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Summary

The surface checking that develops when wood is  exposed to the weather reduces the visual
appeal of treated wood products and can reduce the effectivene ss of preservative treatm ents.
There is strong interest in developing solutions to this problem and also a growing realization
that such solutions may evolve from a deeper understanding of the m echanisms responsible for
surface checking. In this paper we describe a two-dimensional finite element model that couples
moisture diffusion, dimensional change and the = development of strains in wooden decking
boards exposed to accelerated weathering. The model successfully predicts the strains that cause
checks to form in decking boards exposed to accelerated weathering. High tension strains
develop at the surface of boards, as expected, but we also observe high strains in the rays and in
the core of boards. Such strains explain how ch ecks propagate radially and why internal check s
can develop in deck ing boards. Th ese internal checks m ay create large cracks when they
coalesce with surface checks. In su mmary, the model we have develop ed has provided useful
insights into the mechanisms responsible for the checking of wood. Further developm ent of the
model could provide a dditional insights and allo w it to be used as a tool to o ptimize the
weathering cycles of devices designed to accelerate the checking of wood, or to virtually screen
chemical or physical treatments designed to reduce the checking of wooden decking boards.

1. Introduction

The market for timber decking in the USA is valued at US$ 2.8 billion per annum. Timber decks
extend household living areas and consumers expect the decks to be visually appealing as well as
structurally sound. Defects that  develop in decks following installation such as surface
weathering checks and larger cracks reduce the visu al appeal of decks, and, accordingly, there is
evidence that treated timber d ecks are rep laced because of th e occurrence of such defects
(McQueen and Stevens 1998). This dissatisfaction ~ with timber decks is being exploited by
manufacturers of plastic and plastic-wood decking who claim that their products do not check or
split. These plastic de cking boards have captured at least 15% of the total m arket for decking
boards in North America at the expense of wooden decking boards (Markarian 2005).
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The reason for the checking of decking boards  exposed outdoors is understood in qualitative
terms. The upper surfaces of decking boards exposed outdoors are subjected to frequent wetting
and drying. Wood beneath the exposed surface dries more slowly than at the surface and hence
surface shrinkage will be restrain ed by sub-surface layers whose moisture content exceeds the
fiber saturation point, and by fasteners which ~ reduce the tendency of boards to warp. Such
restraint of shrinkage will result in the development of surface tension stresses. The size of these
stresses depends on the magnitude of the shrinkage strains that develop in the surface layers, but
if these stresses exceed the tensile strength of the wood perp endicular to the grain then checks
will develop. This qualitative description of checking is similar to those used to explain the
checking of wood during kiln drying (Schniew ind 1963). The checking of wood during kiln
drying has also been described quantitatively using mathematical models (Oliver 1986, Salin
1992). These models provide a m eans of thinking more systematically about the problem of
checking of wood during drying. Som e of the m odels can also sim ulate the effects of drying
parameters and wood characteristics on chec ~ king without the need for costly physical
experiments. Similar models have not been developed for the checki ng of wood exposed to
artificial or natural weathering.

In this paper we describe a two-dim  ensional finite element model that couples m oisture
diffusion, dimensional change and the development of strains in wooden decking boards exposed
to accelerated weathering. We describe the insights that the model provides into the mechanisms
responsible for the checking of wood and suggest how the model can be improved.

2. Methodology

It is well es tablished that changes in m oisture content can produce deform ations (strains) that
cause checks to form in wood (Mackay 1973, Oliver 1986). This aspect of wood checking can be
considered structural and is governed by the laws of continuum mechanics and the constitutive
relationships for wood. In turn, changes in m oisture content are the result of water diffusing into
and out of the interior regions of wood. As diffusion is governed by the laws of mass transfer it is
clear that checking in wood is the result of tw 0 coupled physical processes. A finite elem ent
formulation that encompasses both of these processes is presented in the following sections.

2.1. Structural Model

In wood subject to changing m oisture content, the total m echanical strain that leads to checking
is the sum of the strains due to elastic and visc o-elastic deformations, moisture content changes
and the mechano-sorptive effect (Salin 1992). While it is desirable (and the goal of future work)
to incorporate all these strain components into the deck ch ecking model, it was d ecided that
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initial insights could b e gained at reduced computational cost by ne glecting visco-elastic
deformations and the mechano-sorptive effect. Hence the total mechanical strain rate was taken
to be

where ¢ isthe to tal mechanical strain; g., the elastic s train; and g, , the moisture induced
1
strain.

The elastic strain component in (1) is
¢, = Co + Co )

where €. is the elastic strain vector; o, the stress vector; and C, the elastic compliance matrix.
For a general three-dimensional state of stress, these are written

T
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T
O =10y 0, 0 Ty Ty Trl} (4)
1/ E, v /B, —vy [ E 0 0 0
Vi /Et I/ET Y /El 0 0 0
vy /B, —vy/E. 1/E 0 0 0
C = 5)
0 0 0o 1/G, 0 0
0 0 0 0 1/G, 0
0 0 0 0 0 1/G,

In the elastic compliance matrix (5) the terms F:, F, and F; are the elastic moduli in the three
orthotropic directions (¢, transverse; r, radial; and [, longitudinal) and Gy, Gy and Gy are the
shear moduli in the three (¢, ¢l and rl) orthotropic planes. The term s vy, vy, vi, va, Vi,
and v, are the Poisson’s ratios. From symmetry of the com pliance matrix, it follows that
Urt = (Er /Et)Vtr, Vi = (El /Et)th and v = (El /Er>7/rl-

It has been observed that the elastic and shear moduli are functions of tem perature and moisture
content. In the present study, the effe cts of temperature were not considered and the dependence
of the elastic and shear moduli on moisture content were taken to be

"In (1) and elsewhere the superposed dot denotes differentiation with respect to time
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E, = By + By, (w; — w)
E, = B, + E,, (w, — w)
E; = Ey + B, (w; — w)
Gtr = GtrO + Gtrw (wf - w)

where the param eters Fio, Fuw, Fro, Erw, Eo, Fw, Gpo and Gpy are experim entally
determined base values; wy, the fiber saturation moisture content (taken to be 0.3 here); and w,
the current moisture content.

The moisture induced strain component in (1) was taken to be

where o is the vector of moisture-induced strain coefficients
T
0L={at a, o 0 0 O}

and w is the rate of moisture content change below the fiber saturation point.

The final form of the constitutive relationship used in the model is found by multiplying (2) by
the inverse of the compliance matrix (here denoted D ) to yield

G = D(ée — CO‘)
From (1)
6 = De - o, (6)
where o9 = D (éw + Ca) is a pseudo-stress vector that reflects changes in moisture content.

It should be noted that the constitutive relation (6) holds at each point within a piece of wood and
hence corresponds to the local ¢-r-I coordinate system associated with that point. In a f inite
element formulation, these local forms of the ¢ onstitutive relations must be transfor med into
forms associated with the global z-y-z coordinate system. Generally (as was done in the present
study), an assum ption is m ade with respect to geom etry of growth rings, and from this
assumption a series of orthogonal transform ations can be derived and applied to (6). The details
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of this procedure are omitted here for brevity; readers interested ina full description of the
required orthogonal transformations are referred to Ormarsson et al. (1998).

2.2. Diffusion Model

Changes in moisture content within a deck board are the result of water diffusion into and out of
the interior of the piece, a process assumed here to be governed by Fick’s law of diffusion:

ow
—=V-D,V 7
o (D, Vw) (7

where D, is a diffusion coefficient that can vary spatially. It will be observed that the diffusion
model (7) does not take into account the directional dependence of moisture transport in wood or
variation in the rates of moistu re transport across early and la te wood (Claesson and Arfvidsson
1992, Perre et al. 1993, Ranta-Maunus 1994). Incorporating these complex effects into a m ore
comprehensive diffusion model is the subject of continuing work.

2.3. Finite Element Systems

The mathematical formulation of a finite element system typically involves a weighted residual
approach that minimizes the error made in approximating the governing differential equation for
the problem considered. A full discussion of this procedure is beyond the scope of this paper and
hence only the final form s of the finite elem ent systems that apply to the structural model and
diffusion model will be presented. For the structural model

KO'u = PO (8)

where K, is a structural stiffness matrix; u, a vector of nodal displacements; and Py, a pseudo-
load vector that accounts for changes in m oisture content. It should be noted that in (8) it has
been assumed that body forces and surface tract ions are absent. In (8) the unknown quantity is
the vector of nodal displacem ents u . In the solution phase of the analysis, the com ponents of
this vector are found and in turn, the strains, and hence the stresses, can be calculated.

For the diffusion model

C,w+K,w=0 9)
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where C, is a diffusion capacity ; and K, isa conductivity m atrix (involving diffusion
coefficients); w, a vector of rate of change of nodal moisture contents; and w, a vector of nodal
moisture contents.

The system for the diffusion model (9) is an example of a transient system. The solution of such
systems requires an integration schem e in which the unknown (in this case, = w ) is found at
discrete times within the time domain. As noted, non-linear e ffects due to plasticity, creep and
the mechano-sorptive effect were neglected in th e structural model. This implies that once (9)
has been solved, the structural model (8) can be solved explicitly.

2.4. Model Geometry, Mesh and Boundary Conditions

The finite model that was developed represents a two-dimensional cross-section of a typical 50.8
mm by 152.4 mm (2 in by 6 in) deck board. The geom etry of the model is shown in Fig. 1. The
pith corresponded to Point O and hence was taken to lie below the board. The param eters a and
b were setto 0 and 177.8 mm respective ly based on the typical size of trees used to mill deck
pieces. As ray cells have been shown to play a key role in water transpo rt and check initiation in
softwoods (Mackay 1973, Siau 1984) an attem pt was made to model the influence of these cells
and hence, five rays were incorpor ated into the model. From Fig. 1 it can be seen that these rays
follow radial lines from Point O to the top surface of the board. The number and location of these
ray cells was chosen arbitra rily on the bas is of some experimental observations of check
locations in southern pine boards.

The cross-section was assum ed to lie a sign ificant distance from the ends of the board. In
general, when such an assumption is made in two-dimensional elasticity problems, the material
on either side of the cross-section is consider ed to constrain out-of-plane norm al strains and a
condition known as plane strain is said to exist.

The finite element program ANSYS® (2010) was used to create the checking model presented in
this paper. The coupled diffu sion/structural problem was so lved using the m ultiple physics
option of this program. While the coupling in th e model described here can be considered one-
way, in the sense tha t the structural model does not influence the diffusion model, the multiple
physics option of ANSYS provides an efficient means of solving problems where the coupling is
multi-directional.
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Figure 1. Model geometry

The finite elem ent mesh is shown in Fig. 2. This mesh consists of 12,931 nodes and 12,547
elements. A four node i soparametric element with linear shape functions was used for both the
diffusion model and the structural model. Since a dedicated diffusion element is not available in
ANSYS, the diffusion model was solved using a  thermal element by taking adv antage of the
similarity between Fick’s law of diffusion and Fourier’s law of h eat transfer and adjusting the
physical constants accordingly. In Fig. 2 it can be seen that the mesh was more highly refined at
the top surface and alo ng the ray cells. This was to more accurately model the hig her moisture
content gradients in these regions. Several mesh  configurations of va rying element size an d
refinement were investigated to ensure a converged result. In the final model shown, the elem ent
sizes in the highly refined regions were appr oximately 0.00025 m and the element sizes in the
interior of the model were approximately 0.00075 m.

Figure 2. Finite element mesh

153



T

0]

Figure 3. The finite elem ent model boundary ¢ onditions. The triangular sym bols represent
structural constraints; the semi-circular symbols represent the im posed moisture contents from
the assumed wet/dry cycle

Because the pith was assumed to lie below the center-line of the model, it was possible to exploit
symmetry and model one-half of a deck piece. T o illustrate the structural and diffusion boundary
conditions the boundary of the m odel is shown in Fig. 3. In the diffusion m odel, a moisture
content corresponding to a given point in the wet/dry cycle wa s applied to the top surface and
along the ray cells. The left side of the model below the ray cell was made non-porous to ensure
symmetry across the y-axis. Similarly, the right side a nd bottom of the m odel were made non-
porous to prevent an exchange of m oisture to or from the environment along theses surfaces. In
the structural model, displacement constraints in the a-direction were applied along the left end
to simulate symmetry across the y-axis and a single displacem ent constraint in the y-direction
was applied to prevent rigid body motions.

As noted, the finite element formulation for a diffusion model (9) represents a trans ient system.
An implicit Euler backward integration scheme was used to solve this system. While this scheme
can be considered unconditionally stable, solution accuracy demands that the time step be limited
to
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where ¢ is the minimum element size in the direction of maximum moisture content change and
D.,, the diffusion coefficient (taken to be 7 x 10 "'® m%/s in this study). Hence for the minim um
element size (0.00025 m ) noted pr eviously, the minimum time step was of the order of 22
seconds. This time step was sufficiently sm all for the rapidly changing cycles of the surface
moisture content history to be investigated.

The elastic and shear moduli, Poisson’s ratios and diffusion m oisture induced strain coefficients
used in the model were take from (Ormarsson et al. 1999) and correspond to Norway spruce
(Picea abies). These properties are listed in Table 1.

Table 1. The material properties used in the finite element model. Elastic and shear moduli are
in units of MPa; r is in meters.

Orthotropic direction/plane

Property Transverse Radial Longitudinal Transverse/Radial
Eo 220 400 9700 + 10°r
Ey 1300 2200 21000
Go 25
Gﬂ) 72
v 0.55
o 0.35 0.19 0.0071 — 0.038r

3. Results and Discussion

In a previous publication we described the de  velopment of a new type of weatherom  eter
(accelerated check tester, ACT) and associated  weathering cycles that accelerate the surface
checking of realistic-sized decking boards (Rat u and Evans 2008). The initial weathering cycle
that we developed exposed restra ined decking boards to 12 wet and dry cycles each day. Each
wet and dry cycle involved sprayin g samples with 12 mL of filtered water and th en drying the
samples using infra-red radiation and desiccated air for 30 minutes. At the end of the twelve 30
minute ‘wet and dry cycles’, boa rds were removed from the w eatherometer, exposed to UV
radiation and floated on water for 1.5 hours to recreate a m oisture gradient between the upper
and lower surfaces of the boards. E ach board was then stored in a cond itioning room or freezer
overnight. This daily cycle was repeated for 5 da ys. Subsequently, we modified this weathering
cycle as follows: 1, The am ount of water sprayed on to the surface of the decking board sam ple
every 30 minutes was increased from 12 to 18 mL ; 2, After the twelve 30 m inute wet and dry
cycles, boards were subjected to a prolonged wet-cycle during which specim ens were sprayed
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with 18 mL of water every 10 m inutes for 1.5 h (at ambient temperature). This modified cycle
increased the severity of checking in decking board samples compared to the original cycle (Ratu
2009) and we decided to use our finite element model to try to understand why the modifications
to the cycle increased checking. Th e surface moisture contents of deck ing board samples were
measured with an electrical moisture meter at two different points towards the end of the 6 hour
series of wet and dry cycles (F ig. 4a, b), imm ediately at the e nd of the wet cycle (F ig. 4c) and
after samples had dried overnight (Fig. 4d). Figure 4 shows the surface moisture co ntents of the
wood at different tim es during the daily weathe ring cycle. Imm ediately after samples were
sprayed with 18 mL of water during the short wet and dry cycles the surface moisture content of
each board rose to ~21 % (Fig. 4a). The surf ace moisture content dropped to ~7% after 30
minutes drying (Fig. 4b). At the end of the long  (1.5h) wet cycle during which boards were
sprayed with water every 10 m inutes the moisture content of the m easured board rose to 26%
(Fig. 4c). The moisture content of the board dropped to 10% after it was allowed to dry overnight
(Fig. 4d).
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Figure 4. Measured surface moisture contents versus time for boards during accelerated weathering

To investigate the response of the finite element model to the rapidly changing conditions shown
in Fig. 4, the m easured surface moisture cont ent history was input as the m oisture content
boundary condition. T he initial moisture content of the board was set to 10%.  The intern al
moisture content contours corresponding to points a, b, ¢ and d in Fig. 4 are shown in Figs. 5 to

8. Since it has been suggested that transverse elastic strain (see Fig. 3) predicts the development
of checks (Oliver 1986), this component of strain was plotted in Figs. 9 to 12 for points a to d of
the surface moisture co ntent history for discussion purposes. It must be em phasized that the
absolute values of the strains shown in these figures may not be completely accurate given
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limitations of the curr ent model (discussed in the next section) an d the assu med material
properties. However, the relative values of the strains shown do provide som e insight into the
mechanism responsible for the formation of checks in deck boards.

Figs. 5 and 6 show the moisture content distribu tions in a board during the last wet (21%) and
last dry (7%) cycles, respectively, of the seri es of twelve wet and dry cycles. The m oisture
contents of the interior of the board were approxim ately 10% for both the wet and dry cycle.
However, there was considerable drying at the surface of the board and along the rays during the
dry cycle. Fig. 7 shows the moisture content of the board at the end of the long (1.5 h) wet cycle

(26%). Again it can be seen that the interior moisture content was approximately 10% even when
the surface moisture content was 26%. H owever, the d epth to w hich the m oisture content
exceeded the interior moisture content of 10% was greater than that in the board at the end of the
short wet cycle. Fig. 8 shows the moisture content distribution at the end of the long drying cycle
when the board had a surface moisture content of 10%. From this figure it can be seen that the
moisture contents near the top su rface and along the rays, and in the b ottom half of the board

were 10%. However, a region of the board extending from just below the top  surface to

approximately the mid-plane remained above 10% moisture content.

Figs. 9 and 10 show the transverse elastic strain distributions in a board during the last w et and
last dry cycles, respectively, of the series of twelve wet and dr y cycles (points a and b in F ig. 4).
Fig. 9 shows that the strain was mainly com pressive throughout the board when the surface
moisture content was 21%. The greatest compressive transverse strain and gradient for this strain
occurred near the upper board surface. Despite th e overall compressive strain, Fig. 9 shows that
highly localized tensile strain developed along and at the ends of the rays. Given the
experimental observations of O liver (1986) such tensile strain ~ would be expected to cause
checking along the rays. Fig. 10 sh ows that the transverse strain was again mainly compressive
when the surface moisture content was 7%. Ho wever, in contrast to Fig. 9, it can be seen that
tensile strain developed near the top and bottom surfaces of the deck board. It can also be seen
that the largest compressive strain occurred along and at the ends of the rays. Fig. 11 shows that
the transverse strain was again m ainly compressive when the surface moisture co ntent was 26%
at the end of the long (1.5 h) wet cycle. As in Fig. 9, the tensile strain occurred at the ends of the
rays. However, these regions of tensile strain at the end of th e long wet cycle are considerably
larger than that in the rays at the end of the short wet cycle (Fig. 9). In fact, for the centre ray and
ray next to it, the regions of te nsile strain appear to have joined, creating a contiguous region of
tensile strain. Such tensile stra in would tend to promote internal cracking and may explain why
the addition of a long wet cycle increas ed checking of boards in our acce lerated check tes ter
(Ratu 2009). In contrast to the short wet cycle th e regions of tensile strain along the centre ray
and the ray next to it start at a greater distance below the surface. Also there is no tensile strain
along the rightmost ray. Fig. 12 shows the transverse elastic strain at the end of the daily cycle
when the surface moisture content of the board was 10% (the initial moisture content for th e
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whole of the board). As in previous cases, th ere are large regions of compressive strain. As was
observed previously (Fig. 9) th e tensile strain was greatest at the uppe r surface. However, in
contrast to that and the other cases, a relatively large region of tensile strain (although of lower
magnitude) developed near the centre of the board. It can also be  seen that that the region of
highest compressive strain occurred about m id-way between the region of tensile strain and the
upper surface.

-090885 .117355 -143825 -170295 -198785
.10412 -13059 -15708 -18353

Figure 5. Moisture content contours for ¢ = 5.58 hrs, at the end of a short wet cycle (point a in
Fig. 4). Note the high moisture content at the surface of the board and along the rays

.07 076667 .083333 .09 .096667
.073333 .08 .0BBEET .093333

Figure 6. Moisture content contours for ¢ = 6.0 hrs, at the end of a short (30 m in) dry cycle
(point b in Fig. 4). Note the drying of the surface layers of the board
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Figure 7. Moisture content contours for ¢ = 7.5 hrs, atthe end ofa long (1.5 h) wet cycle

(point ¢ in Fig. 4). Note the very high moisture contents at the surface of the board and along the
rays

ot .106903 113806 120708 -127611
-103451 .110354 .117257 12416 .13

Figure 8. Moisture content contours for ¢ = 24 hrs, at the end of the ov ernight drying (point d
in Fig. 4). Note the higher sub-surface moisture contents
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Figure 9. Transverse elastic strain contours for ¢ = 5.58 hrs, at the end of a short wet cycle
(point a in Fig. 4). Note the localized tensile strains along and at the ends of the rays

L I ——— |
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Figure 10. Transverse elastic strain contours for ¢ = 6.0 hrs, at the end of a sho rt dry cycle
(point b in Fig. 4). Note the high tensile strains at the surface of the board
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Figure 11. Transverse elastic strain contours for ¢ = 7.5 hrs, at the end of a long (1.5 h) wet
cycle (point ¢ in Fig. 4). Note the high sub-surface tensile strains

- . 003066 = 631E-03 001825 -004281 -006737
-.001858 -557E=03 .003053 005508 007965

Figure 12. Transverse elastic strain contours for ¢ = 24 hrs, at the end of an overnight drying
(point d in Fig. 4). Note the hi gh surface tensile strains, the lower tensile strain in the center of
the board and the region of high sub-surface compressive strain

4. Conclusions

The finite element model described here predicts the development of high surface tensile strain s
that develop when decking boards dry. These st  rains clearly play an important part in the

initiation of surface checks, as others have su ggested (Schniewind 1963). Strains also develop
when wood absorbs moisture. These strains are compressive at the surface of decking boards, but
our model has shown that high tensile strains develop in the rays and in the core of boards. These
high tensile strains in rays probably explain why checks propagate radially along the rays in flat-
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sawn boards. The high tensile  strains that develop in the core of boards m ay explain the
development of internal checks in decking boards, and how 1 arge cracks can develop in decking
boards as a result of surface and internal checks coalescing (Zahora 2000). Previous explanations
of the checking of decking boards exposed outd oors have largely overlo oked the importance of
the tensile stresses that develop in rays and in  the core of boards when they beco me wet. Its
appears likely that such strains play a very im portant role in the development of checks, which
would explain why water repellents are so effective at preventing the checking of wood exposed
outdoors (Zahora 2000 and Evans et al. 2003, 2009).

The finite element model described here is in th e early stages of develop ment. Nevertheless, the
model has provided useful insights into the m  echanism of the checki ng of wood and it can
already be used as a virtual tool to optimize the weathering cycles in the accelerated check tester
that we have developed (Ratu and Evans 2008). The m odel could also be used to predict the
ability of water repellent treatments to reduce the development of stresses that cause checkin g,
using known information on moisture gradients of treated wood exposed outdoors.

Our finite element model, however, has a number of limitations, which we will seek to overcome
in future. Future work to improve the model will include the following: (1) Incorporation of a
more realistic material model that accounts for the m echano-sorptive effect that has been shown
to play an important role in the development of checks in wood during kiln drying (Salin 1992);
(2) Development of a more rea listic failure criterion. Failure criteria for wood under multi-ax ial
states of stress have been, and continue to  be developed (Tsai and Wu 1971). However, these
criteria apply to macroscopic behavior and it is not clear if they apply to the initiation of checks
which, as noted above, have been observed to initially develop in the rays; (3) Incorporation of a
more realistic diffusion model. Diffusion of water in wood is a complex process that depends on
spatial and tem poral factors. Furth er, capillary action within rays influences the transport of
water into and out of deck boards; (4) Experim ental verification of the finite element model.
Experimental verification of the numerical model is required to ensure that the predicted results,
and results from any virtual prototyping scheme that might be used to mitigate deck checking,
are reliable. Magnetic resonance im aging may prove to be a useful tool to exam ine the
distribution of moisture in decking boards exposed to artificial accelerated or natural weathering.
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