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Abstract

The area under the load—displacement softening curve gives the total external work on the test specimen and not the
fracture energy. The fracture energy follows from half this area that is equal to the critical strain energy release rate at
the first crack increment. For wood this is correctly applied for mode II. For mode I however, as for other materials,
the total area is wrongly regarded, a factor 2 is too high. In some applications, based on crack increment cycles, the error
is even a multiple of this factor 2. On the other hand, the measurements at softening may show an apparent decrease of the
specific fracture energy that can be explained by a small crack joining mechanism when the ultimate state of the ligament of
the test specimen is reached. Post fracture behaviour is thus not comparable with the behaviour of macro crack initiation.

It is further shown, by the kinetics of the process, that the irreversible work of an ultimate loading cycle is proportional
to the activation energy of the fracture process and not to the driving force of the process. This explains why the crack
velocity decreases with the increase of this irreversible work and increases with the stress intensity increase.

The fracture energy is a function of the Griffith strength and is thus related to the effective width of the test specimen
and not to the ligament length. This also has to be corrected. Based on the derivation of the softening curve, the reported
fracture toughness of 720 kN m ' of double-edge notched tests is corrected to 330 kN m ' and the value of
467 kN m ™', based on the fracture energy, of the compact tension tests, is also corrected to the right value of
330 kN m ™!, A revision of published mode I data, based on the fracture energy obtained by the area of the softening
curve, is thus necessary.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The analysis followed here is not based on the sin-
gularity approach, thus on stresses at a distance of
the singularity, but on determining the ultimate
stresses at the crack boundary. Further, wood and
other orthotropic materials should be regarded as

" Tel.: +31 152851980.
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reinforced materials. The applied orthotropic Airy
stress functions are based on the spread out of the
reinforcement to act as a continuum, satisfying the
equilibrium, compatibility and strength conditions.
In reality only this can be achieved by the interaction
through the matrix and the orthotropic solution is
thus not right for reinforced materials because the
equilibrium conditions and the strength criterion of
the matrix, as a determining element, then are not
satisfied. This is corrected in [1] by applying the Airy
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Nomenclature

A area; the index indicates a closed curve
Aoas = Aoaso

a crack length; a;; = constant

b specimen width

begr effective specimen width

C constant

c half a crack length; ¢;; = constant

Ce critical length of crack ¢

E elastic modulus

Eoq elastic modulus of a plate containing a
crack

E’ activation energy

G energy release rate

Gy modulus of rigidity

Gc critical energy release rate

K stress intensity factor

K¢ critical stress intensity factor

K; mode I stress intensity factor

[ length of the specimen

N number of fracture sites

R gas constant

To radius of the crack boundary

T absolute temperature

t time, or thickness

v displacement

w strain energy increase

o, f, vy, n constants
displacement

£ strain

&g strain at the Griffith stress on the yield
locus

A jump of the activated segment

o stress

O cohesive stress or yield stress in MPa

Og Griffith yield stress

o, real mean stress in the determining weak-
est cross section

oy real local tensile strengths at the crack
boundary

v contraction coefficient

stress function for the stresses in the isotropic matrix
giving the right general solution identical to the
empirical mixed mode Wu-failure criterion for
wood, concrete and fiber reinforced plastics, that
is, written in mode I and II stress intensities

K1 /Ky + (KII/KIIC>2 =1, (1)

where Kjj. is proportional to Kj. according to Eq.
(A.10) of the Appendix.

From the derivation in [1] follows that there is
always enough energy for the fracture, but also that
the stress should be high enough for failure. Thus
the critical fracture energy equation is identical to
the failure condition as is shown in [1] and in the
Appendix. In Appendix it is also shown that Eq.
(1) is an extension and a special case of the SED cri-
terion, e.g. given in [2].

Because of the initial fracture of the isotropic
matrix in [3] the derived orthotropic relations
between the fracture energy and the mode I and II
stress intensities do not apply and do not fit to the
measurements of, e.g. [4]. The isotropic relations
apply for the strength of the matrix and the matrix
stresses determine the stresses of the reinforcement
and by that the external loading.

There is also no need for simulation of the steep-
est stress gradient [5], because the direction of crack

extension is already known from the critical stress
state providing the lower bound solution that is
based on the (physical possible) flat elliptical crack
[1]. For mode I, regarded here because of the neces-
sary correction of the fracture energy, the initial
crack and crack extension are both in the grain
direction, but the following derivation is compara-
ble for mode II and the mixed mode [1].

2. Fracture energy, strain energy and energy release
rate

The mode I fracture energy, measured by the
specimen of Fig. 1, is stated to be equal to the area
under the softening curve of Figs. 2, 3, 6 or 7,
divided by the total crack area and thus is stated
to be equal to the total work at fracture done by
the external forces on the specimen. This is not
right. It is half this value as will be shown here
and in paragraph 4. In paragraph 4, it is shown that
the fracture energy of mode II of wood is correctly
based on half the area under the non-linear part of
the loading diagram and also that the critical strain
energy release rate, applying at the top of the load-
ing curve, at the start of softening, is correctly in
agreement with the area method, accounting half
the incremental area of this curve according to the
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energy balance. The factor 2 error in the mode I
fracture energy explains why in the RL and TL
direction, the fracture energy of wood is twice the
critical strain energy release rate as is mentioned
as general empirical property in [6, p. 114].

As most materials, wood shows near failure an
apparent plastic behaviour and the loading curve
can be approximated by equivalent elastic—plastic
behaviour. Therefore linear elastic fracture mechan-
ics can be applied based on the ultimate stress at the
elastic—plastic boundary around the crack tip. The
dissipation by microcracking, plastic deformation
and friction within this boundary, called fracture
process zone, can then be seen as parts of the frac-
ture energy of the macro crack extension. The linear
elastic derivation of the softening curve, given in
paragraph 3, shows that the critical strain energy
release rate is equal to the specific fracture energy
as long as the ligament length is not determining.

In the literature, the derivation of Eq. (6) is based
on the reciprocal theorem. However, the following
derivation more clearly shows the essence of the
fracture energy and the energy exchanges.

In Fig. 1, a mode I, center notched test specimen
is given with a length “/”’, a width “»”* and thickness
“t”, loaded by a stress ¢ showing a displacement
of the loaded boundary due to a small crack exten-
sion. The work done by the constant external stress
o on this specimen during this crack extension is
equal to

W =c-b-t-, 2)

twice the increase of the strain energy W of the spec-
imen so that the other half of the external work,

cttttt

~ 2¢ -

SR S A R S A
o)
Fig. 1. Specimen b times | with thickness ¢, containing a flat crack
of 2c¢.

equal to the amount W, is the fracture energy, used
for crack extension. Thus the fracture energy is equal
to half the applied external energy that is equal to the
strain energy increase W and follows for the total
crack length from the difference of the strain energy
of a body containing the crack and of the same body
without a crack

2 2

o o
blt — —=blt=W. 3
2E 2F (3)

The fracture energy is also equal to the strain energy
decrease at fixed grip conditions when ¢ =0

+c
W= ta/ vda = no’c*t/E, 4)
where the last two terms give the strain energy to
open (or to close) the flat elliptical crack of length
2¢ and where “v” is the displacement in the middle
of the crack surface in the direction of ¢ (see [1]).

From Egs. (3) and (4) it follows that:

2

2
15
blt — ——blt = na*c*t/E. 5
2By N pghlt =t/ )
Thus the effective Young’s modulus of the specimen
of Fig. 1 containing a crack of 2c, is

E

Egr=————.
"1+ 2n /bl

(6)
It follows from the kinetics of crack propagation
that the critical crack length is in an unstable equi-
librium. Thus for a crack length 2¢ in a material of
thickness ¢, the condition of unstable equilibrium is
0

— (W — G.2ct) =0, 7
= ct) (7)
where G, is the fracture energy for the formation of
the crack surface per unit crack area. Because
G. = OW /0(2ct), it clearly also is a strain energy re-
lease rate when applied to Eq. (4). With W of Eq. (3)
or of Egs. (4), (7) becomes

g nalct
Oc E

— Gc2ct} =0,

0 [o%blt 2mc? a*blt

giving both the Griffith strength

G.E
e

(®)

This stress is related to the width b of the specimen
of Fig. 1. The real mean stress in determining the

Og =
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weakest cross section with width b-2¢, where
fracture occurs is

__ [GE b
"V ore b-2c
_ GCE. 1 (9)
mh (Ve/b) - (1 —2¢/b)
and
00, _ [GE _ 6e/p-1
o(Jerb) Vb (efb)-(1—2¢/b)

when ¢/b > 1/6,

that always is the case for critical crack lengths and
the real stress ¢, increases monotonically with the
increase of the crack length ¢ and no softening
behaviour exists at the critical site. Softening thus
only exists outside the critical cross section and is
identical to elastic unloading of the specimen out-
side the fracture zone and thus also in this case, soft-
ening is not a material property as is assumed in the
existing models for wood and concrete.

3. The strain softening curve

A simple description of the softening behaviour
as a result of former crack propagation alone is pos-
sible by the Griffith theory. Straining the specimen
of Fig. 1 to the ultimate load at which the initial
crack will grow, gives according to Eq. (6): ¢x =
0yl Eeit = 04 - (1 + 2nc?/bI)/E.

Substitution of ¢ = G.E /no‘é, according to Eq.
(8), gives

&g = 0g/E + 2G2E[mobl. (10)

This is the equation of critical unstable equilibrium
states should therefore apply along the softening
curve (for a sufficiently long ligament length of the
test specimen). This curve, called Griffith locus,
has a vertical tangent de,/do, =0, occurring at a
crack length of

c. = \/bl/6m. (11)

Cracks smaller than 2c¢. are unstable because of the
positive slope of the locus. These cracks extend dur-
ing the loading stage, by the high peak stresses at
the notch of the test specimen, to a stable length
and only crack lengths higher than ¢, are to be ex-
pected at the highest stress, giving the stress—strain
curve of Fig. 4 with o, as a top value (or o, ran-
domly above the top value of the real curve).

For a distribution of small cracks, » and / in
Eq. (11) are the crack distances and the critical
crack distance for extension is about 2.2 times the
crack length; this occurs when b~ 2.2 2¢. and
l~2.2"2¢, or bl ~ 19 - ¢ = 6nc?. This critical dis-
tance is predicted by deformation kinetics [7] and is
used in paragraph 8.

According to Eq. (10), the softening line can now
be given as

4
_0g O
&= <1+3ag>, (12)
where

0. = VEG./mc. (13)

is the ultimate load with ¢, according to Eq. (11).
The negative slope of this softening line is

g E E

—E— =—g. (14)

Ocq %=1 o
g c

A vertical yield drop occurs at the top at o, = o,
and the strain then is: &g = (0./E) - (1 +1/3) and
Eq. (12) becomes

3
3:0.75.<%+ J°>. (15)

Egc O, 303;

In general Eq. (12) can be written, when related to a
stress level oy

& 0, 1+0a}/3a;

el ow 1+ 0*/30%
:E,1+(Uc/0g1)4'(‘7g1/‘7g)4/3' (16)
Tyl 1+ (0c/00)"/3

To control whether o, changes, Eq. (16) can be writ-
ten as

O _ (3 : (%/%1)3 ) ((Sg/ggl) - (Gg/agl))>0.25

Ogl 1 — (&g/eq1) - (O'g/o'gl)3

(17)

with the measured values on the right hand side of
the equation. When ¢, decreases, the mechanism
discussed in paragraph 8 is determining for soften-
ing and the value of o.. However, as an approxima-
tion, Eq. (15) can also be applied with a stepwise
decrease of o, as is discussed in paragraph 8.
Applications of the Griffith locus can be found in
numerous publications in the past, e.g. in [5], where
it is used as a failure criterion for the onset of unsta-
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ble crack growth. Here it is shown that the stable
part of the locus should represent the softening
curve. It will be further shown that the occurring
softening curve may differ from the Griffith locus
and may be steeper due to the crack joining mecha-
nism discussed in paragraph 8.

4. Fracture energy as area under the softening curve

The basic theory of the energy method, leading to
Egs. (2) and (3), should be confirmed by the loading
curve (Fig. 2). This will be discussed in the
following.

When a test specimen is mechanically condi-
tioned, the effective stiffness is obtained given by
the lines OA and OC in Figs. 2 and 3. In Fig. 2,
the area OAB, written as Apap, 1S the strain energy
of the specimen of Fig. 1 with a central crack (or

Stress ©

© B D Displacement &

Fig. 2. Stress—displacement curve for tension of the specimen of
Fig. 1 or 5.

Stress ©

0 .
Displacement &

Fig. 3. Descending branch of the stress—displacement curve of
Fig. 2.

Stress ©

Displacement &

Fig. 4. Softening curve according to Eq. (10) for the specimen of
Fig. 1 or 5.

with two side cracks according to Fig. 5) with a
width “b”, length “/” and thickness “#’ loaded to
the stress ¢. During the quasi static crack extension
from B to D in Fig. 2, the constant external load ¢
does the work on the specimen of

oc-b-t-Aegp-l=0-b-t-dsp = Aappc,

where Aepp is the strain increase due to the cracking
and Opp the corresponding displacement. The strain
energy after the crack extension is Apcp and the
strain energy increase by the crack extension is thus
shown in Fig. 2

Aocp — Aoas = Aocp — Aocs = Acsp = Aappc/2.

Thus half of the external energy ¢ - b - ¢ - dgp/2 is the
amount of increase of the strain energy due to the
elongation by J, and the other half is thus the frac-
ture energy that is equal to this increase of strain
energy.

The same follows at unloading at yield drop.
Because every point of the softening curve gives
the Griffith strength, which decreases with increasing

s |1
Il 20
10
5 " /,—
1 L 20
3
—

Fig. 5. Geometry of the specimens [4].
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crack lengths, unloading is necessary to maintain
equilibrium. The fracture with unloading step AC
in Fig. 3 is energy equivalent to the unloading steps
AE and FC and the fracturing step EF at constant
stress EB=FD =(AB+ DC)/2. Thus Aagpc =
Agppr. Identical to the first case of Fig. 2, the
increase in strain energy due to crack extension is

Aopr — Aose = Aopr — Aosr = Asrp
= 0.5 Agppr = 0.5 - AaBpC,

equal to half the work done by the external stresses
during crack propagation and thus also equal to the
other half, the work of crack extension. The deriva-
tion further shows that there is more energy avail-
able than necessary for fracture as also found in
[1], mentioned in paragraph 1. The conclusion is
that not the total area under the load—displacement
curve, divided by the corresponding total crack
length (including the initial length), is equal to the
specific fracture energy, but only half this area.
The published mode I values of the so-determined
fracture energies thus need to be corrected. This is
not the case for mode II. In the same way as for
mode I, half the area under the non-linear part of
the loading diagram is equal to the fracture energy
for mode II. For this mode, only line OACO
in Fig. 2 is measured and Apac is regarded to be
the fracture energy. Because Aoac = Agac =0.5"
Aappc, this is right and mode II needs no
correction.

5. Necessary corrections of the fracture energy

As shown above, the area under the load-
displacement curve is equal to the work done by
the external stresses and half this work is used for
fracture.

Thus for the extension BD in Figs. 2 and 3, the
fracture energy (Aagpc/2 or Agppr/2) is at constant
stress ¢ (AB or EB)

G-b1-Sup/2=0c-b-1-1-As)2
atbet-l
- 2

1 (c + Ac)’ 1 c?
'(E'(”W £ T3a
_a’btl 2cAc  a’btl6ncAc
- 2E 3¢ 3Ebl
70'212TCCAC
- E

This is equal to the increase of fracture energy at
crack extension of A(G. -¢-2¢) =2 -G, -t - Ac. Thus,
o’2nc/E = 2G.t, or: o, = \/EG./(mnc), equal to
the Griffith strength and thus showing that the
fracture energy G, is equal to the energy release rate.
Thus it is now shown that half the area Asgpc/2 is
equal to the fracture energy and not the whole area
and it is also shown that the totally different
amount Apaco of Fig. 3 is not equal to the fracture
energy, as is supposed in [8] for crack increments
(see paragraph 6).

Because Eq. (3) is based on the total crack length
and the strength is a Griffith stress, the initial value
2¢ of the crack length should be accounted for and ¢
and G, should be related to the whole crack length,
including the initial value, and thus should be
related to the whole specimen width b and not to
the reduced width of the ligament: b—2c¢ as is done
now. This is the second necessary correction of the
mode I fracture energy G..

A third correction is necessary when o, of Eq.
(12) changes. Then Eq. (18) becomes

a*btl (1 (c+ Ac)? 1 I
: =" (2 )
g - btdpp/ 5 <E ( +3-(CC+ACC)2 7 ( +3'C§>

= A(Get2¢) = G2 - Ac + 12¢ - AG.,

2ne Ac. ¢ AG. -
-UM<1, c°-c):GC+ G.-c

E Ce Ac Ac
AG Ac,
== —Aln(c.). 1
or G. o n(cc) (19)

Thus the apparent decrease of the energy release
rate AG, is proportional to Aln(c.). The apparent
value of G, may decrease at the end of the fracture
process, when the ligament strength of the test spec-
imen becomes determining, due to the small crack
extension, reducing the ligament area of the speci-
men. This is discussed in paragraph 8. The measure-
ments of [4], on the test specimens of Fig. 5, show a
strong influence of this ligament fracture mecha-
nism and there thus is a difference between this spe-
cific fracture energy of the post fracture state and
the strain energy release rate of crack initiation
based on the ultimate Griffith strength at the top
of the softening curve.

6. Irreversible work of an ultimate loading cycle

The irreversible energy of a loading cycle with a
crack increment on a test specimen is given by the
triangle Aoaco in Fig. 3. The superfluous elastic
unloading parts, not needed for the fracture energy
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calculation are Agga and Aocr.and the fracture
energy is given by the area Aogr. In [8], Aoaco 1S
measured, at different crack velocities, for a range
of crack increments on the same specimen. The area
of Aoaco = Aokr + (Aoag T Aocr) or

Aoaco :GbZZA8/2+|AO'| -btl - ¢

_0-bll~A5 I Ao €
= - =" =)

2 Ae
Inserting Egs. (12) and (14) gives

a*2ncAc ot 1
Aorco == — (1 (1+35) - (G

_ o’12ncAc 4/3
E  1-(d/a)"

This area is supposed to be equal to an apparent
fracture energy G, ,. It is already shown that the first
term is equal to the Griffith fracture energy G,
according to: A(G.t2c) = 2G.t - Ac and thus G, is
assumed to be proportional to G. which also ap-
plies: A(G.at2¢) =2G,, t - Ac, giving

_ aznc. 4/3 o 4/3
“TTE T (o) T (o/a)
- G.- Lz (20)
- (Cc/c)

This equation only applies as long as the modified
Griffith locus, (Eq. (12)), is followed during soften-
ing, thus, maximal to about half the unloading for
the specimen of Fig. 5. When the slope of the soft-
ening curve at the start fits to ¢./c ~ 0.9, then G, ~
7 G.. When this is ¢./c ~ 0.8, then G., ~ 3.7 G..
Thus different factors can be measured depending
on the steepness of the softening curve at the start.
This result demonstrates that G, is not the fracture
energy but contains, as shown, a superfluous
amount of energy for fracture.

As mentioned, depending on the ligament length
of the test specimen, a crack joining mechanism, dis-
cussed in paragraph 8, may become determining for
the softening stage and Eq. (12) then does not apply
any more because ¢, increases with ¢ and the Griffith
G. decreases because of the decreasing ligament area
due to the small crack extension at the ligament.
The softening curve is then found by integration
of the common damage equation of [7]. This behav-
iour and the meaning of G., will be explained in
paragraph 8.

7. Experimental verification

Testing the theory the best can be done by the
elementary stress states of the center notched, or
double-edge notched specimens. The measurements
of [4] are sufficiently complete by measuring the
whole loading and softening curve and using the
compact tension tests as control, being a control
by the different loading case.

The graphs of [4], Figs. 6 and 7, are the result of
tension tests on the specimen of Fig. 5. The length
of the specimen was / = 3 mm, the width and thick-
ness: b =t =20 mm and the notch length 2¢ =2 x
5 =10 mm with a notch width of 0.5 mm.

The double-edge notched specimen was used in
[4] at the highest moisture content because the single
side notched specimen failed at the glued bound-
aries. Therefore also a shorter ligament length was

Stress ¢ (MPa)

0 T T T T T T T
0 01 0.2 0.3 0.4
Displacement & (mm)}

Fig. 6. Stress—displacement of specimen T 1409 of [4].

&
T

Stress ¢ (MPa)

= » @
- N W s
| 1 | 1 1

0.5

0

I I I
0 005 01 015 0.2 0.25 03 0,35 04 045
Displacement & (mm})

Fig. 7. Stress—displacement of specimen T 1509 of [4].
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necessary. However, the ligament strength now
becomes determining and also the boundary discon-
tinuity at the glued steel plates still may remain
determining as is shown.

In the Figs. 6 and 7, the measured stress—dis-
placement is given together with the lines 1 and 2
according to Eq. (15). The strain &, follows from
the displacements at the x-axis of the figures divided
through 3 mm, the measuring length and length of
the specimen. Because of the small length of
3 mm, not the whole width 5 of the specimen is
active. Assuming a possible spreading of 1.2:1,
through the thickness of 1.25 mm above and below
the side notches, the working width b.g is equal to
the ligament length plus two times 1.2 x 1.25 or
ber =10 + 3 =13 mm. Thus the real specimen has
the same dimensions as given in Fig. 5, except for
the notch lengths that should be regarded to be
1.5 mm instead of 5 mm. The stresses in the Figs.
6 and 7 of [4], are related to the ligament length
and not to b.y, according to the Griffith stress.
Thus the stresses have to be reduced by a factor
10/13 =0.77.

The standard compact tension tests of [4] did
show a stress intensity Kj. of 330 kN m~ 2. This
result is independent of the chosen stiffness as fol-
lows from the calculation according to the series
solution or according to the energy method. This
is verified in [4] by comparing the series solution
with a finite element compliance calculation using
the isotropic and the orthotropic stiffness and the
orthotropic stiffness of [3]. The value of Kj.=
330 kN m~*2, found in all cases, thus also should
follow from the area under the softening curve of
that compact tension test. When half the area of
that diagram is taken to be the fracture energy,
instead of the total area, then Kj., mentioned in
[4], indeed is corrected to the right value of: 467/
V2 =2330kN m~*2 This result of the standard
compact tension test thus is a first experimental ver-
ification of the theory.

Regarding the short double-edge notched speci-
mens of Fig. 5, the measured E-modulus should
be related to the effective width of 13 mm instead
of the ligament width of 10 mm and therefore is
E=700x10/13 =700 x 0.77 = 539 MPa. The criti-
cal energy release rate then is

G. = K3 /E = 330%/539 = 200 N/m. (21)

The measured value of G, from the area under the
stress—displacement curve is given in [4] to be
515 N/m. But, because half this area should have

been taken and this value is wrongly related to the
ligament length instead of on by the corrected
value is: 1/2x515x0.77 =200 N/m, as found
above, Eq. (21), giving again an experimental verifi-
cation of the theory, now by the tests on the short
double-edge notched specimens.

It is seen that the curve of Fig. 6 has a vertical
tangent at the top do'g/de?g oo. The critical crack
length there thus is: ¢, = \/bl/6m according to
Eq. (11). Thus

ce =1/ Den! ,/13 103 =15-10"m
6.1

= 1.5 mm. (22)

In Fig. 6, at the Griffith maximal stress of
(0.77) - 7=5.39 MPa, is: Kj. = g/nc or

Kie=539-Vn-1.5-1073 =

Line 1 of Fig. 6 gives the primary crack extension,
Eq. (15), with 6. =(0.77) - 7 =5.39 MPa and a dis-
placement of about 0.03 mm, or a strain of 0.03/
3 =0.01. The ligament strength of 7 to 8 MPa is
exceptionally high and only measured 6 times of
the 117 tests. The crack does not propagate in a free
space, but in the limited length of the ligament and
this area will be overloaded. Curve 1 therefore levels
off from the measurements at ¢ =0.77 -4 MPa.
Thus

0.37 M Nm*2.  (23)

EG.
n3c,

Oy = =0.57-(0.77-7) =0.77 -4 MPa (24)
and the crack length has become about three times
the initial critical value c.. Thus the initial crack
of 1.5 mm has traveled two times 1.5 mm = 3 mm
and the intact part of the ligament is 10 — 3 =
7 mm. Only one of the 2 side notches is extended,
(probably by a high local strength due to crossing
ray cells). When both notches extend 1.5 mm, the
same intact ligament length of 7 mm occurs and

EG,
n2c,

Corrected by the measured \/EG, values of 600/640
to the mean value of the series, this stress becomes

G, =0.77-4.9 - (600/640) = 0.77 - 4.6 MPa.  (26)

This higher value of 4.6 instead of 4, shows the high-
er strength that is possible when the extensions from
both sides are not in the same plane. The level above
4 (to 4.6) MPa is measured in 3 of the 10 specimens
of the discussed series T1309/2309 of [4] and an

Gy = =0.77 - 4.9 MPa. (25)
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Table 1
Softening by crack propagation followed by ligament failure

Crack joining model ligament
strength: 0,/0.77

Softening curve Eq. (17) with
measurements of [4]

6./0.77 ag/0.77 6./0.77 ag/0.77
7 7 7.3

7 4 7.3 4

4.5 2 4.6 2

3 1 3.1 1

example is given in Fig. 7. The other specimens of
this series did show strength values lower than
4 MPa, indicating that the ligament strength was
determining for softening.

The behaviour according to Eq. (16), down to the
stresses of Eq. (24) and lower, is verified by Eq. (17),
showing that in Fig. 6, o, is constant and equal to
0./0.77 =7 MPa for ¢,/0.77 =7 down to ¢,/0.77 =
4 MPa and then reduces gradually to ¢./0.77 = 4.5
at 6,/0.77 = 2 and further to ¢./0.77 = 3 at 6,/0.77 =
1 MPa. The same applies for Fig. 7, ¢//0.77 =
7 MPa above ¢,/0.77 =4 MPa and then reduces in
the same way. These results are given in Table 1.
The departure from the Griffith theory by the grad-
ual decrease of g, below 6,/0.77 = 4 MPa, is due to
the failure of the high loaded ligament that is
explained in the next paragraph.

8. Crack joining mechanism

The discussed apparent decrease of the fracture
energy G, of the Griffith theory, due to reduction
of intact ligament area of the specimen by small
crack extensions at the ligament, can be explained,
using the equilibrium method, by the joining of
the small cracks as follows.

In [7] it is shown that the critical intermediate
small crack distance of a fracture process in ““clear”
wood, and thus in the ligament, is about equal to
the crack length, as given in scheme A. In paragraph
3, a crack distance of 2.2 times the crack length is
found, that for simplicity the model is rounded
down here to 2, giving slightly too high stresses
(see Table 1). For these small

2c 2c _2¢ 2c 2¢ 2c _2¢ 2c 2¢ 2¢c 2¢ 2¢c 2¢ 2¢ 2c. A

6¢c 2¢ 6¢c 2c 6¢c 2c 6¢ .B

14c 2¢c 14c .C

cracks, the critical crack length according to Eq.
(11) then is: ¢, = /Ib/6m = /2 (2c) -2 (2c0)/
(6m) = 0.92 - ¢y, for the specimen with row 4.

The distance [ between the rows, above each
other, is always two times the crack length, being
the Saint-Venant distance for building up the stress
again behind a crack to be able to form a new crack.
Thus /[=2-2¢c for row A, and /=2 -6¢=12¢ in
row B, and 2 - 14¢ = 28¢ in row C. The crack dis-
tance b in row A is b =4¢, and b = 8¢ in row B,
and 16¢ in row C. Thus when crack pairs of row
A join together, a crack length of 6¢ occurs, at a dis-
tance 8c, and so on. The critical crack length thus is
for row B

ce = \/IbJ6n = \/12-8 - 2/(61) = 2.26 - ¢, and
ce=+/Ib/6m = /28 -16-c3/(6n) =4.88 ¢, for row C.

The critical stress o, is for row A

EG, EG,
o=/ —1.04-
’ 70.92¢, co

=1.04-0.77-7=0.77-7.3 MPa,

1.04 - o

and for row B: o, = oo - (1/\/27) = Ocm - 0.67
=0.67-0.77-7=0.77 - 4.6 MPa,

and for row C: 0, = o - (1/\/@) = Oem - 0.45
=045-0.77-7=0.77 - 3.1 MPa.

The determining ligament strength is

Om =0y -2¢/b=0,-2c/4c =0,/2 =4-0.77 MPa for case A,
Om = 0y - 2¢/8¢ = 0,/4=2-0.77 MPa for case B,and
Om = 0y - 2¢/16¢ = 6,/8 = 1-0.77 MPa for case C.

Thus the decrease of the Griffith values ¢, and G, is
fully explained by the ligament strength o, = o,,, as
is verified by the measurements. As mentioned be-
fore, Eq. (17) of a., of the softening curve gives
the measurement of Figs. 6 and 7 in the first two col-
umns of Table 1, besides the prediction of the crack
joining mechanism in column 3 and 4. This mecha-
nism thus precisely explains the decrease of ¢, of the
softening curve, Eq. (16).

A simple approximation for practice of the mean
softening curve of all specimens of the series, is
possible by applying Eq. (15) twice. The first time
at the top of the curve (line 1 in Fig. 7), according
to the case of small cracks extension of all cracks
at the same time and further to apply Eq. (15) again
at half the strength value (line 2 in Fig. 7), as a mean
behaviour of the following crack joining process.
Thus a one step decrease of o, is assumed instead



136 T.A.C.M. van der Put | Theoretical and Applied Fracture Mechanics 48 (2007) 127-139

of a gradual decrease. It should be remarked that

the extreme strong specimen of Fig. 6, due to non-

comparable, one sided, crack propagation, should

be omitted from the data. Further, the lowering of

the data line below line 2 in Fig. 7 is due to an

increase of the applied strain rate by a factor 7.
The analysis above shows that in general

2¢,41 =2 2¢, + 2¢y, giving 2¢; = 6¢y and
262 =2 201 + 2C0 = 14C0.

The increase of the crack length is: A(2¢) = 2¢,+1 —
2¢, = 2¢, + 2¢p. Including the initial crack length of
2¢op, the increase of the total crack length is

A(2¢) = 2¢,11 — 2¢, — 2¢0 = 2¢,,. (27)

More general for any crack distance this is:
A(2¢) = p; - 2c¢ and because the strength decrease is
proportional to the area decrease of the ligament
area of the test specimen, due to small cracks exten-
sion there, the equation becomes

AQ2¢)/(2¢) = =P, - A(G) (28)

comparable to Eq. (19), giving the explanation of
the decrease of o..

Eq. (28) can also be expressed in the mean crack
velocities by replacing ¢ by ¢ -¢, the mean crack
velocity ¢ times time ¢ Thus: A(2¢)/(2¢) =
A(ct)/ét = Aé/e. Then integration of Eq. (28) leads
to

Gc,a — Gc,a,l -7 ll’l(C) (29)

This is measured in [8] for the irreversible work of
loading cycles. Measured are two processes. One
with a small slope y, and one with a high value of
y. The slope y is small for crack velocities ¢ above
2.4mm/s and is high below this velocity. For
instance in the RL direction, at crack velocities
between ¢ = 0.2 to 2.4 mm/s, is found

Gea =258 — 150 - In(¢), (30)

running from G., =500 N/m at 0.2mm/s to
G.. =126 N/m at 2.4 mm/s. However, from other
slow crack growth investigations, only the high
crack velocity process of [8] with the small value
of v is found as, e.g. is shown in [9]. Further, in
the overlapping range of 0.01 mm/s to 1 mm/s, no
decrease, but an increase of the stress intensity Ki,
thus of /G, is measured. This can be explained
as follows. Eq. (29) can also be written

E — ati/N)

RT (31)

é—éo-exp(—

where ¢, 1s the maximal value of ¢; £’ the activation
energy, containing the enthalpy and entropy terms;
o/ N the work term by the stress o, on the site [7]; R
the gas constant and 7 the absolute temperature.
Eq. (31) is a special case of the general damage
equation of softening of [7], that applies because
mean rates ¢ of the crack increments are regarded.
This equation can be related to a reference value ¢,

In(¢) = In(¢,) — (E' — 6,4/N)/RT
+ (E' = 0,,2/N\)/RT (32)

For ¢; = 1 mm/s, it follows from Egs. (29) and (32)
that

Gea/y = (E' — 0,/N)/RT (33)

and it is seen that G ,, the irreversible work of an
ultimate loading cycle, discussed in paragraph 6, is
proportional to the apparent activation energy of
the process and is not the driving force of the pro-
cess. G, decreases with the increase of the driving
force g,. Therefore the crack velocity decreases with
the increase of G, because the driving force o
decreases. According to Eq. (30) is measured:
G..ly =258/150 = 1.72, that means o, ;A/RTN; is
close to E'/RT at fracture because these terms are
much higher than 1.7. The high value of y and the
small influence of the moisture content on the slope
and the shift of the curve indicates that this process
is a mechanosorptive process [7]. This probably is
due to the moisture transport during the testing
due to the other climatic conditions than those of
the conditioned specimens. The testing should be
repeated at constant climate conditions for veri-
fication.
Eq. (32) also can be written as

In(¢) = In(¢y) + 6i/NRT — 6,14/NRT, (34)

and measurements show that the number of sites N is
proportional to the applied stress o, and the initial
value of N thus is proportional to the ever applied
maximal stress o ,. This is a property of many mate-
rials that explains, e.g. the time-stress equivalence
found in [7]. In Eq. (34) thus is oy w/N = 01/N;
and Eq. (34) becomes n = 0y} A/N1RT = 6 ;nA/INRT

In(¢) =In(¢)) +n-0/oym —n, or

1 .
2 141 (5) (35)
Otm n 1)
showing the increase of the crack velocity ¢ with the

increase of ;. By multiplication of the local tensile
strengths at the crack boundary o, and o, with
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V/2mrg, according to [1], the equation is expressed in
the mean stress ¢ in the specimen because

ovmV21ry = oy/nc = K1, and Eq. (35) becomes

K 1 c 1 c
L —l4+In(=)=1+=1 — 36
K, T (él> +”' o8 (él)’ (36)

where n' is in the order of 60 for wood. This is high
enough for the possibility of primary C-C- and
C-O-bond breaking. The semi log-plot, Eq. (36),
is given, as empirical line, in many publications
from experiments on ceramics, polymers, metals
and glasses and is given in [9] for wood. Because
the slope is small, also the empirical double log-plot
is possible.

The kinetics shows the same behaviour as for
clear wood. As shown in [7], two coupled processes
act, showing the same time-temperature and time—
stress equivalence. One process, with a very high
density of sites, provides the sites of the second pro-
cess with a very low density, as follows from a very
long delay time. The notched specimen discussed
here also shows the low concentration reaction by
the strong softening behaviour. The concentration
here consists of only one initial crack or two crack
tips. In the critical cross section through this notch,
however, there is no softening and here the deter-
mining high concentration reaction acts as follows
from Egs. (30) or (36). Probably numerous small
cracks grow to the macro notch, providing the site
for the macro crack to grow. This failure mecha-
nism thus applies for every bond breaking process
at any level. Even Eq. (1), written in stresses, applies
for clear wood as follows from the polynomial
description of the failure criterion [10].

9. Conclusions

— A derivation of the softening curve is given based
on small crack extensions joining the crack tip of
the initial notch of the test specimen. The soften-
ing curve follows at the start the stable part of the
Griffith locus. This means that every point of the
softening curve gives the Griffith strength. This
curve, Egs. (15) or (16), depends on only one
parameter, the maximal critical Griffith stress o,
and thus depends on the critical crack length,
Eq. (13), or critical crack density, Eq. (11). For
the double-edge notched test specimens of [4],
the curve applies until half way to the unloading.
Then the ligament strength of the test specimen
becomes determining which can be precisely
explained by a crack joining mechanism, chang-

ing the crack density and intact ligament area
by the limited ligament area and therefore caus-
ing a decrease of o, and an apparent decrease
of the fracture energy.

The fracture energy for mode I is stated in litera-
ture to be equal to the area under the softening
curve divided through the total crack length. This
is not right. It is shown here that half this area
has to be accounted. This already is applied
and accepted for mode II in wood.

It also is stated that the irreversible energy of an
ultimate loading cycle, given by the triangle
Aoaco in Fig. 3, divided by the area of the crack
increment, is equal to the fracture energy. This
also is not right. It is shown here that this energy
is proportional to the apparent activation energy
of the fracture process. This explains why the
crack velocity decreases with the increase of this
energy, while the reverse is the case for the frac-
ture energy given by Kj in Eq. (36).

Softening is a matter of elastic unloading of the
specimen outside the fracture zone. The real
mean stress in determining the weakest cross sec-
tion containing the crack, where fracture occurs,
increases with the increase of the crack length.
Softening thus is not a material property.

The softening curve can be approximated by Eq.
(15) at the start until half the strength value and
then again applying Eq. (15) at half the strength
value.

The standard compact tension tests of [4] indi-
cated a stress intensity Kj. of 330 kN m 2,
When the theoretically correct value of half the
area under the stress—displacement line of these
compact tension tests is taken to be the fracture
energy, instead of the total area, then the here-
upon based value of Kj. is corrected to the right
value of: 467/1/2 = 330 kN m /%,

The problem of [4] is solved of recording
on double-edge notched specimens, a Kj. of
720 kN m~ 2, that is more than twice the value
of 330 kN m~*? of the compact tension tests.
This is explained as follows: The given orthotro-
pic correction does not apply for wood [1].
From the measured E and energy G, follows:
Ki. =+vVE -G, =+v700-515 =600 MPa instead
of 720 kN m /2, However, the measured E-mod-
ulus should be related to the effective width of
about 13 mm instead of the ligament width of
10mm and therefore is: E=700x0.77 =
539 MPa. The measured critical energy release
rate or fracture energy, measured from the
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area under the stress—displacement curve, should
be based on half this area and also on by instead
of the ligament length and the given value of 515
N/m should be corrected to: 1/2x 515x0.77 =
200 N/m. Then Ky =+E-G.=+539-200=
330 kN m~3/2, as should be according to the com-
pact tension tests.

— A revision of all published mode I data of the
fracture energy, based on the area of the soften-
ing curve, is necessary. This area method, that
shows the post fracture behaviour and not the
Griffith strength of crack extension, should not
be used anymore. A right description follows
from the apparent energy release rate based on
the measured strength.

— The kinetics of the cracking process throws a
new light on the explanation of strength
behaviour.

Appendix

Fracture mechanics of wood is normally
restricted to fracture along the grain. It is not possi-
ble to have shear crack propagation across the
grain. Also the mixed mode crack follows the weak
material axes and only may periodically jump to the
next growth layer at a weak spot. Applying the SED
criterion of Sih, Eq. (A.1), as fracture criterion for a
crack in these planes of symmetry, the factor a;, =0
because of the, by symmetry forced, zero angle of
crack extension. Thus

S = a”K% + 2(112K1K]] + azzK%I (Al)
becomes
S = anoK; + an oKy (A.2)

This equation now is the critical energy equation for
the determining fracture of the isotropic matrix. The
reinforcement of wood acts only in the crack direc-
tion and does not affect mode I, but does act as a
shear reinforcement. Thus for the stresses in the
reinforcement, K has to be multiplied by a factor
n in proportion to the moduli of elasticity of rein-
forcement and matrix [1].

For wood and some other materials there is a
different strength behaviour for tension and com-
pression and accounting for that in one equation
leads to Eq. (A.3), of a shifted curve along the Kj-
axis.

S =an (K + KLo)2 + azz.oﬂzK%I- (A.3)

This equation applies for small crack extension of
“clear” wood in the tangential plane. Eq. (A.3)
can be written in the form of

1= ClKI + CllK% + CZZK%I (A4)

that also can be read in stresses as failure criterion.
It is shown in [10], that the general second order ten-
sor polynomial may represent a critical energy crite-
rion for failure while higher order terms are due to
hardening and toughening. Wood and some other
materials show such behaviour by the increase of
the shear strength with compression perpendicular
to the crack plane according to the higher order
coupling term 3c122K1K%I and then now failure after
some toughening is regarded as the ultimate state,
the critical energy equation becomes

1= C]KI + C]]K% + szK%I + 3C]22K]K%I. (AS)
This equation can be written

<1<H>2 _ (1) (1+5) ~1-K A

Tk
Ke 1+ K
Ic

identical to Eq. (1) of the main section paragraph 1,
because C =~ 0.99 ~ 1.

The term

OCK] COCK]
1 1 ~ 1 A7
< " KIC)/( - Kie ) ( )

for C = 0.99 gives a sharp cut off of the parabolic
Eq. (A.8) at the compression strength perpendicular
to the grain and thus only is noticeable very close to
this compression strength. Thus Eq. (A.8) applies
generally for mixed mode fracture of wood and
comparable materials

Ku\? K

<KHC> KIC . (AS)
In Eq. (A.6) is « = 01./0yc, the ratio between the
mode I Griffith strength and the compression
strength and is: a=1-c¢;; Kj. = 1/cn; Ki =
O(/Cll = (1 — Cl)/C“ and 30122 = COCsz/KIC = 09906/
(KICK%IC) = 0.99022\/ C11 (1 — Cl).

If the ultimate compression stress is limited to be
equal to the Griffith strength, then « =1 and ¢; =0
and the relation between Kj. and Ky is

Kii/Kie = enfen. (A.9)

For higher compression stresses, the effective stress
should be regarded [1], accounting for friction. This
is not applied in practice.
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Eq. (A.8) also follows from the exact derivation
in [1] of this mixed mode strength based on the Airy
stress function and it now is thus shown that the
critical energy criterion is equal to the ultimate
strength criterion.

According to [1], the ratio between Kj. and Ky
for plane stress is

Kie/Kie = 2n =22+ va1 +v12) Gy /E,y,

where G, is the modulus of rigidity; E, the modulus
of elasticity and v a contraction coefficient.

(A.10)
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