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Simulation of Drying Stresses in Eucalyptus nitens
Wood
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The objective of this work was to simulate the stresses produced during
the drying of Eucalyptus nitens wood due to variations in the moisture
content. The methodology involved experimental determination and
simulation of drying stresses caused by the development of internal
moisture content gradients. Modeling of the moisture transport was
based on the concept of an effective diffusion coefficient. The
mathematical model for stress-strain, and for moisture diffusion into the
wood, was constituted by a system of second-order nonlinear partial
differential equations with variable coefficients, which were numerically
integrated by the control volume based on the finite element method
(CVFEM). For validation purposes, tests were realized for evaluating
deformations, stress drying, and moisture gradients that were produced
during the drying of Eucalyptus nitens. The results showed satisfactory
agreement between the experimental and simulated values, indicating an
effective simulation.
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INTRODUCTION

Mechanical stresses develop within wood when it is exposed to a drying process
(Clair 2012). This occurs when the external layers of wood are dried below the fiber
saturation point (FSP) and the core is still above the FSP. These stresses are recognized
as the main cause of defects and dimensional changes (Larsen and Ormarsson 2013).

To model these stresses, it is necessary to simulate the prior moisture transport
into the wood. This allows the moisture gradients that induce dimensional changes and
consequently stress and strain to be obtained (Keey et al. 2000). To simulate the moisture
transport through the wood, diffusive models are typically used for wood dried below the
FSP because, above the FSP, the moisture movement occurs by capillarity. However, the
model can be used by defining an effective diffusion coefficient (D) that is valid for
simulating the drying kinetics of softwoods (Salinas et al. 2015) and hardwoods
(Sepulveda et al. 2016).

Previous deformation models have mainly focused on the strain caused by the
energy (temperature) and mass transport (moisture content). Some authors have proposed
one-dimensional models to determine the deformation caused by the heat and mass
transport, specifically, the shrinkage and mechano-sorptive strain (Chen et al. 1997,
Svensson and Martensson 2002; Kang et al. 2004; Pang 2007). Additionally, two-
dimensional models have been proposed by authors such as Martensson and Svensson
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(1997), Perré and Turner (2001a,b), Cheng et al. (2007), and Salinas et al. (2011a); three
dimensional models have been proposed by Ormarsson et al. (1999 and 2003), Remond
et al. (2006), and Hassani et al. (2015).

In previous works, beginning with the first studies of McMillen and Youngs
(1960) and McMillen (1963) until the present work of Zhan and Avramidis (2017), it was
possible to conclude that the stresses and strains produced during wood drying follow a
defined pattern. At the beginning of the drying process, the wood surface was dried
below the FSP and the core was still above the FSP; this causes shrinkage of the surface
layers and produces stress and compresses the core. In the final drying stage, the core
loses moisture below the FSP, and this produces reversed stresses; the surface is put
under compression, while tensile stresses prevail in the core (Salinas et al. 2015).

One difficulty with the simulation of drying stresses is to determine the different
types of strain. During the drying process, the total strain (&) is comprised of shrinkage
strain (ers), elastic strain (ge), mechano-sorptive strain (ems), creep strain (ec), and
temperature-induced strain (er) (Pang 2000; Moutee et al. 2007). In this work, the model
proposed by Ferguson (1998) was implemented.

Thus, the objective of this work is to simulate the drying stresses in Eucalyptus
nitens wood as the product of deformation caused by shrinkage and mechano-sorption
due to moisture content variations during an isothermal drying process.

EXPERIMENTAL

Materials

The materials consisted of 90 specimens of Eucalyptus nitens Deane & Maiden
sapwood prepared from the first log of three 12-year-old trees, with a diameter at breast
height (DBH) of approximately 34 cm. From each log, one board was cut for the drying
test in the radial direction, and other boards for the drying test were cut in the tangential
direction. From each board, 15 samples of 25 mm (thickness) x 25 mm (width) x 50 mm
(length) were obtained.

Methods

The drying tests were performed in a climate chamber (Binder, KMF-115 model)
at a 30 °C dry-bulb temperature, a 25 °C wet-bulb temperature, and 1.5 m/s air velocity.
To determine the temperatures inside the chamber, T-type thermocouples connected to a
data acquisition system (Fluke, Hidra Il model) were used.

The samples were covered with aluminum foil and silicone adhesive so that only
the faces of interest were exposed to drying in order to encourage the unidimensional
moisture flow in radial or tangential direction.

Three samples were used to monitor the moisture variation in order to obtain the
drying curves; these samples were weighed daily using a digital precision balance (A&D
GF4000 model). Later, the oven-dry mass was determined by drying in an oven at 103 °C
for 24 h. The drying curves were obtained according to,

MC =[ (m—m,)/m, |*100 (1)

where MC is the moisture content (%), m is the original mass of sample (g), and mg is the
oven dry mass of sample (g).
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Determination of moisture distribution

The remaining samples were used to obtain the spatial distribution of MC. Three
samples were removed from the conditioning chamber at 48-h intervals for measurement,
weighing and subsequent sectioning in seven slices (thickness about 3 mm) of parallel to
the drying surfaces and from one face to other (Fig. 1). The weights were determined
with a precision balance (Sartorius, MA 150 model) immediately after cutting and after
oven drying at 103 °C until constant mass to determine the MC distribution according to
Eq. (2).

a)

\ 4

b)

\ 4

R

Fig. 1. Cutting scheme and sectioning of samples to radial and tangential moisture distribution
for a) radial surfaces, b) tangential surfaces, and c) slice’s

Strain and stresses

The lengths of each slice were determined with a digital caliper, before and after
cutting. The strains were determined as proposed by Morén and Sehlstedt-Persson
(1992), based on before drying length (dg), after drying length (dd), the length
immediately after cutting (dc) (Fig. 2) and free shrinkage length (dr).

+  First stage of drying

1
<l

Final stage of drying

Fig. 2. Scheme of length variation during drying stage
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Then, the total strain (&) was divided in three components: shrinkage (&hrink),
elastic (&lastic), and creep (&reep), according to Eq. 2:

&= 8shrink + gelastic + gcreep (2)

where

Eshrink :(df _dg)/dg
Eolastic = (dd _dc)/dg
gcreep = (dc - df )/dg

The stresses (o) accumulated in the slice and the free shrinkage length (dr)
required by (2) were calculated as proposed by Pang (2000),

O_:E(ddd_ch

CFSF’ MC ®
d =d 1-—~
f g( FSP ﬂ)

where E is modulus of elasticity, FSP is the fiber saturation point, Mc moisture content,
and g is the shrinkage coefficient.

Simulation

The physical phenomenon of stress and strain was simulated on a cross-section of
wood; its properties are presented in Table 1.

The mathematical model for the simulation of MC transport is based on the
effective diffusion coefficient and was presented in previous work (Gatica et al. 2011). In
general terms, the model consists of a second-order nonlinear differential equation that
describes the transitory phenomenon of MC diffusion,

oMC _0 D, oMC 0<x<L) ()
ot oX OX

where MC is moisture content (%), D is effective diffusion coefficient (m?/s), and L is the
samples thickness in the direction of flow (m).

The initial and border conditions were initial moisture MC=MCin=90% and
convection on surfaces.

Dxwas obtained with the following expression:

DX(MC)=exp(a+bMC) (5)

The parameters a and b were determined in a previous study (Sepulveda 2014),
through reverse simulation based on experimental drying curves and distribution of MC.
The numerical protocol details were explained by Gatica et al. (2011).
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Table 1. Drying Parameters of Eucalyptus nitens Wood

Property Symbol Radial Tangential
*Effective diffusion coefficient Dy exp(-22.7+1.3*MC) | exp(-23.1+1.3*MC)
*Convective coefficient (m/s) hm 9.71*104 7.32*104
**Shrinkage coefficient A 0.05 0.1
***Mechano sorption coefficient (1/MPa) M 1.72*102 5.3*107?
Modulus of elasticity (MPa) E 2310 1860
Poisson ratio U 0.35
Equilibrium moisture content (%) EMC 12
Initial moisture content (%) MCini 90

*Source: Sepullveda 2014. ** Pérez et al. 2016a. ***Pérez et al. 2016b.

For the simulation of the stress/strain relationship, the rheological model
developed by Ferguson (1998) was implemented with mean mechanical properties for
moisture variation below PSF used by Perez et al. (2016).

8—8:16—0+(a+m0)% (6)

ot E ot ot
In Eqg. 6, o is the stress (Pa), ¢ is the strain, E is the modulus of elasticity (Pa), a is
shrinkage coefficient, and m is mechano sorption coefficient (1/Pa).

This model considers three independent components of strain: elastic (ofE), free

shrinkage (OAMC)and mechano sorption creep (moAMC). Viscoelastic creep was not

considered because mechano sorptive creep can be several times greater than the strain
obtained under constant moisture content (Langrish 2013).

The model was numerically integrated using the control volume based on the
finite element method (CVFEM). The details on the numerical procedure are presented in
previous work (Salinas et al. 2011a,b).

RESULTS AND DISCUSSION

Drying Curve and Distribution of Moisture

Figure 3 shows the comparison between the approximate experimental and
simulated values for the drying curves and the moisture distribution. Drying curves
obtained by curve fitting procedure for the radial and tangential directions are shown in
Figs. 3a and 3b, respectively. Both the simulated and the approximate values were very
similar; the error was lower than 1%, indicating the effectiveness of the model. Since in
the model was considered based on an equilibrium MC equal to 12%, it follows that the
modeled values of MC cannot be less 12%. On the other hand, the results of curve fitting
of experimental values suggested values less than 12%.

Furthermore, for both the radial and tangential directions, the drying curves
showed two distinctive stages, starting with an initial stage in which the curve drops
rapidly from 85% to 30% of MC. This MC was reached at approximately 160 h in the
radial direction and at 224 h in the tangential direction. At this stage, the wood surface is
wet, so vaporization begins from there, producing water vapor diffusion through the
air/moisture interphase. At the end of this stage, the free water must be transported
quickly from the core wood to the surface by capillarity. In the next stage, from
approximately 30% to the final MC, bound water begins to move slowly from the core to
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the surface, mainly by diffusion. Figures 3c and 3d show the MC profiles for the radial
and tangential directions, respectively. The internal profiles are parabolic curves, with
minimum values in the outer layers and maximum values in the core.
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Fig. 3. Drying curve in the (a) radial and (b) tangential directions; MC profiles of the
(c) radial and (d) tangential directions.

Strain and stresses

The experimental strain data and MC variation for different drying times are
shown in Fig. 4. This figure shows the strain produced at 24, 216, and 720 h of drying in
the radial direction (44, 4c, and 4e) and the tangential direction (4b, 4d, and 4f).

The results confirm that at the beginning of drying (24 h), the outer layers of
wood shrink because the MC decreases below the FSP and causes a tensile stress, thus
resulting in surface shrinkage (¢ < 0) and an extension in the core (¢ > 0). At 216 h of
drying, the stresses are reversed, the core of the wood shrinks and causes a compressive
stress on the surface layers. This produces a negative deformation in the core and a
positive deformation in the outer layers. It is at this point that the highest values of
deformation are produced, reaching approximately 0.35% in the surface layers and 0.42%
in the core in the radial direction, and 0.47% in the surface layers and 0.62% in the core
in the tangential direction.
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Fig. 4. Experimental strain and MC variation

Furthermore, it is possible to observe that the strain and MC present symmetrical
behavior. For example, Fig. 4e shows that the strain in slices 1 and 7 was 0.23% and
0.22%, respectively, and the MC was 10.6% in slice 1 and 10.5% in slice 7.
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Figure 5 shows the development of stresses in terms of the drying time for the
radial (5a) and tangential (5b) directions. The figures confirm that the outer layers (slice 1
and 7) develop tensile stress in the early stages of drying (approximately 132 h in the
radial direction and 144 h in the tangential direction), unlike the core wood (slice 4),
which develops a compressive stress. From this moment, the stresses are reversed, and
the drying ends with a compressive stress in the surface layers and tension in the core.
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Fig. 5. Evolution of stresses as a function of the drying time in the (a) radial y (b) tangential
directions.

The calculated stresses for the radial direction were between 0 and 9 MPa, and for
the tangential direction, the values were between 0 and 11 MPa. These values are higher
than those reported for Populus, with values between 0 and 2 MPa (Salinas et al. 2011b),
and for radiata pine, with values between 0 and 3 MPa (Salinas et al. 2015). Innes (1995)
showed values higher than 6 MPa for E. regnans regrowth wood of 55 years-old of basic
density 673 kg/m® and cycles at 20 °C. In previous work with E. nitens juvenile wood of
12-years-old, of basic density 488 kg/m?® (Rebolledo et al. 2013) and in which runs were
performed at 30 °C, all these factors (juvenile wood, lower density, and higher
temperature) increased the drying stresses (Rebolledo et al. 2013). Otherwise, the
problem of E. nitens to produce solid wood is that the extremely highest drying stresses
develop during convective drying. Therefore, values of about 10 (MPa) are feasible for a
hardwood such as E. nitens according to data reported in the literature (Keey et al. 2000).

Simulation

Figure 6 shows the results of simulations of stresses for the radial (6a) and
tangential directions (6b). In qualitative terms, the stresses showed the expected behavior,
indicating the difference between the surface layers and the core wood.

Regarding the magnitudes, it can be seen that for the radial direction, the surface
developed a maximum stress of tension of 7 MPa at approximately 40 h. At 140 h, these
stresses were reversed, reaching a maximum level of compressive stress of 8 MPa at 400
h. In the core, the maximum compressive stress was approximately -4 MPa and was
produced at 100 h. At 160 h, the stresses were reversed, reaching a maximum tensile
stress of 3 MPa at 420 h.

In the tangential direction, the surface reached a peak of tensile stress 6.5 MPa at
45 h. These stresses were reversed at 110 h, reaching a maximum compressive stress of -
9 MPa at 180 h. In the core, a maximum compressive stress of -4.5 MPa at 100 h was
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reached. These stresses were reversed approximately at 120 h, reaching a maximum
tensile stress of 3.5 MPa at 360 h.
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Fig. 6. Simulation of drying stresses in the (a) radial y (b) tangential directions

CONCLUSIONS

1. The behavior of drying stresses during wood drying of Eucalyptus nitens is confirmed
and can be divided into two distinctive stages: the first drying stage, in which the
surface layers develop a tensile stress and compression in the core; and the second
drying stage, in which the stresses are reversed, in which the core develops tensile
stress and compresses the surface. In the second stage, the highest values are reached:
magnitudes of approximately 9 MPa and 11 MPa for the radial and tangential
directions, respectively.

2. Regarding the magnitude of the simulated stresses, values for radial stresses are
between 0 and 8 MPa, and for tangential stresses, the values are between 0 and 9 MPa.

3. The behavior in the tangential direction of the drying stresses of E. nitens support the
tendency for surface checks, internal checks and collapse during the drying of solid
wood on this anatomical orientation.
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