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Influence of repetitive stiffness variation
on crack growth behaviour in wood
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Softwoods have a repetitive variation in stiffness over their growth rings, which is due to
the difference in cellular structure between the latewood and earlywood. In this paper, the
influence of the repetitive stiffness variation on radially growing cracks is studied by
detailed finite element analyses, in which the wood material is represented by a layered
orthotropic continuum. The distribution of stress around the crack is found to be very
different from crack tip stress fields in homogenous isotropic materials. The latewood layer
ahead of the crack experiences a significant tensile stress, which indicates that formation of
new secondary cracks ahead of the primary crack front is a likely mechanism for crack
propagation. This mechanism is also favoured by the fact that the primary crack is
subjected to a significant shielding from the stiff latewood, which tends to arrest the
primary crack in the soft earlywood layer. Analyses are performed for materials with
various growth ring widths, and the calculated results are compared with reported
experimental observations. © 2000 Kluwer Academic Publishers

1. Introduction L for the radial, tangential and longitudinal direction,
Wood has been used as a material for constructiorrespectively. The elastic modulus in the longitudinal di-
tools, furniture and decoration for thousands of yearsrection is about one order of magnitude higher than in
However, many details of its fracture behaviour is notthe other two directions. Also the fracture behaviour is
yet understood. Knowledge of the fracture behavioudinked to the material structure and six principal systems
has relevance not only to the structural use of woodpf crack propagation can be identified by material sym-
but has also importance to processes like cutting anchetry, [3]. Each system is commonly identified with a
machining. pair of letters, the first indicating the crack surface nor-
Wood consists of tubular stiff cells, in softwood mal and the second describing the direction of crack
called tracheids, which are connected by a weaker magrowth. The concept of fracture mechanics has been
terial called the middle lamella. The cell walls have applied to quantify and describe fracture of wood at a
a layered structure, where each layer has distinctivenacroscopic level within these fracture systems. The
material properties that together determine the propinfluence of density, moisture and drying process etc.
erties of the walls. Softwoods growing in a temperateon the fracture toughness has been experimentally stud-
climate form growth rings, see Fig. 1. A low density ied[2,4-7]. In general, fracture toughness inltii@nd
material with large cells is formed early in the seasonLR systems is about an order of magnitude higher than
of growth, whereas a dense material with thicker cellinthe other systems. Thd andLR systems correspond
walls is formed later in the season. The annual alterto crack growth across the tracheids, which takes place
ation between these two materials, termed earlywoodnainly by cell wall tearing. The other systems are as-
and latewood, produces a repetitive density variatiorsociated with crack growth along the tracheids, usually
in the radial direction of the stem. The variation of the through a peeling fracture mode. This tracheid separa-
cellular structure within the growth rings also inducestion, in or close to the middle lamella, leaves the cell
a repetitive gradient for the stiffness. It may be notedwalls intact and the lumens are not exposed [8, 9].
that, at a macroscopic level, the density is strongly cor- A significant difference in fracture toughness is also
related to wood material properties, such as stiffneséound when thelL and TR systems are compared, al-
and strength [1, 2]. though the crack surface normals are identical and the
Wood is a highly anisotropic material with the princi- local fracture mechanism at the crack front, tracheid
pal axes of anisotropy conventionally denot®d] and  separation, is the same for these two systems. The
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Figure 1 Typical growth ring structure for pin®inus Sylvestris L from the northern coastal region of Sweden.

measured fracture toughness in Douglas fir is typicallycrossing the growth rings perpendicularly, or with a
30-50% higher in th&@Rsystem than in th&L system  small inclination to the radial direction.

[10-12], and even larger differences have been reported

for pine and spruce [13, 14]. We suggest that the dif- ) ]

ference in fracture toughness between TieandTL ~ 2-1- Material properties ,

systems could be explained by the repetitive stiffneséM @ sufﬁment distance from the pith, the curvature of
gradient, induced by the growth rings. The gradienth® growth rings can be neglected and the wood ma-
will affect a TR crack, which is propagating across the terial Iocally considered as 'rectlllnearly orthotroplq. In
growth rings, whereas a crack propagating in The ~ OUr analysis, th_e materl_al is r_epresente_d by an mh_o-
system is largely unaffected. mogenous continuum with a linear elastic orthotropic

Linear elastic fracture mechanics predicts that a cracRtréss-strain relation. In a plane perpendicular to the

growing towards a sharp interface to a stiffer mate-iracheids, this relation can be written

rial experiences a reduced stress intensity, as compared

with the homogenous case, when the interface is ap- [ ¢r £ IR 0 oR
proached [15]. The reduced near tip stress intensity re- | ¢, . Ei =20 oT
sults in an increased macroscopic fracture toughness of [ = | = o —wr L 0 o (1)
the material. Inversely, as a crack approaches an inter- - Er B E -
face to a more compliant material, the stress concen- \¢RT 0 0 0 55— | \orr

tration near the crack tip is intensified. These shielding
and amplification effects are similar for a crack grow-whereg; andg; are the strain and stress components,
ing in a material with a continous change of the elasticandE;, G;; andv;; are the elastic constants.
properties [16], but the effects are weaker. The elastic constants in Equation 1 represent a con-
A TRcrack grows across the growth rings and expetinuum model for the cellular wood structure. The con-
riences a repetitive variation in the elastic propertiesstants are dependent on both the wood cell geome-
As the crack approaches the stiffer latewood materialry and the cell wall elastic properties. Gibson and
at some position, crack tip shielding offers a possibleAshby [1] have proposed a simple model, from which
mechanism for crack arrest both for growth towards thehe in-plane elastic constants can be determined by
pith and towards the bark. The shielding is strongest forepresenting the wood microstructure as a two-dimen-
the crack growing towards a sharp stiffness interfacesional regular honeycomb, see Fig. 2.
i.e. for the crack growing towards the pith. Experimen- By considering the hexagonal unit cell in Fig. 2 as
tal results from measurements of fracture toughnessina framework structure, equivalent stiffness parameters
TRsystem as function of crack tip position within a sin-
gle growth ring strongly demonstrate these effects [17].
In this paper, the effect of a repetitive stiffness gra-
dient on a crack growing across the growth rings is
studied by finite element analysis. The studied config-
uration corresponds to a crack propagating in Tk
system from bark to pith. The material properties, in-
cluding the repetitive stiffness variation, are chosen to
be representative d?inus sylvestris LThe influence
of the stiffness variation on crack growth behaviour is
evaluated by studying the near tip-integral and the
stress and strain state ahead of the crack.

2. Model description

Atwo-dimensional finite element model is used to sim-
ulate crack propagation in a small CT-specimen. The
crack is assumed to grow radially from bark to pith, Figure 2 The hexagonal unit cell approximation of the tracheids.
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can be derived from simple beam theory. The exprestABLE | Cellwall properties and cell geometry
sions are [1]

Cell geometry

o E; cosd (t )3 Cell wall property Earlywood Latewood
R — . A T (2)
(di/1 4 sing) sirfo \ | E 40 GPa t 3.2um 5.7um
_ 3 = 10 GPa h 34um 17um
Eb _ Ei(dy/I +sind) ('t @3 1500 kgnt3 d 25um 25,m

Growth ring width, w

_ Egdy/l +5sing) (1\?/t)°
CRT = L+ 20,/1) coss (d_l) (|> @

:wtan

cosH b (5)

VRT

where the parametetd, d; andé are defined in Fig. 2,
andE; denotes the transverse stiffness of the cell wall
The effective longitudinal stiffness of the unit cell is
given by

E.=EL ® |7

wherekE,; is the longitudinal cell wall stiffness ang oo

is the fraction of cell average density to the cell wall
density. It is calculated from the fractional area of cell
walls in the unit cell cross section

po  2(di/1 4 sinB) coso \ |

L . . Figure 3 The three radial zones of the growth ring.
The moduli given by Equations 2 and 3 are derived by

identifying bending as the only mode of cell wall defor- radial zones with different cell geometry: earlywood,

mation. This assumption leads to an overestimated stiff " R
P latewood and transitionwood, as shown in Fig. 3. More-

ness, especially when the cell wall thickness is large. . :
The model is further improved by considering com- Over. it was found that a constant thickness of the late-

pression of the cell walls as an additional deformation/V0°d: w1, 0f 200 um could be assumed, whereas the

: : : thickness of the transitionwoody;, was found to oc-
mechanism, and the final expressions gy and E : A T
are thereby found from P ot T cupy 20% of the entire growth ring width;. A similar
model was used by Persson [18] to determine the elastic
properties for spruce.

bEc
Er= % (8) The cell wall double thickness, and the cell height,
Er+ Eg h, were set to be constant in the earlywood and late-
EbEC wood, whereas an exponential variation was assumed
T= bT T S (9) inthe interjacent transitionwood. The tangential width
Er + Er of the cells was found to be fairly constant in all three

. . . regions of the growth ring, and a constant cell width
where the effective stiffnesses from compression are \, a5 therefore used. The width at the cell-to-cell inter-

t faces,d; and at the midcell bulgeg,, are defined in

B = Etd (10)  Fig. 2. The values used for these quantities are given in
1 Table I. The out-of-plane Poisson ratiog, andvr,
t .
ES = E (11) were given the constant value a#8 [1].
2l coso

Values for the cell wall double modult; andE, have  2.2. Finite element model
been taken from the literature [1], and are assumed t@he two-dimensional plane strain finite element model
be the same in latewood and earlywood, see Table bf the CT-specimen geometry is shown in Fig. 4. An
This is an approximation, since the fraction of the secinward growing crack, having an inclinatienwith re-
ondary cell wall layer, S2, increases from earlywood tospect to the radial direction, was examined. The spec-
latewood, thereby introducing a difference in cell wall imen was subjected to a tensile opening load, applied
elastic properties across the growth ring. through a pair of point loads, indicated in Fig. 4. A
The geometry of the tracheids varies significantlyconstant loadF, of 10 N was used throughout the
from earlywood to latewood. This variation was quan-investigation.
tified by examination of micrographs. Based on the Close to the crack tip, a region corresponding to five
examination, the growth rings were divided into threegrowth rings was modelled with a repetitive stiffness
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Figure 4 Finite element mesh and specimen dimensions.
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gradient. The materia! outside this_ region was giveq:igure 5 Density variation across growth rings.

homogeneous properties, see section 3.1. The stiffness

gradient in the five growth rings was deduced from

Equations 2—11, with the assumed tracheid cell proplar zig-zag pattern in the radial direction. The influ-

erties given in Table I. A rectilinear orthotropic elastic €nce of these irregularities on the elastic properties has

material model was used. Within each of the five growthoeen investigated by Kahle and Woodhouse for Nor-

rings, the radial variation in stiffness was resolved byWway spruce [21]. They reported thik is significantly

use of 25 layers of elements, where each layer wakeduced by the cell wall kinking.

given individual stiffness properties, corresponding to  The density variation was calculated with Equation 7

its position within the growth ring. from our approximate geometrical variation and is
Atotal number of 16768 linear elements were used ishown in Fig. 5. The calculated density is com-

the finite element model. The mesh was locally refined?ared with X-ray microdensiometry measurements

close to the crack tip, thereby facilitating calculation of from Larssoret al. [22].

the near-tipJ-integral along a contour that was fully

encompassed by a single layer of homogenous mat&.2. Calculated stress and

rial. The indefiniteness, which inevitably arises when strain distributions

evaluatingJ in a material with a stiffness gradient in A typical distribution for the tangential stresss, in

the crack propagation direction, was thus avoided [19]the vicinity of the crack tip is presented in Fig. 6. The

The finite element model was parametrisised with re-

spect to the crack inclination angte, the growth ring

width, w, and the crack tip position within the growth Stress oy [M Pa]

ring, ¢, see Figs 3 and 4.

3. Results and discussion
3.1. Verification of the material model
An attempt was first made to verify the assumed repet
itive stiffness gradient with experimental data. Since
detailed information on the actual stiffness variation
across the growth rings iRinus silvestris L.is not
available, measured average stiffnesses found in the Ii
erature were used to evaluate the material model.
The average elastic constants for a unit cell consistin
of five growth rings with the repetitive stiffness gradi-
ent given by Equations 2—11 were determined by finite
element calculations. The unit cell was subjected tc
homogeneous boundary conditions, corresponding t
uniaxial tension and simple shear, and the homogenise
valuese,i =R, T, L, Gl , vt andv!l., were deter-
mined. For a growth ring widthy, of 1.6 mm, the cal-
culated homogenised elastic modEl; and E! were
1.38and 057 GParespectively. These results are inrea
sonable agreement with the experimentally determine:
moduli of 110 and 057 GPa reported in [20]. The ef-
fective value ofEf} is somewhat overestimated, which
is probably an effect of the perfect radial alignment of
tracheids assumed in our model. The perfectly aligneu
configuration yields a higher radial stiffness than theFigure 6 Distribution of tangential stress;r, for a growth ring width,
actual wood structure, which exhibits a slight irregu- , of 1.6 mm.
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crack extends from the bark to the pith along the radiatings. Thus, the stiffness gradient must be accounted
direction,a = 0. The analysis was made for a growth for in crack growth analyses. In particular, the stress
ring width of 1.6 mm, with the crack tip positioned in distribution in the latewood layer ahead of the crack
the growth ring centres = 0.5. The tangential stiffness needs to be considered.

for the latewood is about 20 times as high as for the
earlywood, wheareas the stiffness ratio in the radia
direction is about 2.

Fig. 6 reveals high stresses in the stiff latewood laye
ahead of the crack tip, and the latewood layer carries
substantial part of the total tensile load. Furthermore
the highly stressed region in the latewood has
tangential width, which is considerably larger than
the width of the growth ring. A singular stress field
prevails at the crack tip, but the area dominated b

.3. Influence of crack tip position
he stress distribution in the latewood layer ahead of
IIhe crack is affected by the crack tip position within the
growth ring. In Fig. 8, the calculated average tangential
Stresspr, in the latewood layer ahead of the crack tip
s shown for a growth ring widthy, of 1.6 mm. The
results are given for seven different relative crack tip po-
sitions,c. The tangential stress is plotted with respect
o the z—coordinate, which is the distance from the
the singular field is confined to the earlywood region?raCk plane, see insert in Fig. 8. The tangential stress
increases monotonously as the crack approaches the

of a single growth ring. The stress field calculatedI i ql I . f th K 1 iti
by this homogenised material model is, due to the F1EW000 fayer. frrespective of the crack tip position,

cellular microstructure, of course not expected to? peak stress region in the latewood layer can be dis-

represent the detailed state at distances from the cra _rned, the tange_ntlal V.V'dth of which is approm_mately
tip comparable to the tracheid width wice the growth ring width. The stresses are high also
The tangential strain is shown in Fig. 7. As evidentomSlde this peak region .

. . Sl The calculatedl-integral as a function of relative
from the figure, the crack tip strain field is trapped be- . o L . S
tween theglatewood layer allohead and astern I%F; the ti c_racktlp position within the 5 mm wide growthring is
resentedin Fig. 9. As the crack passes through the late-

The stiff latewood layers ahead and astern distribute th8 . " .

imposed load over the earlywood. This causes the straiWOOd layer gnd proceeds into the t_ransmonwaibch-

field to spread in the tangential direction within the creasesrapidly and reaches a maximum value before the

compliant earlywood layer. Measurements of the strain

field at the crack tip presented by Thuvandeal.[23]

are in agreement with the calculated strains. 14
We conclude that the distribution of stress and strair

around the crack is strongly affected by the growth

0.02

34
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\ 66
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Latewood

Strain = [H)]

or [MPad]

Coordinate z [mm)

Figure 8 Distribution of tangential stress in the latewood layer ahead of
the crack for different relative crack tip positiores Growth ring width,
w, 1.6 mm.
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Figure 7 Distribution of tangential strairgT, for a growth ring width, Figure 9 Jintegral for different positions of the crack. Growth ring
w, of 1.6 mm. width, w, 1.6 mm.
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crack tip enters the earlywood,@t 0.7. Further crack  of the jump is also dependent on the density and size
propagation into the earlywood results in a decreasinglistribution of defects in the latewood layer. A high fre-
value for J as the latewood layer is approached. Thisquency of evenly distributed small defects would imply
decline ofJ with increasing crack length under constantsmall deviations of the crack plane.

imposed load gives a possible mechanism for crack ars

rest, provided that the fracture toughness isindependerg‘O far, we have studied a crack propagating in pure

of the crack tip positiong. Since the earlywood struc- TR-mode, i.e. along the radial direction. Next, we will

e e o Xamin cack ropagation  lhr dectos by vary:
9 9 ) ing the angle of incidence with respect to the stiffness

plies that the gradient in stifiness, caused by the growth radienta. Since the middle lamellas constitute radi-

rings, induces a m_echanlsm for crack arrest. Furtherg\llyoriented surfaces with low toughness, the tangential
more, the crack will be arrested at a positior 0.7

stress in the latewood layer is crucial for fracture initia-

yvereJ Is decreasing, Wh'.ch corresponds to a pO.S't'Oqion. Consequently, the tangential stress is studied and
in the earlywood layer. This is supported by experimen-

tal observations of cracks arrested in the earlywood1 ot the maximum principal stress. In addition, these
layer [10,24]. The variation ofl within the growth Stresses almost coincide for moderatd-ig. 10 shows

S~ . . . clthe average tangential stress in the latewood layer ahead
ring is also in agreement with experiments performe

by Ando and Ohta [17]. They measured the fractureOf the tip fora = 20°. The stress is calculated for var-

toughness variation within a growth ring for air dried o-> positions of the crack tip within a@mm wide
9 . . ag 9 growth ring. The peak stress position is somewhat dis-
specimens oPicea sitchensjsand found that the frac-

ture toughness for a crack growing from the bark sideplaced’ but a comparison with Fig. 8 shows that the
) 9 X9 9 stress distribution is only weakly affected for this mod-
increases as the crack tip is positioned closer to th

latewood layer ahead. An increase in fracture tou hgrate variation in crack inclination.
Y : 9N The J-integral as a function of crack tip position is

?oersfractigfes%on,g\jsshtt?yaeSZIC“[?;]a g]bggggéﬂgrgggk?m%ivgn fpr three d_ifferent values of incl.inat_ion_angles,
propagating] iﬁ ash. In this ﬁwaterial cracks were found’? " Flg.' 11.' Evidently, t_he a_ngle of mqlmaﬂoq has

i ’ . only a minor influence od in this range. Since neither
to arrest at clusters of sap channels, which correspond
to compliant regions.

Once arrested, the crack may resume propagation
either if the external load is raised, or if the load is 14
redistributed within the material in such a way thatthe | €=
stress intensity at the crack tip increases. In view of the
stress concentration found in the latewood layer ahea
of the crack, such a redistribution could be effectuatec
through creep relaxation of the highly stressed latewoors
material. This would result in an apparent decline ins
fracture toughness for long term loading. &

Another possible mechanism for further crack
growth in theTR system is given by formation of sec-
ondary cracks at defects located in the highly stresse
latewood layer ahead of the primary crack. Defects
in the form of intertracheid flaws, ray cells and resin
channels are abundant in most softwoods, particu-
lary after a seasoning process, and these defects magure 10 Average tangential stressy, in the latewood layer ahead of
serve as nucleation sites for cracks. A secondary cracke crack. Inclination angle;, = 20°. Growth ring width,w, 1.6 mm.
will first break the stiff latewood layer, after which
the bridging ligament between the primary and sec-  2s0
ondary crack is broken and a single connected crac!
is formed. This mechanism was observed inreference 54, | 10 s

4. Influence of crack inclination

0.02

Coordinate z [mm)]

[10, 24]. 20 o \\
Considering the high tangential stress, which is dis-
tributed over a large region in the latewood layer aheac ’
of the crack, itis likely that secondary cracks may form#;’
at flaws located away from the primary crack plane.= 1% |-
This implies that the crack plane has a tendency to jumj™

in the tangential direction, which is in accordance with 50

fractographic examinations @R cracks [25]. This is

also visible in the pictures of crack paths presentec 0

by Ashbyet al.[8] and Schniewind and Pozniak [10]. 0 0.2 0.4 0.6 0.8 1

Furthermore, the latewood layer stress distribution de
picted in Fig. 8 suggests that these jumps could be com-
parable in size to the growth ring width. The magnitudeFigure 11 Jintegral for different crack inclinations,. (w = 1.6 mm).

Crack tip position, ¢
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J, nor the stress distribution is notably affected by the
crack inclination, the remarks made in section 3.3 abou
crack arrest and formation of secondary cracks in the 12 ¢
latewood layer ahead of the tip apply also for oblique
cracks.

Thuvander and Berglund [24] observed that the for-_. 8
mation of a secondary crack in the latewood layer ahea®
of an oblique crack causes a change in direction toward—
pure TRmode for the continued crack growth after °
the latewood layer is passed. The tendency for obliqut
cracks to deviate into pufERpropagation was also ob-
served by Boatrightand Garret[26] and Aslgbgl.[8].

This kind of crack deflection is generally explained by

a difference in fracture toughness between the pure re
dial and oblique crack propagation directions [8, 26].
In view of the material cellular structure, such a dif-
ference is likely, since crack growth in the pure radial | o b)
direction can proceed without kinking by separation 5|
at the middle lamella. However, the stress distribution
may also contribute to pure radial crack growth. The
high tensile tangential stress promotes formation of & 8l
secondary crack in the pure radial direction within the
latewood layer ahead of the primary crack. Thus, wher=
asecondary crackis initiated ahead of an arrested crac 5 4
the growth ring induced stiffness variation will by itself

divert the crack towards pufER growth.

Moreover, He and Hutchinson [27] analysed a crack 0
approaching aninterface atan oblique angle in isotropit
materials. They concluded that a crack approaching Coordinate z [mm]

a stiffer material will curve away from the interface,

and inversely, an oblique crack approaching a mord&igure 12 Average _tangentia_l stressy in the Iatew_ood layer ahead of
. . . . the crack for two different widths of the growth ring, (&)= 1.2 and

complient material will tend to grow prependicularly (b) w=2.0mm.

towards the interface. Disregarding the anisotropy in

elastic and fracture properties present in our case, this

implies that an oblique crack has atendencytocurveto 250

Latewood
R
‘ | N

10

Latewood
.
l | |
(2]
n
oD
o
[\+3

wards pure radial growth for crack tip positions within w=10

the latewood layer, and the inclined crack has apropen 200 | 12 77 |

sity to deflect from radial growth for positions within 18 3

the earlywood layer. 150 1 gjg = 3
&

3.5. Influence of growth ring width ~ 100

The following discussion on the influence of growth ™

ring width is confined to cracks propagating in the 50 -

radial inward directiono =0, i.e. pureTR fracture.

Fig. 12 shows the average tangential stress in the late 0

wood layer ahead of the crack tip for two different 0 0.2 04 0.6 0.8 1

growth ring widths, 12 and 20 mm, respectively. By

comparing these cases with the stress distribution for

a growth ring width of 16 mm in Fig. 8, we see that Figure 13 Jintegral for different widthsw, of the growth ring.

the stress level decreases with increasing growth ring

width. This is expected, since the absolute distance be-

tween the crack tip and the latewood layer ahead in-

creases for wider growth rings. The peak of the tanwidth, and the peak position is found at the interface

gential stress is lower and blunter for the wider growthbetween the earlywood and the transitionwood. The

ring, which results in an increased sensitivity to defectsamount of latewood is held constant for the different

aside of the crack plane. Hence, larger deviations frongrowth ring widths. Thus, the interface moves from

the crack plane is expected and therefore rougher craak~ 0.7 for a growth ring width of 2 mm toc~ 0.6

surfaces will be formed in a material with wide growth for a width of 20 mm. From Fig. 13, it is also clear

rings [25]. that the variation of] over the growth ring decreases
The J-integral as a function of the relative crack tip for narrow growth rings. Supported by this observation,

position for different growth ring widths is shown in we may conclude that the mechanism for crack arrest

Fig. 13. The peak value afincreases with growth ring is stronger in a material with wider growth rings.

Crack tip position, ¢
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4. Conclusions 2.
Finite element analyses of a crack extending from bark
to pith in theTRsystem of a typical softwood show that
the stress state around the crack is strongly affected by,
the growth ring induced stiffness variation. The repet- ¢
itive stiffness gradient must therefore be considered ing.
analysis of crack growth mechanisms.

The latewood layer ahead of the tip carries a signifi- 7
cant stress over a region, whose tangential extension i$:
considerably larger than the width of the growth rings.
It is therefore likely that secondary cracks form at de-
fects in the latewood layer ahead of the crack tip, alsao.
when these defects are located away from the primar¥
crack plane. An irregular crack surface will thereby !
be formed, and the stress analysis indicates that larggs,
deviations of the crack plane are expected for wider
growth rings. 13.

The formation of secondary cracks in the latewood
layer ahead of the primary crack also provides a mecht*
anism for aligning oblique cracks into pure radial crack
growth. Thus, the stiffness variation alone will divert a 16,
crack toward purd@Rgrowth.

From the calculated variation in thkintegral, itis  17-
clear that the stiff latewood layer ahead of the crack e
fectively shields the crack tip and thus the growth ring 4
induced stiffness gradient provides a mechanism fopg.
crack arrestin the earlywood. This is in agreement with
reported experimental results, and is also a likely expla-
nation to the difference in fracture toughness betweed
theTRandTL crack systems. Moreover, the mechanism
for crack arrest is more pronounced in materials withys,
wide growth rings.

3.
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