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Simulation and Analysis of Hygroscopic Warping of Sawn
Timber by a Finite Element Method

Shih-Hao Lee'?
[ Summary ]

Wood warps due to differential shrinkage or swelling when the moisture content (MC) of the
wood changes. Anisotropy and non-homogeneity of solid wood are the main causes for this behav-
ior of wood when it experiences variations in MCs. This warping phenomenon causes considerable
reductions in product value, frustration for manufacturers, and loss of confidence by consumers.
Therefore, the warping of wood is a leading technical problem and deserves further investigation.
The objectives of this study were to propose an analytical method and develop a three-dimensional
(3D) finite element model (FEM) to examine the warping behavior of solid wood.

A 3D FEM was developed to simulate and analyze the hygroscopic warping of sawn timber
with the commercial software, ANSYS (vers. 5.3; ANSYS, Canonsburg, PA). Through this potent
tool, the FEM and the deformed geometry were graphically demonstrated. This specially devel-
oped FEM was applied here to understand warping due to MC gradients in solid wood. Formula-
tion of the governing equations, detailed model development, computer simulation results are pre-
sented in the text.

It appears that the simulation and analysis were successfully carried out in this study. These
results suggest that this FEM adequately reflects hygroscopic deformations of flat-sawn and quar-
ter-sawn plates and can help practitioners understand the complex warping behavior and generate
ideas on how to reduce the magnitude of warping.
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INTRODUCTION

To meet the requirements of the building
industry, timber and timber products should
have good shape and dimensional stability.
However, wood warps when its moisture
content (MC) changes due to its non-homoge-
neity, anisotropic shrinkage, and other defects
such as knots, juvenile wood, annual ring cur-
vature, spiral grain angle, and so on. Warping,
defined as an out-of-plane deformation of an
initially flat panel, is a critical problem asso-
ciated with the shape stability of solid wood.
The mechanism of wood warping is ascribed
to imbalances in hygroscopic swelling or
thermal stresses triggered by changes in the
MC or temperature. A variety of wood warps,
cups, bows, twists, diamonding, crooks, and
kinks, are commonly seen during wood-
drying processes and in service. All of these
distortions can be traced to the differential
shrinkage of wood.

The severe warping of finished products
can cause considerable reductions in product
value, frustration for manufacturers, and loss
of confidence by consumers when wood prod-
ucts are used. Therefore, warping is of great
concern and is a very significant factor in the
use of solid wood. It was noted that anisotropy
and non-homogeneity of solid wood causes
more-complicated warping of solid wood
subject to variations in MC. Wood warping
is regarded as one of the leading technical
problems and deserves further investigation.

The first paper with a 1-dimensional
(1D) mathematical model of wood warping
was reported by Heebink et al. (1964). Sub-
sequently, many researchers (Suchsland and
McNatt 1986, Suchsland 1990, Suchsland et
al. 1995, Wu 1999) used 1D warping models
to explore warping of wood-based materi-
als including particle-board, laminated wood
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panels, veneered furniture panels, plywood,
and medium-density fiberboard (MDF). Se-
rial numerical studies on the shape stability of
sawn timber subjected to moisture variations
were reported by Ormarsson et al. (1998,
1999, 2000). With the advent of composite
mechanics, the finite element analysis (FEA),
and computer technology, a 2D warping
model was developed by Tong and Suchsland
(1993), and Cai and Dickens (2004). Ganev
et al. (2005) used an FEA of a 2D warping
model to simulate and analyze hygroscopic
warping of MDF panels. Blanchet et al. (2005,
2006) used an FEA of a 2D warping model to
predict wood flooring deformation and design
engineered wood flooring.

The objectives of this study were to
describe an analytical method and use a 3D
FEM to simulate and analyze the warping
behavior of solid wood, including flat-sawn
and quarter-sawn plates. We hope that timber
warping might be better understood, and ideas
on how to reduce the magnitude of timber
warping can be developed for practitioners
from this study.

MATERIALS AND METHODS

Materials

A solid wood plate of yellow birch (Bet-
ula alleghaniensis) was used to simulate and
analyze the warping of solid wood due to MC
gradients. Its dimensions were 30 cm long,
30 cm wide, and 3 cm thick as shown in Fig.
1. The initial 12% MC was assumed for the
entire plate.

The assumed imbalance of MC gradients
was based on +8% from the bottom surface to
1/4 thickness, +6% from 1/4 thickness to 1/2
thickness based on the bottom surface, +4%
from 1/2 thickness to 3/4 thickness based on the
bottom surface, and +2% from 3/4 thickness
to the top surface based on the bottom surface.
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Units = cm

Fig. 1. Yellow birch plate used for the
finite element modeling.

The mechanical properties of yellow
birch at a 12% MC, used in this study, are de-
scribed below (Blanchet et al. 2000).

Poisson’s ratios (v) of vy, Vg, and vy,
were 0.45, 0.36, and 0.43, respectively. The
hygroscopic expansions (a) of oy, o, and oy,
were 0.0023, 0.00015, and 0.0015, respec-
tively. The elastic moduli of E;, E;, and E,
were 15.251, 1.251, and 0.641 GPa, respec-
tively. The shear moduli of G, Gy, and Gy,
were 0.971, 0.242, and 0.721, respectively.

The subscripts L, R and T, indicate the
longitudinal, radial, and tangential directions,
respectively.

Poisson’s ratios and hygroscopic expan-

sions were assumed to remain unchanged
with MC changes. However, elastic and shear
moduli were affected by the MC. The appro-
priate adjustments were made according to
the following equation:
E= ElZ*(ElZ/EGR)-[(M-H)/(MP-H)]; (1)
where E is the modulus of elasticity (MOE)
at an MC of M, E,, is the MOE at an MC of
12%, Egg is the minimum MOE at an MC of
Mp, which is somewhat less than the fiber
saturation point (FSP), and Mp is the MC
at which the modulus reaches its minimum
value.

Formulation of governing equations
Wood, regarded as an orthotropic elastic
body in the domain Q, was subjected to the
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MC change, AM. The governing equations are
formulated as follows (Tong and Suchsland
1993).

The general stress-strain relation caused
by a MC change in the expression of tensor
form is:

i = Eij (& - 0 AM); (2)
where o;; is the component of the stress ten-

9

sor, g, is the component of the strain tensor,
E;y, is the stiffness tensor, o is the hygro-
scopic expansion coefficient, AM is the MC
change, and i, j, k, | are coordinate indices,
each of which can independently attain values
of 1, 2, or 3.

The general strain-displacement relation
in the expression of tensor form is:

1 { ou, Ou
= — 4+ —L |
6 2(% . ) )

where g; is the component of the strain tensor,
Ou; is additional displacement in the X; direc-
tion, du; is additional displacement in the X;
direction, Ox, is the original length in the X
direction, and Ox; is the original length in the
X direction.

The stress equilibrium in the absence of
body forces in the expression of tensor form
is:

0o
ngL =0. “4)

The boundary conditions in the expres-
sion of the tensor form are:
u;=0onT; and (5)
o =0o0nTy; (6)
where u; is displacement in the i direction,
n; is the unit normal in the j direction, I3, is
the symmetric plane, I, is the traction-free
boundary, and I" = I}, + I, is the total bound-
ary, Q.

FEM for hygroscopic warping of yellow
birch sawn timber

Modeling of hygroscopic warping of
solid wood was conducted with the commer-

cial software, ANSYS. A 3D orthotropic solid
element (solid element 46) was used to model
and simulate the warping of solid wood due
to MC gradients. The effects of panel type,
i.e., flat-sawn and quarter-sawn plates, on the
warping of wood were also investigated. The
principal material directions of wood were
assumed perfectly oriented with the Cartesian
coordinate system, and wood growth rings
were assumed to be perfectly flat. The ele-
ment mesh of the model is displayed in Fig.
2, using ANSYS preprocessing. This model
included 100 elements and 605 nodes. This
method can be applied to layered as well as
homogenous materials. The commercial soft-
ware, ANSYS, was implemented in this study
so that the FEM and deformed geometry
could be graphically displayed.

RESULTS AND DISCUSSION

Effects of the MC on mechanical proper-
ties

Wood was assumed to be an orthotro-
pic material with significant differences in
physical and mechanical properties among
the longitudinal, radial, and tangential direc-
tions. These wood properties were required
to run the ANSYS software. However, the
elastic modulus, E, and shear modulus, G, of
wood were affected by MCs below the FSP,

R
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Fig. 2. Element mesh of the yellow birch
plate.
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where the bonded water will increase or re-
duce cohesion and stiffness of the tissues of
wood. The MC varied from the top surface to
the bottom surface in this study. Therefore,
appropriate adjustments of these moduli cal-
culated according to Equation (1) are shown
in Table 1. These moduli, E and G, decreased
with an increasing MC as anticipated.

Effects of panel type on warping

The hygroscopic warping of 2 types of
panels, i.c., flat-sawn and quarter-sawn yel-
low birch plates, were simulated and ana-
lyzed. Results of the simulation and analysis
of yellow birch plate warping are shown in
Fig. 3, which displays the displacement in
the Z direction, Uz, of the deformed body
versus the un-deformed edge (dashed line).
The shading indicates the extent of warping,
which can be read on the horizontal scale.
Simulation by the FEM showed that a higher
MC in the bottom surface caused a concave
deformation toward the top surface. Maxi-
mum warping occurred in the center of the
plate, which combined the deflection along
the length and deflection along the width. The
maximum warping was read from the DMX
in Fig. 3. The maximum warping in the flat-
sawn plate, 0.770 cm, was higher than that in
the quarter-sawn plate, 0.725 cm. The result
was as expected since deflection caused by
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the tangential expansion coefficient is greater
than that caused by the radial expansion coef-
ficient on the base of the same plate size. In
terms of the deflection percentage (the maxi-
mum warping/diagonal length), the maximum
deflection percentage (1.81%) in this study

NODAL SOLUTION A

E=
uz (AVG)
RSYS =0

DMX =.007697
SMX =.007263

| |
0 001614 003228 004842 0064356
$07E-03 002421 004035 005649 007263
NODAL SOLUTION B

0 001518 003036 004554 006073
759E-03 002277 003795 005314 006832

Fig. 3. Warping of yellow birch. A: Flat-
sawn plate; B: quarter-sawn plate.

Table 1. Young’s moduli (E) and shear moduli (G) of yellow birch plates

Bottom surface to

1/4 thickness to  1/2 thickness to  3/4 thickness to

N?()g:li;l S 1/4 thickness 1/2 thickness 3/4 thickness the top surface

MC 12% MC 20% MC 18% MC 16% MC 14%
E, 15.251 13.5669 14.0326 14.5144 15.0126
E; 0.641 0.4413 0.4845 0.5318 0.5839
Ex 1.251 0.9248 0.9973 1.0755 1.1600
Gir 0.242 0.8326 0.8653 0.8992 0.9344
Gy 0.721 0.6008 0.6289 0.6582 0.6889
Ggr 0.242 0.1950 0.2058 0.2172 0.2293

E, elastic modulus; G, shear modulus; L, longitudinal; R, radial; T, tangential; MC, moisture content.



130 Lee—Hygroscopic warping of timber analyzed by a finite element method

was close to that (1.34%) reported by Tong
and Suchsland (1993).

CONCLUSIONS

It appears that the hygroscopic warping
of orthotropic material due to MC gradients
was successfully simulated and analyzed by
an FEM in this study. Wood was assumed to
be an orthotropic material, and its properties
were strongly affected by MC changes. The
hygroscopic deformations of flat-sawn and
quarter-sawn plates were adequately reflected
by this proposed FEM. The reliable results of
this study obtained here can highly contribute
to more-effective use of wood and help prac-
titioners better understand complex warping
behaviors and generate valuable ideas on how
to reduce the magnitude of warping.
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