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Introduction

Log-end cracks consecutive to tree felling and cross-cut-
ting are a clear demonstration of the existence of resid-
ual stresses in living stems. These so called growth
stresses result from cell-wall maturation: after new cells
have been produced in the cambium and achieved their
primary expansion, they undergo a reinforcement stage
with the formation of a secondary wall, ending with a
maturation process characterised by lignification, trans-
verse swelling and, usually, axial shrinkage of the newly
formed wood (Archer 1986). Cross-cutting can be
analysed as the creation of a free surface in a pre-
stressed volume; the consecutive stress redistribution is
equivalent to the axial pulling of the heart and pressure
of the periphery, which favours the heart splitting of the
log ends. Subsequent sawing induces further transfor-
mation defects like board deformation or further split-
ting along the pith. These phenomena, more consider-
able in hardwoods and in the case of tension wood
occurrence, have been extensively reviewed (Kübler
1987), along with useful considerations about their vis-
coelastic nature and hygrothermal activation. This au-
thor and others (Wilhelmy and Kübler 1973; Byrnes and
Archer 1977) have already produced finite-element cal-
culations of the displacement field associated with
cross-cutting, which are close in their principle to the
technique used in the present work.

From a practical viewpoint, log-end cracks are of par-
ticular interest. Together with basic geometrical features

like log diameter and curvature or pith eccentricity, they
can be easily visualised in the field or in an industrial
context. In the case of fast-growing hardwood species
like Eucalyptus, saw millers try to minimise the growth-
stress related losses by empirically taking into account
the visible crack pattern during log manipulation. From
the viewpoint of solid mechanics, crack propagation un-
der the action of a mechanical stress can be analysed us-
ing energetic concepts derived from Griffith theory (Bui
1978). Our work aims to test how well such mechanical
analyses can explain the observed patterns of log-end
cracks. In the present paper, a method of numerical
analysis will be proposed.

For the sake of clarity we will refer here to a specific
case where a number of consistent observations have
been made, which will serve for the numerical applica-
tion. The question raised here is whether mechanical
engineers are able to explain some of the observed fea-
tures of log-end cracking by using the available informa-
tion on mechanical properties.

Theory and Numerical Method

Energetic approach

The analysis of crack propagation used here is based on the
2nd law of thermodynamics, leading to the incremental expres-
sion:

GcdA + dW <0 or -dW/dA > Gc (1)

where dW is the variation in elastic energy stored in the body
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Summary

The occurrence of log-end cracks, due to the release of growth stress pre-existing in the standing
tree, causes severe damage at the early stage of wood transformation. A mechanical model based
on Griffith’s theory for elastic-fragile materials has been developed to explain the observed pat-
terns: a crack can only progress when the elastic energy release rate (G) exceeds the toughness
(Gc) of the material for the given fracture mode and orientation. At each stage of the crack propa-
gation, G was calculated using the finite-element method. The influence of various parameters re-
lated to the rigidity components, the initial growth stress field or the crack geometry has been in-
vestigated, based on a set of experimental data gathered on a population of Eucalyptus. In all cases
the high G values just after crack initiation are followed by a marked decrease until the periphery
has been reached. Their order of magnitude for a typical log is similar to Gc values measured inde-
pendently on similar material, thus supporting the validity of the approach.
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when the crack area extends by dA, and Gc is the energy con-
sumed per creation of a unit area of crack. The contribution of
dynamic terms has been neglected, and no external load is act-
ing on the volume. According to Griffith theory, the toughness
Gc is an intrinsic property of the material, and can be deter-
mined experimentally for any orientation of crack surface (and
fracture mode). The quasi-fragile behaviour of wood loaded
transversally to the fibres justify the application of this theory
originally designed for crack propagation in glass, and the ob-
served dominance of an opening mode (mode I) makes it pos-
sible to neglect the contribution from other fracture modes.
Equation (1) can be also written:

G > Gc (2)

where G = -dW/dA is the “elastic energy release rate”. G, in
contrast to Gc, depends on the geometry and behaviour of the
whole structure, as well as on its formation and loading history,
because the initial stress distribution in the log depends strong-
ly on the way the successive wood rings were deposited. The
evaluation of G, therefore, requires a calculation based on a
mechanical model.

Computation of energy release

A linear relationship is assumed between the stress σ and the
small strain ε: ε=Sσ, where ε and σ are second-order tensors
and S is a tensor of order 4 named compliance. The linearity of
this expression allows the use of the initial state of the log just
before felling (σi) as reference:

∆ε = S∆σ (3)

where ∆ε is the strain relative to the state before felling, and ∆σ
the corresponding stress increase. After propagation of a crack
up to a given level of free surface (A), a condition of zero force
has to be written for all points of (A):

0 = σ.n = (σi+∆σ).n or ∆σ.n = -σi.n (4)

where n is a unit vector perpendicular to the surface (A), which
includes the free surface created by cross-cutting the log. Thus,
the existence of the free surface has the same effect as applying
a force opposed to that existing in the standing tree. Adding to
(3) and (4) conditions of static equilibrium and kinematic com-
patibility, we end up with a well-formulated mechanical prob-
lem having a single solution ∆σ and associated strain ∆ε. The
energy required for the calculation of G can be obtained as the
elastic energy by integration over the whole volume V:

W = 1–
2 

∫ (σ +∆σ).S(σ + ∆σ)dV (5)

Assuming an initial stress field locked in a standing tree, we
can calculate the corresponding amount of elastic energy
stored in a log cross-cut off this tree. Assuming that a given
heart crack appears in the pith of this same log, we can calcu-
late the amount of elastic energy released by the existence of
this new surface.

In the following, R, T, L indicate the radial, tangential and
longitudinal directions, respectively. We use engineering nota-
tions for the stress, strain and compliance tensors, with Young’s
moduli ER=1/S11, ET=1/S22, EL=1/S33, shear moduli GTL=1/S44,
GRL=1/S55, GRT=1/S66, Poisson’s ratios νTL, νLT, νRL, νLR, νRT,
νTR, linked to each other through: νRT/ER=νTR/ET=–1/S12,
νRL/ER=νLR/EL=–1/S13, νTL/ET=νLT/EL=–1/S23.

Experimental Data Required for the Model

Materials and methods

A population of 177 interspecific hybrid Eucalyptus (E. uro-
phylla x E. grandis) aged 3 to 7 years from plantations in Con-
go was used. Complementary information has been also ob-
tained from a few Eucalyptus trees from the Gharb region in
Morocco, about 30 years old (7 E. Camaldulensis, 7 E. grandis,
2 E. gomphocephala). On all standing trees, the surface growth
stress has been evaluated at breast height and at 8 regular posi-
tions around stem periphery using the single-hole method
(Fournier et al. 1994). The relative displacement of two pins in
µm, termed “growth stress indicator” (GSI), must be roughly
multiplied by 12×10– 6 to produce an estimate of the locked-in
longitudinal growth strain, which in turn can be multiplied by
EL to yield the longitudinal growth stress. On the Congo trees,
the length and orientation of log-end cracks were measured
one month after felling and cross-cutting. From the Congo
trees, 7 were selected so as to represent contrasting combina-
tions of high/low GSI/crack intensity. On these the material
properties were obtained from diametral boards cut as near as
possible to the level of GSI measurements. Toughness was
measured in green state according to the Gustaffsson method,
described in Schatz (1995), and corresponds to a rupture in
mode I of the radial plane (RL) in the radial direction (R).
Elastic constants were also measured in green state: rods of di-
mension 200 mm (L) × 36 mm (R) × 36 mm (T) were cut at 1 to
3 radial positions, each cut into 6 specimens 20 × 20 × 30 mm3

oriented in the 3 orthotropic directions (R, T, L) and the 3 di-
agonal directions in the RT, RL and TL planes. The specimens
were extracted from each rod so as to have their central parts
well aligned in the fibre direction; an additional specimen
served to measure the basic density (Db, ovendry weight divid-
ed by green volume). They were compressed along their height
so as to remain in the elastic range, and the strain in the central
part was recorded, using MTS equipment. The slope of the
load-displacement curve yielded elastic moduli EL, ER, ET,
ERT, ERL and ETL. The moduli in the diagonal directions in-
volve shear moduli and Poisson’s ratios, e.g., 1/ERL = [(1-
νRL)/ER+(1-νLR)/EL + 1/GRL]/4. On the other hand, radial vari-
ations of density (d) and longitudinal Young’s modulus (EL)
were measured on radial series of rods 360 mm (L) × 20 mm
(R) × 20 mm (T), using a free-free vibration method (Bordon-
né 1989). Some Morocco trees were used to measure more sets
of elastic constants, while on others the internal pattern of the
cracks was studied using a staining method (Jullien et al. 2000).

Constitution of a set of consistent data

The experimental results are thoroughly analysed in Laghdir
(2000). Here only the main conclusions will be given, in view of
the use for the numerical model.

Geometry

To represent a typical case of our population, the simulated log
will be assumed to be cylindrical, with radius R=0.1 m and
height 2h=1.4 m, and containing a central pith of radius
R0=0.002 m. The crack shape shown in Figure 1 is suggested
from the observations on the Morocco trees (Jullien et al. 2000):
it is quasi-triangular with a depth H at the pith level and a radial
length L on the log end. When the periphery has been reached
(L=R), a lateral opening D appears. The crack propagates
through a vertical translation,with a constant shape ratio (k):

k = (L-R0)/H  for  L<R  ; k = (R-R0)/(H-D)  for  L=R

Only the upper half of the log (0<z<h) will be simulated, as-
suming a symmetrical behaviour of the log.
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Constitutive equations

Although a positive correlation between the growth stress lev-
el and Young’s modulus (EL) has been observed on similar ma-
terial (Baillères 1994), no clear relation could be made evident
in the population investigated; therefore the influence of ten-
sion wood on the rigidity will not be accounted for in the simu-
lations. EL has been observed to vary linearly with Db, which it-
self varies linearly with the radius r (distance to the pith). A
significant correlation between Db and the tangential Young’s
modulus ET has also been observed. Finally, more or less signif-
icant correlations have been obtained between ET and the oth-
er rigidity components. Poisson’s ratios were needed to evalu-
ate the shear moduli; values for green beech estimated after
measurements by Launay et al. (1984) were used. These obser-
vations led us to propose a model of behaviour based on the
basic density Db, with an intermediary variable ET, as given in
Table 1.

Initial growth stress

The inner distribution of initial growth stress in the standing
tree was not measured, so it had to be given a reasonable shape
to feed the numerical model. It will be assumed independent of
the axial coordinate z. Transverse components will be sup-
posed axisymmetric and given as a function of the relative dis-
tance to pith ρ=r/R by:

σi
R(ρ) = q[ρn–1]/n  ; σi

T(r) = q[(1+n)ρn–1]/n 

where q is the surface stress in the T direction, and n a con-
stant. In the L direction an asymmetric term will be added:

σi
L(ρ) = p1f(ρ;n1) + p2 f(ρ;n2g[θ;m])g[θ;m]

with

f(ρ;n) = (2+n)ρn/n - 2/n  ; g(θ;m) = 2

where θ is the angular position in the cylindrical system, θ0 the
peak direction, 2∆θ the peak width, m a shape factor of the
peak, p1 the level of the axisymmetric part, p2 that of the addi-
tional asymmetric part, n1, n2 and m factors characterising the
shape of the radial profiles and circumferential distributions.
This expression was designed to fit at the periphery with ex-
perimental observations of residual strains in hardwoods
(Fournier et al. 1994; Sassus 1998), while maintaining self-equi-
librium for each angular sector and ensuring the same limit
–2(p1/n1+p2/n2) for all angles when r →0. A standard set of pa-
rameters are presented in Table 2: p1, p2, m, ∆θ, θ0 characteris-
ing the peripheral distribution of longitudinal growth stress,
were fitted to represent typical values for the Congo popula-
tion; the choice for n1 and n2 is partly justified by previous
work by Gérard (1994) showing that the observed deflections
of quarter-sawn of Eucalyptus is mostly compatible with an as-
sumed linear radial variation of the longitudinal growth stress.

Log-end crack patterns

On the 177 Congo trees, patterns of 2, 3 or 4 cracks were ob-
served, in the respective proportions of 22%, 67% and 11%,

–|θ–θ0|m
|–––––|
| ∆θ  |
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Fig. 1. Crack shape and geometrical parameters.

Table 1. Material properties used for the simulations

Rigidity components (MPa) Basic density (g/cm3)

EL = (27.3 Db –1.15)×103 Db = 0.15 ρ + 0.4
ET = 1.625×103 Db –165 with ρ=r/R, relative distance to pith

(0<ρ<1)

ER = 0.5 ET + 630 Poisson’s ratios
GRL = 1.5 ET + 825 νRT = 0.75
GTL = 0.5 ET + 980 νLR = 0.30
GRL = 0.8 ET + 80 νLT = 0.45

Table 2. Parameters of the initial stress field

Asymmetric part Symmetric part

p2=12.5 MPa q = –0.75 MPa
n2=1 p1=12.5 MPa
m=2 n=1
∆θ = 30 ° n1=1
θ0=90 °
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often of different lengths and separated by an angle varying
from 45 to 180 °. In 26% of the logs at least one crack had
reached the periphery, although this was less frequent in the
case of double cracks. The following simulations being based
on sets of material properties measured on the same popula-
tion; they ought to be able to predict, to some degree at least,
the observed features of log-end cracking.

Results of Numerical Simulations and Discussion

Calculations are conducted using a finite element pack-
age (Modulef), allowing a step-by-step spatial discreti-
sation.

Influence of geometrical parameters

To observe the sensitivity of calculations to different pa-
rameters, we consider the standard case described previ-
ously and use as reference two mechanical states of the
log: (i) after the cross-cutting operation, and (ii) after
appearance of a double crack just reaching the periph-
ery with no lateral opening (L=R and D=0), shape ratio
k=2 and orientation perpendicular to the growth stress
peak (Fig. 2). In both cases, we investigate the influence
of parameters on the amount of energy release.

The elements constituting the mesh are hexahedral.
Their number is governed by the number of elements
along the radius NR and the number of elements around
the periphery NT. The number of elements along the
height of the log depends on these two parameters and
on the length of the log. Figures 3 and 4 show the evolu-
tion of the energy release in the two considered cases,
function of NR when NT=16, and function of NT when
NR=10: these two values appear to be a good compro-
mise between computer time and precision of calcula-
tions, with energy amounts seeming to be well stabilised.
In Figures 5 and 6 we investigate the influence of the
pith radius R0. In the two cases, the energy release be-
comes stable for low values of the pith radius: a pith ra-
dius of 2% seems to be correct for our purpose. Anoth-
er way to look at the influence of the pith consists in
running calculations where the pith has been replaced
by a cylindrical hole of the same radius: for low values of
the pith radius (less than 2%), the amount of energy re-
lease is not much affected by the absence of pith. We
will use this new geometry in some further calculations.

Propagation criteria: the reference case

Considering the cross-cut log, we can investigate the ap-
pearance and the propagation of cracks. To calculate the
rate G in Equation (2), the total energy W can be re-
placed by ∆W, the difference between the energy after
crack and after cross-cutting. The toughness Gc will be
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Fig. 2. Position of the tension wood zone relative to the crack
direction in the standard case.

Fig. 3. Evolution of the energy release, after cross-cutting
–�– and after a crack reaching the periphery –�–, for 10 subdi-
visions along the radius, function of the element size in the tan-
gential direction.

Fig. 4. Evolution of the energy release, after cross-cutting
–�– and after a crack reaching the periphery –�–, for 16 subdi-
visions around the circumference, function of the number of
elements in the radial direction.

Fig. 5. Evolution of the energy release after cross-cutting,
function of the hole –�– or pith –�– radius.
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assumed constant over the log. Figures 7 and 8 show, re-
spectively, the evolution of the energy release (-∆W)
and the rate G, during the propagation of a double
crack, as functions of the cracked area. Not surprisingly,
the energy release increases with crack surface. Howev-
er, the rate curve evidences three critical steps: (1) at the
beginning, the elastic energy release rate is very high,
about 700 J/m2, which can be explained by the initiation
of the crack following the cross-cutting; (2) then the rate
decreases sharply to 250 J/m2, corresponding to the
crack reaching the periphery; (3) finally, it increases and
becomes stable at the fairly low level of about 300 J/m2.

Now, let us compare 3 possible values of the assumed
constant toughness Gc. If Gc=Gc1= 750 J/m2, the propa-
gation criterion is never satisfied, so the existence of a
local default, even big, would not induce any crack prop-
agation. If Gc=Gc2= 300 J/m2, the criterion may be satis-
fied: if a small crack previously exists at the pith, it will
propagate to the level corresponding to the intersection
point between the curve and the straight line of equa-
tion y=Gc2, which means in this case two opposite cracks
of length about the half of the radius. Finally, if
Gc=Gc3=200 J/m2, the propagation criterion is satisfied
as soon as a small default existed previously; in this case,
the crack would propagate along the whole log.

This reference case evidences steps of propagation:
relatively easy appearance of a small heart crack; diffi-
cult propagation to the periphery; easy propagation of
the lateral opening along the log as soon as the crack has
reached the periphery. The values of G calculated for
the standard case were based on the average behaviour
of the population used for the study. They range from
750 J/m2 at crack initiation to 250 J/m2 at the periphery,
compared to the rate Gc values measured on the same
Eucalyptus population, typically 250±50 J/m2. In the
second case described above, the propagation can hard-
ly lead to a crack reaching the periphery. This is consis-
tent with the experimental observation on those logs
that exhibited double cracks. This prediction, however,
is only valid for the pattern of two cracks that has been
simulated. Since it is not dominant for Eucalyptus, we
will have to consider also other crack patterns.

Influence of mechanical parameters

The following calculations have been also made using
the standard case of a double crack perpendicular to the
growth stress peak, but now have been conducted for
different lengths of cracks (0<L<R) and also for cracks
with lateral openings (0<D<2R). In all following
graphs, the stage where the periphery has been reached
by the cracks is indicated.

Rigidity components

First, we study the sensitivity of the energy release to the
9 components Sij of the compliance. From the reference
case, we calculate the new energy release when each of
the components Sij has been reduced by 10% (corre-
sponding to an increase 10% of the elastic modulus), all
the others parameters being fixed. Figure 9 gives, for
each component, the variation in the energy release as a
function of the cracked surface. Generally, the energy
release is much more sensitive in the case of cross-cut-
ting than in the further steps of crack propagation. The
reduction of most compliance components leads to an
augmentation of energy release, except for S12 and S66,
which have the opposite effect. It is especially sensitive
to the longitudinal rigidity EL=1/S33, with about 5% de-
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Fig. 6. Evolution of the energy release after a crack reaching
the periphery, function of the hole –�– or pith –�– radius.

Fig. 7. Evolution of the energy release during the propagation
of a standard crack (crack with 2 branches).

Fig. 8. Evolution of the energy release rate during the propa-
gation of a standard crack (crack with 2 branches).
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crease for cross-cutting and 7% for cracks with a high
lateral opening. It is also quite sensitive to the tangential
rigidity ET=1/S22, with a diminution of about 1 to 2% for
cross-cutting or for cracks. Sensitivity to shear rigidity
GRL=1/S55 is given by a good 4% for cross-cutting, but
this effect becomes lower when the crack propagates.
For S12 and S11 also, the effect is only marked at the
cross-cutting stage, it vanishes in the propagation,
whereas for S13, S23 and S66 the effect is always small.
The influence of GTL=1/S44 is peculiar: 2% increase at
the beginning, less when the crack propagates, and a
slight increase, of less than 1%, when the crack has
reached the periphery. This sensitivity study evidences
the importance of some components such as EL, ET, GRL

and GTL; it is also useful for estimating the error on the
energy calculation due to the error on the experimental
evaluation of compliance or rigidity components. These
calculations have been conducted considering fixed
growth stresses, calculations based on fixed residual
strains would lead to somewhat different results.

Rigidity gradient

In the reference case, the basic density Db varies from
0.4 at the pith to 0.55 g/cm3 at the periphery, correspon-
ding to a rigidity variation of 10 to 14 GPa for EL, and
0.5 to 0.7 for ET. It is compared in Figure 10 to two other
cases where the average properties remain unchanged:
(i) a constant Db of 0.5 g/cm3, leading to EL=12.5 GPa
and ET = 0.65 GPa; (ii) a pronounced gradient with a
variation of Db from 0.3 to 0.6 g/cm3, leading to EL from
7 to 15 GPa and ET from 0.3 to 0.8 GPa. In the 3 cases,
the energy release follows the same evolution. Homoge-
neous rigidity leads to less energy release and a higher
gradient to more. The higher gradient case presents a
higher maximum rate G at the beginning and a lower
minimum value when cracks just reach the periphery. In
other words, the rigidity gradient helps to create the

small initial crack, but prevents it from quickly reaching
the periphery. In the final step, corresponding to the lat-
eral opening, G does not seem to depend much on the
rigidity gradient.

Initial growth stress

In all preceding simulations, the initial distribution of
residual stresses was maintained unchanged with a dou-
ble crack perpendicular to the tension wood zone and a
given level of peripheral growth stress. Taking for the
rigidities the reference value given in Table 1, we com-
pare now five cases: (1) reference (p1=p2=12.5 MPa,
q=–0.75 MPa); (2) marked tension wood occurrence
with higher longitudinal stress (p2=37.5 MPa); (3) no
tension wood, leading to axisymmetric stress (p2=0); (4)
stronger transverse growth stress (q=–1.5 MPa); (5) no
transverse growth stress (q=0). In each case, all other
parameters have reference value as in Table 2. Fig-
ure 11 shows similar tendencies in all cases, but with
varying levels. The parameter p2, linked to the intensity
of longitudinal stress in the tension wood zone, has a
huge influence on the amount of energy release. The ef-
fect of q variation is weaker, especially at the latest
stage: this result seems to indicate that radial and tan-
gential residual stresses have some influence at the early
stages of propagation. After the periphery has been
reached, the “bending” allowed by the running crack in-
volves essentially the redistribution of the longitudinal
component of the stress.

Crack pattern

Influence of crack number

Let us now compare different cases of crack propaga-
tion, with regard to the number of cracks and the posi-
tion of the tension wood zone relative to the cracks. The
6 studied cases are presented in Figure 12 : the first num-
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Fig. 9. Influence of rigidity components S11 –�– S22 –�–
S33 –�– S12 –�– S23 –�– S13 –�– S44 –�– S55 –	– S66 –×– on the
elastic energy release.

Fig. 10. Evolution of the energy release during the propaga-
tion of a 2-branch crack for 3 gradients of rigidity from 
the pith to the periphery: –�– Db : 0.4–0.55 –�– Db : 0.5 
–�– Db : 0.3–0.6.
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ber indicates the number of cracks, and the second the
orientation of the tension wood zone relative to the
cracks. In all crack patterns, the energy release during
the propagation follows the same evolution mode. The
2-crack mode releases more energy than the 3 and 4
cracks at the beginning, but less in the later stages. Fig-
ure 13 shows that, particularly for cracks reaching pe-
riphery, the rate G is higher in the 3- and 4-crack modes;
both exhibit similar trends but with a slight preference
for the 3-crack mode. The influence of the position of
cracks relative to the tension wood zone is very weak at
the beginning and becomes stronger at periphery: for 2
cracks, compared to 2/90 ° (reference case), in 2/0 °
mode G is slightly higher at the heart, but decreases and
reaches lower values at the periphery. The higher values
for cracks with large lateral openings can be intuitively
explained by the bending of the two parts of the log: in

the 2/90 ° mode, the cracks go through the tension wood
zone, and thus allow the release of most initial stresses
during the bending of the two parts. The influence of the
tension wood zone orientation, however, is lower in the
3- and 4-crack modes. We can note, however, a small
preference (higher G) for 3/60 ° and 4/45 °, where the
cracks avoid the tension wood zone, compared to their
respective counterparts 3/0 ° and 4/0 °. Finally, the 2-
crack mode is privileged for small cracks, but following
propagation, 3- and 4-crack modes become more effi-
cient with a weak preference for the 3-crack mode in the
last steps of propagation. All these results are consistent
with the statistical distribution of cracking mode ob-
served in the sample population, mentioned in the intro-
duction, with a prevalence of the 3-crack mode and a
general trend for the main crack to avoid the tension
wood zone.

Influence of the crack shape

Until now, all the calculations considered a crack slope
(ratio of depths to radial extension) of 2. In Figure 14
the three slope values of 1, 2 and 3 have been compared.
Here calculations have been conducted for the 3/60 °

D. Jullien et al.: Modelling Cracks Due to Growth Stresses 413

Holzforschung / Vol. 57 / 2003 / No. 4

Fig. 11. Influence of initial residual stress field on the energy
release rate: –�– standard case P1 = 12.5 Mpa, P2 = 12.5 Mpa,
q = –0.75 MPa, –�– P2 = 37.5 MPa, –�– P2 = 0, –�– q =
–1.5 MPa, –�– q = 0.

Fig. 12. Different cases of crack propagation, with regard to
the number of cracks and the position of the tension wood
zone relative to the cracks: the first number indicates the num-
ber of cracks, and the second the orientation of the tension
wood zone relative to the cracks.

Fig. 13. Elastic energy release rate for the 6 cases of crack propagation shown in Figure 12: --�-- 2/0 ° –�– 2/90 ° –�– 3/0 °
–�– 3/60 ° --�-- 4/0 ° –�– 4/45 °.
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mode. At the beginning, the G is higher for slopes 1 and
2. But later on, a preference appears for slope 1. Slope 2
always releases more energy than slope 3. This analysis
suggests that the propagation of heart cracks does not
necessarily occur at constant slope, and leads to the per-
spective of a modelling taking into account a possible
variation of slope and more complex shapes of cracks.

Conclusions

The propagation of heart cracks due to growth stress re-
lease could be interpreted by a classical mechanistic for-
mulation. Applying Griffith theory, the possibility of the
propagation is expressed by the elastic energy release
rate (G) exceeding the intrinsic toughness of the wood
material in the observed direction and mode of propa-
gation (Gc). The order of magnitude of G calculated by
the finite-elements method, using typical experimental
values gathered on a population of Eucalyptus, was con-
sistent with the value of Gc measured independently for
the same material.

To demonstrate the capacity of the numerical tool to
account for the various situations encountered in prac-
tice, a number of cases of cracking patterns and propa-
gation have been simulated. A fully convincing valida-
tion of the software would require an exhaustive set of
experimental data obtained on carefully matched mate-
rial, which was not completely available. However, the
results obtained so far are very encouraging because the
conclusions gained from the simulation reflected cor-
rectly the observed trends in the studied population.
The considerable impact of the existence of a tension
wood zone, for instance, is correctly predicted, as well as
the preference for the 3-crack mode.

In the present work, the cracking pattern has been
oversimplified, as compared to reality where branches
of different length and depth are generally observed. In
a coming version, the pattern will be allowed more free-
dom, so as to make the evolution of crack orientation
and extent one of the outputs of the calculation.
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Fig. 14. Influence of the crack slope: –�– 1 –×– 2 –�– 3.
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