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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. C© 2000 Kluwer Academic Publishers

1. Introduction
Wood has been used as a material for construction,
tools, furniture and decoration for thousands of years.
However, many details of its fracture behaviour is not
yet understood. Knowledge of the fracture behaviour
has relevance not only to the structural use of wood,
but has also importance to processes like cutting and
machining.

Wood consists of tubular stiff cells, in softwood
called tracheids, which are connected by a weaker ma-
terial called the middle lamella. The cell walls have
a layered structure, where each layer has distinctive
material properties that together determine the prop-
erties of the walls. Softwoods growing in a temperate
climate form growth rings, see Fig. 1. A low density
material with large cells is formed early in the season
of growth, whereas a dense material with thicker cell
walls is formed later in the season. The annual alter-
ation between these two materials, termed earlywood
and latewood, produces a repetitive density variation
in the radial direction of the stem. The variation of the
cellular structure within the growth rings also induces
a repetitive gradient for the stiffness. It may be noted
that, at a macroscopic level, the density is strongly cor-
related to wood material properties, such as stiffness
and strength [1, 2].

Wood is a highly anisotropic material with the princi-
pal axes of anisotropy conventionally denoted,R, T and
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L for the radial, tangential and longitudinal direction,
respectively. The elastic modulus in the longitudinal di-
rection is about one order of magnitude higher than in
the other two directions. Also the fracture behaviour is
linked to the material structure and six principal systems
of crack propagation can be identified by material sym-
metry, [3]. Each system is commonly identified with a
pair of letters, the first indicating the crack surface nor-
mal and the second describing the direction of crack
growth. The concept of fracture mechanics has been
applied to quantify and describe fracture of wood at a
macroscopic level within these fracture systems. The
influence of density, moisture and drying process etc.
on the fracture toughness has been experimentally stud-
ied [2, 4–7]. In general, fracture toughness in theLTand
LRsystems is about an order of magnitude higher than
in the other systems. TheLTandLRsystems correspond
to crack growth across the tracheids, which takes place
mainly by cell wall tearing. The other systems are as-
sociated with crack growth along the tracheids, usually
through a peeling fracture mode. This tracheid separa-
tion, in or close to the middle lamella, leaves the cell
walls intact and the lumens are not exposed [8, 9].

A significant difference in fracture toughness is also
found when theTL andTRsystems are compared, al-
though the crack surface normals are identical and the
local fracture mechanism at the crack front, tracheid
separation, is the same for these two systems. The
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Figure 1 Typical growth ring structure for pine,Pinus Sylvestris L., from the northern coastal region of Sweden.

measured fracture toughness in Douglas fir is typically
30–50% higher in theTRsystem than in theTL system
[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 theTR andTL
systems could be explained by the repetitive stiffness
gradient, induced by the growth rings. The gradient
will affect aTRcrack, which is propagating across the
growth rings, whereas a crack propagating in theTL
system is largely unaffected.

Linear elastic fracture mechanics predicts that a crack
growing towards a sharp interface to a stiffer mate-
rial experiences a reduced stress intensity, as compared
with the homogenous case, when the interface is ap-
proached [15]. The reduced near tip stress intensity re-
sults in an increased macroscopic fracture toughness of
the material. Inversely, as a crack approaches an inter-
face to a more compliant material, the stress concen-
tration near the crack tip is intensified. These shielding
and amplification effects are similar for a crack grow-
ing in a material with a continous change of the elastic
properties [16], but the effects are weaker.

A TRcrack grows across the growth rings and expe-
riences a repetitive variation in the elastic properties.
As the crack approaches the stiffer latewood material
at some position, crack tip shielding offers a possible
mechanism for crack arrest both for growth towards the
pith and towards the bark. The shielding is strongest for
the crack growing towards a sharp stiffness interface,
i.e. for the crack growing towards the pith. Experimen-
tal results from measurements of fracture toughness in a
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 theTR
system from bark to pith. The material properties, in-
cluding the repetitive stiffness variation, are chosen to
be representative ofPinus sylvestris L. The influence
of the stiffness variation on crack growth behaviour is
evaluated by studying the near tipJ−integral and the
stress and strain state ahead of the crack.

2. Model description
A two-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,

crossing the growth rings perpendicularly, or with a
small inclination to the radial direction.

2.1. Material properties
At a sufficient distance from the pith, the curvature of
the growth rings can be neglected and the wood ma-
terial locally considered as rectilinearly orthotropic. In
our analysis, the material is represented by an inho-
mogenous continuum with a linear elastic orthotropic
stress-strain relation. In a plane perpendicular to the
tracheids, this relation can be written
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whereεi andσi are the strain and stress components,
andEi , Gi j andνi j are the elastic constants.

The elastic constants in Equation 1 represent a con-
tinuum model for the cellular wood structure. The con-
stants are dependent on both the wood cell geome-
try and the cell wall elastic properties. Gibson and
Ashby [1] have proposed a simple model, from which
the in-plane elastic constants can be determined by
representing the wood microstructure as a two-dimen-
sional regular honeycomb, see Fig. 2.

By considering the hexagonal unit cell in Fig. 2 as
a framework structure, equivalent stiffness parameters

Figure 2 The hexagonal unit cell approximation of the tracheids.
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can be derived from simple beam theory. The expres-
sions are [1]
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where the parameterst , l , d1 andθ are defined in Fig. 2,
andEt denotes the transverse stiffness of the cell wall.
The effective longitudinal stiffness of the unit cell is
given by

EL = El
ρ

ρ0
(6)

whereEl is the longitudinal cell wall stiffness andρ/ρ0
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
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The moduli given by Equations 2 and 3 are derived by
identifying bending as the only mode of cell wall defor-
mation. This assumption leads to an overestimated stiff-
ness, especially when the cell wall thickness is large.
The model is further improved by considering com-
pression of the cell walls as an additional deformation
mechanism, and the final expressions forER and ET

are thereby found from
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where the effective stiffnesses from compression are
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Values for the cell wall double moduliEt andEl have
been taken from the literature [1], and are assumed to
be the same in latewood and earlywood, see Table I.
This is an approximation, since the fraction of the sec-
ondary cell wall layer, S2, increases from earlywood to
latewood, thereby introducing a difference in cell wall
elastic properties across the growth ring.

The geometry of the tracheids varies significantly
from earlywood to latewood. This variation was quan-
tified by examination of micrographs. Based on the
examination, the growth rings were divided into three

TABLE I Cell wall properties and cell geometry

Cell geometry

Cell wall property Earlywood Latewood

El 40 GPa t 3.2µm 5.7µm
Et 10 GPa h 34µm 17µm
ρ0 1500 kgm−3 d1 25µm 25µm

d2 27µm 27µm

Figure 3 The three radial zones of the growth ring.

radial zones with different cell geometry; earlywood,
latewood and transitionwood, as shown in Fig. 3. More-
over, it was found that a constant thickness of the late-
wood,wl , of 200µm could be assumed, whereas the
thickness of the transitionwood,wt, was found to oc-
cupy 20% of the entire growth ring width,w. A similar
model was used by Persson [18] to determine the elastic
properties for spruce.

The cell wall double thickness,t , and the cell height,
h, were set to be constant in the earlywood and late-
wood, whereas an exponential variation was assumed
in the interjacent transitionwood. The tangential width
of the cells was found to be fairly constant in all three
regions of the growth ring, and a constant cell width
was therefore used. The width at the cell-to-cell inter-
faces,d1 and at the midcell bulge,d2, are defined in
Fig. 2. The values used for these quantities are given in
Table I. The out-of-plane Poisson ratios,νRL andνT L,
were given the constant value of 0.45 [1].

2.2. Finite element model
The two-dimensional plane strain finite element model
of the CT-specimen geometry is shown in Fig. 4. An
inward growing crack, having an inclinationα with re-
spect to the radial direction, was examined. The spec-
imen was subjected to a tensile opening load, applied
through a pair of point loads, indicated in Fig. 4. A
constant load,F , of 10 N was used throughout the
investigation.

Close to the crack tip, a region corresponding to five
growth rings was modelled with a repetitive stiffness

6261



Figure 4 Finite element mesh and specimen dimensions.

gradient. The material outside this region was given
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 prop-
erties given in Table I. A rectilinear orthotropic elastic
material model was used. Within each of the five growth
rings, the radial variation in stiffness was resolved by
use of 25 layers of elements, where each layer was
given individual stiffness properties, corresponding to
its position within the growth ring.

A total number of 16768 linear elements were used in
the finite element model. The mesh was locally refined
close to the crack tip, thereby facilitating calculation of
the near-tipJ-integral along a contour that was fully
encompassed by a single layer of homogenous mate-
rial. The indefiniteness, which inevitably arises when
evaluatingJ in a material with a stiffness gradient in
the crack propagation direction, was thus avoided [19].
The finite element model was parametrisised with re-
spect to the crack inclination angle,α, the growth ring
width,w, and the crack tip position within the growth
ring, c, 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 inPinus silvestris L.is not
available, measured average stiffnesses found in the lit-
erature were used to evaluate the material model.

The average elastic constants for a unit cell consisting
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 to
homogeneous boundary conditions, corresponding to
uniaxial tension and simple shear, and the homogenised
valuesEh

i , i = R, T, L, Gh
RT, νh

RT andνh
TR were deter-

mined. For a growth ring width,w, of 1.6 mm, the cal-
culated homogenised elastic moduliEh

R and Eh
T were

1.38 and 0.57 GPa respectively. These results are in rea-
sonable agreement with the experimentally determined
moduli of 1.10 and 0.57 GPa reported in [20]. The ef-
fective value ofEh

R is somewhat overestimated, which
is probably an effect of the perfect radial alignment of
tracheids assumed in our model. The perfectly aligned
configuration yields a higher radial stiffness than the
actual wood structure, which exhibits a slight irregu-

Figure 5 Density variation across growth rings.

lar zig-zag pattern in the radial direction. The influ-
ence of these irregularities on the elastic properties has
been investigated by Kahle and Woodhouse for Nor-
way spruce [21]. They reported thatER is significantly
reduced by the cell wall kinking.

The density variation was calculated with Equation 7
from our approximate geometrical variation and is
shown in Fig. 5. The calculated density is com-
pared with X-ray microdensiometry measurements
from Larssonet al. [22].

3.2. Calculated stress and
strain distributions

A typical distribution for the tangential stress,σT, in
the vicinity of the crack tip is presented in Fig. 6. The

Figure 6 Distribution of tangential stress,σT, for a growth ring width,
ω, of 1.6 mm.
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crack extends from the bark to the pith along the radial
direction,α= 0. The analysis was made for a growth
ring width of 1.6 mm, with the crack tip positioned in
the growth ring centre,c= 0.5. The tangential stiffness
for the latewood is about 20 times as high as for the
earlywood, wheareas the stiffness ratio in the radial
direction is about 2.

Fig. 6 reveals high stresses in the stiff latewood layer
ahead of the crack tip, and the latewood layer carries a
substantial part of the total tensile load. Furthermore,
the highly stressed region in the latewood has a
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 by
the singular field is confined to the earlywood region
of a single growth ring. The stress field calculated
by this homogenised material model is, due to the
cellular microstructure, of course not expected to
represent the detailed state at distances from the crack
tip comparable to the tracheid width.

The tangential strain is shown in Fig. 7. As evident
from the figure, the crack tip strain field is trapped be-
tween the latewood layer ahead and astern of the tip.
The stiff latewood layers ahead and astern distribute the
imposed load over the earlywood. This causes the strain
field to spread in the tangential direction within the
compliant earlywood layer. Measurements of the strain
field at the crack tip presented by Thuvanderet al.[23]
are in agreement with the calculated strains.

We conclude that the distribution of stress and strain
around the crack is strongly affected by the growth

Figure 7 Distribution of tangential strain,εT, for a growth ring width,
w, of 1.6 mm.

rings. Thus, the stiffness gradient must be accounted
for in crack growth analyses. In particular, the stress
distribution in the latewood layer ahead of the crack
needs to be considered.

3.3. Influence of crack tip position
The stress distribution in the latewood layer ahead of
the crack is affected by the crack tip position within the
growth ring. In Fig. 8, the calculated average tangential
stress,σT, in the latewood layer ahead of the crack tip
is shown for a growth ring width,w, of 1.6 mm. The
results are given for seven different relative crack tip po-
sitions,c. The tangential stress is plotted with respect
to the z−coordinate, which is the distance from the
crack plane, see insert in Fig. 8. The tangential stress
increases monotonously as the crack approaches the
latewood layer. Irrespective of the crack tip position,
a peak stress region in the latewood layer can be dis-
cerned, the tangential width of which is approximately
twice the growth ring width. The stresses are high also
outside this peak region .

The calculatedJ-integral as a function of relative
crack tip position within the 1.6 mm wide growth ring is
presented in Fig. 9. As the crack passes through the late-
wood layer and proceeds into the transitionwood,J in-
creases rapidly and reaches a maximum value before the

Figure 8 Distribution of tangential stress in the latewood layer ahead of
the crack for different relative crack tip positions,c. Growth ring width,
w, 1.6 mm.

Figure 9 J-integral for different positions of the crack. Growth ring
width,w, 1.6 mm.
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crack tip enters the earlywood, atc≈ 0.7. Further crack
propagation into the earlywood results in a decreasing
value for J as the latewood layer is approached. This
decline ofJ with increasing crack length under constant
imposed load gives a possible mechanism for crack ar-
rest, provided that the fracture toughness is independent
of the crack tip position,c. Since the earlywood struc-
ture is fairly homogeneous, there is no indication of a
significant variation of the fracture toughness. This im-
plies that the gradient in stiffness, caused by the growth
rings, induces a mechanism for crack arrest. Further-
more, the crack will be arrested at a positionc< 0.7
were J is decreasing, which corresponds to a position
in the earlywood layer. This is supported by experimen-
tal observations of cracks arrested in the earlywood
layer [10, 24]. The variation ofJ within the growth
ring is also in agreement with experiments performed
by Ando and Ohta [17]. They measured the fracture
toughness variation within a growth ring for air dried
specimens ofPicea sitchensis, and found that the frac-
ture toughness for a crack growing from the bark side
increases as the crack tip is positioned closer to the
latewood layer ahead. An increase in fracture tough-
ness corresponds to a decline in near-tip driving force
for fracture, J. Ashby et al. [8] observedTR cracks
propagating in ash. In this material, cracks were found
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
redistributed within the material in such a way that the
stress intensity at the crack tip increases. In view of the
stress concentration found in the latewood layer ahead
of the crack, such a redistribution could be effectuated
through creep relaxation of the highly stressed latewood
material. This would result in an apparent decline in
fracture toughness for long term loading.

Another possible mechanism for further crack
growth in theTRsystem is given by formation of sec-
ondary cracks at defects located in the highly stressed
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 may
serve as nucleation sites for cracks. A secondary crack
will first break the stiff latewood layer, after which
the bridging ligament between the primary and sec-
ondary crack is broken and a single connected crack
is formed. This mechanism was observed in references
[10, 24].

Considering the high tangential stress, which is dis-
tributed over a large region in the latewood layer ahead
of the crack, it is likely that secondary cracks may form
at flaws located away from the primary crack plane.
This implies that the crack plane has a tendency to jump
in the tangential direction, which is in accordance with
fractographic examinations ofTR cracks [25]. This is
also visible in the pictures of crack paths presented
by Ashbyet al. [8] and Schniewind and Pozniak [10].
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 magnitude

of the jump is also dependent on the density and size
distribution of defects in the latewood layer. A high fre-
quency of evenly distributed small defects would imply
small deviations of the crack plane.

3.4. Influence of crack inclination
So far, we have studied a crack propagating in pure
TR-mode, i.e. along the radial direction. Next, we will
examine crack propagation in other directions by vary-
ing the angle of incidence with respect to the stiffness
gradient,α. Since the middle lamellas constitute radi-
ally oriented surfaces with low toughness, the tangential
stress in the latewood layer is crucial for fracture initia-
tion. Consequently, the tangential stress is studied and
not the maximum principal stress. In addition, these
stresses almost coincide for moderateα. Fig. 10 shows
the average tangential stress in the latewood layer ahead
of the tip forα= 20◦. The stress is calculated for var-
ious positions of the crack tip within a 1.6 mm wide
growth ring. The peak stress position is somewhat dis-
placed, but a comparison with Fig. 8 shows that the
stress distribution is only weakly affected for this mod-
erate variation in crack inclination.

The J-integral as a function of crack tip position is
given for three different values of inclination angles,
α, in Fig. 11. Evidently, the angle of inclination has
only a minor influence onJ in this range. Since neither

Figure 10 Average tangential stress,σT, in the latewood layer ahead of
the crack. Inclination angle,α= 20◦. Growth ring width,w, 1.6 mm.

Figure 11 J-integral for different crack inclinations,α. (w= 1.6 mm).
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J, nor the stress distribution is notably affected by the
crack inclination, the remarks made in section 3.3 about
crack arrest and formation of secondary cracks in the
latewood layer ahead of the tip apply also for oblique
cracks.

Thuvander and Berglund [24] observed that the for-
mation of a secondary crack in the latewood layer ahead
of an oblique crack causes a change in direction towards
pure TR-mode for the continued crack growth after
the latewood layer is passed. The tendency for oblique
cracks to deviate into pureTRpropagation was also ob-
served by Boatright and Garret [26] and Ashbyet al.[8].
This kind of crack deflection is generally explained by
a difference in fracture toughness between the pure ra-
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
direction can proceed without kinking by separation
at the middle lamella. However, the stress distribution
may also contribute to pure radial crack growth. The
high tensile tangential stress promotes formation of a
secondary crack in the pure radial direction within the
latewood layer ahead of the primary crack. Thus, when
a secondary crack is initiated ahead of an arrested crack,
the growth ring induced stiffness variation will by itself
divert the crack towards pureTRgrowth.

Moreover, He and Hutchinson [27] analysed a crack
approaching an interface at an oblique angle in isotropic
materials. They concluded that a crack approaching
a stiffer material will curve away from the interface,
and inversely, an oblique crack approaching a more
complient material will tend to grow prependicularly
towards the interface. Disregarding the anisotropy in
elastic and fracture properties present in our case, this
implies that an oblique crack has a tendency to curve to-
wards pure radial growth for crack tip positions within
the latewood layer, and the inclined crack has a propen-
sity to deflect from radial growth for positions within
the earlywood layer.

3.5. Influence of growth ring width
The following discussion on the influence of growth
ring width is confined to cracks propagating in the
radial inward direction,α= 0, i.e. pureTR fracture.
Fig. 12 shows the average tangential stress in the late-
wood layer ahead of the crack tip for two different
growth ring widths, 1.2 and 2.0 mm, respectively. By
comparing these cases with the stress distribution for
a growth ring width of 1.6 mm in Fig. 8, we see that
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 tan-
gential stress is lower and blunter for the wider growth
ring, which results in an increased sensitivity to defects
aside of the crack plane. Hence, larger deviations from
the crack plane is expected and therefore rougher crack
surfaces will be formed in a material with wide growth
rings [25].

The J-integral as a function of the relative crack tip
position for different growth ring widths is shown in
Fig. 13. The peak value ofJ increases with growth ring

Figure 12 Average tangential stress,σT in the latewood layer ahead of
the crack for two different widths of the growth ring, (a)w= 1.2 and
(b)w= 2.0 mm.

Figure 13 J-integral for different widths,w, of the growth ring.

width, and the peak position is found at the interface
between the earlywood and the transitionwood. The
amount of latewood is held constant for the different
growth ring widths. Thus, the interface moves from
c≈ 0.7 for a growth ring width of 2.2 mm toc≈ 0.6
for a width of 1.0 mm. From Fig. 13, it is also clear
that the variation ofJ over the growth ring decreases
for narrow growth rings. Supported by this observation,
we may conclude that the mechanism for crack arrest
is stronger in a material with wider growth rings.
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4. Conclusions
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 in
analysis of crack growth mechanisms.

The latewood layer ahead of the tip carries a signifi-
cant stress over a region, whose tangential extension is
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, also
when these defects are located away from the primary
crack plane. An irregular crack surface will thereby
be formed, and the stress analysis indicates that larger
deviations of the crack plane are expected for wider
growth rings.

The formation of secondary cracks in the latewood
layer ahead of the primary crack also provides a mech-
anism for aligning oblique cracks into pure radial crack
growth. Thus, the stiffness variation alone will divert a
crack toward pureTRgrowth.

From the calculated variation in theJ-integral, it is
clear that the stiff latewood layer ahead of the crack ef-
fectively shields the crack tip and thus the growth ring
induced stiffness gradient provides a mechanism for
crack arrest in the earlywood. This is in agreement with
reported experimental results, and is also a likely expla-
nation to the difference in fracture toughness between
theTRandTLcrack systems. Moreover, the mechanism
for crack arrest is more pronounced in materials with
wide growth rings.
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