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Abstract

With the use of experimentsl wood properties and input moisture content field data, we developed a predictive
3D stress-strain finite element analysis (FEA) model allowing us to predict the development of stress related end
splitting and surface checking degrade during conventional and vacuum wood drying. Simulations were carried
out for two Australian hardwood species, messmate (Eucalyptus obliqua) and spotted gum (Corymbia citriodora)
as these species contrast, in terms of wood properties, drying rates and stress degrade susceptibility. The
simulations were performed using a 1/8 symmetry model where the full board dimensions are 1,900 mm long x
30 mm thick x 100 mm wide. Moisture content field data model simulations were utilised in a three-dimensional
FEA model by extruding a 2D moisture content field computed in the T-L plane across the radial direction to
create a 3D model. Material mechanical properties and shrinkage were calculated in relation to moisture content,
over discrete time intervals, using a quasi-static solver. End split failure was investigated at the board end, and
surface check failure at the board surface, using a Tsai-Wu failure criterion. Simulations showed that messmate
was more susceptible to end splitting than spotted gum and that conventionally dried messmate was more
susceptible to surface checking than vacuum dried messmate. The same results were observed from drying trials.

The location of predicted surface check failure also matched drying trials and are compared.

Keywords

Drying stress

Tsai-Wu failure

Drying model

Vacuum drying

Finite element modelling



Introduction

Wood drying consists of the removal of water from the wood structure before its intended end use. When freshly
sawn, wood contains a large quantity of water, with initial moisture contents of Australian hardwoods ranging
from approximately 30 to 120% (Bootle 2005). If the wood surfaces are left exposed to the atmosphere, the board
will naturally dry until it reaches an equilibrium moisture content, which is dependent upon the ambient conditions
governed by temperature and relative humidity. The equilibrium moisture content generally varies from between
6 to 16% depending on the geographic location and the season. Among other properties, dried wood has the
advantage over freshly sawn or ‘green’ wood, of having improved strength properties (i.e. hardness, stiffness,
strength), is easier to transport, handle and machine, and in terms of shrinkage and swelling is more stable for end
use (Risbrudt et al. 2010). This improved stability comes from the moisture content of the wood equalising to its
ambient conditions and subsequently undergoing less fluctuation, which is the cause of wood shrinkage and

swelling.

Drying wood outdoors under ambient conditions can be a very slow process, particularly for many hardwood
species, taking anywhere up to a year or more, depending on the wood species and/or board thickness. Wood
drying kilns are employed to accelerate drying by improving and controlling airflow, temperature, humidity and
atmospheric pressure properties. Although the types of kiln used to accelerate wood drying are many and varied,
they all have the same objective; to dry wood in the fastest and most economical way possible with minimal
drying induced degrade relevant to the product end use. However, due to the complexity of wood drying, these
three aims influence each other and one must find a balance to optimize the drying process. Drying time is usually

restricted by the desired level of acceptable dried quality (Perré 2007a).

Dried quality includes the variation in final moisture content within single and between multiple wood members,
and degrade including residual drying stress, distortion, wood cell collapse deformation (where wood cells
actually collapse), and external or internal tearing of wood tissue in the form of splits at the board ends (Fig. 1a)
or at the surfaces (AS/NZS:4787 2001), commonly referred to as ‘surface checks’ (Fig. 1b). Many eucalypt
species, particularly those of low density, are prone to collapse deformation, splitting and checking (Innes 1996).
Assuming the absence of collapse, no deformation occurs when removing liquid water and drying stresses start
due to shrinkage occurring in the hygroscopic domain. When wood dries, its exterior dries more rapidly than the
interior to form a moisture content gradient. Once the outer layers dry below the fibre saturation point (FSP),

below which wood starts to shrink, and while the interior is still saturated, stresses are generated because the



shrinkage of the outer layers is restricted by the wet interior. Wood material is strongly orthotropic and
inhomogeneous, and stresses and cracks that occur during drying are predominantly caused by orthotropic
shrinkage (Perré 2007a). For most species, the shrinkage in the tangential wood direction is generally double that
in the radial direction, and the transverse shrinkage is approximately 100 times greater than in the wood
longitudinal direction (Risbrudt et al. 2010). Rupture of the wood in the form of splits and checks occur if these
stresses across the grain exceed the tensile strength. Checks can also occur internally due to stress reversal. Some
species are more prone to certain forms of drying induced degrade than others. Degrade depends on a number of
factors that are mostly related to wood structure and composition. The factors influencing these characteristics

include growing conditions, plantation stands and presence of reaction wood (Redman et al. 2016).

The successful control of drying defects in a drying process consists of maintaining a balance between the rate of
evaporation of moisture from the surface and the rate of outward movement of moisture from the interior of the
wood (Perré 2007a); therefore controlling the moisture content (MC) gradient will in turn control the magnitude

of drying stresses and subsequent susceptibility to check and split degrade.

Conventional kiln drying with controlled heating, humidity and air-flow under atmospheric pressure conditions is
the primary method for drying timber in Australia (Nolan et al. 2003). In recent years, vacuum drying of hardwood
timber (particularly in Europe and the USA) has proven in many applications to be a more economical alternative
to conventional kiln drying methods, with similar or better quality outcomes (Fernandez-Golfin and Alvarez
Noves 1996; Mdtténen 2006; Savard et al. 2004). For this reason, the Australian hardwood timber industry
invested in a project to establish the viability of vacuum drying technology for drying four high volume
commercial Australian hardwood species with respect to drying quality, time and cost. Moreover, it was
recognised that a better knowledge of the material and associated drying behaviour is required to fully optimize

the vacuum drying process in the future (Perré 2007a).

A component of the project was to develop a hardwood vacuum drying model (Redman et al. 2017) based on
previous work conducted for softwood species (Perré 2007b). A two-dimensional, diffusion and permeability
based multiphysics heat and mass transfer model was developed by adapting the TransPore model, used to predict
the drying behaviour of softwoods, and applying the drying model to Australian hardwood species. TransPore
was originally developed by Perré and Turner (1999a; 1999b), and recently had its accuracy and numerical
efficiency enhanced by Carr et al. (2013a; 2013b) to include novel strategies such as variable-stepsize Jacobian-

free exponential time stepping and a dual-scale modelling approach.



As described by Redman et al. (2017), a series of vacuum and conventional drying trials were preformed
to generate data to validate the heat and mass transfer model using four Australian hardwood species; mature
native forest spotted gum (Corymbia citriodora Hook), blackbutt (Eucalyptus pilularis Sm), jarrah (Eucalyptus
marginata D.Don ex Sm.), and messmate (Eucalyptus obliqua L’Herit.). The species were specifically chosen
based on their large commercial volume, and contrasting drying characteristics and wood properties. For example,
spotted gum is known to be the most unproblematic species to dry in terms of resistance to drying degrade and
has the highest basic density (BD) of 1000 kg/m® (Bootle 2005). Alternatively, messmate is one of Australia’s
most difficult species to dry due to its propensity to collapse, internal and surface check, and has the lowest BD

of 630 kg/m® (Bootle 2005).

The experimental method used connected vacuum drying trials to conventional drying trials by using long
boards that were sawn in half, where one half was used for vacuum drying trials while the other half was used for
conventional drying trials. To select a representative subset of the population, 100 randomly selected boards were
chosen to measure wood properties and quality after drying. Dried quality was quantified by measurements of
distribution of average MC and MC gradient, and stress related degrade, including surface checking, end splitting,
internal checking and collapse. In the current paper we are only interested in stress-related degrade, and the data
produced by Redman et al. (2017), expressed as a percentage of degrade existence, from the 100 randomly selected

boards, are provided in Table 1. This data highlights that:

e messmate was prone to all forms of stress related degrade,

e messmate was the only species exhibiting collapse degrade,

e spotted gum had the lowest overall susceptibility to all the combined forms of degrade, and
e vacuum drying, on average across all tested species, induced only about 60% less surface

checking and 80% less end split type degrade than conventional drying.

The development of the heat and mass transfer model previously presented (Redman et al. 2017; Redman
et al. 2012; Redman et al. 2016), described the measurement of a number of wood properties deemed essential for
accurate modelling (Perré (2010); Salin (2010)), for the TransPore model input data. The properties measured to
achieve accurate modelling results were: wood density, initial MC, fibre saturation point, fibre and vessel

porosity,shrinkage, mass diffusivities, desorption isotherm characteristics and gas permeability.



By using the moisture content gradient outputs derived from the heat and mass transfer model described by
Redman et al. (2017)., the basis of this study is to simulate and understand stresses that cause the substantial
differences in end splitting and surface check degrade observed between conventional and vacuum drying of
messmate and spotted gum species. The two-dimensional, time-dependent moisture gradient outputs are used as
input data to create a three-dimensional stress/strain model in the Strand7 software (Strand7 2005), using finite
element analysis, a method used previously by Ekevad et. al. (2006) and (2011) to simulate distortion and
shrinkage of boards during drying. As three-dimensional moisture gradient fields were not available for this
model, some assumptions were made to extend the two-dimensional field into three-dimensions. Additionally, a
simplified drying mechanical model is assumed which includes elastic deformation and moisture induced
shrinkage and excludes viscoelastic and mechano-sorptive creep. This assumption forces us to focus on the
primary phase of drying, when surface checking and end splitting occurs, which is what we want to achieve.
Indeed, it is impossible to model stress reversal with this assumption and to subsequently predict stress induced
degrade at the end of drying, such as internal checking. With these assumptions in mind, this work is considered
as a feasibility study to investigate the concept of simulating stress-related drying degrade and to stimulate further

research in this area.

Investigating the hygro-mechanical effects on the behaviour of wood drying, and associated stress related failure,
is the primary objective of this research. More specifically, with the use of experimental wood properties and
input moisture content field data we aim to develop a predictive 3D stress-strain finite element analysis (FEA)
model allowing prediction of the development of stress related end splitting and surface checking degrade during
conventional and vacuum wood drying. Two Australian hardwood species were targeted, messmate (Eucalyptus
obliqua) and spotted gum (Corymbia citriodora) as these species contrast, in terms of wood properties, drying

rates and stress degrade susceptibility.

Materials and methods

A flow chart of the modelling approach used for this study is provided in Fig. 2. It consists of a four stage
sequential process. The first stage involves the use of the TransPore model to generate moisture content field data
in the Tangential (T)-Longitudinal (L) plane (thickness x length), which is then extruded across the radial (R)
direction of the board (width) to create 3D moisture content fields during drying. The second, third and fourth

stages involve the use of the Strand7 model for predicting the elastic and moisture induced shrinkage strains,



describing the geometric configuration, running the model and analysing the failure criteria. The modelling

approach is described in more detail in the following sections.

Heat and mass transfer formulation

Heat and mass transfer modelling, using TransPore is described in detail by.Redman et al. (2017). For vacuum
drying, the external conditions supplied to TransPore were measured directly using kiln conditions from drying

trials. At any point in time, the external conditions were vacuum pressure, temperature and relative humidity.

For conventional kiln drying simulations, the external conditions used in the TransPore model were temperature
and relative humidity, and the kiln pressure was held constant at atmospheric pressure. The conditions were based
on the recommended industry drying schedules for these species were applied in accordance with those outlined

in Rosza and Mills (1997).

The kiln drying schedules used are shown in Table 2 and are represented as temperature and relative humidity
(RH) change points based on average board moisture content. For the vacuum drying simulations, the vacuum
pressure fluctuated between 100 and 200 mbar (as measurement during experiments), and for conventional drying
simulations it was held at a constant 1000 mbar. It should be noted that for conventional drying schedules, the
temperature and RH set points were instantaneously stepped when the average moisture content change point is
reached. This is not the case for vacuum drying schedules where the temperature and RH were ‘ramped’ between
set points, based on the continuous reduction of average moisture content as drying progresses. Redman et al.
Redman et al. @ provide more details on these methods including the wood property input data used for spotted

gum and messmate species.

Wood is an orthotropic material with three directions: radial (R), tangential (T) and longitudinal (L) (Fig. 3a). For
all simulations presented in this study (TransPore and Strand7), the board thickness is in the T direction, width
the R direction and length the L direction, where thickness < width < length. The TransPore model used in this
study is limited to two-dimensions and was used to simulate drying in the board tangential (T) and longitudinal
(L) directions. This plane was used, as it allows investigation of the evolution of moisture gradients over time at
the board ends and wide surfaces, the areas of interest for end splitting and surface checking investigations, and
the board thickness is the direction that most drying takes place. Furthermore, during industrial drying, boards are

placed in rows such that their sides are touching, substantially limiting drying on the board width direction, and a



limited moisture gradient is therefore assumed along the R direction in this study. A schematic of the TransPore

board model and location of the T-L plane are shown in Fig. 3a.

A triangular structured mesh was constructed. A magnified section of the mesh is shown in Fig. 3b. The T-L plane
dimension used was 1900 mm long x 30 mm thick, the same dimension of boards used in drying trials described

by Redman et al. (2017).

TransPore was used to generate moisture content field data x;',L in the T-L plane starting at time t; = 0 iterating
by time steps t; (determined by the TransPore numerical solution procedure) until the final average moisture
content of the board reached 12% at which point the simulation was terminated. The result is a stored series of
seventy X},L field data at discrete time intervals t;. Data was generated for spotted gum and messmate species for
both vacuum and conventional drying regimes. The initial average MC of spotted gum and messmate measured
from drying trials was 32 and 85% respectively. These are typical initial moisture content values for these species
(Innes and Redman 2005).An example of the TransPore model moisture content field visualisation generated for

vacuum drying of messmateis provided in Redman et al. (2017).
Geometric configuration

As stress induced drying degrade occurs in three dimensions (at the board surface, ends and internally) we desired
to build a three-dimensional stress/strain FEA model using the two-dimensional TransPore data. To achieve this,
the moisture content field x;'_L generated by TransPore was extruded in the board width direction to form a series
of triangular brick elements. More specifically, this quasi three-dimensional model consists of a series of the same
T-L moisture content fields (X%,L) using the mesh shown in Fig. 3B, extruded in the R direction to form the
moisture content field (x;',L,R) within the three dimensional mesh shown in Fig. 4b. To reduce computational
time, the Strand7 FEA model was built as a 1/8 board symmetry model as shown in Fig. 4a. The T, R, L direction
fixed boundary conditions are shown for the three symmetry surfaces. A magnified view of the structure of the

three-dimensional Strand7 model used is shown in Fig. 4b.

The Strand7 FEA model requires three sets of input data: the moisture content field data from TransPore, wood
material and mechanical property data, and shrinkage coefficient data. Before explaining the procedure used to

run the Strand7 FEA program, the mechanical and physical formulations must be defined.



Mechanical formulation

As mentioned earlier, when wood dries it loses water first from its surface. The surface shrinks initially but is
restrained by the bulk of the wood that is still saturated. Therefore, the strain field generated by moisture content
profiles is not geometrically compatible, resulting in the superposition of a strain field related to a stress field.
Martensson and Svensson (1997) describe the total strain tensor ¢ in a board as being comprised of four

components:

e=1¢e+&X +&™ + &, @)

where £¢ is the elastic strain, £X is the strain associated with moisture induced free shrinkage, €™ is the mechano-
sorptive strain (the effect due to the interaction between a change in moisture content and an applied stress) and
&° is the time dependent (viscoelastic) creep strain under load, independent of moisture content but strongly

dependent on temperature.

Previous research shows that the non-elastic, stress relieving components of drying stresses, namely viscoelastic
and mechano-sorptive creep, are responsible for stress reversal to occur in the latter part of drying, when the
average board moisture content is around the FSP (20-30 %) (Brandao and Perré 1996; Lin and Cloutier 1996;
Perré 1996). After stress reversal through a board cross-section, compressive stresses then occur in the outer layers
of a board and tensile stresses in the core layers, effectively eliminating the possibility of end splitting and surface
checking to occur under these conditions. For this reason, this model includes just the elastic drying stresses and
the subsequent stress and failure formation results are analysed between the board initial moisture content and
board average FSP conditions (i.e. 24.5% for spotted gum and 30% for messmate) when end and surface splitting
have occurred. As the analysis ends when the board reaches average FSP, the outer board layers are below FSP

which generates the elastic stresses observed.

Consequently, the focus of this work was to observe simulated end split and surface check failure occuring during
the primary phase of drying and considering only the elastic and moisture induced shrinkage strains (i.e. equation
1 becomes & = £° + £X). By doing so, this work is considered as a feasibility study to investigate the concept of
simulating stress-related drying degrade for further research. The effects of excluding the &™* and &€ strain

components on the results is further discussed at the end of the paper.
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In the wood orthotropic radial (R), tangential (T) and longitudinal (L) directions with reference to its anatomy,
material elastic stress is related to the elastic strain by the generalised Hooke’s law (Dahlblom et al. 1996),

described by:

&€ = (o, (2

where

o = stressvector ¢ = [0, Or O Tpr Tir TiR|T

£° = elastic strain vector €€ = [&1 € &r Vrr Yir Vir]

C = compliance matrix given by

r 1 “URL TVTL 0 0 0
Ep, ER ET
“virR 1 VTR 0 0 0
Ej, ER ET
“vir “VRT 1 0 0 0
E E E
C — L R T L , (3)
0 0 0 — 0 0
GRT
0 0 0 0 — 0
LT
o 0 0 0 0 —
L LR

where the material behaviour is described by the following parameters:

E,, Er, Ex = Young's moduli
GRT' GLT' GLR = Shear mOdull
. ’ e g ER . ER. Er
URT, ULT, ULR, URL, ULT, ULR = POISSOD S rathS, Wlth URT = UTR X E_ y URL = ULR X E_, ULT = ULT X E_.
T L L
The moisture induced shrinkage strain is dependent on the rate of change of X, where X, represents the bound

water content at a point in space and time, and is given by:

Ex = a(xb - stp), lfxb S stp

4
£x =V, 1f Xb > stp ( )

where a is defined as:
a=[a, ap ar o0 0 0], (5)
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and a;, ag and ar are material shrinkage coefficients of moisture induced strain and X, is the saturation point.
The shrinkage occurs only with a change of bound water (Skaar 1988), i.e. when X}, < Xy, The coefficients

and saturation points Xy, used in this study are detailed further in the following section.

Physical formulation

Material properties were established from the literature for the messmate and spotted gum species and consisted
of: (i) the elastic and shear moduli, and Poisson’s ratios required for the elastic strain compliance matrix (eq. 3),

(i) the fibre saturation point (X, ), and (iii) the shrinkage coefficients for moisture induced strain (eqg. 5).

The mechanical properties are updated in Strand?7 related to the moisture content of the element and their value is
calculated using the method developed by Guitard and EI Amri (1987). Their method is based on a regression
analysis of literature data regarding density and moisture content versus Young’s/shear moduli and Poisson’s
ratios for 45 hardwood species. The air-dried density at 12% moisture content and X, values for spotted gum
and messmate measured by Redman et al. (2011) were used as input parameters (see Table 3) into the Guitard
and EI' Amri (1987) hardwood regression equation. Above X¢,, the Young’s and shear modulus values are
assumed to be constant (Wang et al. 2002). When X}, < Xy, the Young’s and shear modulus values are
calculated using eq. (6) from Kretschmann (2010) incorporating the values at 12% moisture content and
Xisp:calculated using the Guitard and EI Amri (1987) method:

12—-Xp

P=r, (”—)<fo> when 0 < X, < X ©6)
Pgsp
where P is the modulus value at moisture content X, P, , is the same property at 12% moisture content, Py, the

same property for green wood at the fibre saturation point Xsp.

The shrinkage values for each species (a;, @z and a;) expressed as % strain per % X, change, used for the
moisture induced shrinkage strain calculations (eq. 4) in each wood direction, were derived from Redman et al.
(2011). The values for spotted gum are a;, = 0.001, ¢z = 0.374 and a; = 0.385, and for messmate are a;, =

0.001,a; = 0.274 and a; = 0.395.
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Numerical solution

The following finite element formulation in Strand7 refers to the model flow chart provided in Fig. 2. The heat
transfer module in Strand7 is used to generate the moisture induced shrinkage as the physical equations between

the two phenomenon are indentical.
Starting at time t = 0 and iterating by time steps t; the following procedure was performed for each t;:

e The TransPore moisture content field data x;’,L is inserted into the Strand7 1/8 symmetry plane model
structure at the nodes in the extruded T-L planes (see Geometric conguration above) as a temperature
load at the nodes.

e The moisture content of each triangular brick (prism) element is calculated as the average of its nodal
moisture content values (6 nodes per brick). The material properties are assigned to each triangular brick
element based on eq. (6) and Table 3 and the calculated moisture content of the element.

e The shrinkage coefficients were assigned to each triangular brick element as thermal expansion
coefficients. The coefficients are updated at each iteration so shrinkage only occurs following eq. (4)
when X, < Xtsp.

e The Strand7 quasi-static solver is run to follow the evolution of the stress related field during drying.
The non-linearity is considered herein by updating the mechanical properties and occurrence of shrinkage
below X't in previous steps at each iteration of the quasi-static solver.

e The three-dimensional stress-field data S}QVT,L are then stored at each iteration.
The iteration is completed when the last input moisture content field X£% is processed.

Tsai-Wu criterion

Failure theory is a scientific tool for predicting failure of materials under certain loads or stresses. It is
mathematically expressed as a failure criterion that varies for different materials. Previous studies by Cabrero et
al. (2010) and Mascia and Simoni (2013), investigated a number of different failure criteria for wood and
concluded that the Tsai Wu failure criterion is well suited to wood, thanks to its ability to deal with anisotropic

media.

As our investigations are interested in board end splitting and surface checking, the Tsai-Wu criterion was applied

to the stresses in the board thickness (T) and width (R) directions only.
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The Tsai-Wu criteria is a quadratic, stress-based criterion where failure is deemed to occur when the following

condition is satisfied:

A+B+C+D+E+F>1 @

where the eq. (7) parameters are defined in the radial-tangential directions as (Tsai and Wu 1971):

A= % : (8)
OTTt9TTC
B ke 9
ORRtORRC '
2
TR
= , 10
(T%R)z ( )
D=(=-2)om 11
ottt 9TTc orr ( )
E = (s ) ome 12
ORRt  9RRc ORR ( )
F — _ 2FIRITTORR _ (13)

u u u u
OTTtI9TTcPRRtRRC

In egs. (8-11), the terms oy and ogg represent the calculated stress in the orthotropic directions T and R,
respectively, and o7, o1rc Opr: aNd agg. represent the ultimate (u) tension (t) and compression (c) stress in the
T and R directions. The shear strengths in the T-R plane are represented by t3z. The Ffg term in eq. (13) is the
interaction coefficient and is difficult to determine (Cabrero et al. 2010). Tsai (1992) proposed using the value
F7r = —0.5, which corresponds to the generalised Von Misses criterion (Cabrero et al. 2010). Thus, in the wood

T-R plane, using the proposed interaction coefficient, the Tsai-Wu failure criteria egs. (7-13) can then be expressed

as.
2 2 2
aTT ORR TTR 1 1 1 1 OTTORR
+ +—5S+|\5—— o+ |5——5— |0 —/—————= 1. (14)
OFrtOTTc  ORRtORRc  ToR ofre  Ofre OKrt  ORRc U oou uu
OTTtI9TTcPRRtRRC

The ultimate radial and tangential tensile and compression stresses, and the ultimate radial/tangential shear
stresses were calculated via regression analysis (R = 0.8 to 0.9) of density versus ultimate stress data measured

for 66 hardwood species form literature in Kretschmann (2010), and are presented in Table 4.
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Simulations

The simulated evolution of the Tsai-Wu failure criteria over time was only investigated at the areas where we
experimentally observed end splitting and surface checking in the boards. For end splitting this is at the end of the
board and for surface checking this is on the board surface. For end splitting, peak failure was investigated at the
end of the modelled board both at the central element and the line of elements through the board thickness, as
shown in Fig. 5a. Similarly, the evolution of failure criteria related to surface checking was investigated at the

central surface brick of the board and across the width of the board’s surface as shown in Fig. 5a.

All of the Tsai-Wu failure criteria results presented use the centroid values of the Strand7 brick elements. The
Strand7 software calculates the Tsai-Wu data (eq. 14) at time t = t; using the two-dimensional stress-field data

S}LT (i = 1 to n) generated previously and allows it to be visualised.

Results and Discussion

An example of the evolution of the Tsai-Wu failure criteria for conventionally dried messmate, focusing on the
internal central location of the board end, at various stages of reducing moisture content during drying, is shown
in Fig.5. Fig. 5a shows a schematic of the board symmetry plane and indicates the location of the observed failure
in subsequent images. In this example, the initial average moisture content was 85%. Fig. 5b-f show the evolution
of the Tsai-Wu failure at the average board moisture contents of 85%, 40%, 38%, 36% and 33%. The maximum
failure criteria is found to occur first along the centre of the board end, in the width direction, and intensifies as
drying progresses, with the centre-face of the board-end peak failure (position of white dot in Fig. 5) occurring
when the average board moisture content reaches 38% (Fig. 5d). The location of the simulated failure criteria
indicates that end split failure is likely to occur anywhere along the width of the board, however experimental

observations showed that end splitting occurred mainly at mid-width of the board end as shown in Fig. 1a.

The difference between the locations of simulated versus observed end split failure is likely an effect of using the
same two-dimensional T-L cross-sectional moisture content profiles along the board width direction (R).
Similarly, the large red failure zone at the board edge is also likely due to the expansion of the 2-dimensional MC
field to 3 dimensions. Excluding the moisture gradient in this direction reduces the simulated anisotropic stress
field at the corners and edges of the board, which may result in an under prediction of the location of end split at

the board end.
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The Tsai-Wu failure criteria, plotted against the reduction of average moisture content during drying, at the board-
end centre-node (white dot Fig. 5a), for conventional and vacuum dried messmate and spotted gum, is shown in
Fig. 6a. The vacuum and conventional drying temperatures for messmate are also shown. The results indicate that
the maximum Tsai-Wu failure for messmate conventional drying (4.5) is approximately 4 times higher than
messmate vacuum drying (1.3), 4 times higher than spotted gum conventional drying (1.2) and 4 times higher
than spotted gum vacuum drying (1.1). These results appear to be consistent with the magnitude of end splitting
observed in drying trials reported by Redman et al. (2011). The observed percentage of end split failure (Table 1)
for messmate conventional drying (77%) was comparably 8 times higher than messmate vacuum drying (10%), 7
times higher than spotted gum conventional drying (11%) and 10 times higher than spotted gum vacuum drying
(7%). The high susceptibility for conventionally dried messmate to end-split during drying compared to vacuum

drying and both forms of spotted gum drying, was both predicted by the model and observed during the trials.

The extent of end splitting and surface checking may be exacerbated by the drying schedule itself. Observation of
the Tsai-Wu failure plot for conventional drying of messmate shows a sharp step in the curve. This is directly
related to the first temperature step in the drying schedule as shown by the corresponding conventional drying
temperature plot (Fig. 6a). This sharp step is not present on the messmate vacuum drying curve, which corresponds
to the constant vacuum drying temperature plot. In this case, the temporal evolution of the Tsai criterion is much
smoother, with a maximum value at ca. 55% of averaged MC: this evolution is therefore likely to be due to internal
transfer in the board rather than to an artefact produced by a sudden evolution of the kiln conditions. An important
observation is that using a smoother ramped approach for conventional drying schedules should be considered by

industry.

Fig. 6b shows the Tsai-Wu failure in the board thickness direction, at the centre of the board-end (red line as
shown in Fig. 5a), when maximum failure occurs. For messmate, maximum failure occurred when the average
board moisture content reached 38% for conventional drying, and 56% for vacuum drying. For spotted gum,
maximum failure occurred when the average board moisture content reached 24.5% for vacuum drying and 26%
for conventional drying, from initial average moisture content to FSP (24.5%). The results are mirrored to show
the full board thickness and display a substantially steeper gradient of Tsai-Wu failure for messmate conventional
drying compared to the other drying scenarios. As drying stress gradients align with moisture content gradients it
seems that the overpressure produced by vacuum drying (Redman et al. 2017Redman et al. 2017) contributes to

a flatter moisture content/stress gradient at the end of the board with less susceptibility to end splitting.
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The evolution of the Tsai-Wu failure criteria for conventionally dried messmate, viewed from the centre of the
board surface, at various stages of reducing moisture content during drying is shown in Fig. 7. Fig. 7a shows a
schematic of the board symmetry plane and indicates the location of observed failure in subsequent images.
Figures 7b-f show the evolution of Tsai-Wu failure at average board moisture contents of 85%, 69%, 39%, 34%
and 32%. Tensile failure is shown to begin across most of the board surface (except the outer edge) and then
intensify as drying progresses. The peak failure occurs at the board surface when the moisture content reaches
39% (Fig. 7d). The magnitude of failure is similar across the board surface indicating that surface checking is
likely to occur anywhere across the surface as drying progresses. Indeed, for a wide board the presence of one
single check is not able to relax the stress field over the entire width. Several checks will therefore form along the
width, except very close to the edge, when the stress field is smaller for geometrical reasons. This matches the
positions of surface checking failure observed from drying trials where surface checking occurred at various

locations across the full surface of the board as shown in Fig. 1b.

The Tsai-Wu failure, plotted against the reduction of average moisture content during drying, at the centre of the
surface of the board, for conventional and vacuum dried messmate and spotted gum, is shown in Fig. 8a. The
results indicate that the maximum Tsai-Wu failure for messmate conventional drying (2.5) is 2.5 times higher
than messmate vacuum drying (1.0), 4 times higher than spotted gum conventional drying (0.6), and 3 times higher
than spotted gum vacuum drying (0.9). The observed percentage of surface checking failure (Table 1) for
messmate conventional drying (29%) was 5 times higher than messmate vacuum drying (10%), 2 times higher
than spotted gum conventional drying (11%) and 2 times higher than spotted gum vacuum drying (7%). The high
susceptibility for conventionally dried messmate to surface checking during drying compared to the other drying
regimes was both predicted by the model and observed during the trials. The Tsai-Wu failure curve for messmate
conventional drying depicts an earlier lower magnitude peak that appears when the average moisture content
reaches 69%. The second failure peak aligns with the sharp step in temperature and could potentially be reduced

by implementing ramped changes in scheduled temperature.

Fig. 8b shows the Tsai-Wu failure in the board width direction, at the centre-surface of the board (red line as
shown in Fig. 5a), at the point in time when maximum failure occurs. The results display a similar failure profile
for each species and drying regime, but with different magnitudes as described above. Simulations predicted the
high chance of surface checking occurring for conventionally dried messmate, but not for vacuum dried messmate

or conventional and vacuum dried spotted gum, as observed from the drying trials presented in Table 1.
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An example of normal stresses in the board width (o) and thickness (o) directions and shear stress in the

width/thickness (t;5) direction versus average board MC, for conventionally dried messmate, is provided in Fig.

8c at the board-end centre-node (white dot Fig. 5a) and Fig. 8d viewed from the centre of the board surface. These
stresses are used to determine the Tsai-Wu failure (eq. 14) and the associated Tsai-Wu failure plots are also shown;
the same as those plotted in Fig. 6a and 8a. In addition, the grey lines represent the ultimate tensile failure (as

presented in Table 4) in the tangential direction (o) at the board end (a), and radial direction (a5%.) at the board
surface (b). Fig. 8c indicates that stress in the thickness direction (o7 is the predominant cause of end splitting

as it is the only stress that exceeds the ultimate tensile stress in that direction a7, and also coincides with the
Tsai-wu failure plot. This material direction mode of failure was not observed during drying trials where boards
tend to split in the board width (R) direction as shown in Fig. 1a. Again, the difference between the locations of
simulated versus observed end split failure is a consequence of using the same two-dimensional T-L cross-
sectional moisture content profiles along the board width direction (R) as previously mentioned from the observed

Tsai-Wu failure trends.

Fig. 8d shows the stress in the board width direction (o) is the predominant cause of surface checking, exceeding

the untlimate tensile stress az%, during the early, high moisture content, drying phase. This coincides with the

Tsai-Wau failure results and the material direction mode of failure observed during drying trials (Fig. 1b).

As a final comment, inclusion of the viscoelastic creep and mechano-sorptive stress components in the FEA model
is likely to contribute to an enhanced model and could explain why, for some drying scenarios, the failure criteria
was significantly greater than the value of 1; the Tsai-Wu failure criteria threshold. By not including the mechano-
sorptive stress in this model, simulations are likely to overestimate the stresses on the wood because the mechano-
sorptive creep relax, or reduce, the stresses during drying by up to 40% or more of the total stress (Haque 2002).
This effect, together with the viscoelastic creep, is also the main phenomenon able to explain stress reversal at the
end of drying (Perré and Passard 2004; Rémond et al. 2007). The work presented here is relevant in that it
demonstrates the potential of the approach to understand observed trends to further optimise the drying process

while providing a platform for further refinement.
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Conclusions

A predictive three-dimensional stress-strain FEA drying model, using measured and empirical wood properties

combined with moisture gradient input data, was presented.

The model was able to reproduce the observed surface checking failure magnitude and location trends for vacuum
and conventional drying of the two selected species, spotted gum and messmate. The model predicted that
conventionally dried messmate was more susceptible to end splitting and surface checking than vacuum dried
messmate. Maximum surface checking failure was predicted to occur across most of the surface of the board; a

position of failure commonly observed in the drying trials.

The Tsai-Wu failure criteria was unable to precisely predict the localised position of end splitting observed in
drying trials, which may be a result of using two-dimensional T-L cross-sectional moisture content profile input

data to build a three dimensional FEA model.

The sharp changes in temperature and humidity set points used during conventional drying also translated into
sharp spikes in stresses during drying. The same result was not observed for the smoother ramped schedules used

in vacuum drying.

The FEA model shows the potential to predict the onset, location (at least for surface cheking) and magnitude of
stress-related drying degrade. We recommend further work to refine the model using a completely three-
dimensional heat and mass transfer model to facilitate a more representative three-dimensional stress FEA drying

model, including viscoelastic creep and mechano-sorptive stresses.

This work contributes to a greater understanding of stress degrade formation in hardwoods during drying and may
be used in future work to optimise wood drying by reducing drying times and limiting degrade. If one can
accurately predict degrade during drying, then it is possible to simulate optimal drying schedules based on degrade

limitations.
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Figl. Examples of end split (a) and surface checking (b) stress-induced drying-degrade of messmate boards
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Kiln boundary and wood
property input data

v

Run model in board T (thickness) — L (length) plane

v

Store 2D moisture content field output
data (xt.) at discrete time steps (t)

Build a 1/8 symmetry plane board, using
brick elements, with the same mesh as
the transpore model

t=1t

Asign ¥ at t = tito nodes as temperature loading
(Strand7 allows for thermal expansion only and moisture
content shrinkage was input into the software using the
thermal module)

Assign mechanical properties of each brick at t = t;based
on its moisture content, equation 6 and Table 3

Assign shrinkage coefficients using Table 4 to satisfy
equation 4 when y < xz,

Run step t; of the quasi-static solver

Store stress field output data (SiT,R,L)
att=t

no,i=i+1
|ft=tend

yes

A

Apply Tsai-wu failure criteria to S'tr, data in Strand7 at all
t= ti

Stage 1
Run TransPore model

Stage 2
Build Strand7 model

Stage 3

Run Strand7 model

Stage 4
Apply Tsai-wu failure criteria

Fig 2. Flow chart of TransPore and Strand7 FEA modelling approach used.
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Fig 3. Schematic of board (a) showing the position of the tangential (T) - longitudinal (L) mesh and magnified

section of the mesh (b) used for the TransPore model.
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15mm

board end centre
node — end split

observations

(b)

Xt is extruded in R
direction to generate 1/8
symmetry 3D model

T fixed _+ Observations

T - thickness
L - length

/ R - width

Fig 4. Strand7 FEA model structure build, showing the TransPore moisture field x"” (a) which is

extruded in the width direction and reduced to a 1/8 symmetry model to produce a 3D model of triangular

brick elements as shown in the magnified section (b). The T, R, L fixed boundary conditions are shown for
the three symmetry surfaces (a). The points of observation for end splitting and surface checking are shown

also.
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(b) 85%

(d) 38% peak failure

(e)36% (f) 32%
Fig 5. Evolution of Tsai-Wu failure at the board end 1/8™ symmetry model (a), for conventionally dried
messmate, at average board moisture contents 85% (b), 40% (c), 38% peak failure (d), 36% (e) and 32%. The
white dot represents the centre of the board end-face.
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Fig 6. Tsai-Wu board end-split failure criteria versus moisture content during conventional and vacuum drying

spotted gum and messmate, showing drying temperature for messmate (a). Tsai-Wu board end-split failure
criteria profile in the thickness direction at peak failure (b). MES = messmate, SPG = spotted gum species
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(b) 85%

() 69% () 39% peak failure
(e) 34% (f) 32%

Fig 7. Evolution of Tsai-Wu failure at the board surface, 1/8" symmetry model looking at the board-midsection
(a), for conventionally dried messmate, at average board moisture contents 85% (b), 69% (c), 39% peak failure
2 (d), 34% (e), 32% (f). The white dot represents the centre of the board surface.
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Fig 8. Tsai-Wu board surface check failure criteria versus moisture content during conventional and vacuum

drying spotted gum and messmate (a). Tsai-Wu board surface check failure criteria profile in the width direction

(board surface) at peak failure (b). MES = messmate, SPG = spotted gum species. Tsai-Wu failure, normal
stresses (o7, ogg) and shear stress (7z) versus moisture content at the board end (c) and surface (d) for
conventionally dried messmate. The grey line represents the ultimate tensile failure in the tangential direction
(oFr,) at the board end (c) and radial direction (a5%,) at the board surface (d).
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TABLES

Table 1. Percentage of boards exhibiting drying stress-induced degrade for different species and drying types as
reported by Redman et al (2017)

Species Drying type Collapse (%) Surface check (%) Internal check End split
(%)
spotted aum vacuum 0 15 0 7
P g conventional 0 17 0 11
iarrah vacuum 0 7 8 6
J conventional 0 16 12 6
vacuum 0 30 0 4
blackbutt conventional 0 83 0 64
messmate vacuum 100 6 11 10
conventional 100 29 4 77
n=100

Table 2. Conventional and vacuum drying schedules used for spotted gum and messmate simulations expressed
as temperature (Temp.) and relative humidity (RH)

spotted gum messmate
Moisture Conventional Vacuum Conventional Vacuum
content
change Temp. RH Temp. RH Temp. RH Temp. RH
point (%) (S (%) (S (%) S ) (S (%)
>70 45 83 64 78 25 77 44 85
70-60 45 83 65 76 25 77 44 85
60 -50 45 78 66 75 25 77 45 82
50 - 40 45 78 66 73 30 73 45 75
40-35 45 78 67 70 30 73 45 73
35-30 50 79 67 70 35 75 45 73
30-25 55 64 69 66 40 71 58 65
25-20 60 58 71 55 45 60 64 65
20-15 70 47 75 40 50 54 72 35
15 - final 70 35 80 55 55 40 80 55

Table 3. Fibre saturation moisture content X'rp, air-dry density and elastic strain compliance-matrix input values
at moisture content X: including Young’s moduli E, shear moduli G and Poison’s ratios (Redman et al., 2011,

Guitard and EI Amri, 1987). Below X't the propertied are calculated according to eq. (6).

. A|r-d_ry E (MPa G (MPa Poisson’s ratios
Species density (MPe )
Xisp(%) (kg/m®) X (%) Er Er EL Grr Gur GR WT Ve VR Vn VIR Vit
>o45 2,064 1,419 19,952 533 1,286 1,583
spotted gum 245 1010 =~ 0.64 0.06 041 045
12 3,210 2,218 22,673 788 1,692 2,082
>30.0 1,003 608 13,683 241 744 949
messmate 30.0 700 0.66 0.06 0.39 045
12 2,180 1,321 16,687 468 1,163 1,483

31



Table 4. Tension, compression and shear ultimate failure values in MPa for failure criteria calculations

(Kretschmann, 2010)

Species o7 Okt s Orc Okc Tl TTR Tir TLR
spotted gum | 119 119 1520 295 295 496 6.5 26.2 26.2
messmate 9.1 9.1 1225 15.3 15.3 35.6 457 18.3 18.3
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