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Introductlon

= Fracture toughness

depends on the fracture @ @ @
mode partition.

- Pred|Ct|ng fracture Mixed Mode =  Mode | + Mode Il + Mode I
toughness requires
knowledge of the q OO
_ . c
partition of a mixed 5T 04
mode fracture. 2z
= Itis therefore essential 5 ¢ 02} -
to have a correct e
. ., . OO 1 | | |
analytlgal partition | 0 20 40 60 80 100
theory in order to predict Partition G;/G (%)

the fracture toughness.
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Presentation Notes
It is important to be able to predict the fracture toughness since delamination is a very dangerous failure mechanism, often accompanied with catastrophic failure of the structure.
Design Engineers need to be able to reliably predict the fracture toughness in order to design safe structures.
However, facture toughness depends on…
Therefore, predicting fracture toughness requires…
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Introduction

= Previous work?! by the authors shows that
Loughborough University’s Euler beam (EB) partition
theory performs very well when predicting the mode-
dependent fracture toughness.

= Davidson et al.’s (Syracuse, NY) non-singular field
(NSF) partition theory? is developed based on
experimental fracture toughness measurements. It
also works very well.

= Therefore, it is reasonable to speculate that Davidson
et al.’s NSF partition theory approaches to
Loughborough’s EB partition theory.

1 Harvey, Wang (2012), Compos Struct 94.
2 Davidson et al. (2000), Int J Fract 105.
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Aims

= To assess the EB?
and NSF2 theories
thoroughly using
Davidson’s et al.’
experimental fracture
toughness data?.

Composite Structures 94 (2012) 2057-2067
Contents lists available at SciVerse ScienceDirect
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ABSTRACT

The propagation of mixed-mode interlaminar fractures is investigated using existing experir
results from the literature and various partition theories. These are (i) a partition theory by Wi
(1988) based on Euler beam theory; (i) a partition theory by Suo (1990) and Hutchinson an
(1992) based on 2D elasticity; and (iii) the Wang-Harvey partition theories of the authors bas
the Euler and Timoshenko beam theories. The Wang-Harvey Euler beam partirion theory seems t
the best and most simple LIpldIIdllUl! for all the experimental observations. No recourse to fractus
face roughness or new failure criteria is ed. It is in excellent agreement with the linear failure
and is significantly closer than other partition theories. It is also demonstrated that the glabal parti
energy release rate when using the Wang-Harvey Timoshenko beam or averaged partition theories
elasticity exactly corresponds with the partition from the Wang-Harvey Euler heam partition theor
therefore concluded that the excellent performance of the Wang-Harvey Euler beam partition the
PR daa Fail " ial e baie bazad Lot s s fo sl

= To explore the
connections between
the two theories!?,

1 Harvey, Wang (2012), Compos Struct 94.
2 Davidson et al. (2000), Int J Fract 105.

International Journal of Fracture 105: 343-365, 2000,
2000 Kivwer Academic Publishers. Prinmted in the Netherlands.

Evaluation of energy release rate-based approaches for predicting
delamination growth in laminated composites
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Abstract. A variety of energy release rate-hased approaches are evaluated for their accuracy in predicting de-

lamination growth in w

unidirectio
5, the
ompliz

ca
by

and multidirectional laminates were tested in diffe

alibration or the arca method of da

ated composites. To this end, a large number of
ent bending and tension configurations. In all
sts in the most accurate way possible, such as
The mode mix from the tests, however, was

ectional and multidirectional la

energy release rate was determined from the
sduction.

determined by a variety of different approaches. These data were then examined to determine whether any of the

approaches yiclded the result that wughness was a single-valued function of mode mix. That is, for an
to have accurate predictive capabilities
must display the same toughness. It was found that variously proy 1 singular ficld-based mode
such as the # = 0 approach or ba

had relatively noor nredic s

pproach
different 1est geometries that are predicted to be at the same mode mix
nix definitions,
components on a finite amount of crack ex
aeed 1 nreviously develoned o

ion,
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Partition theorles

crack length

= Loughborough University’s i  p
. 1
EB partition theory T | [m B
. /—=f777 1
(completely analytical): B , RE T—Y’*WQ
2
N>
c :CIE(MlB _ Mg _ Ng _ N,g J[MlB _ Mg _ Nig _ stj R
B B B BB B @)
G. —¢ (I\/I _MZB_le_NZBJ(M _Mzs_Nla_stj L? Mis
IHE IIE 1B 91 02 03 1B 91, 9; 9?: : <+ -
' Nig )
= Davidson et al.’s NSF M
partition theory: st /
G, :[NC\/acosQ+ M 4/C, sin(Q+ )T’ (l:))
G ¢NZ+c,MZ>+2,/cc,NM_sinT
= The mode mix parameter —24 log(h, /h,) < -0.468
is determined with the aid of  Q=160.409;7-41.738,> if —0.468<log(h,/h,)<0.468
experimental data. 24 log(h, /h,) > 0.468

I
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Presentation Notes
The two partition theories, that is, the EB and NSF partition theories, provide formulae for the ERR partition, GI and GII, or GII/G.
The Euler beam partition, which is completely analytical, can be written in this form, where M1B and M2B are the bending moments at the crack tip on the top and bottom beams respectively, and N1B and N2B are the axial forces at the crack tip on the top and bottom beams respectively.
theta1 and theta1’ represent the crack tip bending moment ratios M2B/M1B that cause a pure mode I modes.
beta1 and beta1’ represent the crack tip bending moment ratios that cause a pure mode II mode.
The subscripts 2 and 3 in theta2, beta3’, etc. represents the pure mode ratios for other loading conditions with axial forces.
The NSF partition theory gives GII/G in this form where Nc and Mc are the crack tip axial force and bending moment. The parameter Omega is called the mode mix parameter and this was determined with the aid of experimental data.
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Davidson et al.’s fracture testing methods

Double cantilever beam (DCB) test

= Gives the pure mode | fracture

toughness G;, -
oa

Crack Length

>
0.1 - |
O
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< 0.06 Q
©
S 0.04
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0 02 Load
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Displacement (mm)
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This is the DCB test
It’s a conventional fracture testing method for determining the mode I fracture toughness, GIc
A simple DCB specimen is loaded in the way shown in the figure to obtain a load-displacement plot
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Davidson et al.’s fracture testing methods

Load

Crack Length i
€ 3'“ End-notched flexure (ENF) test

= (Gives the pure mode Il fracture
toughness G,

® ®

Sing|e |eg bending (SLB) test Cr:ack Leng?th l Load

<
= Mixed mode % ' !

N
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Davidson et al.’s fracture testing methods
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Limited bending moments. Crack tip can be compressed by the fulcrum.
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Methodology

= Objective was to compare the fracture toughness obtained
at each partition G;;/G against the failure locus.

= However, the failure locus is not readily available:

= |n early work, a linear failure T
locus was assumed.

= |n Davidson et al.’s work, G
unidirectional (UD) midplane "
delamination testing work was o

used to obtain the failure locus. 0 . Giic
i

= This is possible because all existing partition theories
agree for UD midplane delamination.

= Therefore, in Davidson et al.’s work and in our work, the UD
midplane failure locus is used to assess the accuracy of a
partition theory for offset delaminations and general layups.

S

Linear criterion
G1/Gie + Gy /Gye = 1
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Test specimens

= Davidson et al. (2000), Int J Fract 105.
= C12K/R6376 graphite/epoxy (relatively low toughness)

= Davidson et al. (2006), Compos Sci Tech 66.
= T800H/3900-2 graphite/epoxy (relatively high toughness)

= 3 specimen types and DCB, ENF, MMB, SSLB, UENF tests
1. UD O/ O interface
2. Constrained UD 0/ O interface (‘d’ = delamination location)

= [0/10/-15/0,4/-15/10/0/d], Layup A

= [(0/£15/0)4/d/(0/%15/0)/(0/ F 15/0),) Layup B

= [(0/£15/0),/(0/ F 15/0)/d/(0 F 15/0),) Layup C
3. Multi-Directional (MD) interfaces

= 5A [(0F45/90)/d/(45/90/0/-45,/0/90/45)/(0F45/90) ] Layup D

= 12A [(45/0,/F45/ +45/0,/F45),/d/(0+45/F45/0) ] Layup E

= 19A [(FA45/04/ £45) /d/(F45/04/ % 45)] Layup F
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UD 0/0 Interface

Data from Davidson et al. (2000)
C12K/R6376 graphite/epoxy (relatively low toughness)

1600 | 1 I I 1 1 | I I

—&— Midplane delamination |
1400 | | A EB offset delamination -
B NSF offset delamination
¢ SF offset delamination
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S
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Z 800
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This is 1 set of data, which has been partitioned with each of the 3 partition methods to obtain GII/G (the partition)
The measured fracture toughness values are on the y axis
The partition GII/G is on the x axis
Since we have 3 analytical methods to calculate GII/G, for each value of the fracture toughness we have 3 data points
The thick black line is the UD midplane failure locus determined from testing.
The shaded area represents +/- 1 STDEV from the UD midplane testing
The other data points are for offset UD delaminations
The red triangles represent EB partitions
The blue squares represent NSF partitions
The green diamonds represent the SF field (obtained from FEM simulations)
The EB partition theory and the NSF theory give almost the same results and are both very close to the UD midplane failure locus
The SF partitions (based on 2D FEM) do not agree as closely
Since the EB and NSF theories agree so well on this graph, next we explore a larger domain of thickness ratio and loading condition to see if the 2 theories always agree.
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Difference between EB and NSF partitions

1 T' 0.40

1 0.30

- 10.20

logy0(h1/h2)

0.10

Difference between the two values of G;;/G

0.00
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The graph shows the difference between the EB and NSF values of GI/G. Blue = very small difference. Red = 40% difference.
Outside of gamma is greater than 1/3 and smaller than 3, large discrepancies of up to 40% can occur
Inside of this region, there is very close agreement.
The test points for UD beams are overlaid – the grey crosses
It is interesting to note that the crosses all lie inside this region of close agreement. This explains why both theories work so well on the previous slide.
More recent published work shows that the EB theory seems to work better than the NSF theory outside of the blue area.
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Constrained UD 0/ 0O interface

Data from Davidson et al. (2000)
C12K/R6376 graphite/epoxy (relatively low toughness)
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The NSF and EB partition theories still work very well
SF partition also performs ok. It is improved in comparison to the UD 0/0 but there are no data points in the region where it performed badly before
(Jump back 2 slides and compare to SF there)
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Multi-Directional (MD) interfaces — First set

Ge (N/m)

Data from Davidson et al. (2000)

C12K/R6376 graphite/epoxy (relatively low toughness)

1600 T T T T T T T T T
—&— Midplane delamination
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Bm NSF offset delamination
1200 + ¢ SF offset delamination
1000 f
800 F
600 |
400 F
.,_
200 F -
0 I 1 ] I 1 ] 1 1 1
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All the partition theories do not work very well.
The reason is that the failure locus (the thick black line and shaded area) is based on the 0/0 interfaces across the delamination but this is not the case here.
It is obvious that if the fracture toughness values GIc and GIIc of the angle ply interfaces in the MD specimens are different from those of the UD specimens, even the correct partition results for MD specimens will not agree well with the failure locus determined from the midplane UD specimens.
Therefore, the comparison on this graph is not very helpful.
However, the EB and NSF data points are still reasonably close to each other.
The next graph helps us to see the different failure loci more clearly by replotting in the form of GI vs. GII.
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Multi-Directional (MD) interfaces — First set
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Data from Davidson et al. (2000)

C12K/R6376 graphite/epoxy (relatively low toughness)
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Solid lines and filled markers represent UD laminates. Dashed lines and unfilled markers represent MD laminates.
Now we compare the failure locus from UD midplane tests against MD tests from the EB and NSF theories.
It is seen that a linear failure locus is a good approximation for the midplane delamination of UD specimens:
The EB partitions of UD specimens with offset delaminations almost exactly coincide with the linear failure locus
The NSF partitions are also very close.
Based on this observation, it is assumed that the angle ply interfaces in the MD specimens also have linear failure locus.
One MD interface is considered (+/- 45).
Linear failure loci provide a good fit to the EB and NSF partitions (dashed red and blue lines respectively).
It is also seen that Gic is over 400 N/m which is considerably larger than the UD one.

All of the test data so far has been for graphite/epoxy laminates with a relatively low fracture toughness.
The effect of interface ply angles is expected to be more severe for low specimens with low fracture toughness.
(The severity is seen in this graph.)
For laminates with a higher fracture toughness, we expect to see the effect of interface ply angle reduce.
Therefore next we consider the second set of results with relatively high fracture toughness.
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Multl-DlrectlonaI (MD) mterfaces — First set

Data from Davidson et al. (2006)
T800H/3900-2 graphite/epoxy (relatively high toughness) : (Layups D — F together)

2500 T T T T T T T T T
—— Midplane delamination
A EB offset delamination
B NSF offset delamination
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The thick black line represents the UD midplane failure locus obtained with this higher toughness material. As the test results fall almost exactly on the line, they are not plotted on the figure for clarity.
The other data points represent offset delaminations in MD laminates with MD interfaces.
It is impressive to see that partition results from the EB partition theory fall almost exactly on the line except for one data point, however, this test however has a large standard deviation for its fracture toughness measurements.
The SF and NSF theories also works quite well.
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Conclusmns

= SF does not have great agreement with the fracture
toughness data

= Care must be taken when using the 2D finite
element method. ERR partitions will be based on
the SF and this gives poor predictions offracture
toughness.

= NSF theory — based on experimental data — works
very well in predicting mixed-mode fracture
toughness.

= EB theory — completely analytical — works very well in
predicting mixed-mode fracture toughness.




Thank you for listening

Questions?




| M Loughborough
/ﬁ L Uﬂlilx%el:-si?;mg

Appendix

Table 1: Unidirectional material properties

C12K/R6376 graphite/epoxy ~ T800H/3900-2 graphite/epoxy

E,, (GPa) 146.86 154.72
E,,, E;; (GPa) 10.62 7.58
My s Hi; (GPa) 5.45 4.27

Uy (GPa) 3.99 2.88

Vis, Vizs Vas 0.33 0.32

E: (GPa) 114.15 143.13

Data from Davidson et al. (2000) for C12K/R6376 graphite/epoxy

Data from Davidson et al. (2006) for TBO0OH/3900-2 graphite/epoxy
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Table 2: Fracture toughness of midplane and offset delaminations in unidirectional laminates made from C12K/R6376.

Calculated partition, G, /G

' +
Test min, y=h/h* M,/M, SF Davidson et Euler G, (N'm) — o (N/m)
al. error
DCB 16/16 1.00 -1.00 0.00 0.00 0.00 341 12
SSLB 16/16 1.00 0.00 0.40 0.43 0.43 438 34
ENF 16/16 1.00 1.00 1.00 1.00 1.00 1284 196
MMB* 12/12 1.00 -0.23 0.21 0.23 0.23 352 46
MMB* 12/12 1.00 0.01 0.40 0.44 0.44 438 34
MMB* 12/12 1.00 021 0.61 0.64 0.64 529 86
MMB* 12/12 1.00 0.44 0.80 0.83 0.83 727 51
MMB* 12/12 1.00 0.59 0.91 0.92 0.92 1060 178
MMB* 12/12 1.00 1.00 1.00 1.00 1.00 1284 196
USLB 8/24 2.94 0.00 0.34 0.18 0.15 353 38
USLB 12/20 1.67 0.00 0.36 0.28 0.28 395 17
USLB 20/12 0.60 0.00 0.43 0.60 0.58 521 24
USLB 24/8 0.34 0.00 0.49 0.73 0.73 697 47
UENF 25/5 0.21 0.02 (0.004) 0.72 0.92 0.91 893 52
UENF 20/10 0.50 0.17 (0.10) 0.89 0.99 0.96 1130 70
UENF 20/12 0.58 0.24 (0.18) 0.93 0.99 0.98 1259 65

* 24-ply UD MMB laminates, ply thickness 7, = 0.155mm (for all other UD laminates, ply thickness
t, =0.146mm )

** These thickness ratios refer to the actual average thicknessratio as measured from the test specimens Data from Davidson et al. (2000)
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Appendix

Table 3: Fracture toughness of midplane and offset delaminations in constrained unidirectional laminates made
from C12K/R6376.

Calculated partition, G, /G

Tt ronlh S s P b 6w o0
DCB 16/16 1.00 A -1.00 0.00 0.00 0.00 336 20
SSLB 16/16 1.00 A 0.00 0.39 043 043 378 35
ENF 16/16 1.00 A 1.00 1.00 1.00 1.00 1220 46
USLB 12/20 1.67 B 0.00 0.34 0.28 0.28 355 37
USLB 20/12 0.60 C 0.00 0.42 0.60 0.58 511 21
UENF 20/12 0.60 C 022(0.22) 093 0.97 1.00 976 94

Stacking sequence (ply thickness 7, = 0.159mm ):
A:[0/10/-15/0,,/-15/10/0/d],

B: [(0/+15/0),/d/(0/%15/0)/(0/%15/0),]

C: [(0/+15/0), 7d/(0/F15/0)/(0/F15/0),]

Data from Davidson et al. (2000)
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Appendix

Table 4: Fracture toughness of midplane and offset delaminations in multidirectional laminates made from
C12K/R6376

Calculated partition, G, /G

Test nin, y=h/h SS;;E];;I(E M, /M, SF Dez;igls- ° " Buler G (N/m) + iﬁrNoi*m)
USLB 8/24 3.00 D 0.00 0.18 0.10 0.14 376 48
USLB 24/8 0.33 D 0.00 0.63 0.80 0.72 757 43
USLB 12/24 2.00 E 0.00 0.23 0.20 0.23 341 29
USLB 24/12 0.50 E 0.00 0.57 0.68 0.63 680 40
UENF 24/12 0.50 E 0.17 (0.14) 0.95 0.99 0.99 1139 133
USLB 12/24 2.00 F 0.00 0.38 0.35 0.24 511 32
USLB 24/12 0.50 F 0.00 0.44 0.56 0.65 682 40
UENF 24/12 0.50 F 0.11 (0.06) 0.81 0.93 0.94 1061 26

Stacking sequence (ply thickness 7, = 0.152mm ):
D : [(0/F45/90), /d/(45/90/0/—45,/0/90/45). /(0/F 45/90),]
E: [(+45/0,/745/+45/0,/745) /d/(0/+45/745/0),]

F: |(F45/0,/+45)/d/(+45/0,/7 45)
Data from Davidson et al. (2000)

22
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Table 5: Fracture toughness of offset delaminations under the loading case

Calculated partition, G /G

Test nin, y=h/h Ssggﬁlé;r(li SF Davigls- on et Euler G. (N/m) + ZErNoi‘m)
USLB  8/24 3.00 D 0.18(0.16) 0.10(0.09) 0.14(0.14) 376 (951) 48 (85)
USLB 8/24 2.94 UD 0.34 0.18 0.15 353 38
USLB 1224  2.00 023 (0.21) 020(0.19) 0.23(0.23) 341(1024) 29 (55)
USLB 12/24 2.00 0.38 0.35 0.24 511 32
USLB 12/20 1.67 UD 0.36 0.28 0.28 395 17
USLB 12/20 1.67 B 0.34 0.28 0.28 355 37
USLB 20/12 0.60 UD 0.43 0.60 0.58 521 24
USLB 20/12 0.60 0.42 0.60 0.58 511 21
USLB  24/12 050 0.57 (0.59) 0.68(0.69) 063 (0.62) 680 (1419) 40 (145)
USLB  24/12  0.50 0.44 (0.46) 0.56 (0.55) 0.65(0.65) 682 (1526) 40 (21)
USLB  24/8 0.34 UD  049(049) 073(0.73) 0.73(0.73) 697 (1807) 47 (91)
USLB  24/8 0.33 D 0.63(0.64) 0.80(0.81) 0.72(0.72) 757 (1624) 43 (34)
USLB* 18/6 0.33 UD (0.48) (0.73) (0.73) (1682) (166)

* For this specimen only, ply thickness 7, = 0.182mm , otherwise see Tables 2,3, 4 and 6.

Data from Davidson et al. (2000)
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Table 6: Fracture toughness of midplane and offset delaminations in multidirectional laminates T800H/3900-2.

Calculated partition, G /G

Test n/n, y=h/h S;;Elé;t% M, /M, SF D‘Zi:ls_ °L " Buler G (N/m) + iﬁrNoim)
USLB 8/24 3.00 D 0.00 0.16 0.09 0.14 951 85
USLB 12/24 2.00 E 0.00 0.21 0.19 0.23 1024 55
USLB 24/12 0.50 F 0.00 0.46 0.55 0.65 1526 21
USLB 24/12 0.50 E 0.00 0.59 0.69 0.62 1419 145
USLB 24/8 0.33 D 0.00 0.64 0.81 0.72 1624 34
UENF 24/12 0.50 F 0.10 (0.07) 0.87 0.89 0.96 1954 31
UENF 24/12 0.50 E 0.17(0.15) 0.97 0.99 0.99 1926 51

Stacking sequence (ply thickness 7, = 0.179mm ):

D [(0/F45/90),/d/(45/90/0/—45,/0/90/45). /(0/F 45/90),|

E: [(£45/0,/745/+45/0,/745) /d/(0/+45/745/0) ]
F: |(F45/0/+45) /d/(x45/0,/745)|

Data from Davidson et al. (2006)
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