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ABSTRACT

Packaging is a process to wrap goods or products to protect them during transportation

and save costs. Transport packages are required to be strong and lightweight in order to be

cost effective. Corrugated cardboard is therefore used as it has all these above mentioned

features along with it being recyclable.

However, using corrugated cardboard boxes has its own flaws when packing heavy items

and storing them due to their low endurance to mechanical stresses. This paper presents

an alternative option to corrugated cardboard boxes. Unidirectional flax fabric and bio

based epoxy is used to fabricate flax fiber reinforced polymer(FRP) skin which replaced

the cardboard skin in corrugated cardboard boxes thus creating a composite sandwich with

flax fiber reinforced skin and corrugated cardboard core. Two flute varieties of corrugated

cardboard viz. B and C flutes with bulk densities 170 and 127 kg

m3 were used for the core. The

complex shaped core is represented by an orthotropic homogenous layer to perform efficient

finite element analysis. The orthotropic homogenous layer is validated to have equivalent

material properties as that of the corrugated cardboard. As cardboard boxes mainly undergo

compressive stress due to stacking one on top of the other, two important tests are carried out

to verify the quality of the boxes. These tests are performed using Finite Element Analysis

in ANSYS software. Edgewise crush test is carried out to measure the in plane compression

stress and Flat crush test is performed to measure the out of plane compression stress.

Comparative study between corrugated cardboard boxes and the corrugated cardboard core

sandwich boxes with flax fiber reinforced polymer skins via the load vs deformation plot is

done to conclude whether the latter is an alternative option in the transportation industry.

Further investigation is done by performing a four point bending test using Finite Element

Analysis in ANSYS to understand the flexural deflection for both specimens to provide a

better conclusion. Four point bending test is also performed on a specific specimen with

dimensions to justify the response of the finite element model with respect to the actual

response of the specimen via experimental analysis performed on the specimen.

Keywords: FEM, finite element analysis, corrugated, composite, bio based, Flax, Edge

Crush test, Flat crush test, orthotropic, strength, stiffness
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1. INTRODUCTION

1.1 Background

Corrugated cardboard boxes are used for packaging goods and storing them in ware-

houses or transporting them from one destination to another. The most important loading

case for storage of these boxes is compressive loading due to the boxes being stacked one

upon the other.[ 1 ] The other loading case is impact of forklifts during transportation of boxes

which lead to indentation in cardboard material causing failure. Compressive loading leads

to local buckling due to boxes stacked above them.

Due to wide use of corrugated cardboard boxes in the packaging industry, there is a need

of introducing green materials with higher stiffness to avoid failures like local buckling or

indentation within the range of compressive loading applied. In order to conclude the ma-

terial to be introduced, finite element analysis is performed on corrugated cardboard boxes

as well as corrugated cardboard core sandwich with flax FRP skins to compare the strength

and stiffness in both materials. The Finite Element Analysis performed is justified if there

is at least one actual response of the specimen in agreement to the virtual response of the

model.

1.2 Aim & Scope of Thesis

The aim of this thesis is to conclude flax FRP skins with corrugated cardboard core as

an alternative solution to corrugated cardboard boxes in the packaging industry. Two types

of standard corrugated cardboard flutes are modelled viz. B and C flutes. The corrugated

cardboard is made of three different parts, two being the liners and the middle part being

the core placed between the liners. The liners are made of cardboard in standard cardboard

boxes and the core is made of corrugated cardboard. As an alternative solution, the liners

are replaced by flax fiber reinforced skins bound together with a bio based epoxy sad18. The

corrugated cardboard geometry is complex as it would require a high number of elements

and more computational time during the simulation. In order to simplify the process, the

complex geometry is represented by a homogeneous orthotropic plate with equivalent mate-

15



rial properties calculated via an analytical method. 7, [ 2 ]–[ 4 ] As the most important loading

case for the boxes are compressive stresses, two major test are carried out on both specimens

for both flute varieties. Edgewise crush test measures the in plane compressive strength and

flat crush test measures the out of plane compressive strength of both specimens. Com-

parative study is carried out to conclude the whether the corrugated core sandwich with

flax FRP skins as an alternative solution via the load vs displacement plots for both tests

using finite element analysis in Ansys. Finite Element Analysis performed is justified if there

is at least an actual response of the specimen in agreement to the virtual response of the

model. Therefore, a four point bending analysis is performed on the specimen to validate

the experimental analysis in reference (3) Corrugated Cardboard Core Sandwich Beams with

Bio-based Flax Fiber Composite Skins.

1.3 Formulation of the Problem

Introducing an alternative solution to corrugated cardboard requires a comparative study

of both specimens viz. corrugated cardboard and corrugated cardboard core sandwich with

Flax FRP skins. The comparative study involves comparison between strength and stiffness

of both specimens with the help of load vs displacement plot obtained from the edgewise crush

test and flat crust test which replicate the most important loading case of the corrugated

boxes.

1.4 Procedure of Solving the Problem

Computer Aided Design modelling software SOLIDWORKS and Finite Element Analysis

software Ansys are used in the process of modelling and simulating the various tests to

conclude the results for the thesis. Step by Step procedure of the work done is mentioned

below. enumitem

• Create a detailed model of B and C flute in Computer Aided Design software SOLID-

WORKS

16



• Calculate the equivalent orthotropic material properties for a homogenized model of

the complex corrugated geometry for both specimens.

• Validate the equivalent material properties of the homogenized model by performing

Finite Element Analysis in Ansys for both specimens by measuring the displacement.

• Perform Edgewise crush test on both specimens for both flutes to plot load vs dis-

placement graph.

• Compare the load vs displacement graph for both specimens for both flutes.

• Perform Flat crush test on both specimens for both flutes to plot load vs displacement

graph.

• Compare the load vs displacement graph for both specimens for both flutes.

• Perform four point bending test on both specimens for both flutes to understand the

flexural stiffness.

• Perform four point bending test with similar dimensions of the specimen mentioned

in reference paper 3 to justify the virtual response of the model to the actual response

obtained from the experimental analysis mentioned in the paper.

• Derive a conclusion about using Corrugated cardboard core sandwich boxes with Flax

FRP skins as an alternative solution to the transportation industry.

17



2. CORRUGATED CARDBOARD

2.1 History

Wooden crates were used earlier as a mean for moving materials before the cardboard

box was even invented. In 1856, corrugated paper was used as a liner in hats. It was

not until 1871 that corrugated cardboard boxes were used for shipping and handling. The

improvement of the machines made it possible to produce the corrugated board of higher

quality. In 1920’s boxes made of corrugated board started to compete with the ones made

of wood. [ 1 ], [  5 ]

2.2 Manufacturing

Corrugated cardboard layers are assembled by gluing together cardboard paper and card-

board core. The cardboard paper are called liners and the corrugated cardboard placed in

between the liners is called the core.

The manufacturing process of corrugated cardboard can be done in two different ways.

One of the ways is called the wet part where the fluting is corrugated between two rolls and

then glued on the liner. The other process is termed as the dry part where heat is applied

to dry the corrugated board and push it on to the liner. [ 1 ]

Figure 2.1. Different types of corrugated cardboard
a) Single face

18



Figure 2.2. Different types of corrugated cardboard
b) Single wall

Figure 2.3. Different types of corrugated cardboard
c) Double wall

A problem in manufacturing of corrugated cardboard is the moisture content. If the

moisture content is out of balance, it results in deformation in terms of buckling. This

phenomena caused is called warp or washboard.

19



Figure 2.4. Different types of corrugated cardboard
d) Triple wall

Cardboard is an orthotropic material ,therefore, it has different materials properties in

different planes. The different planes are determined as follows.

There are different types of flute profiles as well used for different applications.

20



Figure 2.5. Manufacturing of single wall of corrugated cardboard [ 1 ]

Figure 2.6. Orthotropic properties of corrugated cardboard defining fiber
direction And flute direction [ 6 ]

2.3 Applications

Corrugated cardboard boxes are used mainly for packaging. Advantage of using corru-

gated cardboard is that it can be customized for different purposes. The low weight helps

in saving money during transportation. The strength to weight ratio is high which provides

required protection to the goods it carries. The application of corrugation varies depending

on the type flute. Higher value of thickness provides more cushioning to the goods thus using

such flutes for delicate goods whereas lower value of thickness is great for retail and mailing

purposes. Corrugated cardboard is easy to handle, print as well as recycle. However, corru-
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Table 2.1. Different types of flute and its applications [ 6 ]
Flute
Profile

Number of
Flutes/foot

Thickness
(mm) Application

A 33 4.0 Cushioning for
fragile products

B 47 3.2 Canned goods,
beverage trays

C 39 4.0 Shipping cases,
furniture

E 90 1.6 Small retail
packaging

F 125 0.8 Small retail
packaging

gated cardboard has its own disadvantages. Corrugated cardboard undergoes compressive

loading as its most important loading during stacking boxes in warehouses. This results in

compressive loading of boxes by the boxes stacked right on top. The flaw in such boxes is

that it undergoes local buckling or deformation due to its application.
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3. THEORY

This chapter describes the theory of methodology being used in the further chapter. It will

give you a basic understanding of each concept based on which the further analysis is carried

out.

3.1 Corrugated Cardboard

Two types of corrugated cardboard flute types are considered in this thesis. B flute is one

of the types of flutes used for supporting heavier items. C flute is commonly used for shipping

and provides better cushioning than B flute. These flutes are taken into consideration as

they involve the application of transporting heavier items thus resulting in more compressive

load when stacked one upon the other.

Figure 3.1. Single wall flutes [ 7 ]

The corrugated cardboard consists of two different parts put together. There are two

facings called as the liners and there is a corrugated core placed between these liners called

as the fluting or the flute. The purpose of the corrugated core is to provide stability to the

facings by resisting shear stresses. The corrugated core has high stiffness and strength due to

its geometry. It provides sufficient rigidity to forces perpendicular to it thus cushioning the

products placed inside the box. The liners are placed on either ends of the core to provide

resistance to the compressive stresses along the axis. When the liner and core are placed

individually they have no stability or rigidity at all. However, When they are placed together
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they form a high strength to weight ratio material which can resist both compressive stresses

as well as shear stresses to fulfill the objective of cushioning the products it holds. [ 1 ].

3.2 Composite Sandwich Structure

Composite sandwich structures with Flax fiber reinforced polymer skins used as the liner

and corrugated cardboard as the core is proposed as an alternative solution to cardboard

boxes. Flax fiber reinforced polymer skins are light in weight and provide an increase in

strength and stiffness as compared to just cardboard skins. Fiber reinforced skins are ex-

pected to provide resistance to compressive stresses along the axis as well as flexural stress.

The corrugated cardboard core is still expected to resist shear stresses [ 1 ], [  8 ]–[ 10 ].

Fiber reinforced polymer composites are mainly made of synthetic fibers such as grass

or carbon fibers. These fiber reinforced polymers are used as skins for composite panels in

many applications, however, plant based natural fibers are being explored for other applica-

tions. One of the applications are using Flax fiber reinforced skins with corrugated cardboard

cores in the form of wall, cladding roof and floor panels to improve structural efficiency and

insulation properties. Along with flax, hemp is also a natural fiber that is being explored

for various applications.[ 1 ], [  8 ]–[ 10 ] Synthetic fiber reinforced polymers have higher strength

than the natural fibers however, using synthetic fiber doesn’t provide an eco-friendly and

environment conscious alternative which is a mandatory requirement in today’s age. Nat-

ural fibers have that advantage of being environmentally safe as compared to its synthetic

counterparts while providing viable structural rigidity required for the application. In fiber

reinforced polymers, polymer resins used to bond the fibers are also synthetic. Epoxy and

vinyl ester are commonly used with natural fibers as well. Although, multiple studies have

been done with the resins being partially and fully bio based while bonding natural fibers.

[ 11 ]–[ 15 ]. SUPER SAP ONE is a bio based epoxy which contains 30% bio content to bind

the flax fibers when fabricating the fiber reinforced polymer skins in this paper [ 1 ].
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Different core materials are also being explored to provide structural support in sandwich

structures. Foam, plastic or metal honeycombs are commonly studied as core materials due

to their low density. Foam is the most used core during manufacture of many synthetic

composites. In this paper, however, taking into consideration the cost of manufacturing

the cardboard boxes, corrugated cardboard has been the cheapest and easy to manufacture

material which can be used. Due to its corrugation geometry, it’s still provide the structural

rigidity required to resist the shear stresses while being eco-friendly and environmentally

safe as compared to other core options. It fulfills the objectives of providing high load

carrying capacity with low weight. Corrugated cardboard core with flax fiber reinforced

skins as composite sandwich have only been studied on in the construction industry as

sandwich beams for walls, cladding, roof and floor panels to improve structural efficiency

and insulation properties.

In this paper, improvement in structural efficiency is required while maintaining insula-

tion properties and therefore this composite sandwich is an alternative that can be proposed

to corrugated boxes if it improves resistance to compressive stresses in plane and out of

plane. The corrugated cardboard core of two different flute varieties (B & C) are being con-

sidered. The unidirectional flax fiber reinforced skins are bound together using a bio based

epoxy Super Sap One with 30% bio content. Thus, a green composite sandwich structure is

analyzed and compared to the corrugated cardboard box to be proposed as an alternative

solution to avoid minimal flaws cardboard boxes have.

3.3 Evaluation of Equivalent Stiffness Properties of Corrugated Cardboard

Corrugation is described as a series of parallel ridges or furrows. Most famous patterns

used for corrugation are round corrugation and trapezoidal corrugation.

In cardboard boxes, round corrugation is the standard corrugation used. There are

varieties of round corrugation depending on the height of the flute. The five most standard

flute profiles are A, B, C, E F. Corrugation is the most important feature of corrugated

cardboard as it provides structural stability with limited thickness. Due to small thickness

and complex geometry, it becomes a tedious job to model and mesh the geometry as it
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Figure 3.2. Corrugated cardboard core sandwich beams with bio based Flax
Fiber reinforced composite skins [ 7 ]

Figure 3.3. Corrugated cardboard core sandwich beams with bio based Flax
Fiber reinforced composite skins [ 15 ]

requires high number of elements while adding computational time. In order to limit the

number of elements and reduce computational time, a homogenous orthotropic plate with

same dimensions and thickness as that of the corrugation is modelled. As the thickness of

the homogenous orthotropic plate is kept similar, the stiffness and equivalent mechanical

properties of the homogenous layer are calculated using an analytical method. 7, [  3 ], [  4 ]

As cardboard is an orthotropic material it has material properties in three different

directions. According to the classical laminated plate theory for orthotropic materials, The

stress – strain relationship can be expressed as:
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Figure 3.4. Corrugated Model to Simplified model with equivalent properties [  7 ]


σ1

σ2

τ12


=


Q11 Q12 0

Q12 Q22 0

0 0 Q66




ε1

ε2

γ12


[  16 ] (3.1)

where, [Q] is the reduced stiffness matrix. It can be calculated as below;

Q11 = E1

1 − ν12ν21
[  16 ] (3.2)

Q22 = E2

1 − ν12ν21
[  16 ] (3.3)

Q12 = ν21E2

1 − ν12ν21
[  16 ] (3.4)

Q66 = G12[  16 ] (3.5)

The fiber direction can be placed at different angles. The most common angles are

0◦, 30◦, 45◦, & 90◦.

For achieving the reduced stiffness matrix in any other direction, we use a transformation

matrix;
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Figure 3.5. Fiber direction and transverse direction in composite matrix [ 16 ]

Figure 3.6. Global coordinate for matrix and local coordinate for fibers [ 16 ]

[T ] =


cos2θ sin2θ 2sinθcosθ

sin2θ cos2θ −2sinθcosθ

−sinθcosθ sinθcosθ cos2θ − sin2θ

 [  16 ] (3.6)

To obtain the transformed stiffness matrix

[Q̄] = [T −1][Q][T −T ][  16 ] (3.7)

Q1̄1 = Q11cos4θ + 2(Q12 + 2Q66)sin2θcos2θ + Q22sin4θ (3.8)
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Q1̄2 = (Q11 + Q22 − 4Q66)sin2θcos2θ + Q12(sin4θ + cos4θ) (3.9)

Q2̄2 = Q11sin4θ + 2(Q12 + 2Q66)sin2θcos2θ + Q22cos4θ (3.10)

Q1̄6 = (Q11 − Q12 − 2Q66)sinθcos3θ + (Q12 − Q22 + 2Q66)sin3θcosθ (3.11)

Q2̄6 = (Q11 − Q12 − 2Q66)sin3θcosθ + (Q12 − Q22 + 2Q66)sinθcos3θ (3.12)

Q6̄6 = (Q11 + Q22 − 2Q12 − 2Q66)sin2θcos2θ + Q66(sin4θ + cos4θ) (3.13)

The transformed stress strain relationship becomes:


σx

σy

τxy


=


Q1̄1 Q1̄2 0

Q1̄2 Q2̄2 0

0 0 Q6̄6




εx

εy

υxy


(3.14)

[ 16 ]

Using the transformed stiffness matrix, the extensional, coupling and bending stiffness

matrix can be calculated. Together the stiffness matrix is called the ABD matrix.

The extensional stiffness matrix can be calculated using the following formula

Aij =
N∑

k=1
(Qīj)k(zk − zk−1) (3.15)

[ 16 ]

The coupling stiffness matrix is calculated using the formula below

Bij = 1
2

N∑
k=1

(Qīj)k(z2
k − Z2

k −1) (3.16)

[ 16 ]
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Coupling stiffness matrix will be equal to zero if the laminate has symmetric lay up

respect to the middle surface.

The bending stiffness matrix is calculated using the formula below.

Dij = 1
3

N∑
k=1

Qījk(Z3
k − Z3

k −1) (3.17)

[ 16 ]

The ABD matrix becomes

A11 A12 A16 B11 B12 B16

A12 A22 A26 B12 B22 B26

A16 A26 A66 B16 B26 B66

B11 B12 B16 D11 D12 D16

B12 B22 B26 D12 D22 D26

B16 B26 B66 D16 D26 D66


Resultant forces in the laminated thin plate can be calculated as


Nx

Ny

Nxy


=


A11 A12 A16

A12 A22 A26

A16 A26 A66




ε0

x

ε0
y

υx
0
y


+


B11 B12 B16

B12 B22 B26

B16 B26 B66




κx

κy

κxy


(3.18)

where


κx

κy

κxy


represent the middle surface curvatures.

Resultants moments can be calculated as


Mx

My

Mxy


=


B11 B12 B16

B12 B22 B26

B16 B26 B66




ε0

x

ε0
y

Υ0
xy


+


D11 D12 D16

D12 D22 D26

D16 D26 D66




κx

κy

κxy


(3.19)

The corrugated panel is repeated by a sinusoidal wave. Therefore, to calculate stiffness

properties a basic unit cell or unit profile is used. This is termed as Representative Volume

Element (RVE). The sinusoidal wave is representated in local curvilinear coordinates (s,n,y).

Resultant Forces and Moments can be calculated as follows:
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Figure 3.7. Round Corrugation [ 17 ]



Ns

Ny

Nsy

Ms

My

Msy



=



A11 A12 A16 0 0 0

A12 A22 A26 0 0 0

A16 A26 A66 0 0 0

0 0 0 D11 D12 D16

0 0 0 D12 D22 D26

0 0 0 D16 D26 D66





ε0
s

ε0
y

υsy

κs

κy

κsy



(3.20)

There are two methods required to calculate the equivalent stiffness of the orthotropic

plate model.

The equivalent energy method calculates the strain energy of the corrugated panel which

can be done by the following formula

U = 1
2

∫ ∫
NT SNdsdy

[ 18 ]
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where N =



Ns

Ny

Nsy

Ms

My

Msy



and S is the inverse of the stiffness matrix

A 0

0 D





S11 S12 0 0 0 0

S12 S22 0 0 0 0

0 0 S33 0 0 0

0 0 0 S44 S45 0

0 0 0 S45 S55 0

0 0 0 0 0 S66


where,

S11 = A22

A11A22 − A(12)2 (3.22)

S12 = −A12

A11A22 − A(12)2

S22 = A11

A11A22 − A(12)2 (3.23)

S33 = 1
A66

S44 = D22

D11D22 − D(12)2 (3.24)

S45 = −D12

D11D22 − D(12)2

S55 = D11

D11D22 − D(12)2 (3.25)

S66 = 1
D66
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The integration is carried out over a period of 2c and width of b.

The equivalent energy method calculates only the diagonal terms. Six generalized bound-

ary conditions are considered to calculate the equivalent stiffness matrices.{
1, 0, 0, 0, 0, 0

}
T{

0, 1, 0, 0, 0, 0
}

T{
0, 0, 1, 0, 0, 0

}
T{

0, 0, 0, 1, 0, 0
}

T{
0, 0, 0, 0, 1, 0

}
T{

0, 0, 0, 0, 0, 1
}

T

For case 1, when {
ε−, κ−

}
=

{
1, 0, 0, 0, 0, 0

}T

(3.26)

;

Using strain energy equation;

U = 1
2

∫ ∫
A

(N2
s S11 + 2NsNyS12 + N2

y S22 + M2
s S44 + 2MsMyS45 + M2

y S55)dsdy

The stiffness matrix for the equivalent orthotropic plate is in global coordinates (x,y,z).

The resultant forces and moments for the equivalent orthotropic plate can be calculated as



Nx

Ny

Nxy

Mx

My

Mxy



=



A11 A12 A16 0 0 0

A12 A22 A26 0 0 0

A16 A26 A66 0 0 0

0 0 0 D11 D12 D16

0 0 0 D12 D22 D26

0 0 0 D16 D26 D66





ε0
x

ε0
y

υxy

κx

κy

κxy



(3.28)

33



Now in terms of global coordinates;

Ns = Nx(dx

ds
) (3.29)

,

Ms = Nxz (3.30)

Using the boundary conditions with zero strain and zero curvature in y direction in local

coordinates,

Ny = A12

A11
(3.31)

My = D12

D11
(3.32)

Substituting above equations,

U = 1
2

∫ b

0

∫
s
[N2

s (dx

ds
)2S11 +2A12

A11
S12 + (A12)2

A(11)2 S22 +N2
xz2S44 +2Nxz

D12

D11
S45 + D(12)2

D(11)2 S55]dsdy

(3.33)

U = 1
2

∫ b

0

∫
s
Nx[(dx

ds
)2(S11 + 2A12

A11
S12 + A(12)2

A(1
2
1)

S22) + z2(S44 + 2D12

D11
S45 + D(12)2

D(11)2 S55]dsdy

(3.34)

U = 1
2bN2

x

∫
s
[(dx

ds
)2(S11 + 2A12

A11
S12 + A(12)2

A(1
2
1)

S22) + z2(S44 + 2D12

D11
S45 + D(12)2

D(11)2 S55]ds (3.35)
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Substituting values for S11.S12, S22, S44, S45, S55;

we get,

U = 1
2bN2

x

∫
s
[(dx

ds
)2 1

A11
+ z2 1

D11
]ds (3.36)

U = 1
2bN2

x [ I1

A11
+ I2

D11
] (3.37)

where, I1 =
∫

s(dx
ds

)2 I2 =
∫

s z2ds

Now using boundary conditions for strain in global coordinates

N−
x = A1̄1

Substituting Nxintheequation,

U = 1
2b ¯A(11)2[ I1

A11
+ I2

D11
] (3.38)

The strain energy of equivalent panel

U = 1
2(2c)bA1̄1 (3.39)

U = bcA1̄1 (3.40)

Since strain energy for both corrugated panel and equivalent panel are the same,

A1
−
1 = 2c

I1
A11

+ I2
D11

Similarly;

A2
−
2 , A6̄6, D1̄1, D2̄2, D6̄6arefound.

In order to calculate the equivalent model for round corrugation, the following formulae

are used.

Half length

(l) = πR + 2L (3.41)
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I1 = πR (3.42)

I2 = 4L3

3 + 2πL2R + 8LR2 + πR3 (3.43)

C = 2R (3.44)

Equivalent plate stiffness matrices elements are calculated as below

A1̄1 = 2c
I1

A11
+ I2

D11

(3.45)

A1̄2 = A12

A11
A11 (3.46)

A2̄2 = A12
A12

A11
+ (A11A22 − A1

2
2)

A12

l

2R
(3.47)

A6̄6 = 2R

l
A66

D1̄1 = 2R

l
D11 (3.48)

D1̄2 = D12

D11
D11 (3.49)

D2̄2 = l

2C
[I2A22 + I1D22] (3.50)

D6̄6 = l

2R
D66 (3.51)

Using the equivalent stiffness matrices elements , the equivalent young’s modulus in fiber

direction can be calculated as follows
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We know,

A1̄1 = 2c
I1

A11
+ I2

D11

substituting equation 3.41,3.42, 3.43 along with the following equations

A11 = Q1̄1t (3.52)

D11 = 1
3Q1

−
1 t3 (3.53)

We get,

A1̄1 = 2CQ1
t3
1

t2I1 + 3I2
(3.54)

Then,

Q1̄1 = A1
t2I1+3I2
1
2Ct3 (3.55)

Also,

Q1̄1 = E1

(1 − ν12ν21)
(3.56)

So,

E1 = Q1
(1−ν12ν21)
1

ν12
(3.57)

Similarly, To calculate equivalent young’s modulus in transverse direction, the following

steps are followed as

A1̄2 = A12

A11
A1

(3.58)
1

substituting

A12 = Q12t (3.59)

A11 = Q11t (3.60)
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D11 = 1
3Q1̄1t

3 (3.61)

as well as 3.44, 3.41, 3.42, 3.43 We get,

A1̄2 = 2CQ1̄2t
3

(t2I1 + 3I2)
(3.62)

Q1̄2 = A1̄2(t2I1 + 3I2)
2Ct3 (3.63)

Also,

Q1̄2 = ν12E2

(1 − ν12ν21)
(3.64)

E2 = Q1̄2 ∗ (1 − ν12ν21)
ν12

(3.65)

Shear modulus for both directions are

G12 = E1

2(1 + ν12)
(3.66)

G21 = E2

2(1 + ν21)
(3.67)
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3.4 Edgewise Crush Test

The edgewise crush test is a compression test that is routinely carried out to check the

corrugated board quality. This test comprises of holding the corrugated board vertically

between two clamps and applying force in the plane on the edges or along the axis.

Figure 3.8. Edge Crush test [ 19 ]

Deformation progresses till the corrugated board fails after a sufficient amount of strain

due to out of plane crease or local buckling. Based on this test, the ECT value of the board

is calculated which determines the pounds per linear inch of load bearing edge. [ 5 ], [  20 ]

As cardboard is an orthotropic material, the strength in in-plane direction parallel to

the loading (machine direction) & in-plane direction normal to machine direction (cross

direction) have different values of ECT. Performing the edgewise crush test in both directions

provides the quality of the board without performing the box compression test.

In this paper, edgewise crush test is performed on the equivalent model of both profiles

(B & C) for both directions (machine direction & cross direction). A comparative study is

carried out between the Flax FRP skins with corrugated cardboard core specimen and the

corrugated cardboard boxes to determine the increase or decrease in ECT value.
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In this paper, edgewise crush test is performed on the equivalent model of both profiles

(B & C) for both directions (machine direction & cross direction). A comparative study

is carried out between the Flax FRP skins with corrugated cardboard core specimen and

the corrugated cardboard boxes to determine the increase or decrease in ECT value. There

are four methods based on the boundary conditions and shape of the specimen. The four

methods are a) Edge- clamping method

b) Neck down method

c) Rectangular test specimen method with small slenderness ratio

d) Edge reinforced method (wax coating) [ 5 ]

Figure 3.9. Methods of Edge Crush Test [ 21 ]

In this paper, the edge crush test is performed through the edge clamping method. In

this method, clamps are used to hold the specimen in place and load is applied on the top

edge with a loading rate of 12.5 ± 0.25 mm/min. A comparative study is carried out between

both specimens for both directions to determine the best specimen with the help of load vs

deformation plot.
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3.5 Flat Crush Test / Mullen Burst Test

Similar to the edgewise crush test, another test is also performed to check the compression

quality of the corrugated cardboard. This test is called the flat crush test or the Mullen burst

test. The edgewise crush test is carried out to calculate the in plane compressive stresses

whereas the flat crush test is carried out to calculate the out of plane compressive stresses.

Figure 3.10. Methods of Edge Crush Test [  19 ]

The flat crust test has the same loading rate as that of the edgewise crush test which is

12.5 ± 0.25 mm/min. Similar to the edgewise crush test, the flat crush test is also performed

on both flutes (B & C) for both specimens. A comparative study is carried out to conclude

whether the flax fiber reinforced skins with corrugated core is an alternative option to all

cardboard specimens.
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3.6 Four Point Bending Test

The four point bending test provides flexural deflection response of the material on appli-

cation of load applied from out of plane. The test is setup with a loading span proportional to

the supporting span. The loading span was selected to be equal to (2/11) of the supporting

span.

Figure 3.11. Methods of Edge Crush Test [  22 ]

The test is performed using a fixed rate of 2 mm/min and values along the applied load

are measured every 1 second for data processing. In this paper, both specimens undergo

four point bending to compare the flexural stiffness.

Along with this, a thicker cardboard core specimen is modelled with flax fiber reinforced

polymer skin to replicate the specimen used in the reference paper. The loading rate is kept

similar and the load vs deflection graph is plotted to validate the material properties and

the finite element analysis performed in this paper to derive a conclusion.
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4. FINITE ELEMENT ANALYSIS

4.1 Material Properties

Two unique cardboard flutes are used in the fabrication of the sandwich cardboard boxes

viz. B & C. each flute type has a nominal thickness which is basically the height of the flute

and the density for each flute also differs.

Unidirectional flax fabric is used with an aerial weight of 275 g/m2. These fibers are

used to fabricate fiber reinforced polymer skins with the help of a bio based resin called as

Super Sap One. This resin has 30% bio content and is reported to have a tensile strength,

modulus elongation of 53.23 MPa, 2.65GPa and 6% respectively. The flax fiber reinforced

polymer skin samples made with the bio based epoxy have an average tensile strength initial

modulus of 198 ± 9.3 MPa and 17.09 ± 0.63 GPa. The skin has two layers both being at

an angle of 0. The thickness of both layers together is 1.97 ± 0.009mm. The secondary

modulus is 11.93 ± 0.39 GPa. The rupture strain is reported to be 0.0153 ± 0.0006mm/mm

[ 23 ].

The Cardboard specimen used cardboard as the skin with corrugated cardboard as the

core. The material properties for the cardboard are as below.

Table 4.1. Cardboard Material Properties [ 24 ]
Material Properties Value

E1 7.6 GPa
E2 4.02 GPa
E3 0.038 GPa
ν12 0.34
ν21 0.01
ν13 0.01
G12 2.14 GPa
G21 0.02 GPa
G13 0.07 GPa
ρ 404.5 kg/m3
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4.2 Specimen Preparation

According to Aidan McCracken and Pedram Sadegham[ 23 ], the first step in fabrication

takes place by constructing cardboard cores. For the four point bending test , the cores are

attached using a vegetable starch based adhesive called Tex-Tribond P- 1031. This adhesive

is also used during the manufacturing of corrugated cardboard. The second step in the

fabrication of the flax fiber reinforced polymer skins. The flax fabric is pre-cut and placed

on a set of parchment paper that contains a layer of the bio based epoxy Super Sap One. The

top layers of the flax fabric is then covered with epoxy to complete the skin. The corrugated

cardboard core is then placed on the epoxy. This part of the specimen is first cured by

placing a board on the core. After the bottom flax fiber reinforced polymer skin is cured,

the skin is then applied to the other side and then cured as well. One specific rule is to be

taken into consideration when curing the specimen. The flax fiber reinforced polymer skin is

always placed at the bottom side to avoid the epoxy from seeping into the cardboard core.

[ 23 ]

Figure 4.1. Fabrication of Flax fibre reinforced polymer skins
a)Applying epoxy to parchment paper

b)Placing flax fabric on the epoxy covering the other side with of the fabric
with epoxy

c)Placing the corrugated cardboard core on the flax fabric
d)Curing completed on one side

e)Curing completed on both sides [ 23 ]
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Material properties of the Flax fiber reinforced skin with corrugated cardboard core are

mentioned below.

Table 4.2. Flax Fiber Reinforced Polymer Skin Material Properties [  23 ]
Material Properties Value

E1 17.09 GPa
E2 11.93 GPa
E3 17.09 GPa
ν12 0.46
ν21 0.32
ν13 0.46
G12 15.82GPa
G21 8.772 GPa
G13 15.82 GPa
ρ 1540 kg/m3

4.3 Geometry

The geometry of the corrugated cardboard core sandwich with flax fiber reinforced poly-

mer skins as well as the corrugated cardboard core with cardboard skins is modelled using

computer aided design software SOLIDWORKS. Following is the geometry of both speci-

mens.

For B profile;

Figure 4.2. Dimensions of B profile corrugation
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Table 4.3. Dimensions of B profile
Dimensions Value(in mm)

Length of Corrugation (L) 1.52
Radius of Corrugation ( R) 1.48

Height of corrugation 3.2
Thickness of corrugation 0.20

Thickness of skin 0.18
Width of skin 10
Length of skin 20.71

Equivalent model for B profile

Figure 4.3. Equivalent model for B profile

Table 4.4. Dimensions of Equivalent model of B profile
Dimensions Value(in mm)
Length (L) 20.71

Width of equivalent core (W) 10
Thickness of equivalent core 0.20

Thickness of skin 0.18
Width of skin 10
Length of skin 20.71
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For C profile

Figure 4.4. Dimensions of C profile corrugation

Table 4.5. Dimensions of C profile
Dimensions Value(in mm)

Length of Corrugation (L) 2.29
Radius of Corrugation ( R) 1.553

Height of corrugation 4.0
Thickness of corrugation 0.20

Thickness of skin 0.18
Width of skin 10
Length of skin 22.56
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Equivalent model for C profile

Figure 4.5. Equivalent model for C profile

Table 4.6. Dimensions of Equivalent model of C profile
Dimensions Value(in mm)
Length (L) 22.56

Width of equivalent core (W) 10
Thickness of equivalent core 0.20

Thickness of skin 0.18
Width of skin 10
Length of skin 22.56
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4.4 Finite Element Analysis

Finite element modelling and analysis for validating the equivalent models , edgewise

crush test, mullen burst test and the four point bending test all are done using Finite Element

Analysis software Ansys. All tests are done on both specimens for both flute profiles.

4.4.1 Homogenous Orthotropic Model with Equivalent Properties

In this test, the material properties of the equivalent model for the corrugated cardboard

core is validated by performing a finite element analysis on both specimens (corrugated

cardboard core with flax fiber reinforced polymer skins and equivalent model). Force of 10

N is applied normal to the skin for both specimens to measure the deformation.

Studies carried out on equivalent properties for orthortropic materials suggests that error

occurred lies between a range of 5% to 20%. While peforming this finite element analysis,

error in deformation is also calculated and the equivalent model with its properties are

finalized for further analysis.

B profile

Geometry

Computer aided modelling is done in the well known computer aided sofware SOLID-

WORKS. However, as the geometry for the corrugated cardboard core is complex, finite

element modelling is carried out to simplify the model before meshing it.

Simplifying the model involves breaking down the model into smaller parts. These smaller

parts are defined by separating the parts at complex curves in order to reduce the complexity

of mesh at the curve where there is a possibility of it not meshing equidistantly.

Consideration is made to simplify the skins similar to the core as node merging is nec-

essary for accurate results. Finite element modelling is carried out in Design Modeler. All

the simplified parts are put together to form one entire part as the specimen is considered

to act as one under application of force.
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Figure 4.6. Finite element modelling of B profile

Mesh

Mesh is carried out in the finite element analysis software Ansys. The corrugated card-

board is the only complex geometry in the finite element model. As finite element modelling

simplifies the part, meshing of these parts become easier.

Edge meshing is performed to divide each edge of the corrugated cardboard core as well

as the skins in equal number of divisions. Multizone method meshing is done to create a

mapped mesh which provides direction by using the curves as a source.

Table 4.7. Meshing statistics of B profile specimen
Nodes Elements
8908 1170
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Figure 4.7. Meshing statistics of B profile specimen

Figure 4.8. Multizone mesh of B profile

Boundary Conditions

The edges of the core and bottom flax fiber reinforced polymer skins are fixed in all three

directions x.y.z and rotational directions, x,y,z. Force applied in Y direction is 10 N.

Figure 4.9. Boundary Conditions

Equivalent B profile

Geometry The Equivalent model for the corrugated cardboard core is a plate with similar

dimensions in length, width and thickness. Equivalent properties calculated are used in this
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finite element analysis. As the complex geometry is replaced, finite element modelling to

simplify the model is not necessary. However, the skin and the core are considered as one

part in this analysis.

Figure 4.10. Equivalent model of B profile

Mesh

Mesh is carried out in the finite element analysis software Ansys. As the complex geometry

is replaced by simple plate, mesh is done using body sizing for all three parts. Node merging

is taken into consideration to provide accurate results.

Figure 4.11. Mesh for Equivalent model of B profile
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Table 4.8. Meshing statistics of B profile specimen
Nodes Elements
1008 165

Boundary Conditions

The edges of the core and bottom flax fiber reinforced polymer skins are fixed in all three

directions x.y.z and rotational directions, x,y,z. Force applied in Y direction is 10 N.

Figure 4.12. Boundary Conditions for equivalent model of B profile
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C profile

Geometry

Computer aided modelling is done in the well known computer aided software SOLID-

WORKS. However, as the geometry for the corrugated cardboard core is complex, finite

element modelling is carried out to simplify the model before meshing it.

Simplifying the model involves breaking down the model into smaller parts. These smaller

parts are defined by separating the parts at complex curves in order to reduce the complexity

of mesh at the curve where there is a possibility of it not meshing equidistantly.

Consideration is made to simplify the skins similar to the core as node merging is nec-

essary for accurate results. Finite element modelling is carried out in Design Modeler. All

the simplified parts are put together to form one entire part as the specimen is considered

to act as one under application of force.

Figure 4.13. Finite element modelling of C profile

Mesh

Mesh is carried out in the finite element analysis software Ansys. The corrugated card-

board is the only complex geometry in the finite element model. As finite element modelling

simplifies the part, meshing of these parts become easier.
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Edge meshing is performed to divide each edge of the corrugated cardboard core as well

as the skins in equal number of divisions. Multizone method meshing is done to create a

mapped mesh which provides direction by using the curves as a source.

Figure 4.14. Meshing statistics of B profile specimen

Figure 4.15. Mesh of C profile
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Boundary Conditions

The edges of the core and bottom flax fiber reinforced polymer skins are fixed in all three

directions x.y.z and rotational directions, x,y,z. Force applied in Y direction is 1000 N.

Figure 4.16. Boundary conditions of C profile

Equivalent model for C profile

Geometry

The Equivalent model for the corrugated cardboard core is a plate with similar dimensions in

length, width and thickness. Equivalent properties calculated are used in this finite element

analysis. As the complex geometry is replaced, finite element modelling to simplify the model

is not necessary. However, the skin and the core are considered as one part in this analysis.
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Figure 4.17. Equivalent model for C profile

Mesh

Mesh is carried out in the finite element analysis software Ansys. As the complex geom-

etry is replaced by simple plate, mesh is done using body sizing for all three parts. Node

merging is taken into consideration to provide accurate results

Figure 4.18. Mesh for Equivalent model for C profile

Boundary Conditions

The edges of the core and bottom flax fiber reinforced polymer skins are fixed in all three

directions x.y.z and rotational directions, x,y,z. Force applied in Y direction is 1000 N.
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Figure 4.19. Boundary Conditions of Equivalent model for C profile

4.4.2 Edgewise Crush Test

Edgewise crush test is carried out in two different directions to represent the box com-

pression test. In the edgewise crush test, the specimen is held between two clamps which are

fixed. The top edge is loaded with force at a rate of 12.5 mm/min. Local buckling determines

the failure in this test. Peak load is calculated to understand the amount of loading before

failure. Load vs Deformation graph is plotted for both specimens for both profiles. The

equivalent model is used for this analysis to reduce meshing elements and the computation

time.

In Machine Direction

Boundary Conditions

The two clamps holding the specimen are fixed. The bottom edges of the specimen are

also fixed to represent the experimental testing of the edge crush test. Force is applied on

the top edge of the specimen.
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Figure 4.20. Boundary Conditions of Edge Crush test in Machine Direction

In Cross Direction

Boundary Conditions

The two clamps holding the specimen are fixed. The bottom edges of the specimen are

also fixed to represent the experimental testing of the edge crush test. Force is applied on

the top edge of the specimen.

Figure 4.21. Boundary Conditions of Edge Crush test in Machine Direction
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4.4.3 Flat Crush Test

Flat crush test is another test that checks the compression quality of the specimen. In

the flat crush test, force is applied normal to the skin. This checks the compression quality

of the corrugation. Complete compression of corrugation is considered as the failure in this

test. While compression of corrugation takes place, indentation of the skin is also another

failure that is taken into consideration.

Boundary Conditions

The specimen is placed between two sandpapers as the force is applied normal to the skin.

If the bottom skin of the specimen is fixed , the compression on the bottom skin cannot be

considered. Therefore, sandpaper is place to apply force equally on either sides. The bottom

sandpaper is fixed. Force is applied on the top skin at a loading rate of 12.5 mm/min. Load

vs deformation graoh is plotted to compare the results of both specimens for both profiles.

Figure 4.22. Boundary Conditions for Flat Crush Test
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4.4.4 Four Point Bending Test

The four point bending test provides flexural deflection response of the material. The

test is setup with a loading span proportional to the supporting span. The loading span was

selected to be equal to (2/11) of the supporting span.

Figure 4.23. Boundary Conditions for Four point ending test
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5. RESULTS

5.1 Homogenous Orthotropic Model with Equivalent Properties

B profile

The deformation of the specimen was calculated on application of force to validate the

calculated equivalent material properties of the specimen.

Figure 5.1. B profile deformation results

Figure 5.2. B profile equivalent model deformation results
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Equivalent properties for B profile corrugated cardboard core is :

Table 5.1. Equivalent properties of B profile corrugated cardboard
Material Properties Value

E1 14.025 GPa
E2 5.937 GPa
E3 14.025 GPa
ν12 0.34
ν21 0.01
ν13 0.01
G12 15.2 GPa
G21 2.998 GPa
G13 15.2 GPa
ρ 404.5 kg/m3
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C profile

Figure 5.3. C profile deformation results

Figure 5.4. C profile equivalent model deformation results
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Equivalent properties of C profile corrugated cardboard is :

Table 5.2. Equivalent properties of C profile corrugated cardboard
Material Properties Value

E1 25.02 GPa
E2 8.91 GPa
E3 25.302 GPa
ν12 0.34
ν21 0.01
ν13 0.01
G12 14.194 GPa
G21 3.55391 GPa
G13 14.194 GPa
ρ 404.5 kg/m3
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5.2 Edge Crush Test

B profile

In cross direction

Figure 5.5. ECT for flax specimen in cross direction for B profile

Figure 5.6. ECT for cardboard specimen in cross direction for B profile
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Figure 5.7. Load Vs Deformation in cross direction for B profile
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In machine direction

Figure 5.8. ECT for flax specimen in machine direction for B profile

Figure 5.9. ECT for cardboard specimen in machine direction for B profile
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Figure 5.10. Load Vs Deformation in machine direction for B profile
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C profile

In machine direction

Figure 5.11. ECT for flax specimen in machine direction for C profile

Figure 5.12. ECT for cardboard specimen in machine direction for C profile
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Figure 5.13. Load Vs Deformation in machine direction for C profile
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In cross direction

Figure 5.14. ECT for flax specimen in cross direction for B profile

Figure 5.15. ECT for flax specimen in cross direction for B profile
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Figure 5.16. Load Vs Deformation in cross direction for C profile

5.2.1 Flat Crush Test

C profile

Figure 5.17. Flat crush test for C profile flax specimen
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Figure 5.18. Flat crush test for C profile corrugated specimen

Figure 5.19. Load Vs Deformation for C profile

B profile
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Figure 5.20. Flat crush test for B profile flax specimen

Figure 5.21. Flat crush test for B profile corrugated specimen

5.2.2 Four Point Bending Test

C profile
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Figure 5.22. Load Vs Deformation for B profile

Figure 5.23. Four point bending deformation results for C profile for flax specimen

B profile
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Figure 5.24. Four point bending deformation results for C profile for card-
board specimen

Figure 5.25. Load Vs Deformation for C profile
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Figure 5.26. Four point bending deformation results for B profile for flax specimen

Figure 5.27. Four point bending deformation results for B profile for card-
board specimen
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Figure 5.28. Load Vs Deformation for B profile
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