for various layups. The reserve factor of each ply in the component-
laminate is calculated by using the maximum resultant force and the maximum
resultant moment occurring over an entire period of rotation at the joints of the
mechanism. The nonlinear through-the-thickness stress and strain distributions are
reported at different points. The Tsai-Wu-Hahn failure criterion is used to predict
the first-ply-failure and the mechanism as a whole.

Keywords Composite sandwich · Geometrically non-linear · Dimensional
reduction · VAM · FMA

1 Introduction

During the recent years, many researches focus on the damage and failure analyzes of
fiber-reinforced composites due to the increase of demand for composite structures in
industries. As an example [1–3], in the construction of each new-generation aircraft,
the aerospace industry uses a higher proportion of advanced composite materials
every year. For the past 30-years, weight percentage of these materials to whole
weight of the aircraft has significantly increased. For Boeing 787, these materials
account for nearly 5%of the total weight of the aircraft structure and forAirbusA380,
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these materials make up about 2% of the total airframe [4]. Damage mechanics of
these composites deals with quantitative descriptions of the physical events (such
as initiation, propagation, and fracture) that alter composite materials when it is
subjected to mechanical loads and aging (long-term performance of composites).
The mechanisms that lead to failure of composite materials are not fully understood
yet, even after the World-Wide Failure Exercise (WWFE). WWFE concluded that
most of the criteria were unable to capture some of the trends in the failure envelopes
of the experimental results and most of the expressions proposed to predict each
failure mode are still to some extent empirical. These physical damage modes should
establish suitably when failure takes place in composite structures, and also describe
the post-failure behavior of composite structures for better performance. The need
for predicting failure in composites has led to the proposal of several failure criteria
in the literature.

Failure criteria are used to assess the possibility of failure of a material in mecha-
nisms. A number of phenomenological failure criteria for anisotropic materials have
been developed which essentially provide a practical basis for the design. These
phenomenological criteria can be roughly divided into two categories: (1) Stress-
based criteria (such as maximum stress criterion), and (2) Strain-based criteria (such
as the maximum strain criterion). These two criteria predict physically different
failure envelopes. The strain-based criteria for anisotropicmaterials have not received
the same degree of attention as that of the stress-based criteria because of the diffi-
culties in measuring strains to failure. Amongst the stress-based criteria, one of the
most rationally developed interactive failure criteria is the stress tensor polynomial
criterion of Tsai andWu [5]which allows for the interaction of anisotropic stresses on
failure. The most commonly used stress-based failure criteria i.e., the Tsai-Wu-Hahn
failure criterion [6] is used in the present work for failure analysis.

Failure criteria associated with a lamina can be divided into two categories:

1. Failure criteria not directly associated with failure modes

(a) Tsai-Hill
(b) Tsai-Wu
(c) Modified Tsai-Wu
(d) All polynomial, tensorial, or parametric criteria

2. Failure criteria associated with failure modes

(a) Maximum strain or stress
(b) Hashin and Rotem
(c) Yamada and Sun
(d) Hashin
(e) Hart-Smith
(f) Puck
(g) Kriging
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Polynomial Criterion of Failure Tensor
A simple form-invariant expression is extensively used for the failure tensor polyno-
mial function. The theoretical predictions may or may not seriously effect because of
the rank of the tensors and the number of terms appearing in the respective equation.
The following is the failure function by considering tensor polynomial coefficients
up to the fourth rank:

f (σ ) = σ · H · σ + h · σ − 1 = 0 (1)

With an appropriate definition of the Cartesian components of the fourth- and
second-rank tensors H and h, respectively, many anisotropic failure criteria can be
written in the form of above relation. The stress differential effect second-rank tensor
h, as well as the diagonal components of failure fourth-rank tensor H. H and h are
uniquely determined for the criteria assuming the general form of the above equation.
Differences arising only in the definition of off-diagonal components Hi j (i �= j)
express the various phenomenological conjectures of these criteria.

Hi j = 0(i �= j) f or T sai−Wu (TW )Criterion

Hi j = − 1

2

(
Hii H j j

) 1
2 f or T sai−Hahn (T H)Criterion

Hi j = 1

2

(
Hkk − Hii − Hj j

)
(i, j, k ≤ 3; i �= j �= k) f or Elli ptic Paraboloid Failure Sur f ace (EPFS)Criterion

The quadratic stress tensor polynomial failure criterion for anisotropic materials
can be represented, using the usual contracted matrix notation, as

Fiσi + Fi jσiσ j = 1 (i, j = 1, 2, . . . , 6) (2)

where Fi and Fi j are strength tensors of the second and fourth rank, respectively, and
the recovered 3-D stress tensor, σi , are given below:

FT
i = [

F1 F2 F3 F4 F5 F6

]
(3)

Fi j =

⎡

⎢⎢⎢⎢⎢⎢
⎢
⎣

F11 F12 F13 F14 F15 F16

F22 F23 F24 F25 F26

F33 F34 F35 F36

F44 F45 F46

sym F55 F56

F66

⎤

⎥⎥⎥⎥⎥⎥
⎥
⎦

(4)

σ T
i = [

σ1 σ2 σ3 σ4 σ5 σ6

] = [
σ11 σ22 σ33 σ23 σ31 σ12

]
(5)
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Expanding Normal Components of Failure Tensor

F11 = 1

σT1σC1
, F22 = 1

σT 2σC2
, F33 = 1

σT 3σC3
(6)

F1 = 1

σT 1
− 1

σC1
= (σC1 − σT 1)F11

F2 = 1

σT 2
− 1

σC2
= (σC2 − σT2)F22

F3 = 1

σT 3
− 1

σC3
= (σC3 − σT 3)F33 (7)

where σT i is Tension (T ) failure stress in i-direction (i = 1, 2, 3) and σCi is
Compression (C) failure stress in i-direction (i = 1, 2, 3).

Expanding Shear Components of Failure Tensor

F44 = 1

σ+
S4σ

−
S4

, F55 = 1

σ+
S5σ

−
S5

, F66 = 1

σ+
S6σ

−
S6

(8)

F4 = 1
σ+
S4

− 1
σ−
S4

= (
σ−
S4 − σ+

S4

)
F44

F5 = 1
σ+
S5

− 1
σ−
S5

= (
σ−
S5 − σ+

S5

)
F55

F6 = 1
σ+
S6

− 1
σ−
S6

= (
σ−
S6 − σ+

S6

)
F66

(9)

where σ+
Si is +ve shear (S) strength in i-plane (i = 4, 5, 6) and σ−

Si is −ve shear (S)
strength in i-plane (i = 4, 5, 6).

Expanding Fi j (i �= j)

F12 = −1

2
(F11F22)

1
2 , F13 = −1

2
(F11F33)

1
2 , F14 = −1

2
(F11F44)

1
2

F15 = −1

2
(F11F55)

1
2 , F16 = −1

2
(F11F66)

1
2

F23 = −1

2
(F22F33)

1
2 , F24 = −1

2
(F22F44)

1
2 , F25 = −1

2
(F22F55)

1
2

F26 = −1

2
(F22F66)

1
2

F34 = −1

2
(F33F44)

1
2 , F35 = −1

2
(F33F55)

1
2 , F36 = −1

2
(F33F66)

1
2

F45 = −1

2
(F44F55)

1
2 , F46 = −1

2
(F44F66)

1
2

F56 = −1

2
(F55F66)

1
2 (10)
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Non-dimensionalization of Tsai-Wu-Hahn Criterion
The equation for non-dimensionalizationofTsai-Wu-Hahn failure criterion is derived
by using the following definitions:

σ̃L �
√
F11σL; F̃1 � F1√

F11

σ̃T �
√
F22σT ; F̃2 � F2√

F22

σ̃T ′ �
√
F33σT ′ ; F̃3 � F3√

F33

σ̃T T ′ �
√
F44σT T ′ ; F̃4 � F4√

F44

σ̃LT ′ �
√
F55σLT ′ ; F̃5 � F5√

F55

σ̃LT �
√
F66σLT ; F̃6 � F6√

F66

(11)

Reserve factor, R can be defined as a common factor by which all of the stresses
applied on a lamina need to be multiplied by for the lamina to just fail. The ply in
the component-laminate resists the combination of stresses without failure if R > 1.

Non-dimensionalization and substitution in non-dimensional form of Tsai-Wu-
Hahn failure criterion implies a quadratic equation, quadratic in reserve factor, R,
and is as follows:

AR2 + BR − 1 = 0 (12)

where

A = σ̃L
2 + σ̃T

2 + σ̃T ′2 + σ̃T T ′ + σ̃LT ′
2 + σ̃LT

2

− [
σ̃L σ̃T + σ̃L σ̃T ′ + σ̃L σ̃T T ′ + σ̃L σ̃LT ′ + σ̃L σ̃LT + σ̃T σ̃T ′

+ σ̃T σ̃T T ′ + σ̃T σ̃LT ′ + σ̃T σ̃LT + σ̃T ′ σ̃T T ′ + σ̃T ′ σ̃LT ′ + σ̃T ′̃σLT

+σ̃T T ′ σ̃LT ′ + σ̃T T ′̃σLT + σ̃LT ′̃σLT
]

B = F̃1σ̃L + F̃2σ̃T + F̃3σ̃T ′ + F̃4σ̃T T ′ + F̃5σ̃LT ′ + F̃6σ̃LT

The reserve factor of each ply in the component-laminate is calculated by using

the maximum resultant force, Fr =
√
F2
1 + F2

2 + F2
3 and the maximum resul-

tant moment, Mr =
√
M2

1 + M2
2 + M2

3 instead of choosing either maximum of
{F1, F2, F3} or maximum of {M1, M2, M3}. The positive root for R shows the failure
stress level with loads in the same direction as the initial values and the negative root
shows the failure stress level with all loads reversed.

2 Elastic Constitutive Equations for Mechanism

The closed-form analytical analysis is restricted to thin rectangular cross-sections for
generally anisotropic composites. Figure 1 shows the sketch of an initially twisted
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Fig. 1 Sketch of a initially twisted strip configuration and coordinate system and b its cross-section

and curved strip configuration, coordinate system and cross-section. When the strip
is first reduced from a 3-D to a 2-D elastic body, its strain energy density (i.e. energy
per unit middle surface area) is given by:

⋃

2D

= 1

2

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

ε11

ε22

2ε12
ρ11

ρ22

2ρ12

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

T

[
A B
BT D

]

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

ε11

ε22

2ε12
ρ11

ρ22

2ρ12

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(13)



Evaluation of Strength of Laminates in Four-Bar Mechanism Using … 167

where εαβ and ραβ(α, β = 1, 2) are the 2-D strain measures, and A, B, and D are the
membrane, coupling, and bending (3 × 3) stiffness matrices, respectively, appropri-
ately corrected for initial twist and curvature. The beam strain energy density (per
unit length of the strip) is given by:

⋃

1D

=
〈
⋃

1D

〉

(14)

where the notation

〈·〉 ≡
b
2∫

− b
2

(·)dx2 (15)

is used here where b is the width of the strip being considered and x2 is a Cartesian
coordinate along the width, with origin at the geometric center of the cross-section.
Minimizing the strain energy functional,

⋃
1D , subject to appropriate constraints

results in the unknown 3-D warping field at any given order of approximation in the
VAM. The final expression for the first order strain energy per unit length (or 1-D
strain energy density) of the curved and twisted beam component is:

⋃

1D
= 1

2
εT� [S�]ε� + εT� [S�n]εn + 1

2
εTn [Sn]εn + k2

2
εT�
[
Sc1�

]
ε�

+ k22
2

εT�
[
Sc2�

]
ε� + k2ε

T
�

[
Sc�n

]
εn (16)

where k1 is pre-twist per unit length, k2 is initial curvature in flat-wise direction of
strip, [S�] is the linear stiffnessmatrix, [S�n] is the non-symmetric non-linear stiffness
matrix, [Sn] is the symmetric non-linear stiffness matrix, [Sc1� ] is correction to the
linear stiffness matrix, [Sc2� ] is correction to the symmetric linear stiffness matrix,
[Sc�n] is correction to the non-symmetric non-linear stiffness matrix, and the linear
and non-linear 1-D strain vectors, ε� and εn respectively, are defined as follows:

ε� = [
γ11 κ1 κ2 κ3

]T

εn = [
κ1

2 κ2
2 κ2γ11 κ2κ3 κ2κ1

]T
(17)

Here, the barred quantities γ11, κ1, κ2 and κ3 relate to their unbarred counterparts
as

(·) = (·)|2γ12 = 2γ13 = 0 (18)

The cross-sectional stiffness matrix is obtained by expressing the resultant forces
on the beam cross-section as:
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f ∗ � 1

2

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

F1

F2

F3

M1

M2

M3

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

T

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
⋃

1D
∂γ11

1
2

∂
⋃

1D
∂γ12

1
2

∂
⋃

1D
∂γ13

∂
⋃

1D
∂κ1

∂
⋃

1D
∂κ2

∂
⋃

1D
∂κ3

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(19)

This is the most general form of the cross-sectional analysis for class S and class
T beams defined by Hodges [7]. The coefficients of the nonlinear stiffness matrix,
SNL, obtained from the nonlinear analysis of the beam cross-section is defined in the
Appendix A [8]. All the 1-D stiffness matrices and their corrections are defined in
the work of Harursampath [9].

3 Dynamic Analysis of Mechanism

The dynamic response of non-linear, flexible multi-body beam-systems is simulated
within the framework of energy-preserving and energy-decaying time integration
schemes. These schemes provide unconditional stability for non-linear systems. The
kinematic description of bodies and joints in their undeformed and deformed config-
urations adopted here follows Bauchau [10] andmakes use of three orthogonal triads.
Figure 2 shows the beam in the undeformed and deformed configurations. First, an
inertial triad, SI , is used as a global reference for the system with unit vectors, i1, i2,
and i3. A second triad, SO, is attached to the body and defines its orientation in the
reference configuration with unit vectors, eo1, eo2, and eo3. Finally, a third triad, S*,
defines the orientation of the body in its deformed configuration with unit vectors,
e1, e2, and e3. The components of vector (·) measured in SI and S* are denoted by (·)
and (·)∗, respectively. For completeness, we outline the relevant portions of Bauchau
[10].

The kinetic and strain energies of the beam are:

K = 1

2

�∫

0

v∗T M∗v∗dx1;
⋃

=
�∫

0

⋃

1D

(γ11, κ1, κ2, κ3)dx1 (20)

respectively, where � is the length of the beam; x1 is the curvilinear coordinate along
the reference curve; M* and v∗ are the sectional inertia matrix and velocity vector,
respectively. The superscript (·)∗ is used to denote tensor components measured in
deformed configuration.

The equations of motion of the beam can be derived from the Hamilton’s principle
as follows:
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Fig. 2 Beam in the undeformed and deformed configurations [10]

t f∫

ti

�∫

0

(

δv∗T M∗v∗ − δ
⋃

1D

(γ11, κ1, κ2, κ3) + δWa

)

dx1dt = 0 (21)

where δv∗ are the virtual variations in sectional velocities, δ
⋃

1D is the variation of
1-D strain energy density, and δWa is the virtual work done by the externally applied
forces. The final form of the equations of motion of the beam is as follows:

(


0 p

∗
)· +

⋃
[̃u̇]

0 p

∗ −
(


0 f

∗
)′ −

⋃[
u0

′ + ũ′]

0 f
∗ = q (22)

where u0 is the displacement vector from a global reference for the system to body
attached reference configuration; u is the displacement vector from body attached
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reference configuration to deformed configuration; the sectionalmomenta and elastic
forces are defined as p∗ = M∗v∗; as before, f ∗ = SNLe∗; and q is a column matrix
containing components of the external forces.

3.1 Computational Scheme

An energy-preserving discretization of these equations of motion, Eq. (22), is
performed. The inertial and elastic forces are discretized to yield the following
discretized equations of motion:


 f 
0 p∗
f
− 
i
0 p∗

i

�t
+
⋃[

ũ f − ũi
�t

]

a
0

p∗
f
+ p∗

i

2
−
(

b
0 f

∗
m

)′

−
⋃[

ũ0
′ + ũm

′]
b
0 f
∗
m

= q
m

(23)

where (·)m = (
(·) f + (·)i

)
/2; Subscripts (·)i , (·) f , and (·)m are used to indicate the

value of a quantity at times ti, tf and tm = (
t f + ti

)
/2, and all the rotation operators

and the discretization of finite rotations are defined in Appendix A and B of Bauchau
[10].

In the formulation of flexible joint elements, the strain energy in a given flexible
joint is defined as follows:

v = 1

2
s∗TC∗s∗ (24)

where C* are the components of the flexible joint stiffness tensor and s∗ are
the induced deformations in the flexible joint in terms of relative displacements
(
u = uk − u�

)
and relative rotations

(
δψ = δψk − δψ�

)
of the two bodies (·)k and

(·)�. The energy-preserving formulation for flexible joints consists of the elastic force
discretization together with the following constitutive laws:

f ∗
m

= C∗
(
s∗
f + s∗

i

)
/2 (25)

3.2 System Constraints: Modeling of Joints

Figure 3 shows the revolute joint in the reference and deformed configurations. For
the case of revolute joint elements, the two kinematic constraints, C1 = 0 and,
C2 = 0 are defined in the deformed configuration utilizing the condition of no
relative displacements and the third constraint, C3 = 0, obtained from the definition
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Fig. 3 Revolute joint in the reference and deformed configurations [10]

of the relative rotation φ between the two bodies where Ci (i = 1, 2, 3) are defined
as follows:

C1 = g31 = ekT3 e�
1 = 0 (26)

C2 = g32 = ekT3 e�
2 = 0 (27)

C3 = g11 sin φ + g12 cosφ = 0 (28)

where g11 = ekT1 e�
1 and g12 = ekT1 e�

2. Here
(
e1, e2, e3

)
form ortho-normal bases in the

deformed configurations for two bodies k and �. The above formulation is explained
in Pollayi and Harursampath [11].
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4 Numerical Example

The benchmark problem adopted but generalized from Bauchau [10] deals with a
four-bar mechanism problem depicted in Fig. 4.

Bar-1, (AB) is of length �1 = 0.12 m and is connected to the ground at point A by
means of a revolute joint. Bar-2, (BC) is of length �2 = 0.24 m and is connected to
bar-1 at point B with a revolute joint. Finally, bar-3, (CD) is of length �3 = 0.12 m
and is connected to bar-2 and the ground at pointsC andD, respectively, by means of
two revolute joints. Table 1 shows the definition of the six joints. Here “Yes” or “No”
indicate that the corresponding relative motion is allowed or prohibited, respectively.
For the screw joint, p is the screw pitch. These 6-joints are called lower pairs and are
used for practical applications. All these joints imposes constraints on the relative
motion of the different bodies of the multi-body system. Figure 5 shows the different
types of four-bar linkages where s is the shortest link, and l is the longest link.

At time, t = 0, in the undeformed configuration, the bars of this mechanism
intersect each other at 90° angles. However, the axes of rotation of all the revolute
joints are at non-zero angles with respect to the normal to the plane of the mechanism
to simulate initial defects and/or additional design variables in the mechanism. Such
initial defects and/or additional design variables shall be defined in the form of initial

Fig. 4 The four-bar mechanism problem

Table 1 Definition of six joints

Joint type Relative displacements Relative rotations

d1 d2 d3 θ1 θ2 θ3

Revolute No No No No No Yes

Prismatic No No Yes No No No

Screw No No =p θ3 No No Yes

Cylindrical No No Yes No No Yes

Planar Yes Yes No No No Yes

Spherical No No No Yes Yes Yes
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Fig. 5 Different types of four-bar linkages: a s + � ≤ p + q b s + � ≤ p + q c s + � ≤ p + q and
ds + � ≤ p + q

twists (k1) and curvatures (k2) of all the three bars. A torque is applied on bar-1 at
point A so as to enforce a constant angular velocity � = π rad

s . If the four-bars
were infinitely rigid, no motion would be possible as the mechanism locks and this
was also observed by simulating using available commercial software (I-DEAS +
NASTRAN + ADAMS). For elastic bars, complete motion becomes possible, but
generates large internal forces.

The four-bar mechanisms are simulated using the available commercial software
(I-DEAS + NASTRAN + ADAMS) to see the practical applicability by arranging
the beams in the mechanisms in distinctly different orientations. The two-different
ways of arranging the beams in the mechanism, found in the literature, are shown
in Fig. 6. Figure 6a shows the CAD drawing of the synthesized mechanism [12].
Figure 6b shows the proposed two-DOF wing mechanism translating and rotating a
folded polymer wing using two independently actuated parallel four-bar structures,
and its kinematic and force parameters [13].



174 H. Pollayi and D. Harursampath

Fig. 6 Two-different ways of arranging the beams

VAM requires identification of small parameters in the present four-bar mecha-
nism problem. Each bar is modeled as a laminated strip-beam. The wavelength of
deformation along the strip-beam is denoted by �. The width and thickness of the
strip-beam are denoted by b and h, respectively. From the geometry of the strip-beam,
the natural small parameters are the thickness-to-width ratio δh = h/b; the width-
to-length ratio δb = b/�; the width times pre-twist per unit length δ� = bk1. As an
example, the authors have chosen dimensions such that δ� = δb = 0.1 for bar-1 and
bar-3; δh = δb = 0.05 for bar-2 for the present four-bar mechanism problem, as
observable from Table 2.

Table 2 Material properties and dimensions of all three bars in the mechanism

Property (dimension) Bar-1 Bar-2 Bar-3

EL (GPa) 135.6 132.2 132.2

ET = ET ′ (GPa) 9.9 10.75 10.75

GLT = GLT ′ (GPa) 4.2 5.65 5.65

GTT ′ (GPa) 3.3 5.65 5.65

υLT = υLT ′ 0.3 0.239 0.239

υT T ′ 0.5 0.4 0.4

� (m) 0.12 0.24 0.12

b (m) 0.012 0.012 0.012

h (m) 0.0012 0.0006 0.0012

Ply thickness (mm) 0.075 0.075 0.075

ρ
(
kg/m3

)
1520.6 1530.8 1530.8

k1(rad/m) −0.7275 −0.3638 −0.7275

k2(rad/m) 0.291 0.1455 0.291
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The laminated composite strip of bar-1 is similar to that considered by Armanios
et al. [14] which was fabricated from ICI Fiberite T300/954-3 Graphite/Cyanate
material system, whereas the laminated composite strips of bar-2 and bar-3 are
similar to those considered by Kosmatka [15] which were made of T300/5208
Graphite/Epoxy material system. In a previous work of Pollayi and Harur-
sampath [11], the present authors had considered, for the same problem, the
stacking sequence [202/ − 704/202/ − 202/704/ − 202]T for bar-1 and bar-3 and
[20/ − 702/20/ − 20/702/ − 20]T for bar-2. On the other hand, the current work
investigates various types of stacking sequences including those in [11]. Ply thick-
ness in all bars is identical and listed in Table 2. The specific type of anti-symmetrical
layup used in the previous work for all the bars ensures hygro-thermal stability of
the laminates [16] and eliminates initial warping that results from the curing stresses
while exhibiting extension-twist coupling, useful for certain applications. Thus all
the three bars were anti-symmetric laminates and thus had the following properties:

A16 = A26 = 0; B11 = B22 = B66 = B12 = 0; D16 = D26 = 0 (29)

Exploring Different Stacking Sequences
The behavior of the four-barmechanismproblem is studied for the following stacking
sequences:

1. Anti-Symmetric
2. Symmetric
3. Cross-Ply
4. Quasi-Isotropic

The analytic sensitivity of the described four-barmechanism to stacking sequences
is thus observed. The specific candidate lay-ups for each component bar are tabulated
in Table 3. In the second case, all the three bars are symmetric laminates and have
the following properties:

Bi j = 0(∀i, j = 1, 2, 6) (30)

In the third case, all the three bars are symmetric cross-ply laminates and have
the following properties:

A16 = 0 = A26; D16 = 0 = D26; Bi j = 0(∀i, j = 1, 2, 6) (31)

In the fourth case, all the three bars are symmetric quasi-isotropic laminates and
have the following properties:

A11 = A22; A16 = 0 = A26; 2A66 = A11 − A12; D16 = D26; Bi j = 0(∀i, j = 1, 2, 6)
(32)
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Table 3 Different stacking sequences in all component bars of the four-bar mechanism

S. No. Stacking sequences

1 For B1 and B3: [α2/(α − 90)4/α2/−α2/(90 − α)4/−α2]T
For B2: [α/(α − 90)2/α/−α/(90 − α)2/−α]T

2 For B1 and B3: [α2/(α − 90)4/α2/α2/(90 − α)4/−α2]T
For B2: [α/(α − 90)2/α/α/(90 − α)2/α]T

3 For B1 and B3: [0/90]4S
For B2: [0/90]2S

4 (i) For B1 and B3: [0/+45/−45/90]2S
For B2: [0/+45/−45/90]S

4 (ii) For B1 and B3: [0/+45/90/−45]2S
For B2: [0/+45/90/−45]S

Performing a study on sensitivity towards ply-angle, α, by varying from α =
0◦ to 90◦ in increments of 5° in both cases 1 and 2 provides a better understanding of
critical system dynamic parameters for the four-bar mechanism. As a combinatorial
effect of the misalignments described earlier, design choices and laminate manufac-
turing/handling induced-defects, each strip is modeled with a uniformly distributed
pre-twist of −5° about its longitudinal reference curve and initial flat-wise curvature
causing an angle of 2° between its ends. The physical characteristics of the three bars
are tabulated in Table 2. The subscripts L, T, and T ′ suffixing E ′s,G ′s and v′s denote
the principal material axes.

For comparing linear stiffnesses from FE code VABSwith the results from analyt-
ical expressions for non-linear stiffnesses, the cross-sections of bar-1 and bar-3 are
divided into 160 eight-noded quadrilateral finite elements with 10-elements each
along the width direction and 16-elements along the thickness direction. Similarly,
bar-2 is divided into 80 eight-noded quadrilateral finite elements with 10-elements
along the width direction and 8-elements along the thickness direction. Thus in the
thickness direction, each ply constitutes an element. The sectional mass properties
are given in Table 4 for all three bars.

Here μ is the mass per unit length, i2 is the mass moment of inertia about the
direction along the width, and i3 is the mass moment of inertia about the direction
along the thickness. The stiffness matrices obtained from the linear cross-sectional
analyses of bars-1, -2, and -3 using anti-symmetric, symmetric, quasi-isotropic, and
cross-ply laminates are given in Tables 5, 6, 7, 8 and 9 in bold-face and kept inside
brackets. Here the correlation between the row/column number in the 6× 6 stiffness

Table 4 The sectional mass properties of all three bars in the mechanism

Property Bar-1 Bar-2 Bar-3

μ (kg/m) 0.2189E−01 0.1102E−01 0.2204E−01

i2 (kg m2/m) 0.2628E−08 0.3307E−09 0.2645E−08

i3 (kg m2/m) 0.2628E−06 0.1323E−06 0.2645E−06
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Table 5 Stiffness coefficients of all three bars in the mechanism using anti-symmetric laminates
@α = 20◦

Stiffness Present work

Bar-1 Bar-2 Bar-3

SNL
11 (106 N) 0.8113

(0.7723)
0.4053
(0.3996)

0.8107
(0.7848)

SNL
14 (N m) 158.8

+9.735 κ1
(151.6)

36.54
+4.864 κ1
(38.14)

146.1
+9.728 κ1
(143.8)

SNL
15 (N m) 0

(0.05956)
0
(0.0003808)

0
(0.04814)

SNL
16 (N m) 0

(0.0)
0
(0.0)

0
(0.0)

SNL
44 (N m2) 0.09468

+9.735 γ11
+0.005513 κ1
+0.000008575 κ2
+0.0003154 κ1

2

+0.00002949 κ2
2

(0.0877)

0.0127
+4.864 γ11
+0.00115 κ1
+0.000001853 κ2
+0.0001576 κ1

2

+0.00001271 κ2
2

(0.0127)

0.1016
+9.7281 γ11
+0.005057 κ1
+0.000007412 κ2
+0.0003152 κ1

2

+0.00002549 κ2
2

(0.09564)

SNL
45 (N m2) −0.000006248

+0.000008575 κ1
−0.00004294 κ2
−0.0002658 κ3
+0.00005898 κ1 κ2
(−0.0002549)

−0.0000006752
+0.000001853 κ1
−0.000009282 κ2
−0.0002574 κ3
+0.00002549 κ1 κ2
(−0.00003071)

−0.000005402
+0.000007412 κ1
−0.00003713 κ2
−0.0002574 κ3
+0.00005099 κ1 κ2
(−0.0002318)

SNL
46 (N m2) −0.0002658 κ2

(0.0)
−0.0002574 κ2
(0.0)

−0.0002574 κ2
(0.0)

SNL
55 (N m2) 0.07402

−0.00004294 κ1
+0.00001627 κ2
+0.00002949 κ1

2

+0.00005592 κ2
2

−0.0009134 κ3
2

(0.1069)

0.0102
−0.000009282 κ1
+0.000003043 κ2
+0.00001275 κ1

2

+0.00002091 κ2
2

−0.001769 κ3
2

(0.01371)

0.08161
−0.00003713 κ1
+0.00001217 κ2
+0.00002549 κ1

2

+0.00004183 κ2
2

−0.0008844 κ3
2

(0.1082)

SNL
56 (N m2) −0.0002658 κ1

−0.001827 κ2 κ3
(0.0)

−0.0002574 κ1
−0.003538 κ2 κ3
(0.0)

−0.0002574 κ1
−0.001769 κ2 κ3
(0.0)

SNL
66 (N m2) 9.735

−0.0009134 κ2
2

(8.532)

4.864
−0.001769 κ2

2

(4.676)

9.728
−0.0008844 κ2

2

(8.910)

matrix and the deformation modes are as follows: 1—Extension, 4—Torsion, 5—
Flatwise Bending, 6—EdgewiseBending. The bold-faced values in brackets are from
the linear cross-sectional analysis using FE codeVABSwith refinedTimoshenko-like
beam model. The non-linear cross-sectional stiffness matrix has strong extension-
twist coupling, as expected.
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Table 6 Stiffness coefficients of all three bars in the mechanism using symmetric laminates @α =
20◦

Stiffness Present work

Bar-1 Bar-2 Bar-3

SNL
11 (106 N) 0.4073

(0.6938)
0.2461
(0.3656)

0.4922
(0.7298)

SNL
14 (N m) −3.556

+4.888 κ1
(−13.45)

−1.074
+2.953κ1
(−2.792)

−4.297
+5.906 κ1
(−10.08)

SNL
15 (N m) 0

(−8.841)
0
(−1.357)

0
(−4.573)

SNL
16 (N m) 0

(0.0)
0
(0.0)

0
(0.0)

SNL
44 (N m2) 0.09987

+4.888 γ11
−0.0002213 κ1
−1.17E−05 κ2
+0.0001584 κ1

2

+9.5E−06 κ2
2

+3.122E−05 κ1 κ2
(0.08784)

0.01333
+2.953 γ11
−0.0001367 κ1
−3.327E−06 κ2
+9.568E−05 κ1

2

+5.232E−06 κ2
2

+1.759E−05 κ1 κ2
(0.01271)

0.1067
+5.906 γ11
−0.0002682 κ1
−1.33E−05 κ2
+0.0001913 κ1

2

+1.048E−05 κ2
2

+3.518E−05 κ1 κ2
(0.09584)

SNL
45 (N m2) −0.07792

−1.17E−05 κ1
−8.61E−06 κ2
−5.37E−05 κ3
+1.56E−05 κ1

2

+4.79E−06 κ2
2

+1.90E−05 κ1 κ2
(0.06870)

−0.009054
−3.327E−06 κ1
−2.45E−06 κ2
−7.88E−05 κ3
+8.79E−06 κ1

2

+2.50E−06 κ2
2

+1.048E−05 κ1 κ2
(0.008642)

−0.07243
−1.33E−05 κ1
−9.79E−06 κ2
−7.88E−05 κ3
+1.759E−05 κ1

2

+5.01E−06 κ2
2

+2.097E−05 κ1 κ2
(0.06523)

SNL
46 (N m2) −5.368E−05 κ2

(0.0)
−7.88E−05 κ2
(0.0)

−7.88E−05 κ2
(0.0)

SNL
55 (N m2) 0.1118

−8.61E−06 κ1
+1.93E−06 κ2
+9.50E−06 κ1

2

+6.616E−06 κ2
2

−0.0001845 κ3
2

+9.57E−06 κ1 κ2
(0.1046)

0.01392
−2.45E−06 κ1
+5.01E−07 κ2
+5.24E−06 κ1

2

+3.443E−06 κ2
2

−0.0005417 κ3
2

+5.01E−06 κ1 κ2
(0.01365)

0.1114
−9.79E−06 κ1
+2.00E−06 κ2
+1.048E−05 κ1

2

+6.885E−06 κ2
2

−0.0002708 κ3
2

+1.00E−05 κ1 κ2
(0.1065)

SNL
56 (N m2) −5.368E−05 κ1

−0.0003689 κ2 κ3
(0.0)

−7.88E−05 κ1
−0.001083 κ2 κ3
(0.0)

−7.88E−05 κ1
−0.0005417 κ2 κ3
(0.0)

SNL
66 (N m2) 4.8878

−0.0001845 κ2
2

(4.8417)

2.9530
−0.0005417 κ2

2

(2.9485)

5.9059
−0.0002708 κ2

2

(5.8613)
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Table 7 Stiffness coefficients of all three bars in the mechanism using quasi-isotropic type-1
laminates

Stiffness Present work

Bar-1 Bar-2 Bar-3

SNL
11 (106 N) 0.7468

(0.7422)
0.3761
(0.3744)

0.7521
(0.7491)

SNL
14 (N m) −6.5196

+8.9615 κ1
(−5.9543)

−1.6415
+4.5127 κ1
(−1.6043)

−6.5661
+9.0254 κ1
(−6.1160)

SNL
15 (N m) 0

(−0.04307)
0
(−0.004245)

0
(−0.03996)

SNL
16 (N m) 0

(0.0)
0
(0.0)

0
(0.0)

SNL
44 (N m2) 0.1295

+8.9615 γ11
−0.0004279 κ1
+1.479E−05 κ2
+0.0002903 κ1

2

+1.916E−05 κ2
2

−1.875E−05 κ1 κ2
(0.1102)

0.01396
+4.5127 γ11
−0.0001106 κ1
+9.381E−06 κ2
+0.0001462 κ1

2

+1.420E−05 κ2
2

−2.889E−05 κ1 κ2
(0.01317)

0.1332
+9.0254 γ11
−0.0004308 κ1
+1.409E−05 κ2
+0.0002924 κ1

2

+1.777E−05 κ2
2

−1.814E−05 κ1 κ2
(0.1172)

SNL
45 (N m2) −0.005797

+1.479E−05 κ1
−2.883E−05 κ2
−0.0002277 κ3
−9.373E−06 κ1

2

−4.08E−06 κ2
2

+3.832E−05 κ1 κ2
(−0.004911)

−0.001092
+9.381E−06 κ1
−1.034E−05 κ2
−0.0003654 κ3
−1.444E−05 κ1

2

−8.051E−06 κ2
2

+2.840E−05 κ1 κ2
(−0.001036)

−0.005928
+1.409E−05 κ1
−2.668E−05 κ2
−0.0002302 κ3
−9.071E−06 κ1

2

−3.637E−06 κ2
2

+3.554E−05 κ1 κ2
(−0.005234)

SNL
46 (N m2) −0.0002277 κ2

(0.0)
−0.0003654 κ2
(0.0)

−0.0002302 κ2
(0.0)

SNL
55 (N m2) 0.1185

−2.883E−05 κ1
+7.115E−06 κ2
+1.916E−05 κ1

2

+2.445E−05 κ2
2

−0.0007826 κ3
2

−8.16E−06 κ1 κ2
(0.1181)

0.01865
−1.035E−05 κ1
+2.938E−06 κ2
+1.42E−05 κ1

2

+2.019E−05 κ2
2

−0.002512 κ3
2

−1.61E−05 κ1 κ2
(0.01864)

0.1185
−2.668E−05 κ1
+6.08E−06 κ2
+1.777E−05 κ1

2

+2.089E−05 κ2
2

−0.000791 κ3
2

−7.27E−06 κ1 κ2
(0.1183)

SNL
56 (N m2) −0.0002277 κ1

−0.001565 κ2 κ3
(0.0)

−0.0003654 κ1
−0.005023 κ2 κ3
(0.0)

−0.0002302 κ1
−0.001582 κ2 κ3
(0.0)

SNL
66 (N m2) 8.9614

−0.0007826 κ2
2

(8.8022)

4.5126
−0.002512 κ2

2

(4.4541)

9.0253
−0.000791 κ2

2

(8.9204)
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Table 8 Stiffness coefficients of all three bars in the mechanism using quasi-isotropic type-2
laminates

Stiffness Present work

Bar-1 Bar-2 Bar-3

SNL
11 (106 N) 0.7468

(0.7434)
0.3761
(0.3748)

0.7521
(0.7498)

SNL
14 (N m) −6.5196

+8.9615 κ1
(−6.0195)

−1.6415
+4.5127 κ1
(−1.6101)

−6.5661
+9.0254 κ1
(−6.1609)

SNL
15 (N m) 0

(−0.0123)
0
(−0.001543)

0
(−0.01768)

SNL
16 (N m) 0

(0.0)
0
(0.0)

0
(0.0)

SNL
44 (N m2) 0.1120

+8.9615 γ11
−0.0004307 κ1
+1.839E−05 κ2
+0.0002903 κ1

2

+1.514E−05 κ2
2

−2.823E−05 κ1 κ2
(0.09645)

0.01086
+4.5127 γ11
−0.0002175 κ1
+9.773E−06 κ2
+0.0001462 κ1

2

+1.005E−05 κ2
2

−3.262E−05 κ1 κ2
(0.01033)

0.1169
+9.0254 γ11
−0.0004335 κ1
+1.773E−05 κ2
+0.0002924 κ1

2

+1.412E−05 κ2
2

−2.750E−05 κ1 κ2
(0.1036)

SNL
45 (N m2) −0.01205

+1.839E−05 κ1
−2.236E−05 κ2
−0.0001959 κ3
−1.411E−05 κ1

2

−4.636E−06 κ2
2

+3.0285E−05 κ1 κ2
(−0.01053)

−0.002443
+9.773E−06 κ1
−6.441E−06 κ2
−0.0002753 κ3
−1.631E−05 κ1

2

−5.552E−06 κ2
2

+2.0181E−05 κ1 κ2
(−0.00232)

−0.01204
+1.773E−05 κ1
−2.079E−05 κ2
−0.0001993 κ3
−1.375E−05 κ1

2

−4.181E−06 κ2
2

+2.825E−05 κ1 κ2
(−0.0108)

SNL
46 (N m2) −0.0001959 κ2

(0.0)
−0.0002753 κ2
(0.0)

−0.000199 κ2
(0.0)

SNL
55 (N m2) 0.1190

−2.236E−05 κ1
+4.052E−06 κ2
+1.514E−05 κ1

2

+1.392E−05 κ2
2

−0.0006732 κ3
2

−9.273E−06 κ1 κ2
(0.1186)

0.01887
−6.441E−06 κ1
+1.096E−06 κ2
+1.009E−05 κ1

2

+7.53E−06 κ2
2

−0.001892 κ3
2

−1.11E−05 κ1 κ2
(0.01884)

0.1184
−2.079E−05 κ1
+3.496E−06 κ2
+1.412E−05 κ1

2

+1.20E−05 κ2
2

−0.000685 κ3
2

−8.36E−06 κ1 κ2
(0.1181)

SNL
56 (N m2) −0.0001959 κ1

−0.001346 κ2 κ3
(0.0)

−0.0002753 κ1
−0.003784 κ2 κ3
(0.0)

−0.000199 κ1
−0.00137 κ2 κ3
(0.0)

SNL
66 (N m2) 8.9614

−0.0006732 κ2
2

(8.8426)

4.5127
−0.001892 κ2

2

(4.4668)

9.0253
−0.000685 κ2

2

(8.943)
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Table 9 Stiffness coefficients of all three bars in the mechanism using cross-ply laminates

Stiffness Present work

Bar-1 Bar-2 Bar-3

SNL
11 (106 N) 1.0528

(1.0525)
0.5163
(0.5163)

1.0327
(1.0326)

SNL
14 (N m) −9.1909

+12.63333 κ1
(−8.9357)

−2.2539
+6.1962 κ1
(−2.2375)

−9.0157
+12.3925 κ1
(−8.7672)

SNL
15 (N m) 0

(−0.06389)
0
(−0.004178)

0
(−0.0579)

SNL
16 (N m) 0

(0.0)
0
(0.0)

0
(0.0)

SNL
44 (N m2) 0.02917

+12.6333 γ11
−0.0005955 κ1
+7.52E−07 κ2
+0.000409 κ1

2

+2.928E−06 κ2
2

+1.9E−07 κ1 κ2
(0.02727)

0.0049
+6.1962 γ11
−0.0002921 κ1
+2.03E−07 κ2
+0.000201 κ1

2

+1.506E−06 κ2
2

+8.57E−08 κ1 κ2
(0.004773)

0.03919
+12.3925 γ11
−0.0005842 κ1
+6.38E−07 κ2
+0.0004015 κ1

2

+2.518E−06 κ2
2

+1.81E−07 κ1 κ2
(0.03682)

SNL
45 (N m2) −4.77E−06

+7.52E−07 κ1
−4.297E−06 κ2
−0.0003 κ3
+9.5E−08 κ1

2

+4.6E−09 κ2
2

+5.856E−06 κ1 κ2
(−0.34E−06)

−3.56E−07
+2.03E−07 κ1
−1.14E−06 κ2
−0.00036 κ3
+4.3E−08 κ1

2

+2.3E−09 κ2
2

+3.106E−06 κ1 κ2
(−0.56E−07)

−2.32E−06
+6.38E−07 κ1
−3.70E−06 κ2
−0.00029 κ3
+9.0E−08 κ1

2

+3.9E−09 κ2
2

+5.035E−06 κ1 κ2
(−0.206E−06)

SNL
46 (N m2) −0.0003 κ2

(0.0)
−0.00036 κ2
(0.0)

−0.000294 κ2
(0.0)

SNL
55 (N m2) 0.1468

−4.30E−06 κ1
+1.3E−07 κ2
+2.93E−06 κ1

2

+4.32E−07 κ2
2

−0.001032 κ3
2

−9.3E−09 κ1 κ2
(0.1468)

0.0204
−1.14E−06 κ1
+3.6E−08 κ2
+1.55E−06 κ1

2

+2.48E−07 κ2
2

−0.002491 κ3
2

−4.5E−09 κ1 κ2
(0.02042)

0.1437
−3.70E−06 κ1
+9.5E−08 κ2
+2.518E−06 κ1

2

+3.26E−07 κ2
2

−0.0010095 κ3
2

−7.7E−09 κ1 κ2
(0.1436)

SNL
56 (N m2) −0.0003 κ1

−0.002064 κ2 κ3
(0.0)

−0.00036 κ1
−0.004982 κ2 κ3
(0.0)

−0.0002938 κ1
−0.002019 κ2 κ3
(0.0)

SNL
66 (N m2) 12.633

−0.001032 κ2
2

(12.6286)

6.1962
−0.002491 κ2

2

(6.1956)

12.3924
−0.0010095 κ2

2

(12.389)
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Figure 7 shows the noticeable snap-shots of the deformation shapes of the four-
bar mechanism problem about 1000 frames in 1.0 s for three complete rotations
of beam-1 about point A. It was observed that beam-1 makes a full rotation about
point A and beam-3 oscillates back and forth, never completing an entire turn. Only
beam-2 undergoes large deformations and large rotations. Noticeable deformations
of beam-2 start at about t = 0.098 s for the first rotation. The maximum deformation

Fig. 7 Snap-shots of the deformation shapes of the four-bar mechanism about 1000 frames in 1.0 s
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of beam-2 occurred about t = 0.243 s in the first rotation. Figure 8 shows the snap-
shots of the deformation shapes of the four-bar mechanism problem for one complete
rotation of beam-1 sampled in steps of 40° about point A.

The component-laminate strength properties are given inTable 10 and these values
are used to evaluate the component-laminate load-carrying capacity in the present
four-bar mechanism problem. The point-wise reserve factor of component-laminates

Fig. 8 Snap-shots of the deformation shapes of the four-bar mechanism for one complete rotation
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Table 10 T300/954-3 and T300/5208 carbon/epoxy ply strengths

Material Strength parameters (MPa)

σT1 σC1 σT2 σC2 σS6
+ = σS6

−

T300/954-3 1314 1220 43 168 48

T300/5208 1500 1500 40 246 68

Table 11 Reserve factors (R) of component-laminates of the present four-bar mechanism

Point Fr R (clock) R (anti-clock) Mr R (clock) R (anti-clock)

A
(AB)

38.03 N (1.51 s) 85.24 −44.28 0.47 N m (0.005 s) 14.86 −8.89

B
(AB)

38.08 N (1.51 s) 771.22 −1474.13 0.03 N m
(0.0005 s)

224.42 −325.04

B
(BC)

38.08 N (1.51 s) 400.24 −215.62 0.1005 N m
(0.00056 s)

35.06 −14.46

C
(BC)

38.29 N (1.51 s) 63.44 −36.57 0.083 N m
(0.0038 s)

28.89 −51.15

C
(CD)

38.16 N (1.51 s) 172.81 −211.8 0.041 N m (1.49 s) 150.39 −188.9

D
(CD)

38.21 N (1.51 s) 124.65 −146.43 0.122 N m
(0.0002 s)

63.29 −51.02

As the four-bar mechanism is rotating about the joint ‘A’, the mechanism as a whole fails due
to maximum resultant moment, Mr = 0.47 Nm by considering the least reserve factor and the
corresponding resultant force, Fr = 38.03 N

in the present four-bar mechanism are given in Table 11. The above mentioned
complete analysis is depicted as a flow-chart in Fig. 9.

The Procedure
The following is the step-wise procedure used to predict the first-ply-failure and the
failure of present mechanism as a whole.

1.
[
F M

]T = The stress resultants obtained from 1-D global beam(s) analysis as
distributions w.r.t. time and all three beam reference curves coordinates.

2. Find Frmax and Mrmax (available @ different times).

3. Input
[
F M

]T
twice (for Frmax and Mrmax ) to cross-sectional analysis software

based on current work by keeping Recovery Flag = True to obtain recovered
3-D strain and hence stress results.

4. Determine stresses in the principalmaterial directions using the above recovered
3-D stresses by applying the following stress transformation relations:

⎧
⎨

⎩

σ
(n)
L

σ
(n)
T

σ
(n)
LT

⎫
⎬

⎭
=
⎡

⎣
cos2 α(n) sin2 α(n) sin 2α(n)

sin2 α(n) cos2 α(n) − sin 2α(n)

− sin α(n) cosα(n) sin α(n) cosα(n) cos 2α(n)

⎤

⎦

⎧
⎨

⎩

σ11

σ22

σ12

⎫
⎬

⎭
(33)
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Fig. 9 Flow-chart for finding the failure stress level in laminates of four-bar mechanisms

⎧
⎨

⎩

σ
(n)
LT ′

σ
(n)
T T ′

σ
(n)
T ′

⎫
⎬

⎭
=
⎡

⎣
cosα(n) sin α(n) 0

− sin α(n) cosα(n) 0
0 0 1

⎤

⎦

⎧
⎨

⎩

σ13

σ23

σ33

⎫
⎬

⎭
(34)

Here α(n) denotes the ply-angle of nth ply.
5. Determine strains in the principal material directions are determined using the

above recovered 3-D strains by applying the following strain transformation
relations:

⎧
⎨

⎩

ε
(n)
L

ε
(n)
T

ε
(n)
LT

⎫
⎬

⎭
=
⎡

⎣
cos2 α(n) sin2 α(n) sin 2α(n)

sin2 α(n) cos2 α(n) − sin 2α(n)

− sin α(n) cosα(n) sin α(n) cosα(n) cos 2α(n)

⎤

⎦

⎧
⎨

⎩

ε11

ε22

ε12

⎫
⎬

⎭
(35)

⎧
⎨

⎩

ε
(n)
LT ′

ε
(n)
T T ′

ε
(n)
T ′

⎫
⎬

⎭
=
⎡

⎣
cosα(n) sin α(n) 0

− sin α(n) cosα(n) 0
0 0 1

⎤

⎦

⎧
⎨

⎩

ε13

ε23

ε33

⎫
⎬

⎭
(36)

Here α(n) denotes the ply-angle of nth ply.
6. Calculate reserve factor (R) in each ply by applying Tsai-Wu-Hahn 3-D failure

criterion using above calculated stresses in the principal material directions i.e.

[
σ

(n)
L σ

(n)
T σ

(n)
LT σ

(n)
LT ′ σ

(n)
T T ′ σ

(n)
T ′

]T
.



186 H. Pollayi and D. Harursampath

7. Then RLaminate = min . of {R1, R2, R3, . . . , Rn} for each of the three bars in
the mechanism.

Figure 10 shows the strain distribution through-the-laminate-thickness at A of
bar-1 (AB) for maximum resultant force, Fr = 38.03 N which occurs at t = 1.51 s.
Figure 11 shows the stress distribution through-the-laminate-thickness at A of bar-1
(AB) for maximum resultant force, Fr = 38.03 N which occurs at t = 1.51 s.
The distributions are significantly affected by cross-sectional non-linearity. Here it
can be observed that the layer orientation influences the stress distribution of the
component-laminate and it is also very important to determine the location of highly
stressed regions in the component-laminate and the stress values in all the layers of
the system. Stresses σL and σLT reach their maximum values at the bottom of the
laminate of bar-1 (AB) whereas stress σT is maximum at 0.4 mm from the bottom
of the same laminate. The highest stress, as expected, is σL due to bending in this
laminate. Figure 12 shows the reserve factor, R, in each ply at A of the laminate AB
for the applied clockwise constant angular velocity, � = π rad

s . In this case, ply-1 of
bar-1 is predicted to fail first for maximum Fr and its R = +85.24. For maximum Fr

and with reversal of the applied constant angular velocity, ply-3 of bar-1 is predicted
to fail first and its R = −44.28 as observed from Fig. 13.

Figure 14 shows the strain distribution through-the-laminate-thickness at A of
bar-1 (AB) for the case of maximum resultant moment, Mr = 0.47 Nm occurring
at t = 0.005 s. Figure 15 shows the corresponding stress distribution through-
the-laminate-thickness at A of bar-1 (AB). In this case also, the stress and strain
distributions are significantly affected by cross-sectional nonlinearities. Stresses σL

and σLT reach their maximum values at the bottom of the laminate of bar-1 (AB)
whereas stress σT is maximum at 0.4 mm from the bottom of the laminate. The
highest stress, as expected, is σL due to bending in this laminate. Figure 16 shows

Fig. 10 Strain distribution through-the-laminate-thickness (@A of AB) for max. resultant force,
Fr = 38.03 N @ t = 1.51 s
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Fig. 11 Stress distribution through-the-laminate-thickness (@A of AB) for max. resultant force,
Fr = 38.03 N @ t = 1.51 s

Fig. 12 Reserve factor (R) in each ply (RLaminate = +85.24)
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Fig. 13 Reserve factor (R) in each ply (RLaminate = −44.28)

Fig. 14 Strain distribution through-the-laminate-thickness (@AofAB) formax. resultant moment,
Mr = 0.47 N m @ t = 0.005 s



Evaluation of Strength of Laminates in Four-Bar Mechanism Using … 189

Fig. 15 Stress distribution through-the-laminate-thickness (@AofAB) formax. resultant moment,
Mr = 0.47 N m @ t = 0.005 s

Fig. 16 Reserve factor (R) in each ply (RLaminate = +14.86)
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the reserve factor, R, in each ply at A of the laminate AB for the applied clockwise
constant angular velocity, � = π rad

s . In this case also, ply-1 of bar-1 is predicted
to fail first for maximum Mr and its R = +14.86. For maximum Mr and with the
reversal of the applied constant angular velocity, ply-3 of bar-1 is predicted to fail
first and its R = −8.89 as observed from Fig. 17.

Similarly, Figs. 18 and 19 show the strain and stress distributions, respectively,
through-the-laminate-thickness at B of bar-1 (AB) for maximum resultant force,
Fr = 38.08 N occurs at t = 1.51 s. Figures 20 and 21 show the reserve factor, R, in
each ply at B of the laminate AB for the applied clockwise and with the reversal of the
applied constant angular velocity, � = π rad

s , respectively. Figures 22 and 23 show
the strain and stress distributions, respectively, through-the-laminate-thickness at B
of bar-1 (AB) formaximum resultantmoment,Mr = 0.03 Nmoccurs at t = 0.005 s.
Figures 24 and 25 show the reserve factor, R, in each ply at B of the laminate AB for
the applied clockwise and with the reversal of the applied constant angular velocity,
� = π rad

s , respectively.
For bar-2 (BC) at B, the strain and stress distributions through-the-laminate-

thickness formaximum resultant force, Fr = 38.08 N occurs at t = 1.51 s are shown
in Figs. 26 and 27, respectively. At the same B, the reserve factor, R, in each ply of the
laminate BC for the applied clockwise and with the reversal of the applied constant
angular velocity are shown in Figs. 28 and 29, respectively. At the same point, B,
for maximum resultant moment, Mr = 0.1005 Nm occurs at, t = 0.00056 s the

Fig. 17 Reserve factor (R) in each ply (RLaminate = −8.89)
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Fig. 18 Strain distribution through-the-laminate-thickness (@B of AB) for max. resultant force,
Fr = 38.08 N @ t = 1.51 s

Fig. 19 Stress distribution through-the-laminate-thickness (@B of AB) for max. resultant force,
Fr = 38.08 N @ t = 1.51 s
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Fig. 20 Reserve factor (R) in each ply (RLaminate = +771.22)

Fig. 21 Reserve factor (R) in each ply (RLaminate = −1474.13)

strain and stress distributions are shown in Figs. 30 and 31, respectively. The Reserve
Factor, R, in each ply at B of the laminate BC for the applied clockwise and with
the reversal of the applied constant angular velocity are shown in Figs. 32 and 33,
respectively.
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Fig. 22 Strain distribution through-the-laminate-thickness (@B of AB) for max. resultant moment,
Mr = 0.03 N m @ t = 0.0005 s

Fig. 23 Stress distribution through-the-laminate-thickness (@B of AB) for max. resultant moment,
Mr = 0.03 N m @ t = 0.0005 s
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Fig. 24 Reserve factor (R) in each ply (RLaminate = +224.42)

Fig. 25 Reserve factor (R) in each ply (RLaminate = −325.04)

Figures 34, 35, 36 and 37 shows the strain distribution, stress distribution, the
reserve factor, R, in each ply for the applied clockwise and with the reversal of the
applied constant angular velocity, respectively, at C of bar-2 (BC) for maximum
resultant force, Fr = 38.29 N occurs at t = 1.51 s. Figures 38, 39, 40 and 41 shows



Evaluation of Strength of Laminates in Four-Bar Mechanism Using … 195

Fig. 26 Strain distribution through-the-laminate-thickness (@B of BC) for max. resultant force,
Fr = 38.08 N @ t = 1.51 s

Fig. 27 Stress distribution through-the-laminate-thickness (@B of BC) for max. resultant force,
Fr = 38.08 N @ t = 1.51 s
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Fig. 28 Reserve factor (R) in each ply (RLaminate = +400.24)

Fig. 29 Reserve factor (R) in each ply (RLaminate = −215.62)

the corresponding strain and stress distributions, reserve factors,R, atC of bar-2 (BC)
for maximum resultant moment, Mr = 0.083 Nm occurs at t = 0.0038 s. At C of
bar-3 (CD), for maximum resultant force, Fr = 38.16 N occurs at t = 1.51 s and for
maximum resultant moment, Mr = 0.041 Nm occurs at, t = 1.49 s the strain-stress
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Fig. 30 Strain distribution through-the-laminate-thickness (@B of BC) for max. resultant moment,
Mr = 0.1005 N m @ t = 0.00056 s

Fig. 31 Stress distribution through-the-laminate-thickness (@B of BC) for max. resultant moment,
Mr = 0.1005 N m @ t = 0.00056 s
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Fig. 32 Reserve factor (R) in each ply (RLaminate = +35.06)

Fig. 33 Reserve factor (R) in each ply (RLaminate = −14.46)

distributions and the reserve factors, R, in each ply are shown in Figs. 42, 43, 44, 45,
46, 47, 48 and 49. At D of bar-3 (CD), for maximum resultant force, Fr = 38.21 N
occurs at t = 1.51 s and for maximum resultant moment, Mr = 0.122 Nm occurs
at, t = 0.0002 s the strain-stress distributions and the reserve factors, R, in each ply
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Fig. 34 Strain distribution through-the-laminate-thickness (@C of BC) for max. resultant force,
Fr = 38.29 N @ t = 1.51 s

Fig. 35 Stress distribution through-the-laminate-thickness (@C of BC) for max. resultant force,
Fr = 38.29 N @ t = 1.51 s
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Fig. 36 Reserve factor (R) in each ply (RLaminate = +63.44)

Fig. 37 Reserve factor (R) in each ply (RLaminate = −36.57)
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Fig. 38 Strain distribution through-the-laminate-thickness (@C of BC) for max. resultant moment,
Mr = 0.083 N m @ t = 0.0038 s

Fig. 39 Stress distribution through-the-laminate-thickness (@C of BC) for max. resultant moment,
Mr = 0.083 N m @ t = 0.0038 s
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Fig. 40 Reserve factor (R) in each ply (RLaminate = +28.89)

Fig. 41 Reserve factor (R) in each ply (RLaminate = −51.15)
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Fig. 42 Strain distribution through-the-laminate-thickness (@C of CD) for max. resultant force,
Fr = 38.16 N @ t = 1.51 s

Fig. 43 Stress distribution through-the-laminate-thickness (@C of CD) for max. resultant force,
Fr = 38.16 N @ t = 1.51 s
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Fig. 44 Reserve factor (R) in each ply (RLaminate = +172.81)

Fig. 45 Reserve factor (R) in each ply (RLaminate = −211.8)
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Fig. 46 Strain distribution through-the-laminate-thickness (@C of CD) for max. resultant moment,
Mr = 0.041 N m @ t = 1.49 s

Fig. 47 Stress distribution through-the-laminate-thickness (@C of CD) for max. resultant moment,
Mr = 0.041 N m @ t = 1.49 s
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Fig. 48 Reserve factor (R) in each ply (RLaminate = +150.39)

Fig. 49 Reserve factor (R) in each ply (RLaminate = −188.9)
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are shown in Figs. 50, 51, 52, 53, 54, 55, 56 and 57. Fr and Mr are evaluated at the
joints and along the reference curves of all the component-laminates and tabulated
in the Table 11. It is observed that the mechanism as a whole fails due to maximum
resultant moment, Mr = 0.47 Nm which occurs at t = 0.005 s.

Fig. 50 Strain distribution through-the-laminate-thickness (@D of CD) for max. resultant force,
Fr = 38.21 N @ t = 1.51 s

Fig. 51 Stress distribution through-the-laminate-thickness (@D of CD) for max. resultant force,
Fr = 38.21 N @ t = 1.51 s
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Fig. 52 Reserve factor (R) in each ply (RLaminate = +124.65)

Fig. 53 Reserve factor (R) in each ply (RLaminate = −146.43)
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Fig. 54 Strain distribution through-the-laminate-thickness (@Dof CD) formax. resultant moment,
Mr = 0.122 N m @ t = 0.0002 s

Fig. 55 Stress distribution through-the-laminate-thickness (@Dof CD) formax. resultant moment,
Mr = 0.122 N m @ t = 0.0002 s
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Fig. 56 Reserve factor (R) in each ply (RLaminate = +63.29)

Fig. 57 Reserve factor (R) in each ply (RLaminate = −51.02)
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5 Conclusions

In this Chapter, the component-laminate load-carrying capacity is evaluated using
the Tsai-Wu-Hahn failure criterion for various layups of the three bars in the four-
bar mechanism. The reserve factor, R of each ply in the component-laminate is
calculated by using the maximum resultant force, Fmax

r , and the maximum resultant
moment, Mmax

r occurring at different time steps along the reference curves of all
the component-bars and at the joints of the mechanism. The non-linear through-the-
thickness stress and strain distributions are reported at different points. This illustrates
the failure of each component-laminate and the mechanism as a whole. The Tsai-
Wu-Hahn failure criterion is used to predict both the first-ply-failure and the failure
of the mechanism as a whole. Also, it is observed that the layer orientation influences
the stress distribution in the component-laminates and it is also very important to
determine the location of highly stressed regions in the component-laminate amongst
all the layers of each component of the system.
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