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A new numerical method called the material point method (MPM) is well
suited for modeling problems with complex geometries and with crack propaga-
tion in arbitrary directions. In this paper, these features of MPM were used to
simulate transverse fracture in solid wood. The simulations were run on the scale
of growth rings. The ease of MPM for handling complex geometries was helpful

for modeling realistic morphologies of earlywood and latewood. Because MPM
discretizes a body into material points, it was possible to go directly from a digi-
tal image of wood to a numerical model by assigning location and properties of
material points based on intensity or color of pixels in an image. Because the
description of cracks in MPM is meshless, it can handle a variety of crack propa-
gation and direction criteria and can simulate complex crack paths that are a con-
sequence of the morphology of the specimen. MPM simulations were run for
cracks in the radial direction, the tangential direction, and at two angles to the
radial direction. The specimens were loaded by axial displacement or by wedge
opening. The MPM simulations fully included contact effects during the wedge
loading. Finally, the potential for coupling such simulations to new experiments
as a tool for characterization of wood is discussed.

Introduction

Due to anisotropy, the fracture properties of
wood depend on crack growth direction. In the
nomenclature of wood fracture mechanics, key
fracture growth directions are characterized by
two letters as RT, RL, TR, TL, LR, or LT. The
first letter denotes the normal to the crack plane
(radial, tangential, or longitudinal direction) while
the second letter denotes the crack propagation
direction (Ashby 1985). Because the grain direc-
tion is much stronger than other directions, cracks
rarely propagate through wood fibers and thus
crack planes normal to the longitudinal direction
(LR and LT cracks) are rarely observed. The other
four directions propagate transverse to wood fi-
bers and are all important when characterizing
wood fracture. The RL and TL directions are
cracks parallel to the wood grain. The TR and RT
directions are cracks propagating in a transverse
cross section of wood. RL and TL cracks normally
remain in the L direction because deviation would
cross wood fibers. In contrast, all crack paths in a
transverse cross section of wood are normal to
wood fibers and thus can propagate in any direc-
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tion without crossing wood fibers. Furthermore,
propagation in the radial direction may be differ-
ent when propagating toward the bark (denoted
TR+) then when propagating toward the pith (de-
noted TR-). Figure 1 illustrates a general nomen-
clature for transverse fracture of TR+60 where 0 is
the angle between the TR+ direction and the
propagation direction. In this general nomencla-
ture, TR+ is TR+0, RT is TR+90, and TR- is
TR+180. The subject of this paper is numerical
simulation of any TR+8 crack.

Early work on transverse fracture in wood
treated it by standard fracture mechanics methods.
For example, Attack (1961) measured toughness
of green spruce to be 100 J/m? in the TR- direc-
tion and 180 J/m? in the RT direction. Ashby
(1985) contends that the TR+ directions should
have lower toughness than RT cracks because the
TR+ cracks may find a path along radial ray cells
as a potential plane of weakness. This contention
agrees with the results of Attack (1961). Others
have used fracture mechanics methods for stress
intensity factor. For example, Schniewind and
Centeno (1973) measured RT and TR stress inten-
sity factors for air-dried Douglas-Fir and found
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Fig. 1. Definition of directions for transverse crack
propagation in solid wood and identification of early
wood, transition wood, and late wood. TR+ is a ge-
neric nomenclature by which the other directions can
be labeled: TR+ = TR+0, TR- = TR+180, and
RT=TR+90.

them both equal to 0.35 MPa Ym or no difference
between the two transverse directions.

Because a transverse section of wood is not
homogeneous, it can be misleading to define a
material property for global TR+8 toughness.
Instead, transverse fracture should be recognized
as crack growth through a heterogeneous, com-
posite material. The problem should be ap-
proached as a composite problem with the tough-
ness properties depending on the morphology of
the specimen such as the geometry and properties
of earlywood (EW), transition wood, and late-
wood (LW), and location of the crack within that
morphology. The problem should be broken down
into properties of the components rather than in-
terpreted as a single global property. For an anal-
ogy, it is more appropriate to speak of the tough-
ness of the steel used in a hull of a ship than to
speak of the fracture toughness of the ship.

Modeling of composite fracture should begin
with observations of failure mechanisms that de-
pend on the structure of the composite (Nairn and
Hu 1994). In observations of transverse fracture,
Ashby et al. (1985) noted that in low density
wood, such as balsa or some EW zones, fracture
is propagated predominantly by cell wall ruptures,
while in higher density wood, including LW
zones, tend to fracture by peeling the middle la-
mellaec between cell walls. Dill-Langer et al.
(2002) observed RT fracture characterized by
much cell wall rupture while TR fracture pro-
ceeded mainly by cell wall peeling. These authors
also looked at TR+135 fracture and observed a
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zig-zag crack path. Crack growth, particularly
during TR fracture, is non-steady. Thuvander and
Berglund (2000) described crack arrest as the
crack propagated from EW toward LW. At higher
load, the crack would jump across the LW. Al-
though crack growth was by cell-wall peeling, the
crack plane could shift during jumps across LW.
Fruhmann et al. (2003) also noted non-stable
crack growth as the crack tip moved between EW
and LW.

These experimental observations are on two
different scales. On a microscopic scale, the ob-
servations relate to mechanisms on the cell-wall
level. These mechanisms determine the global
properties of wood but are not amenable to frac-
ture mechanics modeling. On a growth ring scale,
however, a transverse section can be modeled as a
composite of EW, transition wood, and LW. On
this scale, wood could be considered as a contin-
uum with varying mechanical and fracture prop-
erties and crack growth through the structure can
be modeled as a continuum, composite fracture
problem. Some experimental work has tried to
record the effect of local geometry on fracture.
Ando et al. (1991, 1999) pointed out that tough-
ness may vary with position and attempted to
measure Klc as a function of position. Unfortu-
nately, the authors used equations for extracting
Klc that were based on homogeneous materials
and thus they actually recorded an apparent
toughness. Better characterization of local prop-
erties requires numerical modeling to extract
properties from experimental results. Both Ando
et al. (1999) and Thuvander et al. (2000) tried
finite element analysis (FEA) of a TR crack span-
ning EW and LW. These results, however, simpli-
fied EW and LW as perfectly straight and parallel
layers in a 2D FEA analysis.

This paper describes use of the material point
method (MPM) as a tool for modeling transverse
crack propagation in wood. Advantages of MPM
over the more-common FEA are that it is easy to
discretize a realistic morphology for the specimen
and it is easy to model crack propagation in arbi-
trary directions. Simulations were run for TR+,
TR-, RT, TR+45, and TR+135 fracture and for
either tensile or wedge-opening specimens.

The Material Point Method

The material point method (MPM) was devel-
oped as a numerical method for solving problems
in dynamic solid mechanics, i.e., an alternate ap-
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proach, with alternate characteristics, for solving
problems traditionally studied by dynamic FEA
methods (Sulsky et al. 1994; 1995; 1996; Zhou
1998). In MPM, a solid body is discretized into a
collection of points much like a computer image
is represented by pixels (see Figure 2). As the
dynamic analysis proceeds, the solution is tracked
on the material points by updating all required
properties such as position, velocity, acceleration,
stress state, efc.. At each time step, the particle
information is extrapolated to a background grid
that provides a platform for solving the equations
of motion and updating all particle properties. The
particles interact as a solid through the grid. This
combination of Lagrangian (particles) and Eule-
rian (grid) methods has proven useful for solving
solid mechanics problems including those with
large deformations or rotations and involving
materials with history-dependent properties such
as plastic or viscoelastic materials (Sulsky et al.
1994). MPM is available in public-domain, 3D,
parallel code (Parker 2002) or 2D code (Nairn
2005), is amenable to implicit integration methods
(Guilkey and Weiss 2003) and generalized inter-
polation schemes that optimize accuracy (Barden-
hagen and Kober 2004). Although MPM is fre-
quently compared to finite element methods, a
revised derivation of MPM (Bardenhagen and
Kober 2004) presents it as a Petrov-Galerkin
method that has more similarities with other
meshless methods (Atluri and Shen 2002). The
“meshless” nature of MPM derives from the fact
that the body and the solution are described on the
particles while the background grid is only used
for calculations.

It is both the particle nature and the meshless
nature of MPM that recommend it for analysis of
transverse fracture of wood. The particle nature
makes it easy to digitize realistic morphologies by
translating pixels in a digital image into material
points. Based on intensities of pixels, a given
material point may be assigned to EW, LW, or
possibly transition wood. The analysis is limited
only by the quality of the image and the presence
of sufficient contrast between different compo-
nents of the material. Although early MPM did
not allow cracks (i.e., did not allow displacement
discontinuities), MPM has been extended to
CRAMP, which signifies cracks in the material
point method (Nairn 2003; Guo and Nairn 2004;
2006; Nairn and Guo 2005). Figure 2 shows a
crack in a CRAMP analysis. The crack plane is
defined by a series of massless particles that
translate through the grid along with the material
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Fig. 2. Sample view of digitization used in MPM and
CRAMP. In MPM, the body is digitized into a collec-
tion of material points. Boundary conditions may be
applied to the grid or directly to particles. In CRAMP,
cracks a represented by a series of massless particles.
The crack particles track crack-opening displacement
that allows for calculation of top and bottom surfaces
of the crack.

particles. The crack particles track the local crack
opening displacement that provides information
for calculation of the top and bottom surfaces of
cracks. Knowledge of the local stresses and the
crack surfaces is sufficient for calculating fracture
mechanics properties for cracks such as J integral
and stress intensity factors (Guo and Nairn 2004;
2000).

Simulations that include crack propagation re-
quire three steps. First, the stress state and crack-
tip parameters are evaluated and it is determined
whether or not the stress state is critical for crack
growth. If its determined that the crack should
propagate, the crack-tip stress field is then ana-
lyzed to determine the direction of propagation.
Finally, a new crack particle is added in the se-
lected direction of propagation. A variety of crite-
ria for crack propagation and crack growth direc-
tion can be implemented. Unlike FEA analysis of
cracks, where cracks must follow mesh lines or
there must be time-consuming remeshing, a crack
in CRAMP can proceed in arbitrary directions.

All calculations in this paper were done using
the open-source, 2D CRAMP code (Nairn 2005).
Calculation times ranged from 20 min to several
hours when run on a single-processor (1 GHz)
computer.
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Results

The approach of this modeling was to treat
transverse fracture in wood using continuum
fracture mechanics with the crack propagating
through a complex geometry of EW, transition
wood, and LW. In other words, transverse fracture
of wood is not a material feature that can be char-
acterized by a single material property, but rather
it is a result of a complex interplay of geometry
and many material characteristics. The goal of
modeling is to understand the effect of geometry
and to determine the key material properties. The
key properties relevant to crack growth are listed
below. Each of them is followed by the assump-
tions used in these simulations.

Mechanical properties. A transverse section of
wood is composed of EW, LW, and transition
wood. These zones will have different mechanical
properties because their cellular structures will
differ. Furthermore, the mechanical properties
will depend on moisture content, may be elastic or
may exhibit plastic or viscoelastic behavior. A
common assumption in wood mechanics is that
the properties are isotropic in the transverse plane.
Experimental results, however, show that the
radial and tangential directions differ with the
radial direction being stiffer than the tangential
direction (Bodig and Jayne 1982). The radial and
tangential directions in EW, transition wood, and
LW may differ as well. Finally, transition wood
may have a gradient in mechanical properties as
the density makes its transition from EW to LW.

Mechanical property assumptions. It was as-
sumed that EW and LW are isotropic and elastic.
Since there are no direct experimental results for
mechanical properties of pure EW or LW (there
are recent results on using digital imaging to ex-
tract mechanical properties as a function of posi-
tion in a large specimen (Jernkvist and Thuvander
2001)), these calculations assumed "reasonable"
values of E = 40 MPa and v = 0.33 for EW. The
LW properties were set to E = 1200 MPa and v =
0.33. The ratio of 30 was estimated by assuming a
density ratio of 3 between LW and EW and the
theoretical result that transverse modulus scales as
p? = 27 (Gibson and Ashby 1997). This modeling
included only EW and LW and ignored transition
wood; thus no properties or gradient in properties
were needed for the latter.

Geometry. There can be much scatter in ex-
perimental work on wood, which is caused not
only by statistical variations in measurements, but
also by actual variations due to specimens having
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different morphologies. Common analysis meth-
ods for interpreting experiments that idealize the
morphology provide no basis for judging effects
of morphology. For example, cellular materials,
including wood, are often represented as a perfect
hexagonal structure (Gibson and Ashby 1997).
Some prior modeling of EW and LW represented
them as perfectly parallel and straight layers
(Ando et al. 1999; Thuvander et al. 2000). A bet-
ter approach in analysis is for the geometry in the
model to more closely match the morphology of
the actual specimens.

Geometry Assumptions. An advantage of MPM
is that it is easy to discretize realistic morpholo-
gies. For example, Figure 3a shows a digital im-
age Scots pine. An MPM analysis can proceed by
examining the intensity of each pixel and trans-
lating it to a material point of either EW or LW. If
the resolution of the image is higher than the nu-
merical model, the process can average a range of
pixels. For the image in Figure 3a, EW or LW
were was assigned to light or dark pixels, respec-
tively. The resulting MPM model is in Figure 3b.
This process is limited only by resolution of the
image and by having sufficient contrast between
the key morphological features.

Toughness properties. As the crack grows, it
will move between different types of wood. A
good model should be able to account for varia-
tions in toughness depending on local crack tip
environment.

Toughness Property Assumptions. In these
calculations, the material was assumed to have a
constant toughness defined in terms of a critical
energy release rate of G. = 100 J/m2. This as-
sumption was based on observations that TR
fracture proceeds predominantly by cell-wall
peeling and thus might be expected to be similar
in EW and LW (Thuvander and Berglund 2000;
Dill-Langer et al. 2002). Certainly, there is no
guarantee that toughness remains constant, even if
the entire crack growth is by cell-wall peeling.
Currently, however, there is no experimental basis
for selecting an actual toughness; one approach to
measuring local toughness is discussed below.
The constant-toughness assumption means that
any effects observed in these simulations were
due to morphology and to variations in modulus.
Experimental observations of RT fracture indicate
cell-wall rupture in EW. It is likely that account-
ing for toughness variations is more important for
simulating RT fracture than for TR fracture.

Crack Propagation Criterion. Because realistic
morphologies will lead to complicated and vary-
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Fig. 3. a. Digitized image of a transverse plane of
Scots pine. B. MPM model of the specimen in a. Light
areas are early wood and dark areas are late wood. The
black lines on top and bottom are the loading grips.
The black line in the middle of the right edge is an
initial TR+ crack. c. Simulated TR+ crack growth in
Scots Pine under uniform axial load. d. Simulated TR-
crack growth in Scots Pine under uniform axial load.

ing stress states, the model needs general criteria
for predicting whether and in which direction a
crack will propagate. Fortunately, MPM is ame-
nable to implementation of a variety of failure
criteria.

Crack Propagation Criterion Assumptions.
The conditions for propagation of a crack were
based on energy release rate, which was calcu-
lated in MPM by the J-integral method (Guo and
Nairn 2004). The J integral was converted to en-
ergy release rate, G, and the crack was determined
to propagate whenever G > G.. The crack growth
direction was assumed to be in the principle di-
rection of the deformation field of the crack tip as
illustrated in Figure 4. The “Initial Crack” shows
a closed crack before application of load and the
dot represents two initially aligned reference
points on opposite surfaces of the crack located a
small distance from the crack tip. The “Propagat-
ing Crack” shows the same crack opened and
ready to extend. The two dots will displace and
the vector 6 shows the magnitude and direction of
the crack opening displacement field. In these
simulations, the crack was assumed to propagate
normal to the crack-opening displacement as il-
lustrated by the vector Aa in Figure 4. For a
specimen with a perfect geometry, such as a TR
crack with parallel and straight growth rings
(Ando et al. 1999; Thuvander et al. 2000), the
crack-opening displacement would always be
normal to the original crack, i.e., the crack would
always propagate straight. For realistic morpholo-
gies or for cracks not aligned with the growth
rings, the local geometry and mechanical proper-
ties will perturb the crack opening displacement
field resulting in curved crack paths.

Once all key model parameters are set, the
simulation process proceeds as follows:

1. First, observe a fracture specimen in a micro-
scope and digitize the image with sufficient
contrast to resolve EW and LW zones. The
author’s software (Nairn 2005) requires the
image to be converted to a gray scale BMP file
(e.g., Figure 3a).

2. Next, the image is input to MPM software
(Nairn 2005). The pixels of the image are
scanned and based on intensity, converted into
material points for either EW or LW material
with specified properties. An MPM model with
33,648 material points (points not resolved in
the figure) for the Scots pine image in Figure
3a is shown in Figure 3b.

Holzforschung / in press / 2006



J. A. Nairn, Simulations of Transverse Fracture in Wood

Aa

Initial Crack Propagating Crack

Fig. 4. The left side shows an initial crack with the
crack faces closed and a reference point near the crack
tip. The right side shows an opened crack under stress.
The vector between the reference points is the crack-
opening displacement vector. The cracks were assumed
to propagate perpendicular to the crack opening dis-
placement vector.

3. The next steps are to introduce a crack and to
apply boundary conditions for loading the
specimen. Figure 3b shows rigid grips on the
top and bottom of the specimen to apply uni-
form axial displacement at a constant strain
rate. The black line in the center is an initial
crack for simulation of TR+ crack growth.
Most simulations displaced the specimens at
10 m s’'. One set of simulations varied the dis-
placement rate from 2 m s! to 20 m s*'. High
displacement rates were used because the time
steps required for the explicit dynamic analysis
were small. Although the rates are high, the
response was judged to be quasi-static by lack
of vibrations in the force-displacement curves
prior to crack growth.

4. Finally, the simulation is run, the stresses
evolve, and the crack propagates according to
conditions assumed in the crack growth and
direction criteria.

Figures 3c, 5, and 6 show the results of TR+
crack growth simulations. The crack propagates
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Fig. 5. Crack length vs. time for simulated TR+ crack

growth in Scots Pine. The dashed lines are the times

the crack tip enters a late wood zone.
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across the specimen and changes direction (see
Figure 3c¢). Inspection of the results reveals that as
the crack approaches the LW, it diverts toward the
thicker, and therefore stiffer, region of the LW
zone. Figure 5 shows crack length as a function of
time; the slope of this plot is the crack velocity.
The dashed lines indicate the time the crack enters
each of the four LW zones in the crack path. In
agreement with experiments (Thuvander and Ber-
glund 2000), the simulated crack slows down in
the EW and speeds up through the LW. Figure 6
shows the average stress-displacement plot for
four different displacement rates from 2 m s to
20 m s. Prior to crack growth, the results are
independent of crack speed. After crack initiation
at the first peak in stress, all results showed load
increases and decreases that corresponded to tran-
sit through LW regions. The crack paths were
similar for displacement rates 10 m s or lower,
but changed at the highest rate of 20 m s'!. There
are likely two sources for the discrepancies. Be-
cause the assumed material properties had no time
dependence, a physical reason for displacement
rate effect could only be inertial effects. These
effects arise at higher speeds and may be the rea-
son the 20 m s! results differed the most and had
a different crack path. Based on observations of
results, the results at lower speeds (10 m s*! and
lower) should approximate quasi-static condi-
tions. The discrepancies here are likely to be nu-
merical issues associated with material points
crossing background cell boundaries that can
perturb MPM results at large displacements (Bar-
denhagen and Kober 2004). These cell-crossing
artifacts can be eliminated by using recently-
developed generalized interpolation methods
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Fig. 6. Average axial stress as a function of displace-

ment for TR+ crack growth at various displacement

rates (2, 5, 10, and 20 m s').
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(Bardenhagen and Kober 2004). Those methods
were not available in the code used for this study.

Numerous additional fracture simulations are
possible. Figure 3d shows TR- fracture. The crack
path was not simply a mirror image of TR+ crack
growth indicating that TR+ and TR- fracture
properties are different. The differences here were
a consequence of the curvatures of the growth
rings and their effect on stress state as a crack
approaches each ring from the inside or from the
outside. Figure 7a shows simulated RT crack
growth with the initial crack starting in the LW.
The crack remained in the LW throughout load-
ing. A simulation starting in the EW exhibited a
crack that was attracted to the LW and thus
propagated through LW into the next EW zone
resulting in a zig-zag crack path. Figure 7b shows
a simulated TR+135 crack; analogous results for a
TR+45 crack are not shown. These angled cracks
followed zig-zag paths that changed direction as
they moved between growth rings. Similar zig-
zag paths for TR+135 crack growth have been
observed experimentally (Dill-Langer et al.
2002).

Fruhmann et al. (2003) used a wedge-loading
apparatus designed specifically for wood fracture
experiments (Stanzl-Tchegg et al. 1995). In brief,
a specimen is cut with a notch and having angled
sides approaching the notch. The angled sides are
loaded with frictionless bearings to wedge open
the crack while the opposite end of the sample is
restrained from movement by a pin. This entire
specimen, including the wedge and contact ef-
fects, was simulated in MPM. Another feature of
MPM is that it can handle contact between two
different materials in a more direct manner than
modeling contact in FEA (Bardenhagen et al.
2001). The bearings and the restraining pin were
modeled as steel wheels that contact the specimen
through frictionless sliding. In experiments, the
wheels rotate on bearings to approximate fric-
tionless conditions. The simulated crack path is
presented in Figure 7c. The crack in the wedge-
loaded specimen grew in a straighter path than the
specimens loaded by uniform axial displacement.
The straighter path is a consequence of the bend-
ing loads present in wedge loading that are not
present during uniform tensile loads. The force-
displacement curve had load peaks and drops
analogous to those observed in experiments
(Fruhmann et al. 2003).

These simulations made two assumptions that
are likely to be oversimplifications. First, EW
and LW were assumed to be isotropic rather than

Fig. 7. a. Simulated RT crack growth under uniform
horizontal loading when the crack starts in a late wood
zone. b. Simulated TR+135 crack growth under uni-
form axial loading showing a zig-zag crack path. c.
Simulated, mode I, TR- crack growth with an explicit
model of a splitting device (Stanzl-Tschegg et al.
1995). The dark circles are steel wheels for wedging
the crack open and a steel pin for restraining the
specimen. Contact between the wheels and the speci-
men was frictionless.

allowing for different properties in the radial and
tangential directions. The problem with relaxing
this assumption is the difficulty in assigning the
radial and tangential direction of each material
point. A digital image can identity EW and LW
but it does not identify local orientation. One so-
lution may come for “directional filters,” now
under development, that process an image and
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change color or intensity to reflect orientation
(Norell ef al. 2006). It would be simple to modify
MPM software to input two digital images — the
original image would locate EW and LW, the
filtered image would define orientation of each
material point. Even when EW, LW, and orienta-
tion are all identified, the simulations still require
input of all mechanical properties. Some recent
work using digital imaging correlation has poten-
tial for extracting variations in mechanical prop-
erties between EW and LW in a single specimen
(Jernkvist and Thuvander 2001).

The second oversimplification was the assump-
tion of constant toughness. One reason for this
assumption was that there are no results for varia-
tions in true toughness between EW and LW. A
motivation behind simulations is to address this
problem by coupling fracture experiments to
simulations on models with the same morphology
as the actual specimens. If the simulations can
model crack growth as a function of time by
varying local toughness, it might be possible to
extract EW and LW toughness by inverse meth-
ods. One complication is dealing with additional
uncertainly about crack propagation direction.
The wedge-loaded specimen might be useful for
separating determination of variations in tough-
ness from effects causing variations in crack di-
rection. Since crack paths during wedge loading
are nearly straight, those experiments could be
used to determine toughness variations without
the need to understand propagation direction.
Once the toughness variations are known, a ten-
sile loading geometry could be used to study the
criteria for propagation direction.

Conclusions

The simulation results showed that MPM is
capable of detailed simulations of fracture in
complex materials such as the simulation of
transverse fracture in wood. The method is capa-
ble of accounting for realistic morphologies, such
as the arrangement of growth rings in a specific
specimen, and is capable of modeling crack paths
in arbitrary directions. Several simplifying as-
sumptions were used for these initial simulations,
but there is a clear path for development of MPM
into a useful tool for in-depth study of wood
fracture.

Neither simulations nor experiments on wood
fracture can proceed substantially further alone.
Experimental results are available, but it is diffi-
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cult to interpret the results in other than simplified
global terms. The simulations have been demon-
strated, but the calculations depend on many pa-
rameters and unknown material properties. The
preferred approach is to directly couple experi-
ments and simulations. In other words, specimens
are selected, prepared, and imaged. The speci-
mens are then tested experimentally and the im-
ages are used in simulations. The goal would be
use simulations to interpret experiments. Wher-
ever possible, variations in key parameters could
be compared to experiments as a tool for extract-
ing values for those parameters from experimental
results. The approach would be computer inten-
sive, but the MPM simulations were efficient.
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