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Tensile strength of paperTensile strength of paperTensile strength of paperTensile strength of paper

Important to predictImportant to predict
ApproachesApproachesApproachesApproaches
–– Analytical modelsAnalytical models

Fi it El t i l ti f l d itFi it El t i l ti f l d it–– Finite Element simulations of low density Finite Element simulations of low density 
sheetssheets



Problems with strength Problems with strength 
modellingmodelling

Qualitative not quantitative predictionsQualitative not quantitative predictions
Many variables difficult to measureMany variables difficult to measureMany variables difficult to measureMany variables difficult to measure
Unverified assumptions about fracture Unverified assumptions about fracture 
processprocess
Simplified models with average fibre Simplified models with average fibre S p ed ode s t a e age b eS p ed ode s t a e age b e
propertiesproperties



New approach presented hereNew approach presented hereNew approach presented hereNew approach presented here

Model paper behaviour with single fibre Model paper behaviour with single fibre 
stress developmentstress developmentpp
–– Usually fibres in stress directionUsually fibres in stress direction

MicroMicro Macro approachMacro approachMicroMicro--Macro approachMacro approach
–– Single fibre of interestSingle fibre of interest
–– Discrete contacts transferring stress from Discrete contacts transferring stress from 

solid Matrixsolid Matrix
–– Apply strain to matrixApply strain to matrix

Cox type shear lag assumption of stressCox type shear lag assumption of stress–– Cox type shear lag assumption of stress Cox type shear lag assumption of stress 
transfer at each contacttransfer at each contact
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The Problem!The Problem!The Problem!The Problem!

Consider steps: ONE contact with Consider steps: ONE contact with FF∝∝ δδ
–– Strain MatrixStrain Matrix
–– Displaces contactDisplaces contact
–– Produces Force in fibreProduces Force in fibre
–– Force reduces contact displacementForce reduces contact displacement
–– Reduces force etc Reduces force etc etcetc....

Equilibrium: force produces displacement Equilibrium: force produces displacement 
required to generate forcerequired to generate forceq gq g
How do find displacements for multiple How do find displacements for multiple 
contacts??contacts??contacts??contacts??



SolutionSolutionSolutionSolution
Express Express δδ at at 

h t t ih t t i

  x1 x2 xi-1 xix1 x2 xi-1 xi

each contact in each contact in 
terms of terms of 
di l t tdi l t t

θi

Seg. 1

θi

Seg. 1

displacement at displacement at 
last contactlast contact

Fibre mid point: x=0 Fibre end: x=LFibre mid point: x=0 Fibre end: x=L
Solve to obtain Solve to obtain 
all all 

Fibre mid-point: x=0 Fibre end: x=LFibre mid-point: x=0 Fibre end: x=L
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Equation to solve for three Equation to solve for three 
contactscontacts

Complexity increases as power to the number ofComplexity increases as power to the number ofComplexity increases as power to the number of Complexity increases as power to the number of 
contacts, contacts, ii..
More than four contactsMore than four contacts very tedious to writevery tedious to writeMore than four contactsMore than four contacts-- very tedious to writevery tedious to write
Instead solve symbolically using Instead solve symbolically using MatlabMatlab
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An example: fixed contact positions, An example: fixed contact positions, 
randomly varyingrandomly varying ββ// (0(0 10 000 fibres 110 000 fibres 1randomly varying randomly varying ββ// (0(0--10,000 fibres 110,000 fibres 1--

3, 03, 0--1000 fibres 41000 fibres 4--6)6)
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Example: stress development in a fibre. Example: stress development in a fibre. 
R d l l d t t C t tR d l l d t t C t tRandomly placed contacts. Contacts Randomly placed contacts. Contacts 

removed when load exceeds bond strength removed when load exceeds bond strength 
of bond of bond 
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Advantages of methodAdvantages of method
–– Random contact positionsRandom contact positions
–– ββ can vary contact to contactcan vary contact to contactβ β can vary contact to contactcan vary contact to contact
–– Elastic modulus, XElastic modulus, X--section area can vary section area can vary 

segment to segmentsegment to segmentsegment to segmentsegment to segment
Disadvantages of methodDisadvantages of method
–– Linear elastic onlyLinear elastic only

Data needed:Data needed:Data needed:  Data needed:  
–– ββ, E, A, E, A
–– Bond strengthBond strength
–– Fibre contact positionsFibre contact positions



Comparison Experimental DataComparison Experimental DataComparison Experimental DataComparison Experimental Data

RadiataRadiata pinepine
Never driedNever driedNever driedNever dried
UnbleachedUnbleached
Kappa number 30Kappa number 30
Fibre dimension variation: cutting andFibre dimension variation: cutting andFibre dimension variation: cutting and Fibre dimension variation: cutting and 
fractionationfractionation



SamplesSamplesSamplesSamples
Label Length 

weighted fibre 
length (mm)

Fibre wall 
area (µm2)

Pressing 
Levels 

(Contacts)length (mm) (Contacts)
L0 3.14 203 Middle (P3)
L1 2 53 204 Middl (P3)L1 2.53 204 Middle (P3)
L2 2.12 196 Middle (P3)
L3 1.79 196 Middle (P3)

Accepts 3.00 220 P1, P3, P5

Rejects 3.34 193 P1, P3, P5

H d l f i iHydrocyclone fractionation



MeasurementsMeasurementsMeasurementsMeasurements

Sheet density, elastic modulus, tensile Sheet density, elastic modulus, tensile 
strengthstrengthgg
Fibre shape (fill factor), crossFibre shape (fill factor), cross--sectional sectional 
area lengtharea lengtharea, lengtharea, length
Fibre contacts: Fibre contacts: 
–– distances between contacts , distances between contacts , 
–– WeibullWeibull distributions of contactsdistributions of contacts–– WeibullWeibull distributions of contactsdistributions of contacts
–– Full / partial contactsFull / partial contacts



Contact measurementsContact measurements
A B

Contact measurementsContact measurements
A B

32 4
Fibre of 
interest

1

C ti i b f (A) d ft (B) th h ldiCross-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 interestwith the fibre of interest.



Distance between contact Distance between contact 
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Average elastic modulus along Average elastic modulus along 
fibrefibre

Average: 30 simulations per pointAverage: 30 simulations per point
Fibre elastic mod: assumed 30Fibre elastic mod: assumed 30 GpaGpaFibre elastic mod: assumed 30 Fibre elastic mod: assumed 30 GpaGpa
Effective elastic modulus: average load Effective elastic modulus: average load 
l fib /Xl fib /X ti / t i t iti / t i t ialong fibre/Xalong fibre/X--section area/matrix strainsection area/matrix strain

Effective elastic mod=30 Effective elastic mod=30 GpaGpaect e e ast c od 30ect e e ast c od 30 GpaGpa
–– Perfect stress transferPerfect stress transfer



Average elastic modulus along Average elastic modulus along 
fibrefibre
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Elastic Stiffness Index forElastic Stiffness Index for ββ//Elastic Stiffness Index for Elastic Stiffness Index for ββ//

9

7

8

/k
g)

5

6

7

ex
 (M

N
m

4

5

ff
ne

ss
 In
d L0

L1

L2

2

3

en
si
le
 S
ti
f L2

L3
~5% reduction in stiffness with fibre length

0

1

Te Implies β/ ~ 2500 

0 100 200 300 400 500 600 700

Sheet Density (kg/m3)



Average elastic modulus along Average elastic modulus along 
fibrefibre
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Strength modellingStrength modellingStrength modellingStrength modelling
ββ// = = 25002500
Bond strength= 25 MPa (IPPC 2007)Bond strength= 25 MPa (IPPC 2007)
Average 30 simulations with measured fibreAverage 30 simulations with measured fibreAverage 30 simulations with measured fibre Average 30 simulations with measured fibre 
contact statisticscontact statistics
Fibre elastic modulus= 30Fibre elastic modulus= 30 GPaGPaFibre elastic modulus= 30 Fibre elastic modulus= 30 GPaGPa
ContactsContacts
–– Assumed both full, partial contacts contributeAssumed both full, partial contacts contribute
–– But bond breaking load scaled to contact area But bond breaking load scaled to contact area 

Fibre fracture not consideredFibre fracture not considered
Model fibres in stress direction onlyModel fibres in stress direction onlyModel fibres in stress direction onlyModel fibres in stress direction only



Six simulations for L0 P3Six simulations for L0 P3Six simulations for L0 P3Six simulations for L0 P3
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Six simulations for RR P1Six simulations for RR P1Six simulations for RR P1Six simulations for RR P1
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30 Simulations Averages30 Simulations Averages30 Simulations Averages30 Simulations Averages
0.18

0.14

0.16

br
e 
(N
)

L0 P3

L1 P3

0.1

0.12

al
on

g 
fib

L1 P3

L2 P3

L3 P3

0.06

0.08

e 
fo
rc
e 
a L3 P3

RR P1

RR P3

0 02

0.04

0.06

Av
er
ag
e RR P3

RR P5

AA P1

0

0.02

0 0 01 0 02 0 03 0 04 0 05 0 06

A

AA P3

AA P5
0 0.01 0.02 0.03 0.04 0.05 0.06

Network strain



Tensile Index dataTensile Index data
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Tensile Index dataTensile Index data
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Max. Calculated force v Max. Calculated force v 
measured tensile indexmeasured tensile index
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Where to next?Where to next?Where to next?Where to next?

Method to treat partial contactsMethod to treat partial contacts
–– Relation to segment activation?Relation to segment activation?gg

Relationship between stress transfer and Relationship between stress transfer and 
crossing angle?crossing angle?crossing angle?crossing angle?
Inclusion of fibre fractureInclusion of fibre fracture
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