
Abstract In the process of wood drying inevitable stresses are induced. This
often leads to checking and undesired deformations that may greatly affect the
quality of the dried product. The purpose of this study was to propose a new
rheological model representation capable to predict the evolution of stresses
and deformations in wood cantilever as applied to wood drying. The rheo-
logical model considers wood shrinkage, instantaneous stress–strain relation-
ships, time induced creep, and mechano-sorptive creep. The constitutive law is
based on an elasto–viscoplastic model that takes into account the moisture
content gradient in wood, the effect of external load, and a threshold visco-
plastic (permanent) strain which is dependent on stress level and time. The
model was implemented into a numerical program that computes stresses and
strains of wood cantilever under constant load for various moisture content
conditions. The results indicate that linear and nonlinear creep behavior of
wood cantilever under various load levels can be simulated using only one
Kelvin element model in combination with a threshold-type viscoplastic ele-
ment. The proposed rheological model was first developed for the identifi-
cation of model parameters from cantilever creep tests, but it can be easily
used to simulate drying stresses of a piece of wood subjected to no external
load. It can therefore predict the stress reversal phenomenon, residual stresses
and maximum stress through thickness during a typical drying process.
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Introduction

In the process of wood drying inevitable stresses are produced. The stress
level depends on several factors such as the drying process, drying sche-
dule, wood species, sawing pattern, and board thickness. Checking and
undesired deformations are the most detrimental defects caused by drying
stresses. If not properly relieved through conditioning, residual drying
stresses may have a great impact on the quality of manufactured wood
products. The detection or on-line monitoring of drying stresses in wood
during drying is very difficult to perform in practice, even in closely con-
trolled laboratory experiments. In order to avoid the formation of surface
or internal checks in wood, the usual approach in commercial kilns is the
use of conservative drying schedules that keep the drying stresses below the
strength of the wood at any given temperature and moisture content.
Unfortunately, this is generally done at the expense of time and energy and
any modification to be brought to the drying schedule is a risky adventure.
Therefore, there is a need for the development of predictive mathematical
models describing the mechanism of stress development in wood during
drying so as to build optimized drying schedules that can minimize drying
stresses and deformations.

In order to analyze the mechanical behavior of wood during drying, it is
important to understand the basic characteristics of heat and mass transfer
in wood and their effect on stress development. The typical pattern of
stress development during wood drying exhibits a state of tensile stresses at
the board surface and compression stresses in the core at the beginning of
drying, and vice versa at the end of drying. The stress reversal phenomenon
occurs because in the early stages of drying a state of permanent or sub-
permanent wood deformation takes place at the board surface (tension set)
and in the interior zones. The mechanical behavior of wood is very com-
plex, exhibiting immediate creep characteristics upon application of an
external load or internal induced stress. This ‘‘memory’’ effect of wood has
to be taken into account for a good understanding of the mechanical
behavior of wood during drying. Another phenomenon that occurs when
wood is subjected to both stresses and moisture losses is a complementary
deformation known as mechano-sorptive (MS) deformation. This defor-
mation is generally considered to be larger than the creep deformation
occurring under constant moisture content conditions (Ranta-Maunus 1992;
Mårtensson 1994; Dinwoodie et al. 1995; Wu and Milota 1995; Hanhijärvi
2000).

A number of rheological models of wood drying have been proposed
during the last two decades (Rice and Youngs 1990; Salin 1992; Ranta-
Maunus 1992, 1993; Svensson 1995, 1996; Wu and Milota 1995; Mårtensson
and Svensson 1997; Ormarsson et al. 1999; Haque et al. 2000; Dahlblom
et al. 2001; Pang 2001). Salin (1989) and Rice and Youngs (1990) men-
tioned that the Burger model used for describing viscoelastic strain could
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not fully account for the observed stress levels in the timber. The Kelvin
model, or N Kelvin associated elements model, has been the most com-
monly used mechanical analog to describe viscoelastic behavior in wood
(Hanhijärvi 2000; Haque et al. 2000; Allegretti et al. 2003; Perré and Pas-
sard 2004). However, using N Kelvin elements model increases the number
of rheological parameters that need to be computed, thus bringing more
difficulty into the solution or more dispersion in the solved rheological
parameter values. Furthermore, the determination of each group of
parameters requires a different load level.

A few studies have been carried out on the effect of stress level on the creep
properties of wood. It is generally thought that wood at low stress level is a
linear viscoelastic material; otherwise, it is a nonlinear viscoelastic material. A
nonlinearity of creep at about 50% of the bending strength and at about 70%
of the maximum strength in compression was reported by Kingston and
Budgen (1972). Miller and George (1974) observed that spruce wood in simple
beam bending becomes a nonlinear viscoelastic material at a stress level of
40%. A similar study on four tropical hardwoods from Cameroon reported a
nonlinear creep behavior in bending at a stress level as low as 35% (Foudjet
and Bremond 1989).

It has often been asked whether the mechano-sorptive creep is an inde-
pendent phenomenon, or whether the intensified creep is a result of high
stresses caused by moisture gradients. In some rheological models, consider-
ing that viscoelastic creep at constant moisture content (MC) is negligible
compared to the mechano-sorptive one, the viscoelastic creep component is
deliberately omitted (Ranta-Maunus 1990; Ormarsson et al. 1999). However,
the basic mechanism of mechano-sorption remains unclear and the diversity of
experimental methods makes it difficult to compare published results. Despite
the progress made during the last two decades in the development of
mechanical models with respect to wood drying, there is still room for
improvement, and much remains to be done in the determination of model
parameters.

This paper presents a wood drying model based on classical rheology as
applied to a cantilever specimen used to determine model parameters. The
model exhibits the elastic behavior, the ‘‘memory’’ effect of wood (creep),
the permanent deformation by introducing the concept of a ‘‘threshold’’
viscoplastic strain, the combined effect of drying rate and load (mechano-
sorptive strain), and the free shrinkage strain. The main originality of the
proposed rheological model is that it takes into account any non linear
viscoelastic behavior of the wood cantilever. The material properties are
assumed to be affected by moisture content and temperature variations
during drying. The rheological model is implemented into an applicable
program that simulates the creep of a cantilever loaded at free end under
constant moisture content conditions and under drying conditions (Moutee
et al. 2005). The effect of viscoelastic creep and the effect of mechano-
sorptive creep are first considered separately, and then where both are
effective.
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Background theory

Cantilever equilibrium equations

The creep modeling approach is based on the theory of a cantilever subjected
to a punctual load at free end in which the moisture content effect on stress
distribution is taken into account. The mathematical development of the
cantilever theory is given in Moutee et al. (2005). Only the main strain and
stress equations will therefore be recalled here. Considering an orthotropic
wood cantilever beam with dimensions l:length · b:width · h:thickness
(Fig. 1a), the total strain distribution at coordinate x is, according to the
Euler-Bernoulli assumption, linear through the thickness (Fig. 1b):

eðzÞ ¼ euf �
z� z0

ðh=2Þ � z0
ð1Þ

where euf is the strain at surface layer z = h/2 and z0 is the position of the
neutral axis (where the total strain is zero) relative to the geometric axis.
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Fig. 1 a Wood cantilever. b Schematic of strain distribution through cantilever thickness (xz-
plan) at x position (z0 is the neutral axis location)
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There are two unknown variables (euf and z0), meaning that two equations are
required to determine the two values. The equilibrium equations of cantilever
beam theory are

RM � b �
Zh=2

�h=2

rðx; zÞ � ðz� z0Þ dz�MðxÞ ¼ 0 ð2aÞ

RN � b �
Zh=2

�h=2

rðx; zÞ dz ¼ 0 ð2bÞ

where r is the stress distribution through the thickness, z0 is the position of
the neutral axis and M¼ Pðl � xÞ is the bending moment at coordinate x
due to the applied load P. In the absence of an axial load, the load P will
induce tensile stresses rt

+ in all fibers lying on the positive side of the
neutral axis, and compressive stresses rc

– in all fibers beneath the neutral
axis (Fig. 1b).

Substituting into Eqs. 2a, 2b, the strain–stress relation of the rheological
constitutive model, the stress field at the given location in time and space
(t,x,z) can be easily estimated. No assumption is needed on the stress distri-
bution through the thickness. For a given time t and for a given position x, the
values of e uf and z0 are computed through an iterative procedure and then the
stress field through the beam thickness. The curvature of the cantilever is
given by

vðx; tÞ ¼ eufðx; tÞ
ðh=2Þ � z0ðx; tÞ

ð3Þ

and the deflection by

wðx; tÞ ¼
Zx

0

Zx

0

vðu; tÞdu ð4Þ

For the modeling of induced drying stresses only, the cantilever is free of load
and the bending moment M of Eq. 2a is set equal to zero.

Rheological model

Rheological processes in wood are very complex, and care must be taken to
avoid oversimplification. However, the various phenomena in the rheological
processes can be described fairly accurately through a combination of spring
and viscous dashpot elements. Under constant moisture content conditions
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the mechanical behavior of wood is usually assumed to be viscoelastic. Models
of pure viscoelastic creep in wood often consist of series or parallel combi-
nations of spring and dashpot elements, such as the Maxwell and Kelvin
models. In the Burger model, a Maxwell and a Kelvin model are connected in
series. Purely mathematical power-law expressions are also used to fit creep
data (Haque et al. 2000).

Global hygro-mechanical constitutive model

In situation of isothermal drying and in uniaxial rheological behavior, the total
strain is composed of the elastic strain (ee), viscoelastic strain (em) (totally
recoverable), ‘‘viscoplastic’’ strain (ep) (permanent deformation), and mec-
hano-sorptive strain (ems), in addition to the deformation due to free shrink-
age (eM) (Fig. 2):

e ¼ ee þ em þ ep þ ems þ eM ð5Þ

The arrows in Fig. 2 represent the direct effect of drying on wood mechanical
behavior. A rate formulation of Eq. 5 is more convenient for the mathemat-
ical representation of these mechanical phenomena. The total strain rate
formulation can be written as

_e ¼ _ee þ _em þ _ep þ _ems þ _eM ð6Þ

where the overdot represents the time derivative. Mathematical modeling of
internal stress development in wood during drying requires detailed knowl-
edge about each strain component. Each strain component is developed
hereinafter in one-dimensional formulation.

Instantaneous strain rate is related to stress rate by

_ee ¼
d

dt

r
Ee

� �
ð7Þ

where r is the applied stress (or drying stress), and Ee the Hookean spring
constant (Young’s modulus).
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Fig. 2 Schematic representation of the proposed rheological model
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Kelvin model is used to represent the total recoverable strain after
unloading. The viscoelastic stress–strain relationship is given by

r ¼ Em � em þ gm � _em ð8Þ

where r is the applied stress, Em and gm the Hookean spring constant and
viscosity of the Newtonian dashpot of the Kelvin element, respectively.

The viscoplastic strain is the permanent strain component of creep strain.
The viscoplastic component is based on the Bingham model (Bingham 1922)
where the viscoplastic stress–strain relationship is given by

_ep ¼
dep

dt
¼

0 if r � rp

1�rp
jrj

gp
r if rj j[rp

(
ð9Þ

where gp is the viscosity of the Newtonian dashpot associated with unrecov-
erable strain.

The mechano-sorptive effect starts to take place below fiber saturation point
(FSP), and occurs as soon as the moisture content changes during drying. The
proposed mechano-sorptive model is the one presented by Salin (1992):

_ems ¼
dems

dt
¼ 1

gms

dM

dt

����
���� r� Ems � emsð Þ ð10Þ

where 1
gms

is the mechano-sorptive coefficient (MPa–1), Ems the apparent
mechano-sorptive modulus, and dM

dt

�� �� is the absolute value of the drying rate.
From Eq. 10, we have

r ¼ gms

1

dM=dtj j _ems þ Ems ems ð11Þ

This equation is analogous to the Kelvin model for viscoelastic creep (Eq. 8)
except for the change of the variable ‘‘time’’ t for ‘‘moisture content’’ M, the
effect of time being implicitly taken into account in the value of M. The
material constants describing the interaction of stress and moisture change are
assumed to be independent of stress for the specified sorption and loading
conditions (Wu and Milota 1996).

Shrinkage appears in all parts of the board for which the MC is within the
hygroscopic range:

_eM ¼
deM

dt
¼ b � dM

dt

����
M�FSP

ð12Þ

where b is the shrinkage/swelling coefficient (independent of moisture) and dM
dt

is the drying rate below FSP.
The model of Fig. 2, which describes uniaxial behavior only, consists of eight

unknown parameters. The model can be expanded for two-dimensional or
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three-dimensional studies. In the three-dimensional case and considering
orthotropy of wood, we need a fourth order tensor for each parameter, except
for shrinkage that needs second order tensor (Moutee et al. 2002).

Global model decomposition and simulation considerations

In order to exhibit the behavior of each component and their relative
importance in the proposed global rheological model, various combinations of
the model parameters (Table 1) were considered separately using the canti-
lever as loading mode.

Elasto–viscoplastic model in constant hygrothermal conditions (Model 1)

For the elasto–viscoplastic model (i.e., the three first components of global
rheological model of Fig. 2), if stresses developed in the material upon
application of the load are smaller than the threshold stress, the deformation
of the body can be divided into instantaneous elastic and delayed elastic
components (viscoelastic creep). The instantaneous elastic and delayed elastic
deformations are totally recoverable on removal of load, providing the de-
layed elastic deformation is allowed sufficient time. If the applied load causes
stresses that exceed the threshold stress (high stress level), permanent
deformation will take place immediately, and later, after unloading, the
deformation will not be totally recoverable. The magnitude of the non
recoverable strain depends on applied load level and time.

For a cantilever, the maximum stress is located at the surface (tensile stress
at the upper face and compressive stress at lower face) and the zero stress is
located at mid-thickness (neutral axis). If the stress at surface is above the
threshold, this means that somewhere in the cantilever thickness the stress is
under the threshold and a nonlinear stress pattern develops (Fig. 3). Model 1
is therefore adequate to simulate creep and creep recovery both at low and
high stress levels.

Elasto–viscoplastic model in drying conditions (Model 2)

For stress modeling in drying conditions, the shrinkage component is added to
Model 1 to give Model 2. This combination is further complicated by the fact

Table 1 Alternative models

Material
assumption

Elastic
strain

Recoverable
strain

Unrecoverable
strain

Shrinkage
strain

Mechano-sorptive
strain

Model 1 _ee _em _ep

Model 2 _ee _em _ep _eM

Model 3 _ee _em _ep _eM _ems
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that the elastic and creep parameters vary with time since they are moisture
content dependent. Model 2 is used hereinafter for stress pattern calculation in
isothermal drying conditions under load, and without load (real drying).

Global rheological model (Model 3)

Model 3 represents the global rheological model described previously. Model
2 describes the effect of viscoelastic creep behavior only. By adding the
mechano-sorptive component, Model 3 allows us to simulate the overall effect
of drying on stress development in wood. The study of various combinations
of the proposed global model is useful for the elaboration of an experimental
setup that makes easier the step by step determination of global rheological
model parameters. This also exhibits the consequence on drying stress pat-
terns of considering the viscoelastic creep and the mechano-sorptive creep
either separately or together.

Moisture content effects on model parameters

In drying conditions, mechanical properties of wood are affected by moisture
content and temperature changes. Therefore, the parameters of rheological

Fig. 3 Localization of plastic threshold through board thickness in numerical procedure and the
resulting nonlinear stress profile
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model must be adjusted for their hygrothermal state. However, the temper-
ature effect was not considered in this study. The elastic modulus dependency
on moisture content was based on the formulation proposed by Guitard
(1987). As no information was available for the moisture content effect on
viscous parameters, we assumed that the elastic formulation was applicable:

EM
i ¼ E12

i ½1� 0:015ðM � 12Þ� ð13Þ
gM

j ¼ g12
j ½1� 0:015ðM � 12Þ� ð14Þ

where Ei
M is the elastic modulus at the actual MC (i = e,m); Ei

12 is the elastic
modulus at 12% MC; gj

M is the viscous coefficient at the actual MC (j = m,p); and
gj

12 is the viscous coefficient at 12% MC. Equations 13 and 14 are valid for
moisture content between 6% and FSP. In this study, we consider that the
mechano-sorptive coefficients (Ems and gms) are not affected by moisture
content change as no published data seem to be available on the subject.

Moisture content gradient development

This paper is not aimed at modeling the heat and mass transfer in wood during
drying. However, for the application of the proposed rheological model in
drying conditions, we need a one dimensional water transport history to be
used as input for drying stress–strain simulation. Thus, a numerical algorithm
was built to reproduce moisture content profiles representative of a conven-
tional drying program:

Mðz; tÞ ¼ aðtÞz3 þ bðtÞz2 þ cðtÞzþ dðtÞ

where a(t),b(t),c(t), and d(t) are second order polynomial function of time.
Figure 4 shows the evolution of the moisture content profiles over thick-

ness. The total drying time from 40% to 10% MC was assumed to be 8 h for a
longitudinally oriented 3-mm thick cantilever (Fig. 1).

Numerical procedure

For the numerical simulation of creep and creep recovery of wood under load,
the global model has to be implemented into a computer program. The
implemented model is nonlinear and the description of the development of
stresses and strains is history dependent. Therefore, an implicit integration
scheme technique is used to reduce numerical errors introduced in each time
step, and to perform iterations of the solution during each time increment.
Note that, in this section, only the numerical procedure of the global math-
ematical model is presented. The same formulation technique is used for all
alternative models presented in Table 1.
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For the implementation of the numerical procedure, Eqs. 5–11 must be
rewritten into stress formulation at position x and z of a cantilever beam
subjected to a single load P at the free end. Equation 5 can be rewritten as
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Fig. 4 Moisture content evolution with time. a Center, surface and average moisture content. b
Moisture content profiles through thickness at different drying times
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r ¼ Ee � ðe� em � ep � ems � eMÞ ð15Þ

Substituting Eq. 15 into Eqs. 8, 9 and 11, we obtain

gm _em þ ðEe þ EmÞ � em þ Ee � ep þ Ee � ems ¼ Ee � e� eMð Þ
gp _ep þ Eeep þ Eeem þ Ee � ems ¼ Ee � e� eMð Þ � sign rð Þ � rp
gms

_Mj j � _ems þ Eeem þ Eeep þ Ee þ Emsð Þ � ems ¼ Ee � e� eMð Þ

8><
>: ð16Þ

where signðrÞ ¼ r
rj j ¼

þ1 if r[0
�1 if r\0

�

In matrix notation we have

gm 0 0

0 gp 0

0 0 gms

j _Mj

2
64

3
75

_em

_ep

_ems

8<
:

9=
;þ

Ee þ Em Ee Ee

Ee Ee Ee

Ee Ee Ee þ Ems

2
64

3
75

em

ep

ems

8<
:

9=
;

¼
Ee � ðe� eMÞ
Ee � ðe� eMÞ
Ee � ðe� eMÞ

8<
:

9=
;� signðrÞ

0

rp

0

8<
:

9=
;

ð17Þ

Using an implicit integration scheme, Eq. 17 becomes

½A�kþ1
em

ep

ems

8<
:

9=
;

kþ1

¼½B�kþ1
em

ep

ems

8<
:

9=
;

k

þ
1
1
1

8<
:
9=
;Ekþ1

e � ðekþ1� ekþ1
M Þ�signðrÞ

0
rp

0

8<
:

9=
;

kþ1

ð18Þ

where

½A� ¼

gm
Dt þ ðEe þ EmÞ Ee Ee

Ee
gp

Dt þ Ee Ee

Ee Ee
gms

DMj j þ Ee þ Ems

2
4

3
5; ½B� ¼

gm
Dt 0 0

0
gp

Dt 0
0 0 gms

DMj j

2
4

3
5

Matrices [A] and [B] represent material parameters which are evaluated at
time k + 1 using Eqs. 13 and 14, except for the mechano-sorptive coefficient
(Ems and gms). The numerical solution of Eq. 18 was obtained using the
‘‘LinearSolve’’ command in Maple Enginering Software.

By dividing the board into n-layers of equal thickness and using line-
arization technique where iterations are made for each time step until
equilibrium is reached, the strain field e(z) and stress field r(z) are
simultaneously computed at (x,z) position. Thus the deflection at any po-
sition x of the beam length (Eq. 4) can be obtained. The developed
numerical procedure is able to locate where the threshold stress is reached
into the thickness.
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Material data

The material parameters used for the simulations are assumed to be repre-
sentative of white spruce (Picea glauca (Moench.) Voss.) wood in the longi-
tudinal direction at a temperature of 60�C and at 12% MC: Ee = 6,200 MPa,
Em = 40,450 MPa, gm = 52,834 MPa.h, gp = 40,510 MPa.h, Ems = 2,000 MPa
and gms = 1,000 MPa. These parameters were inferred from experimental
creep data obtained on a cantilever of 100 mm span (longitudinal direction),
25 mm width and 3 mm thickness (Fortin et al. 1999). Longitudinal shrinkage
was assumed to be linear with a total shrinkage coefficient b = 0.3%. The
threshold value of viscoplastic strain was assumed to correspond to 30% of the
bending strength. As the bending strength is affected by moisture content,
obtained from experimental investigation, the threshold value was evaluated
at actual moisture content during drying (Fig. 5).

Results and discussion

Load level effects in constant hygrothermal conditions (Model 1)

The first simulation consists in modeling the creep in constant hygrothermal
conditions (MC = 15%; T = 60�C) under three various constant stress levels
calculated at the cantilever fixed-end. The stress levels (SL) are 30, 50 and
70% of bending strength, the corresponding load being 500, 835 and 1170 g,
respectively. The results are analyzed at quarter span (x = l/4) for a loading

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8 10 12 14 16

Time (h)

)a
P

M(
sserts

dl
o

hser
h

T

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

t
ne

t
n

oc
er

u t
si

o
M

Threshold stress

Moisture content

Fig. 5 Viscoplastic threshold stress and moisture content as a function of time during drying and
relaxing phase

Wood Sci Technol (2007) 41:209–234 221

123



time of 8 h. The same time period is used for the recovery part. The threshold
stress value (30% of the bending strength) is 13.1 MPa.

Figure 6a shows the computed tensile stress at the upper fiber located at
x = l/4 of cantilever length. It can be seen that for a constant load less than or
equal to the viscoplastic threshold, the stress is constant during the loading
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Fig. 6 Evolution of stress and tensile surface creep/recovery creep at x = l/4 for three stress levels
at 15% MC (cantilever unloaded after 8 h). a Surface stress. b Surface strain
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period and becomes null after unloading. However, this is not the case when
the stress level is above the viscoplastic threshold. In such condition, even
when the cantilever is under constant load, the stress decreases during loading
time and a residual stress remains in wood after unloading. This phenomenon
is well known in plastic behavior of beams (Shames and Cozzarelli 1992).
Thus, in the presence of a viscoplastic threshold, the usual classical elastic
beam theory used for the evaluation of stresses induced by a constant load is
not correct for creep studies at high load level. The strain-time evolutions of
Fig. 6b reflect the well known creep and creep recovery curves of wood
material under load and after unloading. As expected, total surface creep
increases with increasing stress level. It can also be observed that as long as
the viscoplastic threshold is not reached, creep deformation is totally recov-
erable after unloading. However, when the load level is above the viscoplastic
threshold, creep deformation is unrecoverable after unloading and its mag-
nitude depends on stress level and loading time.

Figure 7a and b shows the stress profile through cantilever thickness at x =
l/4 after 8 h of loading and 8 h after removal of the load, respectively. It can be
seen that the stress distribution through thickness (Fig. 7a) is linear at ‘‘low’’
stress level (£ 30%SL). However, at ‘‘high’’ stress level, the stress pattern
through thickness is nonlinear, and after unloading residual stresses are
present in the cantilever (Fig. 7b). Residual stresses at the upper face (h = +
1.5 mm) are in compression and those at the lower face (h = –1.5 mm) are in
tension. The latter phenomenon can be explained by the fact that when the
cantilever is loaded above the threshold stress level (Fig. 6a), the first layers
close to the upper and bottom faces undergo viscoplastic behavior, thus
inducing permanent deformations. Fibers located at the upper face show
positive permanent deformations and those at the bottom face, negative
permanent deformations. The inner layers remaining viscoelastic, no perma-
nent deformations are induced. After unloading, the inner layers tend to re-
turn to their initial position, but the external fibers having been permanently
deformed restrain the movement, which in turn induces compressive stresses
at the top face and tensile stresses at the bottom face.

For an experimental point of view, deflection measurement of cantilever is
generally much easier to conduct than surface deformation measurement,
especially at high temperature and high relative humidity conditions. Figure 8
shows the computation of the time dependent deflection at free end (x = l) of
the cantilever. Of course, the deflection curve exhibits a similar shape as the
surface deformation curve (Fig. 6b) since the deflection is inferred from axial
deformation. This theoretical equivalence would have, however, to be verified
by laboratory tests before limiting the measurements to free end deflection.

Figure 9 shows the computed stress versus the classical evaluation of stress

using elastic beam theory equation rðxÞ ¼ h�Pðl�xÞ
2Iz

� �
along the beam length

after 8 h of constant load. It can be seen that the classical elastic beam theory
overestimates for the first half of the cantilever span the induced stress due to
applied bending load once the viscoplastic threshold is reached. It can
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therefore be erroneous to identify viscous parameters from laboratory tests
when stress estimation is based on elastic beam theory.

Stress and strain in a cantilever loaded at free end during drying
(Models 2 and 3)

The next simulations show the stress and strain evolution in a cantilever
loaded at free end during drying. In order to examine the mechano-sorptive
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effect on the behavior of the cantilever, simulations were run without (Model
2) and with (Model 3) the rheological mechanism representing the mechano-
sorptive behavior. The moisture content history imposed for these simulations
is given in Fig. 4. The load imposed at free end was equal to 554 g, which
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corresponds to a stress level of 70%. The shrinkage due to drying was sup-
posed to be initiated at 30% MC.

The mechanical behavior of the cantilever without taking into account the
mechano-sorptive mechanism is shown in Fig. 10. As we can see, except for
the first one-half hour where the MC is above FSP the top and bottom fibers
exhibit a different behavior both for the evolution of stress (Fig. 10a) and
deformation (Fig. 10b). Immediately after the application of the load, the
stress reaches a value of 10.9 MPa, which is above the viscoplastic threshold.
The moisture content at the two faces drops below FSP (Fig. 4) after the first
half-hour and shrinkage starts to take place, inducing tensile stresses in the
surface layers and compressive stresses in the core. This leads within the first
two hours of drying to an increase of the tensile stress at the top surface, up to
a maximum of 13.8 MPa, and to a decrease of the compressive stress at the
bottom surface, down to 8.9 MPa. These trends are reversed after two hours,
which point corresponds to the beginning of the stress reversal phenomenon.
The moisture content is then about 21% and the corresponding threshold
stress is 9.8 MPa (Fig. 5). This means that the stress at the top surface is well
above the plasticity limit (Fig. 5), whereas the stress at the bottom surface is
below that limit.

At the end of drying (8 h), the stress at the top surface has decreased to
9.6 MPa and the stress at the bottom surface has increased to 10.9 MPa. This
can be explained by the stress reversal phenomenon which contributes to
decrease the stress on the tensile face and to increase it on the compressive
face. After the load is removed, the top fiber undergoes a permanent residual
compressive stress of about 1.3 MPa and the bottom fiber returns to almost
zero stress. This is a direct result of the higher plastic deformation on the top
fiber, which after unloading causes a higher residual stress.

In terms of deformation (Fig. 10b), the shrinkage under load decreases the
total deformation of the tensile top surface and increases that of the com-
pressive bottom surface. After unloading and relaxing (16 h), the total
deformation on the top surface is slightly smaller than free shrinkage and vice
versa for the total deformation on the bottom surface. This is caused by the
differences in plastic deformation on the cantilever faces in the beginning of
drying.

Figure 10c shows the stress distribution through thickness under load at the
end of drying and after unloading and relaxing (16 h). We can see that the
stress distribution through thickness at 8 h is nonlinear. At 16 h, the residual
stress profile is highly non symmetrical with respect to the geometrical axis. It
is obvious that this behavior is due to the drying induced stresses when we
compare Fig. 10c with Fig. 7b which represents the residual stress profile
under constant moisture content conditions. Despite that, these stress distri-
butions satisfy the two equilibrium equations presented at Eqs. 2a and 2b.

Figure 11 reproduces the previous simulation except that we added
the mechano-sorptive mechanism (Model 3). The results show the same
trend as the previous simulation with Model 2, but as expected the mechano-
sorptive effect has decreased the maximum stress for both the top surface
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(13.8–12.0 MPa) and bottom surface (8.9–7.8 MPa) (Fig. 11a) in the first stage
of drying. However, at the end of drying, just before load removal, the stress
level is slightly higher than it was for Model 2. This is explained by the
complementary mechano-sorptive deformation in the beginning of drying.
After unloading and relaxing, the two surfaces show non negligible residual
stresses.

The mechano-sorptive behavior has an interesting effect on the evolution of
the total deformation (Fig. 11b). In tension, the MS deformation has almost
cancelled the shrinkage deformation, as it can be observed when comparing
Fig. 11b with Fig. 10b. In compression, the MS deformation increases the total
deformation (– 0.004 to – 0.006) since it is of the same sign as shrinkage
deformation. Moreover, this is reflected in the residual deformation observed
after unloading and relaxing.

Figure 11c shows the stress distribution through thickness at 8 and 16 h.
The stress distribution after 8 h is nearly the same as the one observed for
Model 2 (Fig. 10c) except for the bottom surface where the stress is slightly
higher. After 16 h, the residual stresses on both the top and bottom surfaces
are in this case in compression. The fact that the MS induced stress is more
important than the residual viscoplastic load induced stress explains why the
bottom face becomes in compression.

Drying stress without load (real drying)

Another simulation was done to study the stress evolution in the cantilever
during drying without any external load. This represents a real drying case
where the stresses are only induced by the variation of moisture content. The
moisture content history used in this simulation was the same as the one used
in previous simulations (Fig. 4). Here again, the drying time is 8 h and the
total simulation time is 16 h in order to represent the relaxation phase. The
results presented in Fig. 12 are based on Model 2 (without MS mechanism)
and those in Fig. 13 are based on Model 3.

Figure 12a shows the simulated stress evolution at the surface and at the
centre of the board during drying for a section located at the quarter span of
the cantilever. After about one-half hour of drying, the moisture content at
the wood surface drops below FSP (Fig. 4). With further drying, the surface
attempts to shrink but is restrained by the interior of the beam which is still
above FSP. This constrained state of deformation induces tensile stresses
within the surface layers and compressive stresses in the center of the canti-
lever. After 2 h of drying, the tensile stress at surface reaches a maximum of
2.7 MPa and the compressive stress at the center reached a maximum of
0.8 MPa. These two maximum stresses are well below the plasticity threshold
(Fig. 5). Towards the end stage of drying (8 h), a short stress inversion period
is observed but the stresses are totally relaxed immediately after the drying is
completed since the viscoplastic threshold was not reached. Figure 12b shows
the stress profile through thickness at various drying times. It can be observed
that much of the board section is under compressive stresses.
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Examining the simulation results with the activated MS mechanism
(Fig. 13), it can be seen that the maximum stress at the surface and in the core
is lower than the one observed in Fig. 12a. Furthermore, the stress reversal
phenomenon appears earlier in the drying process and a permanent residual
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drying (real drying). a Stress at surface and center versus time. b Stress profile through thickness at
different drying times
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stress is present at the end of drying even if the plasticity threshold was not
reached. This shows the importance of the conditioning treatment at the end
of drying. If the MS mechanism contributes to decrease the risk of check
formation at the surface in the beginning of drying, conversely it increases the
level of residual stresses after drying for both the core and the shell. By
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Fig. 13 Simulation results with Model 3 as applied to a cantilever at x = l/4 free of load during
drying (real drying). a Stress at surface and center versus time. b Stress profile through thickness at
different drying times
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comparing Fig. 13b with Fig. 12b, we can also conclude that the mechano-
sorptive effect has not much changed the stress profiles through thickness,
except for the maximum values of the tensile and compressive stresses.

Conclusions

The objective of this study was to develop a rheological model of wood
cantilever for modeling the creep behavior and stress in various moisture
content conditions and various load levels. The following conclusions can be
drawn from this work:

• In bending test configuration, the nonlinear stress due to the load level
effect can be accurately predicted with the proposed elasto–viscoplastic
model. The resolution of the strain and stress fields across the cantilever
thickness does not rely on the hypothesis of linear stress distribution. Thus,
the usual errors associated to the flexure creep tests are in great part
eliminated.

• The cantilever beam configuration under load in constant or varying
moisture content conditions allows simultaneous creep study in tension
and in compression, and easy experimental identification of rheological
model parameters.

• Classical viscoelastic rheological stress model is not sufficient to modeling
drying stress in varying moisture content conditions. The mechano-sorp-
tive effect must be considered in drying stress models even if the later has
still not been fully understood.

• Drying stress simulation models can be used for the better understanding
of the various viscoelastic and mechano-sorptive mechanisms which are
difficult and cumbersome to study in the laboratory.

Work is ongoing to identify material properties of wood in radial oriented
cantilever specimens and to modeling the transverse drying stresses in various
moisture conditions.
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Mårtensson A, Svensson S (1997) Stress–strain relationship of drying wood. Part 1. Development

of a constitutive model. Holzforschung 51:472–478
Miller DG, George P (1974) A method of measuring creep and recovery due to flexural loads of

short duration. Wood Sci 7(2):153–159
Moutee M, Laghdir A, Fafard M, Fortin Y (2002) A three-dimensional mathematical model of the

hygro-thermo-mechanical behavior of wood during drying. In: Proceedings of forest product
society conference ‘‘Quality Drying: The Key to Profitable Manufacturing’’. Montreal, Can-
ada, pp 179–184

Moutee M, Fafard M, Fortin Y, Laghdir A (2005) Modeling the creep behavior of wood cantilever
loaded at free end during drying. Wood Fiber Sci 37(3):521–534

Ormarsson S, Dahlblom O, Petersson H (1999) A numerical study of the shape stability of sawn
timber subjected to moisture variation. Part 2. Simulation of drying board. Wood Sci Technol
33:407–423

Pang S (2001) Modeling of stresses and deformation of Radiata Pine lumber during drying. In:
Proceedings of the 7th international IUFRO wood drying conference. Tsukuba, Japan, pp
238–245
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