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1 Important to predict

1 Approaches
— Analytical models

— Finite Element simulations of low density
sheets




Problems with strength

modelling

1 Qualitative not quantitative predictions
1 Many variables difficult to measure
1 Unverified assumptions about fracture

process

1 Simplified models with average fibre
properties




1 Model paper behaviour with single fibre
stress development

— Usually fibres in stress direction

1 Micro-Macro approach
— Single fibre of interest

— Discrete contacts transferring stress from
solid Matrix

— Apply strain to matrix

— Cox type shear lag assumption of stress
transfer at each contact







Tk

7\ DP
11 1

M!
]

~hin
UMVICI I

1 Consider steps: ONE contact with Foc &
— Strain Matrix
— Displaces contact
— Produces Force in fibre
— Force reduces contact displacement
— Reduces force etc etc..

1 Equilibrium: force produces displacement
required to generate force

1 How do find displacements for multiple
contacts??




1 Express 0 at
each contact In
terms of
displacement at
last contact

1 Solve to obtain

B (xn —xn_l) J= all
0py =0, — EA 2P0, ¢ displacements

Fibre mid-point: x=0 Fibre end: x=L

E : Elastic Modulus of n™ segment

n

A: Cross-sectional area of n™ segment

g:.  Matrix strain




Equation to solve for three
contacts

1 Complexity increases as power to the number of
contacts, I.

1 More than four contacts- very tedious to write
1 Instead solve symbolically using Matlab

o +(X3 —XZ)(5+183:53)+
(x, _Xl)(g +(,6’3'53+,82'(53 +(x %, )(¢ +'B3:53))))

+x2,6'2’(53 +( X —xz)(5+,6’3’53))+x3,83’53 —&X, — 0,
B'=pB/EA

0= Xlﬂl’
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Example: stress development in a fibre.
Randomly placed contacts. Contacts
removed when load exceeds bond strength
of bond
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1 Advantages of method
— Random contact positions
— B can vary contact to contact

— Elastic modulus, X-section area can vary
segment to segment

1 Disadvantages of method

— Linear elastic only

1 Data needed:
- B, E, A
— Bond strength
— Fibre contact positions
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1 Radiata pine

i Never dried

1 Unbleached

1 Kappa number 30

1 Fibre dimension variation: cutting and
fractionation
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1 Sheet density, elastic modulus, tensile
strength

1 Fibre shape (fill factor), cross-sectional

area, length

1 Fibre contacts:
— distances between contacts ,
— Weibull distributions of contacts
— Full / partial contacts




Telg=Xel}
Interest

Cross-section image before (A) and after (B) thresholding
and binarisation. Fibre 2 and 3 in (B) make two full contacts,
fibre 1 makes a partial contact, and fibre 4 is not in contact

with the fibre of interest.




1.62
1.55

82.1,c
48.6,c

(g/b) " exp(—(g/b))

Ibution

<
b

tr

—— AccPHHitb=42.2,¢c=1.53

I AccPH-measured
—— AccPOHitb

AccPO-measured
1 AccPM-measured
—a— AccPIVHitb

L

180 200 220 240 260 280 300 320

IS
f(g)

160

L.

Free fibre length (um)

140

120

|~

= ln|
= @@

60 80

frequency d

40

~ |

> |

el
@
©
e
C
O
@
C
)
)
=
)
@]
)
@
C
©
e
Iz
O

() O
AN ~

(o,) Aouanbaliy




Average elastic modulus along
fibre

1 Average: 30 simulations per point
1 Fibre elastic mod: assumed 30 Gpa
1 Effective elastic modulus: average load

along fibre/X-section area/matrix strain

1 Effective elastic mod=30 Gpa
— Perfect stress transfer




Average elastic modulus along
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Average elastic modulus along
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1 Bond strength= 25 MPa (IPPC 2007)

1 Average 30 simulations with measured fibre
contact statistics

1 Fibre elastic modulus= 30 GPa

1 Contacts
— Assumed both full, partial contacts contribute
— But bond breaking load scaled to contact area

1 Fibre fracture not considered
1 Model fibres in stress direction only
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1 Method to treat partial contacts
— Relation to segment activation?

1 Relationship between stress transfer and
crossing angle?

1 Inclusion of fibre fracture
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