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Abstract

The time-dependent mechanical behaviour (TDMB) of soft-
wood is relevant, e.g., when wood is used as building mate-
rial where the mechanical properties must be predicted for
decades ahead. The established mathematical models should
be able to predict the time-dependent behaviour. However,
these models are not always based on the actual physical
processes causing time-dependent behaviour and the physical
interpretation of their input parameters is difficult. The pres-
ent study describes the TDMB of a softwood tissue and its
individual tracheids. A model is constructed with a local
coordinate system that follows the microfibril orientation in
the S2 layer of the cell wall. The inclination of the local
system to the global coordinate system reflects the microfi-
bril angle of the tracheid. Normal excitations in the local
system perform linear elastically, whereas shearing excitation
in the local system produces both elastic and inelastic
responses. The results of the model are compared with exper-
imental results of different types. It was observed that the
model is able to describe the results. Moreover, to some sur-
prise, the introduction of only elastic and viscous properties
on the microscopic scale leads to an apparent macroscopic
viscoelasticity, i.e., the time-dependent processes are to a sig-
nificant degree reversible.

Keywords: constitutive modelling; creep; kinetics; relaxa-
tion; time-dependent behaviour.

Introduction

The time-dependent mechanical behaviour (TDMB) of wood
is far greater than that of most other building materials.
Owing to the desired longevity of buildings, predicting the
mechanical behaviour of timber many decades ahead is
important. This has typically been done by using rheological
mathematical models (Morlier and Palka 1994). Often these
models assume contributions from elastic, viscoelastic, and
viscous components. However, the physical interpretation of

the parameters applied in such models is often difficult (Hunt
1997; Gril et al. 2004). This is because these mathematical
models typically are not related to the physical mechanisms
behind the observed mechanical behaviour (Hunt 1997).

The aim of this study was to describe the mechanical
behaviour of softwood xylem and individual tracheids. This
is done by considering the basic composition and material
structure of the tracheid. Assumptions are included into sim-
ple mathematical equations with regard to the mechanism
causing TDMB.

Tracheid structure and mechanical behaviour

The significant component of the tracheid in terms of load
bearing is the cellulose microfibril (MF). These highly
ordered aggregates of aligned cellulose chains (Atalla et al.
2008) have a helical structure with inclinations varying in
the layers of the tracheid walls. However, the thick S2 layer
of the cell wall constitutes approximately 80% of the whole
cell wall (Brändström 2001). Therefore, the mechanical
behaviour of tracheids is dominated by the contribution from
the MFs in the S2 layer and is closely connected to the
microfibril angle (MFA), i.e., the inclination of the MFs in
the S2 layer. For instance, the modulus of elasticity (MOE)
decreases with increasing MFA (Persson 2000). Also, the
TDMB of wood is influenced by the MFA (Gril et al. 2004;
Kojima and Yamamoto 2004).

When a constant load is applied to wood, the deformation
will increase over time, whereas if a constant deformation is
applied, the required load will decrease over time. These two
processes are termed creep and relaxation, respectively. The
effect of MFA on these processes has been illustrated, for
instance, by Kojima and Yamamoto (2004) who found that
the tensile creep in the longitudinal direction increases dra-
matically with increasing MFA.

The mechanism behind the TDMB has been ascribed to
sliding between the MFs (Balashov et al. 1957; Lotfy et al.
1972; Olsson and Salmén 2001). This sliding over time is
controlled by flow processes within the material, where the
internal hydrogen bonds between the constituents are broken,
moved and reformed in new configurations (van der Put
1989; Hanhijärvi 1995; Bonfield et al. 1996).

Modelling mechanical behaviour of tracheids

In this study, numerical modelling is used to describe the
mechanical behaviour of tracheids. This behaviour is
assumed to be controlled by the behaviour of its dominant
S2 layer. Thus, the composition and structure of only this
layer is considered in this study.

Figure 1 is a schematic illustration of the S2 layer of a
tracheid along with two different coordinate systems. The
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Figure 1 Global and local coordinate systems for a single cell.
Figure 2 Symmetrical energy barrier for a flow process. The
height of the energy barrier is the activation energy. When a force
is applied the energy barrier is tilted, favouring movement in the
force direction.local coordinate system is oriented along the MFs, whereas

the global coordinate system is oriented in the longitudinal
direction of the cell. These two coordinate systems are used
to incorporate contributions of both composition and struc-
ture in the model. For instance, the mechanical properties are
defined in the local system by the composition of the con-
stituents and their mechanical properties. By contrast, the
effect of the tracheid structure is reflected in the angle
between local and global coordinate systems which is similar
to the MFA of the tracheid. With this approach, Berg and
Gradin (1999) modelled the elastic behaviour of single wood
cells with accurate results.

In the local coordiante system, the mechanical properties
of the cell wall can be derived from those of the cellulose
MFs and the embedding matrix (composed of hemicelluloses
and lignin) using composite theory. Sliding between the MFs
on the microscopic scale is equivalent to shearing deforma-
tions. The basic assumption in this study is that time-depend-
ent properties of the cell wall composite are only relevant
for shearing modes. Thus, normal excitations in the local
coordinate system cause only linear elastic responses. These
properties are a result of the lengthening and/or rotation of
covalent and hydrogen bonds (Hinterstoisser et al. 2003). By
contrast, shearing excitations in the local system will cause
both elastic and inelastic responses. The elastic shear res-
ponse is thought to be caused by lengthening and/or rotation
of hydrogen bonds, whereas the inelastic response is a result
of the sliding between MFs controlled by the rate of breaking
and reformation of hydrogen bonds.

Shearing modelled with deformation kinetics

The rate of processes such as the one occurring in shearing
can be described by the theory of deformation kinetics. This
theory has already been applied to the TDMB of wood (for
example, van der Put 1989; Hanhijärvi 1995; Bonfield et al.
1996). However, the novelty in this study is that time-
dependent processes are only active in shearing modes.

The breaking and reforming of hydrogen bonds can be
described by a deformation kinetics approach in terms of a
potential energy surface. A visualisation of this surface is the
symmetrical energy barrier seen in Figure 2. In a stress-free

state, the probability of moving both forwards and backwards
is equal. However, if a force is applied, the energy needed
to cross the energy barrier is shifted, favouring movement
along the direction of the force.

The strain rate for a fully viscous flow process governed
by a single energy barrier can be described (Krausz and
Eyring 1975) by Eq. (1):

‡B E B Ed´ 1 ds V kT DG V sh hC F C Fs q exp - 2sinh (1)
D G D Gdt G dt V h kT 2kTm

where ´ is the shear strain, t is time, G is the shear modulus,
and s is the shear stress. The parameters Vh and Vm are the
volume swept by the motion and the volume of the moving
segment itself, respectively, whereas k is Boltzmann’s con-
stant, h is Plancks’s constant, and T is the temperature. The
difference in potential energy between the non-activated and
the activated states is termed the activation energy (Eyring
1935) and is related to the Gibbs’ free energy of activation,
DG‡.

Under isothermal conditions, Eq. (1) can be simplified to
the following form:

d´ 1 ds
s qAØ2sinh(Bs) (2)

dt G dt

Materials and method

The numerical modelling is performed on commercially available
numerical software. The theory presented here should, however, be
applicable to any mechanics software which can handle user-defined
partial differential equations.

Geometry

To simulate the TDMB of tracheids without having too many
degrees of freedom, only a length section of 250 mm of a single
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Figure 3 Schematic illustration of geometry of the numerical
model.

Table 1 Mechanical properties of the different cell wall components at 208C.

Component Property Dry condition 12% MC Saturated

Cellulose Fraction of cellulose in the cell wall cs0.5 cs0.5 cs0.5
Longitudinal modulus of elasticity s134 GPaEL s134 GPaEL s134 GPaEL

Transverse modulus of elasticity s27.2 GPaET s27.2 GPaET s27.2 GPaET

Shear modulus Gs4.4 GPa Gs4.4 GPa Gs4.4 GPa
Poisson’s ratio ns0.2 ns0.2 ns0.2

Hemicellulose/lignin matrix Longitudinal modulus of elasticity s6 GPaEL s4 GPaEL s2 GPaEL

Transverse modulus of elasticity s4 GPaET s3 GPaET s2 GPaET

Shear modulus Gs2 GPa Gs1.5 GPa Gs1 GPa
Poisson’s ratio ns0.3 ns0.3 ns0.3

Values are based on Berg and Gradin (1999) and Peura et al. (2007).

tracheid is modelled. The cross-section of the tracheid is quadratic
with rounded corners, see Figure 3. The wall thickness is set to
2 mm for earlywood (EW) and to 4 mm for latewood (LW) fibres.
The width of the EW and LW fibres are set to 40 mm (EW) and
20 mm (LW), based on cell dimensions for Norway spruce accord-
ing to Fengel and Stoll (1973).

Mechanical cell wall properties

The local cell wall properties are assigned based on literature data
of elastic mechanical properties of the chemical constituents, see
Table 1. These can be calculated from composite theory for laminar
structures assuming a structure with relatively stiff cellulose MFs
embedded in a matrix with average properties of hemicelluloses and
lignin. The MOE along the MFs and perpendicular to them can thus
be approximated by Reuss and Voigt bounds (McCullough et al.
1976), respectively, due to the assumed laminar structure. The Pois-
son’s ratio between the longitudinal and transverse direction can be
derived from the same basic assumptions as the Reuss model
(McCullough et al. 1976). The Poisson’s ratio between the trans-
verse directions is assumed to be equal to that of the matrix. The
shear modulus of the transverse and longitudinal material directions
is determined by applying composite theory, whereas the shear mod-
ulus of the two transverse directions can be derived under the
assumption of in-plane isotropy.

The local coordinate system of the cell wall is tilted with regards
to the global coordinate system with an angle corresponding to the
assumed MFA of the tracheid. This is done in such a way that two
opposing sides have the same inclination but with opposing sign,
hereby representing the helical arrangement of the MFs (Figure 3).
The local shear behaviour is modelled by deformation kinetics with
literature data for wood (Bonfield et al. 1996) and for rayon cellu-

lose (Krausz and Eyring 1975) as input parameters. The kinetic
parameters are summarized in Table 2. To account for the influence
of water on the kinetics, the effect of varying the kinetic parameter
A in Eq. (2) was investigated. This was done based on the hypo-
thesis that the influence of moisture is more related to the height of
the energy barrier, i.e., the activation energy than any other kinetic
input parameter.

Loading conditions and constraints

The loading conditions in terms of a constant deformation (relaxa-
tion) or constant load (creep) are based on experimental results (Lot-
fy et al. 1972; Eder et al. 2006). The results cover several different
sets of literature data for tensile testing of both softwood single
fibres and softwood tissues. The literature data for single fibres
include relaxation experiments with EW fibres in a moisture satu-
rated condition (Eder et al. 2006). The literature data for tensile
testing of tissues include relaxation experiments with EW tissue in
a saturated condition (Eder et al. 2006) and creep experiments with
normal wood tissue at 238C, 50% RH (Lotfy et al. 1972). It is vital
that the MFA is stated or can be approximated for each set of data
for the numerical model to be properly evaluated. Often, however,
not all necessarily input data in terms of MFA, cell wall area or
either wood or cell wall stiffness are given in the evaluated litera-
ture. Therefore, assumed values for the straining of the model fibres
are used which yield reasonable stresses on the cell wall level.

The constraint applied on the modelled fibres differ between sim-
ulations of single fibres and tissues. For the previous, the rotation
of one end of the fibre is restricted simulating a single fibre which
is free to rotate. The influence of freedom of rotation is examined
by including simulations where rotation is restricted in both ends.
This simulates single fibres with both ends clamped. For the tissue,
the rotation along the entire length of the fibre is restricted simu-
lating the constraint from neighbouring fibres in a tissue.

Results and discussion

Elastic behaviour

The results for both the local elastic cell wall properties as
well as the elastic properties of the cell as a whole are in
accordance with the calculated values from the literature
(Berg and Gradin 1999). In Table 3, the properties along the
MFs and for the cell wall with an MFA of 158 are given.
The only values that deviate markedly are the transverse
Young’s modulus and the shear moduli, all in the saturated
condition. The probable explanation for the very low values
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Table 2 Kinetic parameters used in the present study.

Parameter Explanation Value

Vh Volume of hole swept by the flow motion 5.22=10-27 m3

Vm Volume of flowing segment 1.09=10-27 m3

k Boltzmann’s constant 1.38=10-23 J K-1

T Absolute temperature 293 K
h Planck’s constant 6.63=10-34 J s
DG‡ Change in Gibbs’ free energy 1.12=105 J mol-1

NA Avogadro’s constant 6.02=1023 mol-1

Parameters are taken from Bonfield et al. (1996) and Krausz and Eyring (1975).

Table 3 Elastic results from this study compared with numerical modelling (Berg and Gradin 1999).

Berg and Gradin (1999) This study

Condition 12% MC (GPa) Saturated (GPa) 12% MC (GPa) Saturated (GPa)

S2 layer
Young’s modulus, L 69.2 67.1 69.5 68
Young’s modulus, T 7.33 0.32 5.40 3.73
Shear modulus, LT 2.73 0.02 2.22 1.92
Shear modulus, TT 2.83 0.02 2.08 1.43

Cell wall, MFAs15
Young’s modulus, L 46 42 41.9 38.0

The properties in the S2 layer are determined in the material direction, i.e., along the microfibrils, whereas the cell wall properties are
in the longitudinal direction of the cell.

in the paper of Berg and Gradin (1999) is that the elastic
properties of the hemicelluloses are set very low in the sat-
urated condition due to the softening effect of water (Olsson
and Salmén 2004). In this study, such low values are not
used because it is the opinion of the authors that these low
values rather reflect TDMB of the hemicelluloses than actual
elastic behaviour. The softening of the hemicelluloses should
therefore be incorporated in the time-dependent shearing.
Young’s moduli for the entire cell based on its gross cross-
section are in the ranges 5.2–12.4 GPa.

Experimental results for spruce fibres, tissues and solid
wood with MFAs in the range 0–58 at around 12% moisture
content (MC) was 9.9–12.1 GPa and 26.2–29.4 GPa for the
gross and the actual cross-sectional area, respectively (Keu-
necke et al. 2008). The reason why the current model pre-
dicts a modulus of 12.4 GPa for MFA of 158 could be partly
due to a swelled cross-sectional area at 12% MC, which is
not accounted for in the current model. Also, the entire cell
wall is assigned S2 layer properties, whereas only approxi-
mately 80% of the cross-section of a real EW cell consists
of the S2 layer (Brändström 2001).

Time-dependent behaviour

Figure 4 compares results from experimental findings with
the numerical model. The legends of the figure show a var-
iation in the input parameter A in Eq. (2).

The relaxation of single Norway spruce fibres is illustrated
in Figure 4a and b. It is clear from the previous that the
rotational freedom of the fibre is seen to have a major influ-
ence on the relaxation behaviour. This has also been found

to be the case in the elastic domain, where freedom of rota-
tion decreases the MOE of the fibre (Marklund and Varna
2009). In the time-dependent case, larger freedom of rotation
results in faster stress relaxation. Moreover, the stress relax-
ation appears to stop after a certain time duration. However,
the stress level, after relaxation has died out, depends on the
freedom of rotation. It is clear from Figure 4a that the partial
restriction of rotation better explains the experimental results.
In Figure 4b, this restraining condition is the basis for the
presented modelling results. It is clear that for MFAs of
between 7 and 10 and with a kinetic input parameter in the
range of 10–20 A0, the model is fully capable of describing
the TDMB. The value A0 is calculated on the basis of the
parameters presented in Table 3. In Figure 4c, the same
kinetic input parameters and MFAs are used to model a Nor-
way spruce tissue in relaxation. Again, the model is able to
describe the observed experimental behaviour. However,
there is a difference in behaviour between the relaxation of
tissues and single fibres in that the single fibres seem to
converge to a more or less stable stress level, whereas the
stress relaxation process continues in the tissues case. This
can be seen in Figure 4d, where the declination of the stress-
time curve is larger for tissues than for single fibres, even
though the results for the latter do not extend beyond 400 s.
This can perhaps be explained by an additional component
of the TDMB of tissues, i.e., the shear time-dependent
behaviour of the middle lamella. As it is now, the model is
fully capable of explaining single fibre behaviour while only
considering the behaviour of the S2 layer. This is possibly
due to the lower longitudinal stiffness of the other cell wall
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Figure 4 (a) Experimental results for relaxation of single Norway spruce fibres (MFAs7–108) from Eder et al. (2006) compared with
numerical EW model with the model fibre either clamped in both ends or with free rotation ability. (b) Experimental results for relaxation
of single Norway spruce fibres (MFAs7–108) from Eder et al. (2006) at two different load levels compared with numerical EW model. In
this case the model fibres are clamped in both ends. (c) Experimental results for relaxation of Norway spruce tissues (MFAs7–108) from
Eder et al. (2006) compared with numerical EW model. (d) Experimental results for relaxation of both single fibres and tissues of Norway
spruce compared (MFAs7–108), from Eder et al. (2006). Also inserted are the results from the numerical EW model. (e) Experimental
results for creep of Sitka spruce tissue (MFAs9.28) from Lotfy et al. (1972) compared with numerical EW and LW models. (f) Experimental
results for creep of Douglas fir tissue (MFAs21.68) from Lotfy et al. (1972) compared with numerical EW and LW models.

layers and the dominant contribution of the S2 layer. Thus,
the mechanical behaviour of single fibres can be illustrated
by a system of individual layers connected in parallel with
the contribution of the dominating S2 layer. If other cell wall
layers were also incorporated, only minor improvements in
the predictions of single fibre behaviour should be expected.
In tissues, however, the middle lamella is responsible for
transferring load between the individual cells. It is possible
that the mechanical response of this intercellular layer cannot
be regarded as being connected in parallel with the mechan-
ical response of the individual cells. Thus, if the TDMB of
wood tissues should be predicted, the effect of the middle
lamella should be incorporated.

Creep of different softwood tissues is presented in Figure
4e and f. Here, it is also evident that the geometry of the
model fibre influences the TDMB. Thus, the EW fibre with
its higher polar moment of inertia seems better capable of
describing the experimental results than the thick-walled,
smaller LW model fibre. As remarked before, the TDMB
related to shearing of the middle lamella might be needed to
fully predict the mechanical behaviour.

In the simulation of all the experimental results, the kinetic
input parameter A has been varied in the range of 0.1–20

A0. This variation is based on an expectation of the influence
of moisture on the barrier height, i.e., the activation energy
of the shearing process. The fitting of the numerical model
to the experimental results by varying the kinetic parameter
A seems to follow the expected tendency of smaller activa-
tion energy with greater MC. However, more accurate experi-
mental accounts of creep and relaxation of fibres and tissues
with known MFA are needed to fully fit the numerical model
to the experimental data.

A somewhat surprising result of the present model is that
it is capable of simulating apparent viscoelastic behaviour,
even though only elastic and viscous behaviour are permitted
on a microscopic scale. This can be seen in Figure 5 which
illustrates the TDMB of the numerical models of EW and
LW for a load history with constant load for a little over
0.5 h followed by an equal amount of time without load. It
is clear that the macroscopic behaviour is apparent viscoe-
lastic, and that no viscoelastic component in the local coor-
dinate system is needed to predict macroscopic apparent
viscoelasticity. The shearing of the MFs past each other is
dependent on the breaking and reforming of intermolecular
hydrogen bonds. This process is viscous in that the only
potential for reversing this process is the elastic energy stored



236 E.T. Engelund and S. Svensson

Article in press - uncorrected proof

Figure 5 Creep and creep recovery for models of both EW and
LW models with two different MFA levels. The load has been tuned
so similar elastic strains are produced by both models.

in the covalent bonds of the MFs. Therefore, the fact that
only elastic and viscous components are needed to explain
macroscopic wood behaviour is in line with theories regard-
ing the very nature of the causal mechanisms.

Conclusions

The present study uses very simple basic assumptions regard-
ing the mechanism of TDMB of wood. One assumption is
that the elastic properties derive from lengthening of covalent
bonds, whereas the TDMB of wood is caused by breaking
and reforming of hydrogen bonds. This is modelled by only
allowing time-dependency, described by kinetic theory, in the
shearing modes on the microscopic scale, whereas all other
modes are purely elastic. Thus, no viscoelastic property is
assigned to the model. The mechanical behaviour on macros-
cale is nonetheless apparent viscoelastic, i.e., the TDMB is
to a significant degree reversible. The results indicate that
TDMB such as creep and relaxation originate from complex
interactions of very simple molecular mechanisms and the
structural arrangement of the components in wood cell walls.

Furthermore, the numerical model was fitted to different
sets of experimental data of creep and relaxation behaviour.
This was done by varying the MF angle and the kinetic input
parameter related to the activation energy of the shearing
process. The model was capable of describing the various
experimental findings well, and the changes in the kinetic
parameter was in line with the expectation of lower activa-
tion energy of the shearing process with greater MC.

The model was only partly able to describe relaxation
behaviour of wood tissues, perhaps due to a missing com-
ponent in the macroscopic TDMB: viscous shearing in the
middle lamella. This is, however, very speculative and fur-
ther experimental investigations on this topic are needed.
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