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Abstract:

It is shown that the postulate of strain softening of the fracture stress is based on the ezgardo
the nominal stress to be the agluultimate stress, at the actual area of the fracture plan. Strdin
tening called yield drop is elastic unloading of the actual elastic stress at the intact, not ltimste
tic loaded part of the specimen, outside the fracture zone. It appearshth@riffith theory only
applies for the first yield drop until half unloading and further fracture follows from a ultimate st
criterion A smaicr ack mer ging mechanism explains ¢
curve

Keywords:wood, timber, fracture mechanics, limit analysis, strain softening, yield drop, fictitious
crack model, cohesive zone model, continuum damage meclsamadiscrack merging mechanism.
molecular @&formation kinetics,

[. Introduction

The apgication of the (structural impossiblestrain softeningpostulatefor fracture is strictly against
theory,andresults since long, imtremendous spill of researeffforts without any possibility of prpgress.The
lack d theory is alsdeading to modis (e e.gthe German controlle@IB-W18 paper$, where allviscoela-
tic, plastic, andstructural change processesery. beam type specimerat loading, Wwhich areknown from
moleallar deformation kinetics [1])areregarded as one fracture proceBlis resultsin anever ending stream
of publicgtions of assumedR-curves. The nonexistenceof the hardeningR-curve for woodis nevertheless
known fromrelevant sma#l and plate specimen datshowing no kinks in the loading linevhile the kinls at
mode | loadingof edge notched beams is shown in [2] to be duetessarplastic stress redistnition.

Despite thisassumed hardening safteningtransformatioris assumed at crack extensidinis softening
postulateleads to impossiblemodels e.g.with negative spring constantantinormality, negative dissigtion,
etc.,all strictly againsiadmissibility andagainst theossibility to predict strength in any circumstanthke last
representative of this ineffectual movement is the cohesive zone mduel is, as allthe applied empirical
models,based on thgeneralerrorto regardthe nominal strest® bethe atual stress at the fracture plane

To try to correct thisconvincinglyin the light of exact theonjt will be shown thateal strain softaing
does not existand thus is noa material propertyYield drop vrongly calledsoftening) is only possible in a
constant strain rate test, when tia¢e ofthe unloading process higherthan the loading ratby the castant
strain rate testYield drop( goftenin®) thereforeis not possible in a constant loading rate &&=l also not in a
dead loadto failure test. Also when instaliii is involved in the dead loagkst, yield drop is not possible.
fiStrain softening thus is notfisoftening, butis elastic mloadng of the actual stress tife intact not ulimate
loaded,part of the spamen, thus outside the fracture regiodpparent and reale(g. thermal) sftening are
fully described byexact)deformation kinetic§l], without the need afmpossiblephysicalpropeties It will be
shown that the real, actuatressat the fractured planeeveris able toshow yield drop andlways dtermines
strengthbehavior what involves that deformation kinetiabvays haso be gplied.

II. Discussionof the Fictitious crack models

The cohesive zone modisl mostlyqualified as gHillerborg type)fictitious crack modelthus is based
on afictive crack length extensignvhich is loaded by aohesive flow stress, oveuch a length that the simg
larity due to thiscohesive flow stress neutralizes theggilarity due tahe field stress ahe extendectracktip.
The extended crack lengihhowevernot fictitious, but real, because only thémere is a real singularityoss-
ble at a reakxtendectracktip, which can be neutralized. The singulaiynot neutralized@t the exisng crack
tip when this crack extension is not re@hlculated thus ithe strength ofin extended cradength in a stress
field, loadedalso by aphysical and structuralot possible internabppositeapplied liquid-like, viscoussoften-
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ing stresdfield near the crack tipglthough he aim of the fictitious crack models (Dugdale, Barenblatt, Hille
borg)initially was,to remove the infinite higktresses of the singularity appch it later simply was assumed
that bythe fictive softeningboundary conditionthe strengthof thereal crack tip singularityapproaches zero,
in stead of going to infity.

Theseapproximation models, with arbitrary outcon{dsie to thampossilte, now arbitrary chosersd-
tening boundary conditioandwrong failure criterion)need not to be followedecause it is not nesgary to
choose a goproximation of an approximation.hlis to choose eorrection onthe singularity solution of the
Airy stressfunction. In chapter 2 of [2he exact boundary value limit analysis approach, without sirgelsr
is presented, leading to amact Wufailure criterion. The sameannot be derived by thesingularity methods
which lead taan ultimate stressriterion for combinedioading.Thus node | and/or mode Il failuris predid¢ed
to be determiningdepending on whichritical valueof the two is thdirst reachedThusan up t0100 % overs-
timate of the strength is principle possible as follows from #&exact Wu-) equation and thesingularity ne-
thodandthe thereupon basédidtitious crack moded thusarenot exacfor themixed mode loding case.

The mostnear toexact for uniaxial loadingis, (according to eld&-plastic limit analysiy the Digdale
method and thereaults canbe compared witlthe results of the exact solutionh@, theextended craclength

r,, according tothe Dugdale mdel is:

2
2 2

p K 6 [ &

rp = — % o = A (21)
8 S - 8s
9 f g f

where s | is a yield stress.This leads to a maximal crack opeg displacements. at the crackiip of:
8 K’ !

g =— & 1= —= =227 2.2)
pPE Es Es

f f

when r from eq.@.1) is substituted. This result, based on singularity equations, was necessarily based on very

small values ofr so that all termgof the Airy stress function solutiopntaining not the factor ** were reg-
lected & the derivation of the solutioaquation For finite values ofr , and for the singularity neutralization
effect by superposition of yield stress#ss is not allowegdleading to a not correct result. According to the

exacttheory, Chapter 2f [2], applies for Mode I, at the crack tip boundary, at the start of flow, the cond
tion: r, =2c(s /s, )2, according to eq.(2.29f [2] for the elliptic crack tip andapplies approimately:

r,=cs “ /2 s according to eq.(2.20f [2] for the circular crack tip of the singularity approach, showing a
difference by a factor 4, depending on neglected terms and form of the crack tip determining valuenef the ta

gential tensile stiss along the craetip boundary. The Dugdale numerical factop’ /8 =1.23 (based on an
enlarged crack length) is betweengbealues of 0.5 and 2, but is too far away from the elliptic valuehzZch
applies as highest lower bound limit analysis(which boundis equalto the measurements, thus is theusol
tion). Also the theoretical elastic elliptic crack opening displacement of (2 <)/ E is far above the Dyt

dale vale. The Dugdale model thus shows a not exactlow, thus rejectablelower boundof the strength
which orly applies for uniaxial loding.

A similar rejectionapplies forthe Hillerborgcohesive zonenodel, which is based ditlosing stresses,
proportional to thdisoftening curve,because itvrongy is based on the nominal stresisange which isthe
decreasinglastic actual stress of the intact pastjtside the fracture planand thus is not based, (as necessary
for a right solution, see § 3, [1], [2]3]), onthe actual stress at the fracture glamhich is aby stressspreal-
ing, [4], increasing actual stress Therefore wrongly, a zero tangential stress is found at the location of the
highest (strengthaermining) tangential tensilstres at the crack boundaryThis error is of coursepposie
from right, asfurther discussedater, based on the exact deation of thefi s o f t ealed yied@ropcurve

[l . Continuum damage mechanics
Continuum damage mechani&, is a simplifiedapgication of needed Deformationiketicsanalysis
(of [1]), leading to the mostlementary damage kinetiequationsRegarding fracture mechaniog[3], the

andysis is based otnefractured [os) area A of an initially undamaged section, , leading to tle variable

A - A
y =t (3.1)
A

0

The actual stress , onthe materialthen is(expressed, as wanted, in the nominal stse3s
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s = =

TUOA-A Ay
wheres is the nominal stress arnd, the actual tress ostill undamaged (=actual) area of the sectidow:

- 1. The actual stress on the actual are@entlydetermines the rate of damage grovethd:
- 2. The strain increasdue to damage is caused by the actual stress at the damage location.

Thus, the stresstrain behavior of the damaged material can be represented by the constitutive equation of
the virgin, undenaged material with the stres# it, replaced by the &wgal stress. Thus:

eoSe L g s (33)
y E’

E E

(3.2)

with: E'= Ey . A simple form of thedeformatiorkinetics damage equation for uniaxial tension is:

dy 856

2o e (3.4)
dt ¢y =+

This is comparable with the flemation kinetics equationf [1] and § 5

dN as /I'6

—= —CNcexpeaes—o, (3.5)
dt ¢ kN =

for a forwardzero ordereaction due to high stress, where ¢éixponential equation is replaced by its power law
representdion in eq.(3.4) (Seefor thatlast: Section 4.4 of [2]).

To apply this, 6r a rod, loaded by a constant tensile stegssthe initial boundry condition of eq3.4),
for avirgin material is: y =1 att =0, while at complete faure:y =0.
Integration of ed3.4) then givedor the time to failuret' = §C (n d)s é

For stepwise loading then follows:
..S Dtk

-1
=1t =gC(n &)s, g with: Dt, =t

k

t k = 1,2,¢é..s. (36

k k-1

k=1 tlk
which isMinerd rule, orthe princige of linear summationwhichevidentlyalsoapplies for wood and timber
Important conclusicsinow are:
1.1t is necessary tapplyof the actual stress in damage equaifor right resuls, asis applied in3], [2] and
[1], for all existingsoluions, which all areempirically verified by testsand
2. Limit analysis @&formation kinetics [1has to be appliede.g.in continuum mechanicsipr exact saltions.
This isdiscussed andpplied innext sections

IV . Softeninglike behavior andfracture energy
4.1 Introduction
The derivation ofisoftening- calledyield dropbehaviorof the Griffith stressjs discussedh [2], chapter 3and
it is shown that the area der thisload-displacement yield dropurve divided by thecrack area, is nahe
fracture energy, but the total external work on the specimen. The fracture energy is half this value and is equal
to the decreasingeritical stran energy release rate along the yield dopjpve. For wood thidactor % is
correctly is aplied for modell. For mode lIthis is not the case andtao times too high value is afied.
According to the, for wood applied, Hillerbgffictitious crack modelis the fracture energyelated to the newly
formed fractured areavhat is nota right definition becaug the energythenis by definition different for
different initial crack lengthsand thusis undetermined Necessary is to use the Griffith definition, which
includes the energy of formation of the initial crack for the totaekgy of full crack extensionver the whole
width of the specimen.

Inconsistentwith the choice to relate the fracture energy to the actenaly formed fracturedrea, the
fictitious crack model regardbe nominal stresgwhich is the actuatlasticstress of théntact part ofthe sg-
cimen) to be the actual strength stregsde fracture plane. Ansequencgehe (by stress spreadirigcreasing
strength decreasestronglyby definition, proportional to the yield drop cunag crack extensioandapproab-
eszerostrengthat the endwhatis against physics and against equilibrium conditidhgther, he success of
the, deformation independenGriffith theory, (and equilibrium method of limit analysis of [2}jith its can-
stant @parent surface energy and constant energy eeleds is ignored, bushould be explained by any new
theory It thereforealsois necessary to discuss the re@hin emrrgy release ratat the top of thejield drop
curve which causes thstart ofmacro-crack extensionbutis shown to bedeterminedby acritical smaltcrack
density[2]. It further appears thatrpceeded smaltrack extension also determines fiseftening curve and
post fracture behavipasdiscussedn thefollowing.
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4.2.Mode |, hardening and fisofteningd-like behavior
fiSoftenirgo- like yield droponly exists for the nominal stress and nottf@actualfracturestressThe Griffith
stresseq.(4.8)js anominal stress, acting on the sectib®ftFig. 4.1. This stress, therefoig in reaity the
actual stresef the intact, notfactured part of thisspecimenwhichs h o ws fi s liké ytiel droprfodjodv-
ing the Griffith locus, what thus is netrainsoftening (afailure) butis unloading of intact undamaged matat.
The actual stress at the fractured secsioowshardening andjuasihardeningdoy stress spreadirandthusno
softeningas will be deived below The same applies for the necked actual cross section area of steel and for
reduced area afther materialsClearly the ternstrain softenindnas to be replaced lgglynamiq elasticunload-
ing (when he unloadingrocesss faster than thiwading rate by theonstant strain rate tést

As most matdals, wood shows neaaifure a plastic and apparent plastideformation independeribe-
havior. Plastiaty causeghe appagnt surface energlp bemuch higher thaihe real surface emgy andwhen
the test rig is stiff enoughihetop of the loading curve ishown to beblunted enogh to make any stress ied
stribution possible and the behawcan be approximated by agalent elastie full plastic behavin Theefore
limit analysis applies and linear elastic fracturechmnics can be appliadp tothe ultimate stress at the elastic
plastic boundary around the crack tip. The dissipatiomizyo cracking plastic deformatiorand friction with-
in this boundary, called fracture processeathen is regarded as ptme fracture energy fanacro crack exie
sion. When a specimen is bed untilii f | doadiade, the start ofield drop,andis then unloaded anckloaded,
the behaviohas reallybecome elastitull plastic, and the real stress differs an internal eqiilibrsysem from
the linear elastic loading stresses. According tdithi¢ theorems, initial stresses or deftations have no effect
on the plastic limit collapse loagrovided the geometry is essentially unaltered and thus kbelation is based
on initial dimensions. Therefore alsas method of practice and of the Bling Codes, calculations can be
based on a reduced Ehodulus up to the ultimate state and therefore also the linear elastiatidarief the
elastic unloadingurve of the fractured specimen, is possible, based on the compliarte jretis followed
below. It also should be realizélat, for wood, confined plasticity, &sg.occurs at ultimate bending compre
sion, can beeplaced by the equivalent linear elasténdingstrength. Thus a linear elastic calculatignto the
crack boundary is possibéandthe term:i heiar elastiéracture mechani€ghenis in fact a pleonasm.

In Fig. 4. 1, a mode |, center notcheld, t ashi shin&lc it rhd c kinse ¢
fito , | o ad e dishowinga displacerentsncreasef the loaded boundary due to a small crackexte
sion. The work done by the constant external stiiems this specimen, during this crack extiem is equal to:

s O dd2w 2(=sb t O2) 4.1)

This is twice the incr@se of the strainnergy W of the specimen. Thus the other half of the external work, equal

to the amountV, is the fracture energy, used for crack extension. Thus the fracture energy is equal to half the
applied external energwhich is equal to the stirmenergy increas®. Thisfollows, for the total crack length,

from the difference of the strain energy of a body containing the crack and of the sameitimdit a crack:

2 2

blt - ——blt =W (4.2)
2E, 2E

The fracture energy is also equal to theistemergy decrease at fixed grips conditions wiherD:

W=t vda = p St/ E (4-3)

where the last two terms give the strain energy to open (or to closm)fficeent smallflat, elliptical crack of
length Zand vh e rve i sirtusll tisplacement of the crack surface in thedtion ofd.
From eq.4.2) and eq4.3) follows that:

crtrttt

= 2¢c 4

T T T

Figure4.1 - Specimerb x | and thicknessg containing a flat crack ofc2
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2 2

S 2 2
blt - —blt =p sct/E (4.4)
2E, 2E

i

S

Thus the effective Young s, comandgalcnack of@fs: t he speci men

E
E,=————— (4.5)
1+ 2pc /bl

The equilibrium condition of the critical crack length is:

L(w - G 2ct) =0 (4.6)
uc

where G _ is the fracture energy for the formation of the crack surface per unit crack area.

With W of eq.@.2) or of eq.4.3), eq.4.6) becomes:

poep sct I} pesblt & 2, 6 Sblt I’}
— - G 2ct =0, O —_ &+ G 2ct | & 4.7)
& c U & 0 c u,

puc g E u uc g 2 ¢ bl =+ 2E vl

giving both thenominalGiriffith strength:
G E

s, = . (4.8)
pc

This stress ighe actual stres® / bt outside the fractured section and is@minal stresgor the fractured
section related to the widthp of the specimen of Figl.1. The ref actual,mean stress in thiweakestactual
cross section (ligament) with widthb 7 2c, where fracture occurss:

G E b G E 1
o - / LN /_ : (4.9)
pc  b- 2c pb (\Jc/b)dLl -2c/b)

Because this stressdetermining fomewly formedcrack area, its applied by thédictitious crackmodels fora
local fracture energy estimatioft.is howevemot noticedthat this use of the actual stress lead&trdening,
in stead ofisoftening, accoding to:

G E 6c/b -1
. . /— o - (4.10)
u(\c/b) pb (c/b)d1 -2c/b)

This occurswhenc/b > 1/6, what always is theas for actualcritical crack lengthsThe realactualstresss

increasesvith the increase of the crack lengthen up to infinity when @approacheb andhardeningoehavia
characterizethe critical stressHowever there is a raximal value for this clear wood fractuas discussed in §
6. This constant maximal valaé the energy release rate for each misdeasic for the Griffith theory. Then the
nominal stresdollows the Griffith locus eq.(4.12)(see Fig. 4.5 as failure condition, which also is the
condition of no damage acceleratiamd theappliedstrain rag, at the enaf the tesis relatively slow, so thatit
has to be increased highljpy one ordein [5]), to shoren the delay time of themacrocrack fracture gicess.

The stressfor e.g. theminimal critical crack length of c/b = 1/6, is: s = \/GCE/ e =\/GC E/ @ b/ 6

and theactual stress atthe fracture plane is: s =./c E/ (p b/ €) { /-b D) :1.51/655 /(pbl6).

Thusis 1.5 times thenominal Griffith stress.Thus,macro crack extension demands an increase of the tensile
strength.The possible tensile strength increadellows from theexactstress spreadingpeoryof [4]. Although
derived for local conpression, theign d the shear stresses miag reversed and the sameesguling rules apply

for tension.For c/b = 1/6, according to Fig. 4.1here is a spreading tife stress ondisolid material to b = 6c.

Thus the tensile strength:is/6 /4 &, 4.22 £, thus1.22 times the uniaxial tensile strength, . The

nominal fully spread stresshenisv4/6 &, =0.82 £ . Thusa factor 1.5 lowerHigh peak factorsccurat

long initial cracks,but there is a maxial valuedue to maximbpossible spreadingilso the fully spread stress
remainstoo high to explainmacro crack extensioat low mean stresses, where also the fracture energy is too
low. Thustotal fracturecan not bedue tosingle macro crack extensiatone(see § 4.7)As known a system of
small crackdn the ligamentmay lower the loal of the adjacentintact undamagedpart of the speémen anda

high concentration obmall crack appears to b@ecesary to explain fracture at lowmominal streses
Becauseunloadng is determined by the decreasd stiffness of the specimerby crack extemion the
mathematicaéxpression of this influendeas to be derived:his is discusseth the nextparagraph4.3.

of
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43 . The iscalédtiyeld drap gudve

fiSoftening (yield drop) should be dscribed byDeformation Kinetics [1] but an alternative description of the

so called Asofteningd behavior as a r es uffith theoidy,
which can be regarded as an equilibrium method roit Idesign. Straining the specimen of Fid.1 to the
ultimate load at which the initial crack will grow, gives, according todes).(

e,= 5/E, = s(D 2+cp/bl)/E (4.11)
Substitution ofc = 6_E/p s, of theultimatestate according to eq4.8), gives:
e,= s /E +2G E/ p bl (4.12)

This is the equation of criticdunstable) equilibrium statesgpresenting thapparent softenin¢= unloading)
curve due tothe Griffith stress eq.(4.8),which is the actual stress the intact parf the specimemoutside the

f or mer

fracture planelt is shown by the dynamics of crack propagation th@telocity of crack propagation is zero at

the initial citical crack length and that the Griffith aibn, eq.@.8), is the condition for zero accelemti of
crack extension. Thus the crack of Griffith length is in unstable equilibrium but does nagsep

Thef s o f t -ecalledryiglcd drop curve, eq4.12), is known adiGriffith locusd and has a vertical tangent

de, /d s =0, occurringat a crack length of:

c, =+bl/6p, (4.13)

which is the topf the curve Smaller cracks tham_ are unstable because oétpositive slope of the locus (see

e(.@.16), becauserack recovery is not possibleThese small cracksjf(any, near the macrarack tip) extend

during the loading stage, by the high peak stresses at the notch of the test specimen, to a stable length and only

higher crack lengths than, are to be expected at theghest stress beforgeld drop giving the stresstrain
curve of Fig.4.2 with s _of eq.@.15) as top valueFor a distribution of small cracks) a repeating patterib,

andl in eq.@.13) are the St. Venant crack distances amdctiitical crack distance for extension is about 2.2

times the crack length. Because, wieh 2 .c ) ang:R& 2 .cJ,Aherebld  :93A p6c according to

eq.@.13). This also applies for extended small craelkter merging because the stress flow around the crack

needsthe St&éh ant 6 s di stance below the crack to be on
small cracks furthefThus the critical crack density, for the start of yield drop, is reolben the small crack

distance is about the crack lengtthis critical distance also is predicted by Deformation Kingtitcscussed in
§ 5,and is used in 8.6 to explain yield drofpy smaltcrack propagation in the fracture pla(ae the ligament)

S¢

Stress ©

Displacement &

Figure4d2i AiSof t eni ngo c urdtXforahe specimdn ohFig.1ord5.e q . (

According to eq4.13), theyield dropline, eq.@.12), now can be given as:
[, = s, (4.14)
E ¢ 35g -

where:s = \JEG_/ pc, (4.15)

is the ultimate load witre_ according to eg413). The negative slopef the Griffith locus is

ws, _E (4.16)

.
He, s,

-1
4
S

9

full
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Vertical yield drop occurats , = s , and the strainthenig, = ( s/E) @ #/3) and eq4.14) becomes:
é S 53 o]

=0.75 g =, (4.17)

gc Q Sc 3 gs+

More in general eq(14) can be written, when related to a chosen stresssleyel

e
9

S (4.18)

To control whethers | changes, eq¥(18) can be written like:

. - 0.25

asds /s,) (@ g/ 8 (.6 )
S, - = g [ ( - - } (419)
¢ 1- (el @) © ¢ ¥
with the measured values at the right hand side of th
differ from the Griffith locus,s , decreases, causing a steeper decline of the curve, due to additional small crack

and clear wood failure of the fracture plane. This failure by a stradk merging mechanism issdiissed in §
4.6. To measure the fracture energy as area under teeisgfturve, the displacement of thediogy jack due

b

o

|- QO

g1

gage 1

= gage 2

gage 3

vy oy

Figure4.3. Measuring nonsense data at gage 2

to the mean deformation of the specimen has to be known. This can not be obtaimesakshying the gageddi
placement over an crack opening (see Big) because it is not knowmhat then is measured and this local
unloading around theopencrack is mainly proportioral to the crack lengtlitself, andis notsimply related to
the constant ultimatstressstate of the fament

4.5. Empirical confirmation

The measurements §5] are complete by measuring the whole loading giedd drop curve and using the
compact tension tests as control, bestgpa control by the different lang case.The graphs of5], Fig. 4.6
and4.7, are the result of tensidests on the spauen of Fig.4.5. The length of the specimen wias 3 mm, the
width and thicknessh =t = 20 mm and the notch lengtlt 2 2x5 = 10 mm with a notch width of 0.5 mm.
In figures4.6 and4.7, measured strestisplacemerst are given togethemwith the lines 1 and 2 according to

Griffith locus: eq.@.17). The straine  follows from the displacements at tkexis of the figuresdivided

— ||

T ]
I

Figure4.5 - Geometry of the specimefts]

through 3 mm, theneasuring lengthral length of the specimeneBause of the small length of 3 mm, not the
whole widthb 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 widthis equal to the length of the fracture plane plus 2
times 1.2x1.250p,, =10+ 3 =13 mm.
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Thus the notch lengths in Fig.5 should be regarded to be 1.5 mm in stead of 5 mm. The stieskedigures
4.6 and4.7, ar related to the length of the fracture plaiels are actual stresses and are not related, to

according to thenominal Griffith stress, wherefore the actuslresses have to be reduced by a factor
10/13 =0.77, as done andsussed in [2].

Macro crack extension occurs by small crack merging with the macro crack tip. Thus is due ‘orashall
propagation toward the macooack tip. The level above 4 (to 4.6) MPa is measured in 3 of the 10rspecof

the discussed seriesl309/2309 of [5] and an example is given in Fig. 4.6, reaching the top of Fig. 4.2,
indicating that this strength of the fracture plane according to -gratt&rn A of fig. 4.8 was deterning for

yield drop. The other specimens of this series did showel®ivength values than about 4 MPa, gsies for
furtherunloadingdue to already extended small cracks.

Stress ¢ (MPa)

k T T T
0 0.1 02 03 04
Displacement & (mm)

Figure4.6 - Stress displacement of specimen T 1409 6F.

0 005 0:1 0,‘15 02 0‘25 0:3 0,35 04 0‘45
Displacement & (mm)

Figured.7 - Stress displacement of specimen T 1509 6f

At 8 4.3 and§ 5is shown that for the critical small crack density of €4.8), the crack distance is about
the crack length, as given by row A of F#§8. Line 1 of Fig.4.6 gives the primary crack extension, ddLy),
by this critical crack densityCurve llevels off from the measurements at = 4 Mpa where the next process
starts, given by line 2This thus happens when the crack length has become gbdimes the initial critical

valuec_, according to

E -
s = |[E8 _057® =& MPa (4.20)

’ ,0 SCC.O

This 3 times larger crack length is givey brackrow B of Fig.4.8. The top values _ of the first ppcesson
row A, is s =7 Mpa, for all values ot , between 4 and 7 Mpdahe top valueof the second processon

3c, , cracks, is: s =4 MPa This process endshere cracks of @ ; lengthsremain, accating to row C 6
Fig. 4.8. This when:

EG 1 |EG 1
s, = \/—C :T\/_C :T 700.878 7 @.65Mpa(where line 2 of Fig. 4.6 levels off from the
7 7

P \pre, .
data)
This stress igqual totop values , of the next proces§, on 7c_ , cracksgiven belowline 2 in Fg. 4.6. This

endsat: (1/+/15)07 =0.258 © 1=8: Mpa, where the process on 13 , starts. However, pcesses towards

the longer cracks ofl5, 31 and 63c_ , are not distincand it is probable that, due toetligh actual stress,

,0
failure may occurat any point of the still intagiart of theligament.
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Again, due to the spreading effect very higdnsile stresss are theoretically possiblbut ovecritical crack
lengths just show empirically too low . values, showing the Griffith strengéimd critical energy release rate

to be not followed.Thus failure by postcritical crack lengths is due to ultimateiaxial clear woodtensile
stress(or shear stress for mode #hd isnot due ¢ a criical release rateThis will be discussed further at § 4.7.
It nowis shownthat the Giffith yield drop equationcombined with the crack merging modalecisely
explains the data of strorgpecimens. The data of the less strong specimens, lgywvEig. 4.7, show instabity
of process A, due to theteep Bpe near the topf Fig. 4.2. (This alsoexplans the high variability found ifb]).
Line 1 of Fig.4.7 is the same as line 2 of Fi§6, andcanbe chosen to levalff at about 2.2 MR, inacca-
dance with thauniaxial strength of the still intact area of the ligamentjahkhs half the area at 4.4 MPshav-
ing againthatan ultimate stress criteriois deta@mining above theominal Griffith strength crierion for long
smallcracks(thus at bw nominal stress)The crack merging mechanisitiearly noticeabé at strongsped-
mens,is achosen lower bound equitium systenof limit analysis which pregsely follows the measured data
(See § 4.6)

4.6. Crack merging mechanism

Theincreased unlading (yield drop, with respect to macro crack extension due to small crack exteasithe
fracture plane, can be explained, using the equilibrium method, by the joining of the small cradlsnas fo
In § 4.3 and § 5 itis shown that the critical mtermediate small crack distander crack extensionis about
equal to the crack length, as given in scheme A below 48,8 crack ditance of 2.2 times the crack length is
found, what for simplicity of the model is rounded down here tongislightly too high stresse$or these
small cracks, the critical crack length according to4t3) then is:

2C 2c 2c 2c 2c 2c 2c 2c 2c 2c 2C 2C 2c 2c 2c_ . A

6¢C 2c 6¢C 2c 6¢C 2c 6¢C . B

14c 2c 14c . C

Figure4.8. Small crack merging

c, =\/Ib/6 p :\/2.2 (Z,) 2.D(x,Q/(6 ) 1p0 cz for the spelenenwith row A.

The distancé between the rows, above eacdhay, is2.2times the crack length, being the Saitenant dstance

for building up the stress again behind a crackoe able to form a new crack. Thius b = 22&c for row A,
andl=b= 2 cir2réweB, and = b = 2.244c for row C. Thus when crack pairs of row A join together, a crack
length of & occurs.The criical crack length thus is for row B:

c.=\Ib/6 p 2.2 6C2.D6Y(®) 0.§( 6c,)’ 0B 6 =§.
But at the end of this procetise real distaneseare®6 ¢, + 2c, =8 ¢, , and

c,=+Ib/6p ;/8 20 6 ) /@B ) 2pk,, so that theroducedcrack of X is ovecritical andthe critical
process foffurther fracturés due to an otheprocess The only possibility is thatmall crackformation andoro
pagation intheremainng intact part of the ligamebtcomes determining his determiningclear wood failure

which starts at half way the yield drapdiscussedn § 4.7.

For everysuccessive procesgplies that every crack merges with one neighbor by extension at one side over a
distance of 1c , leading to halving of the solid arehthe igament and to arincrease of th crack length by:

2c,,, =2 @, 2c,, giving 2c, = 6¢, and 2c, =2 @c, 2c, 14c,, as fand before.The ncrease of the

0

crack length is:D(2c) =2c,,, 2c, 2c, 2¢ . Including the initial crack length of& , the increase of the

total crack length isD(2c) =2c ,, -2c, 2c¢ 2=, . (4.21)
More general for all merging cracks any distancduring time Dt this is:

D(c) =b, O « 4.22
and as the determining dage deformation kinetics equation thigsse § 5, eq.5.3)

de/ dt= b, © efp(s ) (4.23

when the initial site concentratiar) is high (zercorder reactiongs applies for row A of Fig. 3.

Eq.@.23) can be writtenin(¢) = In(C) + s, , or, becaus¢ s,, = n,is constantindependent of stresdue to
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the time stress equalence [1], is:

\

=1 iln(ﬁ) (4.24)

st n [¢]

showing that the combined Griffith crackmerging model is identadd to common damage behavior.
Regarding Fig. 4.8, it is clear that the overcritical longer cracks are not determining for crack extension, but that
fracture always is due to the same micro crack extension in the remaining intact clear wood patength.

The damage process admsal these parts at the same time. Thus, for the whole fracture prdamssthe
beginning to full separatignapplies that micrecracking in the intact part(b- c) of the ligamen is

determining and thatthe concentration is not determined by= /b /6 p, but by c_'= «/cl(b -2¢0)° /6

=c,(b -2c), (with c,=2.2",isc, =0.5).

The kinetics shows theame behavior as for clear wqaddicating thatalways the samemallcrack
propagtion is determining. As shown in [1l]alwaystwo coupled processes act, showing the same-time
temperature anthe samdime-stress equivalencaf both One process, with aewy high density of sites, pr
vides the sites of the second low site density process, as follows from a very long delaiythiimeecondma-
cro-crackprocessat common load levelgOf course there is no delay time for macro crack extensiarhagh
loading stress levedue to the time stress equivalencEhe mode I notched specimerdiscussed herelso
shows the low concentration ati@n by the strongyield dropbehavio (of the nominal stress)rhe coupled
processes occtior the crack merging proaseswhere the initial crack length is the reactant and the product is
the nevly formed crack lengthwhat also applies fomacroecrack extensiomlue to the crack merging process
The numeous smakcracks growing towards the macro notch, prdeithe sitefor the macro crack to groas
second lowconcentation reactionprocess This failure mechanisrapplies for every bond breaking process at
any level.

47 Mode Il shear tests

In [6], [7], results of mode Il tests, called asymmetric four point bendiiPB) tests, are givenpplied on
very long sukcritical initial crack lengths, which clearly represemt identical state of a former yield drop
stage because the measured, -values were a factor 3 to 4 lower than those of trarol tests on standard
single edgenotchedbeam (SENB}estspecimens. By thetandardractureequation for this case, €4.25, the
value oft , and K, wereobtainedin [6], [7], by estimation ofthe errgy release rate , by the compliance
method at different crack lengths and, as control, by the finite element virtual crack closure fMie¢hfudind

too low value ofG_ is now not the critical energy e=ise, but simply the minimalasticenergy forcrack cb-
sureof the very long cracKn the first eq.(4.7) iss, thenthe mean crack closure energy per unit crack length,
and the derivation in this equation, wile _/ © &, gives thecondition ofminimal mean crack closure ane

gy per unitcracklength,asminimum potential energy condition applies forequilibrium, similar to the frex

ture energyn the ultimate stateiving the meaning o6, and ofeq.(4.29, for overcritical crack lengthd.hus
alsoin that casepplies

Ko =to] @ O(alw) 4.29

This equation can be writterwhen clear woodshear failure is determiningp this shear loaded specimen

K
pa Of (a/W) =—= € (constant) (4.2
t

0

where: ; is theultimatenominal stressc, is only dependent on dimensions and stiffrfassorsof the spei

men This is different from the solution in [6], [7T.here the critical value ofG _, in K, = JJE G, , is chosen

llic
to beatthe 5 % offsefrom linearity. Thecommon calculatioim [6], [7], based on thassumption that the oxe
critical initial crack length is still theritical macrocrack lengthleads tostrongly (factor 3 to 4joo low, not

critical, notconstantvalues ofG . C, thenis dependent ora /W , and isdetermined by the complianceem

thod and cracklosure techniquelhis deliveredight valuesof f (a/w) .

According to fig.12 of[7], there is no difference (by volume effect) between the data for W = 40 mm and
W = 20 mm, thus mean kees of both aréereregarded.
Determining forsmall crack extensigmtthe presencef a long (postritical) crack,isthe still availablentact

area of (W - a) c,(W - a). Thecritical small crack densitis proportional to this aregccording to eq.(4.13)
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Thus,the critical macro-crack length, which is equivalent to tbetical small crack densityis:
a =\bl/ep =W a/w) vl atwWien) g o WW 4.27)
where: I =w (1 -a/W) and b=cW(1 -a/ W) as St. Venant distance. Thus, becaléés constantis:

Fora/W= 0.7, is: \[a, 0f (a/W) :c,\/d- a/w) f(a/w)=c, 0.3 1@ o, (4.29
Fora/W= 0.8, is: \[a, 0f (a/W) :c,\[d- a/w) fa/w)=c, 0.2 12 o4, (4.29
Fora/W= 0.9, is: \[a, 0f (a/W) :c,\Ja- a/w) f(a/w)=c, 0.1 167 o05s,, (4.0

giving the necessary constant value ©f of eq.(4.2¢ and providing the control ofthe empirical f (a/W) -

values of{6], which are based on the initial maaack lengths o&/W= 0.7, 0.8 and 0.%q.(4.28) to (4.3D
show that for thistype oftest specimerwith overcritical crack lengths, applies

f(a/W)=0.54/yJ1-a/w (4.30

Regarding fracturet is to be expectedhat thedeterminingclear woodshearstrength is the same for the
above 3 case3hus:Eq.(4.25 also can be writterexpressed in theltimateactual shearstress:

K W K, K, I \NpW

t, = > 6 = = or:
JraoOf(aiw) W-a Jpa @ a/lw) f(&w ~aw@ o w ¢ ady
K
ru\/ W o= . , (4.32)
Jaiw ar -arw) tal w)
This is constant (because W  also is constant for the 3 casgs Then:
. K 0.79
Fora/w =0.7,is: . = = 3.2 (4.33
Jaiw q1 -a/w) a/w) +0.7¢0.3 O
K 0.71
Fora/w =0.8,is: . = =3.3 (4.39
Jaiw qi -arw) a/w)  0.8¢0.2 B2
. K 0.52
Fora/w =0.9,is: = 3.3, (4.395

Ja/w @1 o-a/w) @a/w) +0.900.1 b.a_

giving a mean value ofr ,/ v = 3.25 MPay/m , andwith W = 40 mm,this is ¢, =9 Mpaof the tested

small clear specimen of 40x10x15 rhgiued in thecentre of beam specimdfi]. Thusa/W = 0.8 means that
the initial crack lengta =0 . 8 A40 = 32 mm.

The optimal, (quasi critical K, values of 0.79, 0.71 and 0.52 argterminedin [6], [7] by the compliance
method andhe finite elementrackclosure techniquas contrgl although these valueseabouta facta 2.5t0
4 below thereal critical value. Then [6], [7] found f (a/w) -values of 1.0, 1.2 and 1.67, agreed by eq.
(4.28 to (4.3). Becauseaccording tadhese equatian

Q/(l- al/W) f(a/W) =c, =constant, is:

K K K

I - I =c or: S =c, . Thus:
Vaiwar -a/w) Qa/w) Jaw® a-w ¢ O Jaiw aja -aiw)
K 0.79
Fora/w =0.7,is: s = =1.72 (4.39
Varw afa -arw)  o7efos
Fora/w =0.8,is: alt 071 1.77 (4.37
a =0.8, : = =1. .
Jaiw o -arw)  o.sajo.2
K 0.52
Fora/w =0.9,is: L = =1.73 (4.38
Varw afa -arw)  oeafoa
and for thee specimenthusis:
K =174 &a/w B asw MPaJm (4.39)

I.m

which is not basd on a critical fracture energy, but on an ultimate, actual, clear wsoshr strength.
It thus is confmed by the data dB], [7], that the actual mean shear strength of the intact part of tttaria

plane is determining and not then themacro crack length basedpparent criticalk , - value, which isnot
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constant andoo low for macrecrack extension. Macro crack extensiothigsdue to small crack merging and
extension towards the maecoack tip. Theras no pincipal difference between mode | and modérakture,
because failuréor any stress combination, is due to reaching the ultintai@xial,tensile strength at the crack
boundarynear the crack tif2]. Virtual, oblique, crack extension in the isotropieood matrix aplies for shear
and all combined modeil Il failure cases as lower bound stbn, which is anexact solution, beingqual to
the empiricaWu-fracture criterior{2], and thus is the real sion.

4.8. Mode | fracture at overcritical crack lengths
The @ame equations, as given in § 4 7 for mode Il shear tests, apply for mode | tensile behdh@®stmcs-
siveincreasing crack lengths by crack mergihging yield drop. Thus similar to €¢4.28) to (4.30 is:

For2a/W=23/4=0.75,is: \[a, Of (a/W) :c,\[(1- 2a/W) f(a/W)=c, O.5 131 0=75c, (4.40
For2a/W=7/8=0.875 is: \/;Of(a/W) :csﬂ/(l- 2a/w) f(a/W) =c, 0354 2007 0=73c, (4.4])
For2a/W=15/16 =0.938, is: \/;Of(a/W) =c6\/(l— 2a/w) f(a/W)=c, 0.25 287 072¢c, (4.42

where (see[8): f (a/W)=1/41 -(2a/w)? (4.43

In [8], the exact derivation, as boundary valuelpem, of f (a/w) according to eq.(4.43s given, which
does apply for critical crack length while eq.(4.40) to (4.42) show thathe relation:
f(a/w) =0.74 /J(l- 2a /W) applies for overcritical erck lengtls. This also applies fobvercritical crak

lengths of mode II, according to eq.(4.31).

It now can be concluded that the common calculation, wiherewercritical crack length tseated ashe
critical crack length leads to too low, not comgtaapparent energy release rates, which represent the minimum
energy of crack closurelThe same equation with the same values of the apparent release rates and the same

values of f (a/W) is found by fracture and clear wood failure bétintact part of the ligament, showing this

process to be determining for fracture at lower stresses. Not the critical energy release rate is determining but
the maximal stresghat has to follow the Wequation in stresses, of in stress intensity facfor zero open
crack lengths according to § 6

V. Deformation kinetics of fracture

The basic equations for fracture according to the limit analysis equilibrium theory of molecutanadefo
tion kinetics are given in § 4.4 of [IThe basic concept of thifjndamental theory is to regard plastic flow as a
matter of molecular bond breaking and bond reformation in a shifted position, what is the same as to state that
flow is the result of a chemical re@m like isomerization. Thusot the compositioshangs, but onlythe bond
structure ofthe molecules.Damage occurs when not all broken side bonds reform, providing the sites for a
damage process.

The general theory, developed[it], is based on the limit analysis equilibrium method and is, as such,
an exat approach, which is able to predict all aspects of time dependent behavior of materials by thensame co
stitutive equationbecause thenathematical derivation of this general theory is solely based on the reaction
equetions of the bonéreaking and bondeformation proesses at the deformation sitke to the local stresses
in the elastic material around these sites. The form of the parameters in the rate equations, are according to the
general equilibrium requirements of thexiynamics. By expressingné concentration and work terms of the
rate equation in the number and dirsiens of the flow units, the expressions for the strain rate, fracture, flow,
hardening and delay time are directly derived without any assumptions. To obtain simplificati@ssexesi-
sion of the potential energy curve is applied, leading to the generalized flow theory, thus to a proof of this ge
eral flow model, and showing the hypotheses of this generalized theory, to be consequences of the series expa
sion. This theory thuspplies generally, also for structural changes, giving an explanation of the existing ph
nomenological models and laws ofdtrare.
The rate equatiorof fracture then can be giveior high stressas applies for fracturdy:

dr 2r . aw s r aw

- — =——sinh+— 4§ *—exp 51
dt t St 20 &T Gh

wherethe concentration aictivatedunits per unit volumer can be written:r = N /A/ /with: N flow units
per unit area of arosssection eachat a distance ; behind each otlewith / as jump distance arlas area

of the flow unit. The work of dlow unit W, with areaA moving over a barrierover a distance/ is:
W = fA/ =s / N.Because of equilibrium, per iirarea, of the external loasl & « with the force on th&\
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flow units: NfA. Thuss = NfA andeq.(51) becones, expressed in the nominadacrqg engineeringstresss ,
which is the part of the total external stress, that actd,@aa be found from tests with different loading paths:

daN/d N/ & sb
- £S 6 = €XPg @ (5.2)
dte' /y + At ¢ NKT =+

In this equation ist, the relaxation timeThe value ofA can be regardedonstant because any change is
compensated bgn corrected value df anda corrected value of to obtain acorrect load on the flow unit
and its correct volumeeq(5.2) can be wiiten, with N '= N 7/, (the number of flow units per unit volume)

-d(N'/)/dt 5(N'//t)exp( s /NKT), or:

° ~ / 2 /i
a (o] a S /i (5.3)

d

— s 5 exp

dtan=d N RKT

For thiszero order reactioin wood, when the very higlinitial reactantconcentration does not change much
the soltion is:

/ ar & s/8 /

—= eXpg 5 , Or

N' Ng't ¢ NokT 2 N

a/ /8 No' ty ty kT, & E s/ 06t aE s/ L kT
g - 56— = = —@Xp pg——- ——+ 5 — €Xp H— or (with —=1):
cN' Ng'L 7 t t, ¢th ¢ KT NokT 2 c KT Ny kT hn

E s/ aty o anN 0 aty o

—_—- =ln m—f@ g2 15=1In ae—f('j, (5.4)
KT  NgkT c b+ geNf . ¢lo+

This last according to Fig.5, which applies for structural materials. Thus,'=0.5 @ ' as also

experimentally found for fracturée. the crack length is about the crack distance, or the intact area has reduced
to 0.5 times the initial area whemacroecrack propagation startiue tosmall crack mergg behavioy which
explains the meaured mode | and mode Il finabminalyield dropbehaviorof fracture

t (sec.)

104

200°
10t b
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10-12

107 "? L
0 20 40 60 80 100 120 140 160 o (N/mm?)

Figure5. Stress and temperature éepence of the lifetime for structurakterials [1

VI. Small crack limit strength behavior
The interpretation of Fig. 6 in étature is to regard the inclined liteerepregnt LEFM theory, the harontal
line to bethe strength theory and the curved, connectingtbrfellow nonlinear fracture theory. Howevéhere
is no difference between nonlinear and linear elastic (LEff&ture mechanics. For both the linedastic-
full plastic approach of limit design applieBhe full-plastic zoneof the elastiefull plastic approach existas
failure criterion by a single curve in stss space as shown in Fig.l6 this figureof [9], is d/d,, the ratio of
specimen size to the fiire process zone size. But, becauselitfeeis the result ofolume effecttests the

initial crack lengthis proportional to theéestspecimen length. Thusl / d, also can beegarded to be the ratio
initial open crack length to the process zone §irees a factor) Then, for small values df, this d / d, ratio
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