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Abstract
Despite the engineering importance of creep of composite materials and other 
fibrous anisotropic load-carrying materials like wood, there is an apparent lack in 
useful experimental data in 3D. Proposed creep models are generally not commen-
surate with realistic data from experimental characterization. In the present study, an 
orthotropic linear viscoelastic model is presented and examined on its performance 
of predicting the time-dependent nature of wood and composite materials. The con-
stitutive equations are presented using the hereditary approach. A clear description 
of the finite element implementation of the material model is given. Since constant 
Poisson’s ratios are a common assumption for viscoelastic composites due to lack of 
data, this study presents the effects of time-dependent Poisson’s ratio in the study. 
The model is calibrated against inevitably asymmetric experimental creep data 
using an optimization approach. With time-dependent Poisson’s ratios, the results 
show that the model is able to simultaneously capture the time-dependent behaviour 
in three material axis of orthotropic materials such as European beech wood and a 
fibre-reinforced composite. However, a relatively poor match was found when the 
Poisson’s ratios were set to be constant. Thus, the frequently employed assumption 
of constant Poisson’s ratios should be made with caution.
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Introduction

Creep of composites and other fibre-based load-carrying materials, typically result 
in increasing structural deformations. In engineering, creep of for example compos-
ite rotors may lead to deformations that compromise their mechanical function and 
lead to failure as seen in the paper of Tzeng (2003). In structures based on wood 
and wood-plastic composites, creep is a design concern that is showcased in the 
works of Alrubraie et al. (2020), Morlier (1994) and Holzer et al. (1989). In creep of 
most engineering structures, the stress-state is generally not uniaxial. Composite and 
wood-based materials are generally anisotropic, and the deformation behaviour is 
thus different in different directions. It is often sufficient to assume that these materi-
als are orthotropic to capture the main deformations. Another frequent simplifying 
assumption is the linear viscoelastic behaviour (Afshar et al. 2020), i.e. the strains 
are linearly dependent on the stress history. Creep testing in several axial directions, 
including shear, is thus necessary to obtain a creep model which is able to predict 
deformations in the orthotropic case. Such a full set of experimental data are gener-
ally not available, and further assumptions are typically needed to conceive a useful 
three dimensional (3D) model, which may be used in deformation predictions of 
complex-shaped structures using finite-element analyses. These assumptions should 
preferably be made based on the material behaviour and sound engineering argu-
ments. Creep models presented in the literature are either too general with a large 
number of fitting parameters, or too simple, i.e. one-dimensional only, to predict 
deformations in several directions. This paper aims to fill this gap by presenting a 
balanced model apposite to experimental data and the desired predictive capability.

There has been extensive research on the viscoelastic properties of timber struc-
tures and composites. Some recent viscoelastic modeling of such materials is pre-
sented first, before showing the advantages of the present approach in the context of 
creep modelling balancing limited materials data and predictability. The approach 
does not discriminate between composite and wood materials. These may be 
regarded as examples of orthotropic materials, for which the procedure is intended.

The studies by Vidal-Sallé and Chassagne (2007), Fortino et  al. (2009) and 
Huč and Svensson (2018a) are based on differential approaches by a combination 
of dashpots and springs in their viscoelastic models for timber. These models take 
into account a number of phenomena particular to wood materials, such as effects 
of moisture content and mechanosorption. A challenge when using these models is 
often to experimentally identify all the parameters needed in the model. In Vidal-
Sallé and Chassagne (2007), a full 3D constitutive law is proposed for orthotropic 
nonlinear viscoelastic behaviour. Their model is based on a rheological generalized 
Maxwell model with two elements in parallel in addition to a single linear spring. 
The dashpots of the two Maxwell elements are nonlinear to take into account mech-
anosorptive nonlinearities. Fortino et al. (2009), contrary to Vidal-Sallé and Chas-
sagne (2007), used a generalized Kelvin model with nonlinear elements to take into 
account the hygroexpansion effects, viscoelastic creep and mechanosorption.
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In the study by Huč and Svensson (2018a), a three-dimensional (3D) rheological 
model for an orthotropic material is presented. The model is an extension of the two-
dimensional (2D) model developed by the same authors (Huč and Svensson 2018b) 
and is also based on the idea of combining dashpots and springs in different orien-
tations. Using different experimental creep data from the literature and calibrating 
the model parameters accordingly, the model is able to predict the time-dependent 
response in three material directions simultaneously.

The anisotropic linear viscoelastic models by Abouhamzeh et al. (2015), Zocher 
and Groves (1997) and White and Kim (1998) used the hereditary approach to 
account for the thermo-viscoelastic behaviour of composite material in order to 
estimate the residual stresses during cool-down. The analysis has been shown to be 
useful in prediction of residual stresses during production of composite components 
and also in varying thermal environments. Only the thermo-viscoelastic behaviour 
of the polymer constituent is characterized, from which the composite properties are 
estimated. In Abouhamzeh et al. (2015), the properties of the orthotropic material 
are calculated in the Laplace domain and used as input to the subroutine provided to 
the material model in ANSYS.

Nonlinear viscoelastic models require creep data at many stress levels. Available 
data are generally limited to only a few stress levels. A linear viscoelastic model is 
therefore often the immediate choice. In primary and secondary creep, covering the 
largest portion of creep life, it can be fair to assume linearity. Most structures are 
designed in such a way that stress levels are much smaller than strength values, in a 
regime where the material is likely to show a linear behaviour.

In linear viscoelastic models, the elastic moduli are considered to be depend-
ent on time only. The aforementioned models in Fortino et al. (2009), Vidal-Sallé 
and Chassagne (2007), Huč and Svensson (2018a) and Huč and Svensson (2018b) 
have been able to display the time-dependent Poisson’s effect. In Zocher and 
Groves (1997) and White and Kim (1998), constant Poisson’s ratios are assumed 
for their models. This is not often experimentally the case as seen in Pandini and 
Pegoretti (2008). Another effect that is largely unaddressed is that experiments 
typically show asymmetric relaxation and compliance matrices which is shown 
by works of both Ozyhar et al. (2013) and Endo and de Carvalho Pereira (2017). 
Additionally, in the works of Ando et  al. (2013), they highlight the asymmet-
ric behaviour of the creep behaviour of Japanese cypress, but were not able to 
explain the cause of this behaviour. Obara (2018) tried to verify the commonly 
assumed elastic orthotropic model of wood by going through the elastic constants 
available in the literature, and concluded that many of the works found did not 
satisfy the symmetry conditions. One plausible theory to explain the asymme-
try stem from the inaccuracy of the measuring equipment which is discussed by 
Bodig and Jayne (1982) and Gonçalves et  al. (2011). High precision measure-
ments are difficult, especially when measuring strains perpendicular to the load-
ing direction, which is often several of magnitudes smaller than the strains par-
allel to the loading. Another source of asymmetry might be from the specimen 
itself due to imperfection and orientation of the material direction inside. Finally, 
as discussed in Garab et al. (2010), since wood is a natural material, its irregular 
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cell-structure in the micro-scale might introduce some nonlinear behaviour that 
might be perceived as asymmetry in the macro-scale.

In this paper, the hereditary approach is used to represent the viscoelastic 
behaviour of orthotropic materials, of which its derivation and finite element 
derivation is well explained in the following section. The parameters of the two-
term Prony series model are calibrated with experimental creep data, as a balance 
between under and over-fitting. Two assumptions concerning the Poisson’s ratios 
were considered: time dependent and constant. Furthermore, a straighforward 
approach how to deal with the inevitable asymmetric behaviour of experimental 
data is presented. The overall scheme is schematically illustrated in Fig. 1.

Theoretical background

In this section, the theoretical background of the orthotropic linear viscoelastic model 
is presented by means of the hereditary approach, which in turn serves as input in the 
numerical implementation.

In linear viscoelasticity, the stress can be expressed by the convolution integral, 
Starting from an unloaded and completely relaxed state at t = 0−,

where �i and �i are stress and strains in index form using the Voigt notation, and 
Cij are the components of the time-dependent (relaxation) stiffness matrix. Further-
more, Cij is assumed to be described by a Prony series

(1)𝜎i(t) = Cij(t)𝜀j(0) +

t

∫
0

Cij(t − s)�̇�j(s)ds.

Fig. 1  Schematic illustration of the present investigation, where existing experimental data for ortho-
tropic materials is captured by well-balanced rheological model
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where C∞
ij

 , Ck
ij
 and �k

ij
 are the model parameters that will be determined in the sec-

tion “Determination of the model parameters”, and M is the number of terms used in 
the Prony series and k is the index of summation that has a lower bound of unity and 
an upper bound of M. Equation (2) is analogous to the 1D Prony series model which 
is well presented in the works of Tschoegl (2012) and Ottosen and Ristinmaa (2005). 
The instantaneous static behaviour is described using Eq. (2) in Eq. (1) at t = 0,

The stress at an arbitrary time t can be obtained using a recurrence relation by com-
bining Eqs. (1) and (2), resulting in the following expression:

which in return can be separated in an elastic and several viscous parts, namely

where,

and,

In a stepwise integration, it is useful to evaluate the integral in Eq. (7) by separating 
it into two domains s = [0, t − Δt] and s = [t − Δt, t] , resulting in

(2)Cij(t) = C∞
ij
+

M∑
k=1

C
(k)

ij
e
−

t

�
(k)
ij ,

(3)�i(0) = Cij(0)�j(0) =

[
C∞
ij
+
∑
k

C
(k)

ij

]
�j(0).

(4)𝜎i(t) =

[
C∞
ij
+
∑
k

C
(k)

ij
e

−t

𝜏
(k)
ij

]
𝜀j(0) +

t

∫
0

[
C∞
ij
+
∑
k

C
(k)

ij
e

−t−s

𝜏
(k)
ij

]
�̇�j(s)ds,

(5)�i(t) = �i,elastic(t) +

M∑
k=1

�
(k)

i,viscous
(t)

(6)𝜎i,elastic = C∞
ij

⎛⎜⎜⎝
𝜀j(0) +

t

∫
0

�̇�j(s)ds

⎞⎟⎟⎠
= C∞

ij
𝜀j(t)

(7)𝜎
(k)

i,viscous
= C

(k)

ij

⎛⎜⎜⎝
e

−t

𝜏
(k)
ij 𝜀j(0) +

t

∫
0

e

−t−s

𝜏
(k)
ij �̇�j(s)ds

⎞⎟⎟⎠
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From Eq. (7), the viscous stresses are evaluated at time t − Δt,

Since the terms in Eq. (9 may be found in Eq. (8), the current viscous stresses are 
described by the viscous stresses at t = t − Δt such as

Finite element implementation

To implement a material model in a commercial finite element software such as 
ANSYS mechanical APDL, it is convenient to calculate the stress based on a strain 
increment and the information of the previous time steps. This is done by using the 
relaxation form to derive the viscoelastic constitutive equations. For small time steps 
Δt , the strain rate �̇�j may be considered constant,

and thus Eq. (10) transforms into

From Eq. (12), it is now possible to obtain the viscous stresses from each time step 
Δt . It is noted that the viscous stresses at time t are equal to a fraction of the viscous 

(8)

𝜎
(k)

i,viscous
= C

(k)

ij

⎛⎜⎜⎝
e

−t

𝜏
(k)
ij 𝜀j(0) +

t−Δt

∫
0

e

−t−s

𝜏
(k)
ij �̇�j(s)ds

+

t

∫
t−Δt

e

−t−s

𝜏
(k)
ij �̇�j(s)ds

⎞
⎟⎟⎠

(9)

𝜎
(k)

i,viscous
(t − Δt) = C

(k)

ij

⎛⎜⎜⎝
e

−t−Δt

𝜏
(k)
ij 𝜀j(0) +

t−Δt

∫
0

e

−t−Δt−s

𝜏
(k)
ij �̇�j(s)ds

⎞⎟⎟⎠

= Ck
ij
e

−Δt

𝜏
(k)
ij
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e

−t

𝜏
(k)
ij 𝜀j(0) +

t−Δt

∫
0

e

−t−s
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(10)𝜎
(k)

i,viscous
= e

−Δt

𝜏
(k)
ij 𝜎i,viscous(t − Δt) + C

(k)

ij

t

∫
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e

−t−s

𝜏
(k)
ij �̇�(s)ds

(11)�̇�j =
Δ𝜀j

Δt
,

(12)�
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�
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�
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stress from the previous time step plus a stress increment due to the strain increment 
Δ�j . Finally, the total stress is the sum of the elastic and viscous contributions,

In addition to the stress update, it is necessary to provide the consistent tangent stiff-
ness, also known as the material Jacobian, to the finite element (FE) software. The 
consistent tangent stiffness is necessary to derive the constitutive component of the 
internal virtual work, where the latter is discretized to formulate the FE equations 
which is later solved via Newton–Raphson iterations to find the corresponding dis-
placements that yield equilibrium. Deriving Eq. (13) with respect to the strain �j , the 
Jacobian is obtained,

From Eq. (2), it should be noted that this approach will have 9 + 18M parameters 
that need to be defined in order to fully describe the viscoelasticity of a general 3D 
orthotropic material. Choosing an adequate number of parameters is often a chal-
lenging task. On the one hand, overfitting by too many empirical parameters does 
not add any significant predictive precision given the generally large scatter in meas-
ured data. On the other hand, underfitting with too few parameters will not capture 
the main traits of the time-dependent load-deformation behaviour.

Determination of the model parameters

Given that creep experiments in all directions have been performed, the parameters of 
the model may readily be identified. The (relaxation) stiffness matrix C in Eq. (2) is 
assumed to be the inverse of the (creep) compliance matrix D where

(13)

�i(t) = C∞
ij
�j(t)+

M∑
k=1

e

−Δt

�
(k)
ij �i,viscous(t − Δt)

+

M∑
k=1

1 − e

−Δt

�
(k)
ij

Δt∕�
(k)

ij

C
(k)

ij
Δ�j

(14)Ctan
ij

=
��i(t)

��j(t)
= C∞

ij
+

M∑
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1 − e
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�
(k)
ij
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ij

C
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in the orthotropic case (L: Longitudinal, R: Radial and T: Tangential).
It should be emphasized that each element in the compliance matrix, as well 

as its components, is time dependent. The time-dependent Poisson’s ratios are 
defined as discrete points in time, such

which are determined by the strain in the lateral direction of the creep test, �j , and 
the strain in the loading direction of the same creep test, �i . Likewise, the time-
dependent Young’s moduli are also defined as discrete points in time

which are determined by the constant creep stress �i and the resulting strain �i . 
Determining the shear moduli Gij is analogous to Eq. (17).

It is important to keep the compliance matrix as a symmetric matrix in order 
to invert it and obtain a symmetric stiffness matrix, which is a requirement when 
implementing it in a FE software as a linear problem. Experimentally, the com-
pliance matrix is never fully symmetric (e.g. see Ozyhar et al. 2013; Rogers and 
Pipkin 1963). The matrix can be made symmetric in different ways. The simplest 
way being the averaging of the off-diagonal elements of the compliance matrix. 
However, in this study the symmetry is enforced by mixing the off-diagonal terms 
into one term by using a weighting variable x, see Eq. (18). Consider two sepa-
rate uniaxial tensile creep tests (in 2D) in which constant stresses, �L and �L , are 
applied in each test, respectively. The constant stress �L is applied in the longitu-
dinal direction, resulting in a creep strain �L

L
(t) in the loading direction, and creep 

strain �L
R
(t) in the radial direction due to the Poisson effect. Similarly, the constant 

stress �R is applied in the radial direction, resulting in a creep strain �R
R
(t) in the 

loading direction, and creep strain �R
L
(t) in the longitudinal direction due to the 

Poisson effect. Inserting Eqs. (16) and (17, allows us to calculate the off-diagonal 
elements D21 and D12 in Eq. (15) as discrete points. It is expected that D12 and D21 
are not equal to each other from the experiments, and thus a weighted operation 
has to be made to make the compliance matrix symmetric. For instance, one can 
define a new diagonal element Dsym

12
 such that

(15)D =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

EL

−�LR

ER

−�LT

ET

0 0 0

−�RL

EL

1

ER

−�RT

ET

0 0 0

−�TL

EL

−�TR

ER

1

ET

0 0 0

0 0 0
1

GLR

0 0

0 0 0 0
1

GLT

0

0 0 0 0 0
1

GRT

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)�ij(tn) = −
�j(tn)

�i(tn)
.

(17)Ei(tn) =
�i

�i(tn)
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where x is decided by minimizing the absolute error in terms of Euclidean norms,

D
sym

12
 is meant to replace the off-diagonal terms D12 and D21 in the compliance 

matrix, thus the same operations can be made on D13 and D31 (longitudinal and 
tangential) and D23 and D32 (radial and tangential), respectively. When Dij are fully 
defined, Cij are defined by means of inversion. Note that the elements of Cij are still 
discrete points in time and need to be curve-fitted to follow Eq. (2) using any curve-
fitting algorithm/software of choice.

Numerical implementation

The proposed model was implemented in the ANSYS subroutine USERMAT to 
describe the viscoelastic behaviour of common orthotropic materials. The model 
parameters C∞

ij
 , Ck

ij
 and �ij are determined by calibrating against measured creep data 

from various experimental studies using MATLAB function lsqcurvefit . The 
compliance matrix was rendered symmetric by minimizing the absolute errors as 
described in the "Determination of the model parameters" section with Eqs. (18) and 
(19), using the same MATLAB fitting function. For lack of shear creep data in the 
literature, the shear components are not included here. Each component of the stiff-
ness matrix was described with one constant value and two exponential terms in the 
Prony series, meaning in Eq. (2), M = 2 . The variability of data does not motivate 
more exponential terms. With fewer terms, the main characteristics of the creep 
curves cannot be captured which was concluded from a pre-study.

For the time-integration scheme, the Newmark-Beta method with default param-
eters was chosen in Ansys. The time-stepping during the solution was automatic, but 
the maximum time step was determined from a pre-study for each loading direction. 
In the pre-study, the maximum time step was halved until the relative difference 
between the final creep strains (in all directions) at t = end was 0.1%.

As mentioned previously, many authors such as Abouhamzeh et al. (2015), White 
and Kim (1998) and Melo and Radford (2003) assume that the Poisson’s ratio is 
constant, although it has not been shown that this is a fair assumption in general. 
Therefore, we consider the two cases, where (i) the Poisson’s ratio is time depend-
ent, and (ii) the Poisson’s ratio is constant and does not vary with time, i.e. �ij(t) in 
Eq. (16) is replaced with

The comparison of the two cases in light of experimental data can show if the sim-
plifying assumption of constant Poisson’s ratios significantly impairs the accuracy 

(18)D
sym

12
= xD12 + (1 − x)D12,

(19)� =∣∣ �L
R
− D

sym

12
(x)�L ∣∣ + ∣∣ �R

L
− D

sym

12
(x)�R ∣∣ .

(20)�ij = −
�j(t = 0)

�i(t = 0)
.
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of the model. Such assessment applied to orthotropic creep data in the literature has 
so far not been found to the knowledge of the authors.

Two examples of a cube in solid wood and one of fibre-reinforced composite 
material are demonstrated. The cubes with unit edge lengths are modelled in Ansys 
Mechanical APDL. The cube edge length was arbitrarily taken to be 1 mm, although 
the length has no effect on the results in these simulations since there is no length-
scale effect in the model. The cube itself is meshed by a single trilinear hexahedral 
element, which is separately loaded in the three perpendicular material axes. The 
performance of the numerical model is measured by the coefficient of determination, 
R2 , as recommended by for example Hines and Montgomery (1980). However, this 
statistic measure should be used with caution as it is possible to get a “perfect fit” 
by forcing the model to go through all the data points by increasing the amount of 
model parameters without considering what happens between the data points. Thus, 
it is also important to plot the model and data points for qualitative comparisons.

European beech wood

Ozyhar et al. (2013) performed a tensile creep test of European beech wood to high-
light the unequal time dependency of the Young’s moduli and the Poisson’s ratios 
obtained. The samples were of thick dogbone shape and the creep tests were car-
ried out in a constant climate test room under controlled environmental conditions. 
The creep test was realized with a universal testing machine with a load cell of 10 
kN, with three samples per loading direction. To avoid mechanosorptive creep, the 
samples were pre-conditioned and reached their moisture equilibrium in the same 
climate condition as before testing. The creep load was adjusted depending on which 
material direction as parallel to the loading direction. For radial and tangential 
direction, the load level was set to 75% of the yield stress defined in the direction. 
When loading in the longitudinal direction, the load level was of 25% of the ulti-
mate strength in the longitudinal direction. The load levels in the experiment were 
well within the linear viscoelastic assumption according to Ozyhar et al. (2013). The 
creep strains are captured via digital image correlation. The resulting creep curves 
are shown for each loading direction in Fig. 2 for longitudinal (L), Fig. 3 for tangen-
tial (T) and Fig. 4 for radial (R).

It is readily possible to take into account either fully time-dependent or constant 
(time invariant) Poisson’s ratios in the model. Additionally, one can choose which 
specific Poisson’s ratios are to be constant or allowed to be time dependent. This 
selection can be done by identifying which Poisson’s ratio changes the least in com-
parison with the others. In the experiment of Ozyhar et al. (2013), it was identified 
that �RL , �TL and �RT did not change as fast as the remaining three Poisson’s ratios, 
perhaps due to the stiffening effect of radial rays prevalent in hardwoods. Thus, the 
assumption of having these specific ratios to be time-independent was implemented 
into the model as well as a third case.

The first curves in Figs. 2, 3 and 4 are the un-constrained model of which all 
the Poisson’s ratios are fully time dependent. Using the creep strains from the 
experiments of Ozyhar et al. (2013), Eq. (16) was used to get the time-dependent 
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Poisson’s ratios. For the time-invariant Poisson’s ratios, we took the initial elas-
tic strains from the experimental creep data at t  =  0 and thus use Eq.  (20) to 
compute that assumed constant ratio. This procedure was done for all of the 
Poisson’s ratios for the fully constant assumption and done for �RL , �TL and �RT 
for the semi-constant assumption. When we have both the Poisson’s ratios from 
either Eqs. (16) or (20) and the Young’s moduli from Eq. (17), these parameters 
were inserted into the creep compliance matrix in Eq.  (15). Since the compli-
ance matrix is not symmetric in general, as enforced symmetry by replacing the 
off-diagonals in the matrix by a mixture of the terms through Eqs. (18) and (19). 
The model parameters for each model are given in the tables in the supplemental 
material.

Fig. 2  Comparison of creep curves between experimental measurement and viscoelastic models with 
time-dependent and (some) constant Poisson’s ratios. Creep curves are presented in the longitudinal, �

L
 , 

tangential direction, �
T
 , and radial direction, �

R
 , during tensile loading in the longitudinal direction (L). 

The experimental data for beech wood are from Ozyhar et al. (2013)
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Fibre‑reinforced composite material

Although creep in structures from orthotropic materials is more prominent in 
wood, it also is of relevance for fibre-reinforced polymer composites (e.g., Tzeng 
2003). To demonstrate the generality of the present approach beyond wood mate-
rials, an application for a fibre-reinforced composite material is shown. Endo and 
de  Carvalho  Pereira (2017) performed an approximately 3.5  weeks long tensile 
creep test of a glass-fibre-reinforced thermoplastic composite at a temperature of 
23.5  ◦ C. The samples were taken from injection-moulded plates of short-fibre-
reinforced polybutylene terephthalate in a region with a uniform in-plane fibre 

Fig. 3  Comparison of creep curves between experimental measurement and viscoelastic models with 
time-dependent and (some) constant Poisson’s ratios. Creep curves are presented in the longitudinal, �

L
 , 

tangential direction, �
T
 , and radial direction, �

R
 , during tensile loading in the tangential direction (T). 

The experimental data for beech wood are from Ozyhar et al. (2013)
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orientation distribution making the material essentially orthotropic. Two load-
ing directions were used, parallel and perpendicular to the main material axis, 
denoted as the longitudinal (L) and transverse (T) direction, respectively. A ten-
sile stress of 12 MPa was applied to both cases. The resulting creep curves are 
shown in equal dashed lines for each loading direction, i.e. Fig. 5 in the longitu-
dinal direction and Fig. 6 in the transverse direction, showing the resulting creep 
strains in the longitudinal direction, �L and in the transverse direction, �T . The 
models in Figs. 5 and 6 are made in the same way as described in the previous 

Fig. 4  Comparison of creep curves between experimental measurement and viscoelastic models with 
time-dependent and (some) constant Poisson’s ratios. Creep curves are presented in the longitudinal, �

L
 , 

tangential direction, �
T
 , and radial direction, �

R
 , during tensile loading in the radial direction (R). The 

experimental data for beech wood are from Ozyhar et al. (2013)
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section. The model parameters for each model are given in the tables in the sup-
plemental material.

Discussion

For both the composite and wood materials, there is a distinct difference in the abil-
ity of the confined models to predict creep curves along all material axes depend-
ing on whether the Poisson’s ratio are restrained to be constant or allowed to be 
time dependent in terms of a Prony series. However, these trends are different in the 
two types of material, i.e. the wood material (Figs. 2, 3, 4) and the fibre-reinforced 

Fig. 5  Comparison of creep curves between experimental measurement and viscoelastic models with 
time-dependent and constant Poisson’s ratios. Creep curves are presented in the longitudinal, �

L
 , and 

transverse direction, �
T
 , during tensile loading longitudinal direction (L). The experimental data for 

glass-fibre composite material are from Endo and de Carvalho Pereira (2017)
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composite (Figs. 5, 6). In the glass-fibre composite material, the assumed constant 
Poisson’s ratios resulted in larger transverse creep in longitudinal loading direction, 
as shown in Fig. 5. In contrast, the wood sample showed smaller transverse creep 
when all Poisson’s constants were assumed to be constant, as can be seen in Fig. 2. 
This difference between composite and wood behaviour is most likely a result of 
the difference in their microstructure, where the composite is composed of fibres 
and matrix, whereas wood is essentially a cellular material. Nevertheless, it is clear 
that allowing time-dependent Poisson’s ratios, the model could fit very well with 
the experimental data. The difference or similitude between the results from the 
model and the experimental data seen in the graphs is also quantified by the coef-
ficient of determination R2 in Table 1 for the European beech wood material, and in 

Fig. 6  Comparison of creep curves between experimental measurement and viscoelastic models with 
time-dependent and constant Poisson’s ratios. Creep curves are presented in the longitudinal, �

L
 , and 

transverse direction, �
T
 , during tensile loading transverse to the fibre direction (T). The experimental data 

for a glass-fibre composite material are from Endo and de Carvalho Pereira (2017)
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Table 2 for the fibre-reinforced composite material. Despite a limited number of fit-
ting parameters, the model with unfixed time-dependent Poisson’s ratios shows good 
match with experimental creep data with high values of R2 . When the R2 values are 
negative, the model does not even follow the trend and leads to a worse fit than just 
taking the constant average value.

Although fixing the Poisson’s ratios in the 2D case for the composite material 
turned out to be an imprudent choice, fixing some of the Poisson’s ratios for the 3D 
case did not impair the model predictions. Some of the ratios turned out to be essen-
tially time-invariant, viz. �RL , �TL and �RT , and by setting only these to constants 
an almost equally good fit was obtained for most directions, as shown in Figs.  2, 
3 and 4 and compiled in Table 1. For orthotropic materials in general, it can thus 
be acceptable to assume constant Poisson’s ratios in certain directions. Which Pois-
son’s ratios can be assumed to be constant and which cannot must be confirmed by 
experimental results. A constant Poisson’s ratio means that the strain in the loading 
direction creeps proportionally to the measured resulting strain in the lateral direc-
tion. The underlying reasons for this proportionality, or lack thereof, must be a result 
of the creep mechanics on the microstructural level. These mechanisms are different 
for composites [see e.g. Eitelberger et al. (2012) and Wen et al. (1997)], due to the 
microstructural differences of these materials.

Table 1  Coefficient of 
determination values, R2 , as 
a measure to compare the 
fit to experimental data for 
beech wood from Ozyhar et al. 
(2013) for strains �ij , where i is 
the loading direction and j is 
direction of measured strain

Coefficient of determination, R2

Strains Model Model with �
RL

 , �
TL

 
and �

RT
 constant

Model with all Pois-
son’s ratios constant

�
L

L
0.9329 0.8442 0.8146

�
L

T
0.9895 0.9980 0.2646

�
L

R
0.9209 0.9984 − 3.3246

�
T

L
− 2.2558 − 2.5471 − 4.6832

�
T

T
0.9411 0.2974 0.9855

�
T

R
0.7374 0.8257 0.8352

�
R

L
− 3.2918 − 5.1936 − 23.8453

�
R

T
0.9537 0.8547 0.3651

�
R

R
0.9640 0.9724 0.9450

Table 2  Coefficient of 
determination values, R2 , as a 
measure to compare the fit to 
experimental data for a glass-
fibre composite material from 
Endo and de Carvalho Pereira 
(2017) for strains �ij , where i is 
the loading direction and j is the 
direction of measured strain

Coefficient of determination, R2

Strains Model Model with 
constant Poisson’s 
ratios

�
L

L
0.9746 0.9908

�
L

T
0.7926 0.4221

�
T

L
0.5957 − 2.1578

�
T

T
0.9581 0.9600
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In general, the model appears to have some relative difficulties in capturing the 
Poisson’s effect in Figs.  2, 3 and 4 and quantified by R2 values in Table  1. This 
is mainly due to the asymmetry of the experimental data and how the off-diagonal 
components of the compliance matrix were determined. In practice, the experimen-
tal behaviour is not fully orthotropic, although an orthotropic model is prescribed to 
represent the experiments. A result of the minimisation in Eqs. (18) and (19) is that 
the Poisson’s effect in the tangential and radial directions are favoured over the one 
in the longitudinal direction. Incidentally, this is beneficial from a practical point of 
view, as the creep in the longitudinal direction in general is often negligible com-
pared to the perpendicular directions. However, if the fitting is unfavourably skewed, 
it is possible to weight the minimisation problem towards capturing the longitudinal 
direction if the user so chooses.

It has been shown that it is quite sufficient to use only two exponential terms in 
the Prony series for each component in the stiffness matrix. However, the model 
allows for an arbitrary number of terms for Cij in Eq. 1. It is of interest to find out 
how many or how few terms are needed in a sufficiently accurate model given the 
experimental scatter. Looking closely at the plots at t = 0 there is sometimes a con-
siderable difference between model and experimental data. However, the overall 
trend and behaviour are adequately captured. It is possible to increase the number 
of Prony terms (M) in Eq. (2) to accurately predict the elastic behaviour. However, 
in the present study, capturing the long term behaviour is the main issue of hand. 
At this point, the predictive capabilities have however been shown for a straightfor-
ward hereditary orthotropic viscoelastic model where the elements in the compli-
ance matrix are described by two terms in the series in Eq. (1). Furthermore, a direct 
way to handle asymmetric (non-orthotropic) experimental data has been presented 
in Eqs. (18) and (19). The costs of fixing Poisson’s ratios has been investigated, and 
found to be acceptable only in case it has been experimentally shown that these do 
not vary with time.

As of right now the model is only able to take into account linear viscoelastic 
creep and elasticity under constant climate conditions. Therefore, the present model 
has some limitations: When the model is calibrated against creep data at a given 
climate condition, the obtained model parameters may only be used at that given 
climate condition. Thus, if for example the model has been calibrated against creep 
data of European beech wood at 65% relative humidity and 20 ◦ C, the model will 
only be valid to be used for structures or components made from European beech 
wood at 65% relative humidity and 20 ◦ C. The obtained model parameters may be 
verified by looking for similar experimental data with the same wood species and 
climate condition, but this has proven to be of great difficulty as there is a lack in 
creep data in general. Instead, a suggested future work of this study may include a 
physical experiment of a wooden structure under a constant multi-axial stress state. 
Then said structure is replicated in a finite element environment using the model 
calibrated against the same type of wood species and climate condition to assess the 
generality of the viscoelastic model.

Another common limitation is that the model is only valid during the same 
duration of the experiment it was calibrated against. If the experimental creep 
data are 24  h, the model will only be valid for 24  h. To the knowledge of the 
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authors, predicting creep longer than the given creep data has yet to be explored 
and requires full understanding of the creep phenomena.

Finally, since the model is intended to be implementable for structural or com-
ponent simulations in FE codes, limitations regarding scale effects should be 
addressed. One should then be aware that the assumptions of homogeneity and 
orthotropy may not be adequate on all length scales for composites and wood 
materials. The cellular microstructure in wood and the fibrous microstructure of 
composites affect the mechanical behaviour on the millimetre scale, and the mate-
rial cannot be regarded as a homogeneous continuum. There is also a risk when 
using the fitted creep model to simulate larger and complex structures, since the 
size effects like knots in wood or resin rich pockets in composites etc. are not 
taken into account. For example the polar orthotropy of wood is not considered 
here, where Cartesian orthotropic behaviour is assumed.

Conclusion

Despite the practical importance of creep in wooden and composite structures, 
experimental data along all main material axes are generally lacking in the lit-
erature. In two of the few sources found for wood and fibre composites, one can 
consider a suitable rheological model that captures the main features, is readily 
implementable in FE software, but does not overfit the experimental data. For the 
available experimental data, it can be recommended to use two exponential terms 
in the Prony series for orthotropic creep. Furtermore, the experimental data gen-
erally do not comply with a symmetric creep compliance matrix, as required for 
orthotropic materials implementation in FE codes. A straightforward scheme to 
render the creep compliance matrix symmetric is presented in this work.

It has been found to be relatively common in creep to assume that Poisson’s 
ratios are constant and the elastic moduli vary with time. This work shows that 
fixing the Poisson’s ratios is generally not advisable, unless it has been shown 
that the Poisson’s ratios are time-independent in the experimental testing.

Overall, the present scheme provides a fast and direct procedure to formulate 
a creep model based on experimental data for orthotropic materials like wood 
and composites. The model can be directly implemented in most FE softwares for 
creep predictions on a structural or component level.
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