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A B S T R A C T   

Timber is one of the most widely applied engineering materials due to its favorable physical and mechanical 
characteristics. Nevertheless, over the service life, the combination of mechanical load and varying environ-
mental conditions can have a critical influence on the mechanical response of timber structures, considering 
especially the mechano-sorptive characteristics. In this work, the performance analysis of the existing time- and 
moisture-dependent models identifies the need of a more comprehensive 3D constitutive rheological model, 
which can take into account orthotropic, elastic-plastic, viscoelastic and mechano-sorptive aspects, including the 
complex mechano-sorptive recovery phases that may occur over the lifetime. Therefore, a comprehensive al-
gorithm of such a model is developed here. An improvement is made for the mechano-sorptive component by 
introducing an ordinary and a transcending mechano-sorptive part, which are governed by the absolute change 
of moisture content and the change exceeding the historical highest moisture content at each loading phase, 
respectively. Simulations are run under cases with mechanical loading of tension and compression perpendicular 
and parallel to the direction of the fibers. Both medium-term (up to 2500 h) as well as short-term (up to 350 h) 
mechanical behavior of the material under constant temperature is analyzed and good agreements are achieved 
with literature results. Comparison with existing models indicates that the proposed model gives an improved 
prediction of the mechano-sorptive creep and recovery, which has a non-linear dependence on the moisture 
history. Furthermore, sensitivity analyses are performed and the applicability of the model to different species 
under different combinations of load and moisture variation is studied here.   

1. Introduction 

Wood is an anisotropic, elasto-plastic, viscoelastic, hygroscopic 
material. During the service life of a timber structure, the material is 
subjected to an interaction of mechanical loads and environmental in-
fluences such as humidity variations. Since 1960s, experimental works 
[1] proved a strong influence of moisture variation on viscoelasticity, 
which is known as mechano-sorption or mechano-sorptive creep (MS). It 
is observed that the MS of wood is in general greater than the pure 
viscoelastic creep [2]. As a consequence, the combination of mechanical 
loading, moisture variation, and the time-to-failure effect can cause 
initiation of damage in timber elements and may lead to structural 
failure. An example of such structural failure was the collapse of the ice- 
hall Bad Reichenhall [3]. Other examples of structural failures can be 
found in the study of Frühwald et al. [4]. Moreover, besides the possible 

catastrophic problems, the loading combinations are of general interest 
for structural assessment, where the load carrying capacity has to be 
analyzed [5]. Current modification factors like those given in EC5 [6] 
are strong simplifications regarding time-dependence loading as well as 
the humidity influence on both elasto-plastic and the long-term creep 
deformations. Hence, an in-depth research of the mechanical response of 
the materials and development of a material model that predicts their 
mechanical behavior can provide a guide for selecting more appropriate 
modification factors and play an important role in safety assessments of 
timber structures. 

In order to study wood mechanical behavior, the microstructure of 
wood needs to be understood. Wood cell wall consists of different layers, 
among which the secondary wall is the thickest and is believed to have 
major influence on physical and mechanical properties. This layer is 
further divided into three layers, called S1, S2, and S3 layers. Each layer 
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has micro-fibrils aligned in a different angle. The thickest S2 layer 
dominates the cell behavior [7]. Most mechanical properties of wood 
can be explained by the chemical and physical interactions at wood cell 
level. However, the underlying mechanisms of MS remain somewhat 
unclear. Multiple theories, including hydrogen-bonding [8], deforma-
tion kinetics [9], lenticular trellis model [10], and slip-plane [11], were 
proposed to explain the micro-mechanism of the time- and moisture- 
dependent behavior of wood. Subsequently, analytical models based 
on these theories were developed [9,12–15]. These models offer good 
quantitative illustrations of the theories, yet, due to the complexity of 
mathematical equations and the great number of parameters, most of 
them turned out to be very laborious and facing difficulty for practical 
application or 3D generalization. 

On the other hand, phenomenological models of the time- and 
moisture-dependent wood behavior have been extensively studied. The 
first development of a phenomenological model dealing with MS 
behavior dated back to the 70s [16,17], in which MS creep is modeled 
analogously as pure viscoelastic creep but driven by moisture accumu-
lation. Different following-up model constructions, including Kelvin- 
type, co-excitation, Maxwell-type, and hydro-locking models, are 
developed according to the observed wood behavior under specific 
loading and environmental conditions, hence capable of capturing 
viscoelastic and MS characteristics to different extents [13,18]. An in- 
depth performance analysis of different models is given in this study, 
the differences and gaps between models are identified, and the possible 
limitations are discussed. The complexity of modelling MS creep, in 
comparison to the pure viscoelastic creep, lies in its non-linearity with 
moisture change and dependence on the moisture accumulation history. 
Besides the different MS creep rates at desorption and adsorption phases, 
a strong non-linearity is observed when wood is humidified to a mois-
ture content exceeding the threshold experienced at the current load 
level (both at loading and unloading phases). The phenomenon is first 
documented in the study of Armstrong and Christensen [1] and widely 
observed in experiments [17,19–21]. Based on the work of Toratti [22], 
this work proposed a modified model addressing this phenomenon. 
Finally, a generalized 3D orthotropic elastic-plastic viscoelastic 
mechano-sorptive model for wood is developed, which covers the timber 
behavior under varying moisture conditions during loading and 
unloading phases. The proposed model is implemented in the finite 
element code ABAQUS/Standard via a user subroutine UMAT. 

2. Review of rheological models 

2.1. Introduction 

Attempts for constructing rheological models including mechano- 
sorptive behavior dated back to the 1970s [16,17]. After validation of 
those models for specific species, the models have been implemented to 
assess the mechanical response of the material for a wide range of en-
gineering applications [23–26]. A review of wood rheological models, 
primarily on one-dimension, was provided in the work of Hanhijärvi 
[18]. In this work, an overview including the further developments in 
the new century is given, including generalization to three-dimension 
[27–29], modification of constitutive laws [30,31], introduction of 
new elements/mechanisms [32,33], etc. 

A summary of the evolution of modelling methods in the last decades 
is shown in Table 1, where the models are classified into serial type, 
parallel type, structure-based type, and hydro-lock type. These cate-
gories are not mutually exclusive. The Serial and parallel type refer to 
the models where elements (spring, dashpot, etc.) are assembled in se-
rial or parallel, respectively. The structure-based type includes the 
models that developed according to the explanatory micro-mechanisms. 

2.2. Single dashpot 

Since mechano-sorption exhibits similar features to the time- 

dependent normal creep, a “spring and dashpot” model was first pro-
posed [16], shown in Table 1, in which the accumulated absolute 
moisture change |Δu| is used as a substitute for the increment of time, as 
shown in equation (2.1): 

Δεms = aσ|Δu| (2.1)  

where εms, a, and σ represent mechano-sorptive strain, compliance of 
mechano-sorptive creep, and stress, respectively. The compliance a can 
be given different values, for example, three values (a+, a-, and a++) to 
address the different MS creep rate during adsorption, desorption, and 
for the first change Δu > 0 in equation (2.2), respectively [17]. On the 
other hand, by using different compliance values for compression and 
tension situations, it can take into account the fact that MS is more 
pronounced under compression [34] as well. 

a =

⎧
⎪⎪⎨

⎪⎪⎩

a+, if Δu > 0

a− , if Δu < 0

a++, for the first change Δu > 0

(2.2) 

However, a simple linear dashpot is not able to capture the recovery 
after unloading [17] or the MS creep limit [35]. Efforts of introducing 
recovery can be found in the studies of Mårtensson [36] and Ranta- 
Maunus [17]. As an example, an extra recovery compliance L is used 
in addition to MS creep compliance in the integral function in the work 
of Ranta-Maunus [17]. On the other hand, a strain-dependent mechano- 
sorptive parameter is utilized in the study of Mårtensson [20] to address 
the MS creep limit. Nevertheless, Santaoja [27] developed a three- 
dimensional constitutive model based on the simple linear dashpot, 
admitting the incapability in capturing the recovery. On this basis, Qiu 
[33] developed a rheological model taking also the damage mechanism 
[37] into consideration. In the works of Zhou et al.[23] and Qiu [33], 
applications of the 3D model for stress assessment in curved glulam can 
be found. 

2.3. (Generalized) Kelvin-Voigt model 

According to Hunt [38], the gradual exhaustion of the possible in-
ternal mechanisms of MS creep during moisture cycling can give an 
exponential approach to a MS creep limit, which resembles an analogous 
Kelvin-Voigt element (Table 1). Later on, the differential form of Kelvin- 
Voigt MS element was developed by Salin and Yahiaoui [39,40] and the 
integral form by Toratti [22]. A single MS Kelvin-Voigt component was 
used in the model of Becker [41] , where the stiffness of the MS spring is 
modified to be moisture-history dependent. Extension of MS Kelvin- 
Voigt model into 2D (radial and tangential direction) can be found in 
the work of Mårtensson [42]. This model showed satisfactory estimation 
of drying stress on the cross-section and was later combined with 
moisture transport model for application to the full sized timber [43]. 
Huč [44] developed a 2D viscoelastic mechano-sorptive model taking 
into account the time-dependent Poisson’s ratio. Based on the 3D 
formulation work of Fortino et al. [28], Hassani et al. [32] developed a 
rheological model associated with multi-surface plasticity model, where 
four Kelvin-Voigt elements for viscoelasticity and three Kelvin-Voigt 
elements for mechano-sorption are adopted and all material constants 
are defined as a function of moisture content. 

2.4. Modified Kelvin-type model 

One of the inherent properties of the above Kelvin-Voigt element is 
that all the generated strain is fully recoverable, which, is however not 
the case for wood [45]. Hence, to better predict the partially recoverable 
MS strains, modifications of the Kelvin-type models were reported in 
several researches [22,45]. One approach of modification [45] is based 
on the assumption that the irrecoverable MS creep (εir) is in proportion 
to the total MS creep (εms). The evolution of εir is defined in a four- 
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Table 1 
Summary of time- and moisture-dependent wood models.   

Models Main Feature First proposal Further development 

Serial connected 
model 

Single Dashpot Capability: MS creep under loading condition 
Limitation: 1. No MS creep limit 2. No MS recovery 

[16] In 1971 Introducing recovery term and varying 
compliance a-,a+,a++ [17] 
Considering difference under compression 
and tension [34] 
Introducing creep limit term [20] 
3D generalization [23,27,36] 
3D generalization combined with damage 
mechanism [33] 

Generalized 
Kelvin-Voigt 

Capability: 1. MS creep under loading 2. MS creep limit 
Limitation: Only fully MS recovery 

[38] in 1989 Rate form of constitutive equation [39,40] 
Integral form of constitutive equation [22] 
Moisture history related MS stiffness [41] 
2D generalization [42] in 1997/ 3D 
generalization [77] 
2D generalization with time-dependent 
Poisson’s ratio [44] 
3D generalization combined with plasticity 
[32] 

Modified Kelvin- 
type 

Capability: 1. MS creep under loading 2. MS creep limit 
3. Including the irrecoverable part MS recovery 

[45] in 2000 2D generalization with MS-plastic element 
[30,66] 

[16] in 1971 Integral form, compression driven dashpot 
[22] 
Introducing U and u [19] 
3D generalization of [19]’s model [28] 
Applications of [28]’s model [24–26] 

Parallel 
connected 
model 

Co-exitation Main Feature: MS is seen as amplification of 
viscoelasticity 

– – 

Generalized 
Maxwell 

Main Feature: Deformation kinetic theory Limitation: 1. 
Insufficient MS recovery 2. Large number of parameters 

[47] in 1985 First explanation of MS through kinetic 
theory [9,78] 
A calibrated and applied model with 10 
parallel chains using non-linear dashpots [12] 

Micro-structured 
model 

Main Feature: Parallel viscoelastic and MS dashpots 
Limitation: Insufficient recovery 

P + Q parallel elements for viscoelastic and 
MS, associated with failure criterion [48] 
3D generalization of [48]’s model [29,49] 

Micro-stress 
redistribution 

Main Feature: Based on S1/S2 layer interaction theory 
Limitation: Sophisticated construction 

[14,50] in 1986 
and 1987 

– 

(continued on next page) 
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branched equation, based on conditions of moisture content, mechani-
cal stress level, and strain history. Later on, a more concise model was 
developed using a so-called mechanosorptive-plastic element (Table 1), 
where the evolution of plastic deformation is controlled by orthotropic 
yield conditions [30]. With the return-mapping algorithm, the model 
was successfully implemented in 2D and was applied to simulate fast 
drying process. 

The first idea of the second approach came up as early as 1971. 
Leicester [16] proposed graphically a two-unit MS model, where a 
dashpot and a series of Kelvin elements represent the irrecoverable and 
recoverable part of MS, respectively. Such a model (Table 1) was 
formalized in the work of Toratti [22], based on the assumption that the 
irrecoverable dashpot is only driven by compression load. In the study of 
Svensson and Toratti [19] the model was further calibrated for both 
long- and short-term tangential experiments. Different compared to 
what has been presented in the work of Toratti [22], the three Kelvin- 
Voigt elements are driven by the general moisture increment, denoted 
as du, yet the dashpot is only driven by the moisture increment that 
exceeds the previous threshold, denoted as dU. Based on this work, 
Fortino et al. [28] developed a 3D orthotropic viscoelastic mechano- 
sorptive model combined with Fickian moisture transfer model. This 
model covers a wide range of MS characteristics using only linear 
Kelvin-Voigt and dashpot elements for MS part. Hence, it is further 
adopted for a series of wide applications[24–26] . 

2.5. Co-excitation model 

Experiments in the work of Hanhijärvi [18] indicated the existence 
of interaction between viscoelastic and MS creep mechanisms, possibly 
explainable by the physical ageing theory [46]. Consequently, a sketch 
of a co-excitation model (Table 1), instead of considering the two 
mechanisms separately as in Kelvin-type models, was proposed in their 
study. However, the practical effect of such co-excitation mechanism is 
not very strong [18]. 

2.6. Generalized Maxwell model 

Similar to the Kelvin-type models, generalized Maxwell model is one 
of the most classical methods for describing the pure viscoelastic 
behavior as well. The earliest application of such model to wood MS 

creep can be found in the work of Bažant [47], where fv(
⃒
⃒
⃒Ḣ
⃒
⃒
⃒), a function 

of moisture and temperature changing rate, is used to modify the vis-
cosity of each dashpot element and a “ratchet” element is used to 
complete the recovery behavior. This model is purely theoretical and 
experimental validation is yet required to confirm the validity of the 
assumptions of Bažant [47]. 

The first explanation of MS effect using the deformation kinetics 
theory was given by Van der Put [9]. There, the moisture change is 
assumed to lower the activation energy for the hydrogen-bond re-
actions. In addition, mathematical derivation of a generalized Maxwell 
model is provided in his study. Later on, Hanhijärvi [12] adopted the 
idea and developed a model with 10 parallel chains (Table 1), con-
taining elastic springs, non-linear dashpots, and hydro-expansion ele-
ments. MS is considered as a coupled effect of the non-linearity of the 
viscoelasticity and hydro-expansion process. With a couple of assump-
tions, such as a uniform spring stiffness value for nine parallel chains, it 
is claimed that the material parameters that are required for the model 
can be strongly reduced. 

On the other hand, Bou Saïd [48] developed a non-linear generalized 
Maxwell model which is composed of parallel P + Q elements (Table 1), 
representing viscoelastic and MS creeps, respectively. The non-linearity 
is addressed by modifying the viscosity (η) as a function of stress level, 
moisture changing rate (ẇ), and moisture accumulation history (whist). 
This model is associated with failure criterion and softening mechanism. 
Such P + Q type of Maxwell model is further generalized into a 3D Ta
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model [29,49]. The validation tests showed good capability of capturing 
the non-linearity of creep at different structural scales, despite some 
insufficiencies in recovery and hydro-expansion oscillation estimation. 

2.7. Micro-stress redistribution model 

An interpretation of MS creep was proposed in the previous studies 
[14,50] that considers MS creep as being a result of redistribution of 
applied stress in the cell wall, due to the change of friction between the 
S1 and S2 layers induced by moisture content change. A corresponding 
model consisting of two parallel strings, whose stress redistribution is 
controlled by a hygroscopic bar, is developed (Table 1). As pointed out 
by Van der Put [9], this model is comparable to a two-parallel-Maxwell- 
element model containing non-linear dashpots based on another 
microscopic theory, deformation kinetics. Verifications of the model 
[14,50] can be found in the work of Mukudai and Yata [51], yet, the 
sophisticated process of load transfer between inner and outer cell-wall 
layers resulted in complex equations, which are difficult to be applied 
practically [52]. 

2.8. Hydro-lock model 

Hydro-lock theory was first proposed in the studies of Gril [53] in 
order to reproduce the (+), (-), and (++) effects [17]. It assumes a 
temporary strain blocking in a drying phase under stress, which is 
possibly recoverable during humidifying. As summarized by Colmars 
et al. [54], the theory can be implemented by using the integral method 
or the discrete method. For the former method, Dubois et al. [55] pro-
posed a generalized Kelvin-Voigt model using Hooke’s law in humidi-
fying and Bazant’s law for describing the hardening behavior during 
drying phase. Later on, Husson et al. [31] developed the hydro-lock 
spring (Table 1) that retains the minimum stiffness corresponding to 
the mechanical and moisture load. Moreover, by introducing an auxil-
iary mechano-sorptive stress, they could solve the synchronizing diffi-
culty that existed in the work of Dubois et al.[55]. Finally, a double 
heredity integral based on generalized Kelvin-Voigt model with hydro- 
lock spring was developed by Dubois et al. [56]. The latter discrete 
method, also called as box method, was initially proposed by Gril [53] 
using a mixed series/parallel box model. The model was modified and 
formalized by Colmars et al. [54] and was proved to be equivalent to the 
integral method. The existence of hydro-lock strain by mechano-sorptive 
experiments in the longitudinal direction is confirmed in the studies of 
Saifouni [57]. The first 3D hydro-lock model has been developed in 
Nguyen and Destrebecq [58], adopting the final model of Saifouni [57] 
to the longitudinal direction and assuming no hydro-lock effect on the 
other two directions. 

2.9. Summary of the model overview 

Mechano-sorption is a complex mechanism that is specially observed 
in wood. Several explanatory theories were proposed, some with 
microscopic evidence (hydrogen-bonding theory in Navi and Stanzl- 
Tschegg [59]), and some with verification models (deformation ki-
netics discussed in the study of Van der Put [9] and micro-stress redis-
tribution in Mukudai and Yata [50]). However, none of the theories is 
thorough enough to explain all the characteristics of mechano-sorption 
that are observed in the laboratory, summarized by Grossman [60] and 
Mårtensson [20]. 

The results of different studies can be contradictory to each other. As 
an example, it is not clear whether adsorption is leading to MS decrease 
or increase [20]. The mismatching observations are mainly due to their 
high dependency on the tested species and testing setups. As a conse-
quence, there remain uncertainties in the modelling requirements given 
in Grossman [60] and Mårtensson [20] based on the observation sum-
mary. In addition, further experiments are required to clarify the un-
certainties. Yet, these models provide important guidelines for model 

developments and for model capability analysis. 
Except for the primitive dashpot model, co-excitation model, and the 

sophisticated micro-stress redistribution model [50], the Kelvin-type 
model, generalized Maxwell model, and hydro-lock model are all 
capable of capturing the MS creep at desorption and adsorption, as well 
as the MS creep limit when the moisture oscillates within certain 
thresholds. The different MS creep rates that are observed in adsorption 
and desorption can be addressed by using a stress- or strain-dependent 
hydro-expansion element [18,47], which can be associated with all 
the three types of models. The generalized Maxwell model has stronger 
physical background among the three types and the non-linearity of MS 
with stress level has been considered in the generalized Maxwell models 
[29,61] by using non-linear dashpots. The potential of 3D application 
and incorporating orthotropic failure criteria was also studied [49]. 
Hydro-lock type model assumes viscoelastic nature of MS creep, and 
shows a good capability in describing the (++) effect and the partial 
recovery, which is taken into account by the higher creep of wetter wood 
[52]. Efforts in improving Kelvin-type models to mathematically 
describe further MS features can be found in wide ranges of studies, such 
as MS difference in compression and tension [22], partial MS recovery 
[30], time-dependent Poisson’s ratio [44], association with damage 
mechanism [33] and plasticity [32], etc. Moreover, as most of the me-
chanical analogous models are only valid over the time span for which 
the parameters are calculated, a comparison of four models 
[20,41,61,62] and their accuracy in predicting the wood behavior under 
a load duration of 50 years can be found in the study of Schänzlin [13]. 

3. A generalized elastic-plastic viscoelastic MS model 

3.1. Introduction 

This work selected a Kelvin-type model [28] as the starting point for 
the developments. The model is extended to cover plasticity and further 
modifications are made primarily to the mechano-sorptive component. 
With the modification, the model is aimed to describe the following 
mechano-sorption features [20,60]: 

• MS creep limit: MS creep happens along with moisture content cy-
cles. When moisture content is cycling within a fixed threshold, the 
creep strain goes towards a limit value with a decreasing creep rate 
[2,35];  

• Different MS creep rates under desorption and adsorption [20];  
• Transcending creep: the effect of moisture content appears to be 

more pronounced for changes outside earlier attained threshold of 
moisture content, in comparison with the behaviour when the 
changes take place within the moisture limits that have been attained 
earlier [17,20];  

• MS recovery:  
• 1) the recovery of wood after unloading is similar to that for normal 

creep, but accelerated by moisture cycling [20];  
• 2) experiments showed that a certain proportion of the developed MS 

creep does not recover, even if the load is removed and drying 
continues [16,45];  

• 3) if unloading takes place at a relatively low moisture content, large 
recovery occurres when moisture content increases after the 
unloading point [1,17]. 

Moreover, under high compression load, wood develops a strain that 
is not immediately recoverable after removing the load but partially 
recoverable after certain moisture cycles. Here, this strain is considered 
as plastic strain plus a partially recoverable MS strain and is taken into 
account by a plastic component and the MS components in the model, 
respectively. Furthermore, the anisotropic Hill yielding criterion [63] is 
assumed in this work, as wood exhibits brittle behavior under tension 
and ductile behavior under compression. 

As a result, an advanced 3D model is created taking into account 
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orthotropy, elastic-plasticity, hydro-expansion, elastic-plasticity, visco-
elasticity, and mechano-sorption. 

As can be seen in Fig. 1, a serial type of model is used, where the total 
strain tensor εtotal is the sum of different strain components, i.e. elastic 
(εel), hydro-expansion (εu), viscoelastic (εve), ordinary and transcending 
mechano-sorptive (εms,or and εms,tr), and plastic (εpl) ones: 

εtotal = εel + εu +
∑p

i=1
εve

i +

(
∑q

j=1
εms,or

j +εms,tr

)

+εpl (3.1.1) 

From a thermodynamic perspective [30], the Helmholtz free energy 
(ψ) is defined as: 

ψ
(
T, u, εtotal, εu, εve

i , ε
ms,or
j , εms,tr, α

)
=

ψ(T, u) + ψel( εel)+ ψve( εve
i

)
+ ψms,or ( εms,or

j
)
+ψms,tr(εms,tr) + ψpl(α)

(3.1.2)  

where ψel, ψve, ψms,or, ψms,tr are the energy stored in the elastic, visco-
elastic, mechano-sorptive elements, and ψpl represents the plastic 
dissipation (isotropic hardening is considered): 

ψel( εel) =
1
2
(εtotal − εu −

∑p

i=1
εve

i −
∑q

j=1
εms,or

j − εms,tr − εpl)

: Cel
(u) : (εtotal − εu −

∑p

i=1
εve

i −
∑q

j=1
εms,or

j − εms,tr − εpl);

ψve
(
εve

i

)
= 1

2

∑p
i=1εve

i : Cve
i(u) : εve

i ;

ψpl(α) = 1
2

qα2;

ψms,or
(

εms
j

)
=

1
2
∑q

j=1
εms,or

j :Cms,or
j(u) :εms,or

j ;ψms,tr(εms,tr)=
1
2
εms,tr :Cms,tr

(u) :εms,tr

(3.1.3) 

The above parameters Cve
i(u), q, α, Cms,or

j(u) , Cms,tr
(u) will be explained in the 

following subsections. As the temperature is assumed to be constant in 
the present work, the thermal energy ψ(T,u) remains constant. The 
derivation of the total stress tensor as well as the derivation of each 
partial stress tensor from the above thermodynamic equations will be 
given in the following subsections. 

3.2. Elastic strain 

The main constitutive equation of the model is obtained by differ-
entiating the free energy with respect to the total strain tensor and this 
provides the total stress tensor: 

σ =
∂ψ

∂εtotal = Cel
(u) : εel (3.2.1) 

In case of orthotropic elasticity, the elastic compliance tensor Cel
(u)

− 1 

is: 

Cel
(u)

− 1
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
ER

− υTR

ET

− υLR

EL
0 0 0

− υTR

ET

1
ET

− υLT

EL
0 0 0

− υLR

EL

− υLT

EL

1
EL

0 0 0

0 0 0
1

GRT
0 0

0 0 0 0
1

GRL
0

0 0 0 0 0
1

GTL

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.2.2) 

The elastic compliance tensor Cel
(u)

− 1 is moisture dependent. There-
fore all the engineering constants (Ei and Gij) can be expressed as a 
function of the moisture content (u): 

Ei(u) = Ei,ref + bi*
(
u − uref

)
with i = R, T,L

Gij(u) = Gij,ref + bij*
(
u − uref

)
with i, j = R,T,L; i ∕= j (3.2.3)  

where Ei,ref and Gij,ref are the values at reference moisture content uref . 
Hence, the rate form of elastic strain can be presented as: 

ε̇el
= ε̇el,Δu

+ ε̇el,Δσ
= Ċel

(u)

− 1
: σn + Cel

n
− 1

: σ̇ (3.2.4) 

The incremental elastic strain reads: 

Δεel
n+1 = Δεel,Δσ

n+1 + Δεel,Δu
n+1 = ΔCel

n+1
− 1

: σn + Cel
n
− 1

: Δσn+1 (3.2.5)  

3.3. Hydro-expansion 

Hydro-expansion takes the following mathematical rate form: 

ε̇u
= αu( 1 − βuεmech)u̇ (3.3.1)  

where αu = [αu
R,αu

T, αu
L,0, 0,0] includes the hydro-expansion coefficients, 

εmech = εtotal − εu is the mechanical strain, and βu = [βu
R, β

u
T, β

u
L,0, 0,0]

describes the strain-dependency of hydro-expansion, which is proven in 
the studies of Hunt and Shelton [35]. Such application can explain 
partially the difference of MS creep rate during subsequent sorptions and 
desorptions. 

Fig. 1. Schematic illustration of the generalized constitutive model.  
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3.4. Viscoelastic strain 

Viscoelasticity was modeled by a serial association of Kelvin-Voigt 
elements. By taking the derivative of the free energy function with 
respect to the element-wise viscoelastic strain, the driving stress for the 
ith viscoelastic Kelvin–Voigt element can be obtained: 

σve
i = −

∂ψ
∂εve

i
= Cel

(u) : εel − Cve
i(u) : εve

i = σ − Cve
i(u) : εve

i (3.4.1)  

where the viscoelastic compliance tensor Cve
i(u)

− 1 is assumed to be pro-
portional to the elastic tensor with a moisture dependent ratio Jve

i : 

Cve
i(u)

− 1
= Jve

i Cel
(u)

− 1 (3.4.2)  

Jve
i = Jve

i,ref + βve
i

(
u − uref

)
(3.4.3) 

Accordingly, the rate of the viscoelastic strain can be derived from 
the viscoelastic stress: 

ε̇ve
i =

1
τi

Cve
i(u)

− 1
: σve

i (3.4.4) 

By inserting equation (3.4.4) into equation (3.4.1), the rate form of 
the governing equation for ith Kelvin-Voigt element can be obtained: 

ε̇ve
i +

1
τi

εve
i =

1
τi

Cve
i(u)

− 1
: σ(t) (3.4.5)  

where τi represents the retardation time of the ith Kelvin element. Using 
Laplace transformation, the heredity integral form of the stress driven 
problem can be obtained as: 

εve
i (t) =

∫ t

0
e(

ζ− t
τi
)
Cve

i(u)
− 1

: σ(ζ)

τi
dζ =

∫ t

0
(1 − e(

ζ− t
τi
)
)σ̇(ζ)dζ (3.4.6) 

and the incremental strain development can be described as [30]: 

εve
i,n+1 = e

− Δt
τi εve

i,n +

∫ tn+1

tn

Cve
i(u)

− 1
: σ(ζ)

τi
e

(

−
tn+1 − ζ

τi

)

dζ (3.4.7) 

Using integration by part and assuming at each time increment Δt =
tn+1 − tn that: 

∂
(

Cve
i(u)

− 1
: σ(ζ)

)

∂t
=

(
Cve

i(un+1)
− 1

: σ(n+1)− Cve
i(un)

− 1
: σ(n)

)

Δt
= constant (3.4.8)  

the following equations can be derived: 

Δεve
i,n+1 = εve,i

i,n

[

exp
(
− Δt

τi

)

− 1
]

+ Tve
i,nCve

i(un)
− 1 : σn + Tve

i,n+1Cve
i(un+1)

− 1 : σn+1

where Tve
i,n+1 = 1 −

1 − e
− Δt
τi

Δt/τi
, Tve

i,n = 1 − e
− Δt
τi − Tve

i,n+1

(3.4.9)  

3.5. Mechano-sorptive strain 

As shown in Fig. 1, in the new construction of the MS model, the 
mechano-sorption is divided into two parts, namely the ordinary MS and 
the transcending MS. In terms of recovery, efforts have been made in 
addressing the partial recoverability of MS creep, such as the modified 
Kelvin-type models mentioned in Table 1 [18,28]. However, there remain 
some discrepancies between the simulation and experiment at the recovery 
phase in the work of Fortino et al. [28]. According to Ranta-Maunus [17], 
the MS recovery is defined to happen at the moment ς after unloading, such 
that the moisture content surpassing the moisture content at the unloading 
moment t*, also called the critical moisture interval: 

u(ς). > u(t*) for t* < ς < t (3.5.1) 

Although full-MS-recovery (which is not the case of wood) is 
assumed in the study of Ranta-Maunus [17], it provides an inspiratory 
way of addressing transcending mechano-sorptive creep. Similar 
approach can be found in the hydro-lock type of model [56], where 
strain is controlled by the minimum stiffness kmin, which is only updated, 
as after unloading point, when moisture content surpasses the critical 
moisture interval u(t*). 

In this work, both ordinary and transcending part of MS are modelled 
using Kelvin-Voigt elements analogous to the viscoelastic Kelvin-Voigt 
elements. Instead of time increment Δt, the ordinary and transcending 
MS parts are driven by the moisture content increment Δu and the 
transcending moisture increment ΔU, respectively. The transcending 
moisture content U is defined as the maximum moisture content during 
each mechanical loading phase, as shown in Fig. 2). 

Analogous to viscoelastic part, by taking the derivative of the free 
energy function with respect to the element-wise MS strain, the driving 
stress for the jth ordinary Kelvin–Voigt element and for the transcending 
Kelvin-Voigt element can be obtained: 

σms,or
j = −

∂ψ
∂εms,or

j
= Cel

(u) : εel − Cms,or
j(u) : εms,or

j = σ − Cms,or
j(u) : εms,or

j (3.5.2)  

σms,tr = −
∂ψ

∂εms,tr = Cel
(u) : εel − Cms,tr

(u) : εms,tr = σ − Cms,tr
(u) : εms,tr (3.5.3) 

where Cms,or
j(u) and Cms,tr

(u) stand for the ordinary and transcending 
mechano-sorptive stiffness tensors. Following the work of Fortino et al. 
[28], the Cms,or

j(u) can be calibrated based on the elastic engineering con-
stants: 

Fig. 2. Illustration of moisture content u and the transcending moisture content U  
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where Jms
j,L and Jms

j,T are constants, which take into account the different 
MS behaviors in longitudinal and transverse directions. For transcending 
compliance tensor, a uniform ratio Jms,tr is assumed for all directions as a 
simplification: 

Cms,tr
(u)

− 1
= Jms,trCel

(u)
− 1 (3.5.5) 

According to equation (3.5.2) and (3.5.3), the rate of mechano- 
sorptive strain of each Kelvin-Voigt element can be derived from the 
mechano-sorptive driving force: 

ε̇ms,or
j =

|u̇|
τj

Cms,or
j(u)

− 1
: σjms, or (3.5.6)  

ε̇ms,tr
=

⃒
⃒
⃒U̇
⃒
⃒
⃒

τtr
Cms,tr

(u)
− 1

: σms,tr (3.5.7) 

where τj and τtr are the characteristic moisture content for jth ordi-
nary MS element and transcending MS element, respectively. They are 
analogous to the characteristic retardation time for the viscoelastic 
element. Subsequently, the rate form of the governing equation for MS 
element is: 

ε̇ms,or
j +

|u̇|
τj

εms,or
j =

|u̇|
τj

Cms,or
j(u)

− 1
: σ(t) (3.5.8)  

ε̇ms,tr
+

⃒
⃒
⃒U̇
⃒
⃒
⃒

τtr
εms,tr =

⃒
⃒
⃒U̇
⃒
⃒
⃒

τtr
Cms,tr

(u)
− 1

: σ(t)
(3.5.9) 

Using the same approach for viscoelastic part, the final strain 
increment of each MS element can be derived: 

Δεms,or
j,n+1=εms,or

j,n

[

exp
(
− |Δu|

τj

)

− 1
]

+T
ms,or
j,n Cms,or

j(un)
− 1
:σn+T

ms,or
j,n+1Cms,or

j(un+1)
− 1
:σn+1

whereT
ms,or
j,n+1=1−

1− e
− |Δu|

τj

|Δu|
τj

,T
ms,or
j,n =1− e

− |Δu|
τj − T

ms,or
j,n+1

(3.5.10)  

Δεms,tr
n+1 = εms,tr

n

[

exp
(

−
− |ΔU|

τtr

)]

+ Tms,tr
n Cms,tr

(un)

− 1
: σn + T

ms,tr
n+1 Cms,tr

(un+1)

− 1
: σn+1

where T
ms,tr
n+1 = 1 −

1 − e
− |ΔU|

τtr

|ΔU|

τtr

, Tms,tr
n = 1 − e

− |ΔU|

τtr − T
ms,tr
n+1

(3.5.11)  

3.6. Plastic strain 

As an extension of von Mises criterion, which is used for isotropic 
materials, Hill yielding criterion [63] covers the anisotropy in plasticity, 
which is proven to be suitable for some wood species under compression 
[64]. However, wood exhibits more complicated features when 
approaching the limit state, such as the different response under tensile 
and compressive loads. Accordingly, further developments have been 
made [65,66], including using Hoffman type function [65] or multi- 
surface plastic model [66], associating with Tsai-Hill fracture criterion 
[67] or with damage mechanism [68], etc. However, calibrating the 
model for exact plastic behavior of wood is not the main focus of this 
work. Hence, Hill yielding criterion [63] with isotropic exponential 
hardening law is adopted, to show the approach of combining the above 
mentioned time- and moisture-dependent behaviors of wood with 
plasticity. Hill yielding criterion [63] can be expressed as: 

f(σ,α,u) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ : A(u) : σ

√
− qpl

(α,u) (3.6.1)  

where qpl
(α,u) represents the hardening law and A(u) can be calculated as: 

A(u) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

H(u) +G(u) − H(u) − G(u) 0 0 0

− H(u) F(u) +H(u) − F(u) 0 0 0

− G(u) − F(u) F(u) +G(u) 0 0 0

0 0 0 2N(u) 0 0

0 0 0 0 2M(u) 0

0 0 0 0 0 2L(u)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.6.2) 

The parameters that are related to the material properties F, G, H, L, 
M, and N are given as: 

F(u) =
1
2

(

−
f 2
0

f 2
R(u)

+
f 2
0

f 2
T(u)

+
f 2
0

f 2
L(u)

)

, N(u) =
f 2
0

2f 2
TL(u)

Cms,or
j(u)

− 1
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
ER

(
Jms

j,T ET,ref

) − υTR

ET

(
Jms

j,T ET,ref

) − υLR

EL

(
Jms

j,T ET,ref

)
0 0 0

− υTR

ET

(
Jms

j,T ET,ref

) 1
ET

(
Jms

j,T ET,ref

) − υLT

EL

(
Jms

j,T ET,ref

)
0 0 0

− υLR

EL

(
Jms

j,T ET,ref

) − υLT

EL

(
Jms

j,T ET,ref

) 1
EL

(
Jms

j,L

)
0 0 0

0 0 0
Jms

j,T ET,ref

GRT
0 0

0 0 0 0
Jms

j,T ET,ref

GRL
0

0 0 0 0 0
Jms

j,T ET,ref

GTL

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.5.4)   
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G(u) =
1
2

(
f 2
0

f 2
R(u)

−
f 2
0

f 2
T(u)

+
f 2
0

f 2
L(u)

)

, M(u) =
f 2
0

2f 2
RL(u)

H(u) =
1
2

(
f 2
0

f 2
R(u)

+
f 2
0

f 2
T(u)

−
f 2
0

f 2
L(u)

)

, L(u) =
f 2
0

2f 2
RT(u)

(3.6.3)  

where f0 = fR(u), fT(u), and fL(u) are yielding tension/compression 
strengths and fRT(u), fTL(u), and fTL(u) are the yielding shear strengths. 
The internal variable α is equal to the equivalent plastic strain εp: 

α = εp (3.6.4) 

The exponential isotropic hardening is used: 

qpl
(α,u) = Q

(
1 − e− bα)+ f0 (3.6.5) 

where b and Q are shape parameters. Associated flow rule is 
assumed: 

ε̇pl
= γ̇

∂f(σ,α,u)
∂σ

(3.6.6)  

where γ̇ is the plastic flow parameter. According to the backward Euler 
method, the basic plastic equations in the incremental form read: 

εpl
n+1 = εpl

n + Δγ∂σ fn+1 (3.6.7)  

αn+1 = αn + Δγ∂qfn+1 (3.6.8)  

σn+1 = Cel
n+1 :

(

εΔσ
n+1 −

∑

i
εve

i,n+1 −
∑

j
εms,or

j,n+1 − εms,tr
n+1 − Δεpl

n+1

)

(3.6.9)  

fn+1(σ,α, u) = fn+1(Δγ, u) = 0 (3.6.10)  

3.7. Moisture transfer model 

In the present work, a semi-coupled moisture-stress analysis is per-
formed to analyze the wood behaviour under the interaction of me-
chanical load and moisture variation. Wood is assumed to follow Fick’s 
law for moisture transfer and the temperature is considered to be 
constant. 

∂u
∂t

⃒
⃒
⃒
⃒

Ω
= ∇∙ (D∙∇u) (3.7.1) 

where the diffusion coefficient D is: 

D = diag[DR DT DL] (3.7.2) 

The moisture flow at the wood surface is expressed by using the 
following equation [69,70] : 
qn

ρ = Su
(
uair − usurf

)
(3.7.3)  

where qn represents the moisture flow across the boundary, Su is the 
coefficient of surface emission, usurf is the moisture content of the wood 
surface and uair the equilibrium moisture content of wood corresponding 
to the relative humidity (RH). 

4. Algorithm 

In this work the algorithm for moisture induced stress update is 
implemented in the framework of user subroutine UMAT of Abaqus. 
Before entering the mechanical analysis, moisture increment Δun+1 for 
the current time step tn+1 is obtained from the semi-coupled moisture 
transfer analysis. The total strain increment Δεtotal

n+1 (DSTRAN in UMAT) is 
calculated through the tangent matrix CT

n (DDSDDE in UMAT) from the 
last time step. The information of stress and strain components of the last 

time step are stored in the variable STRESS and State Variables. 
The flow diagram in Fig. 4 gives an overview of the algorithm that is 

implemented into UMAT. In order to calculate the stress-driven strain 
increment, a time- and moisture-dependent creep loop (abbreviated as l 
_LOOP) and a plastic loop (abbreviated as m _LOOP) are designed. Before 
entering the loops, the strain increments driven solely by moisture 
change are updated and used to obtain the trail values according to 
equations (4.1-4.3). The m _LOOP is designed as a plastic-corrector 
subroutine consisting of equation (4.4-4.18) and is implemented into 
the l _LOOP. After receiving the corrected stress increment value, the 
viscoelastic and mechano-sorptive strains are updated in the l _LOOP 
according to equations (4.19-4.30). The corresponding operator tensor 
is calculated by equation (4.25). 

The total strain (Δεtotal
n+1) can be decomposed into two parts:  

- A moisture-driven strain (ΔεΔu
n+1), which can be calculated based on 

the Δun+1 and σn of the previous increment. It is composed of the 
hydro-expansion (Δεu

n+1) and the moisture-driven part of elastic 
strain (Δεel,Δu

n+1 ); 

ΔεΔu
n+1 = Δεu

n+1 + Δεel,Δu
n+1 (4.1)    

- A stress-driven strain (ΔεΔσ
n+1), which is a function of the stress 

increment Δσn+1. It is composed of the stress-driven part of elastic 
strain (Δεel,Δσ

n+1 ), the viscoelastic strain (
∑

iΔεve
i,n+1), mechano-sorptive 

strains (
∑

jΔεms,or
j,n+1 and Δεms,tr

n+1 ) , and plastic strain (Δεpl
n+1). 

ΔεΔσ
n+1 = Δεel,Δσ

n+1 +
∑

i
Δεve

i,n+1 +
∑

j
Δεms,or

j,n+1 + Δεms,tr
n+1 + Δεpl

n+1 (4.2) 

At the beginning of each increment, based on the input values(i.e. 
Δun+1 and stress information of last time step σn), all the moisture related 
parameters including Cel

n+1, Cve
i , Cms,or

j , Cms,tr
n+1 , and plastic parameters A(u)

can be updated, and the moisture-driven strain (ΔεΔu
n+1) can be 

calculated. 
For time step tn+1, the possible development of irrecoverable defor-

mation by plastic strain is examined. For this purpose, a two-step return- 
mapping algorithm known as plastic corrector based on the general 
closest point projection approach algorithm [71] is adopted (Fig. 3). 

As for the trial status, the time step is first assumed to be elastic, 
which means upon entering the l _LOOP, i.e.l = 0: 

Δεve(l=0)
i,n+1 = 0, Δεms(l=0)

j,n+1 = 0, Δεms,tr(l=0)
n+1 = 0 (4.3) 

and upon entering the m _LOOP, i.e. m = 0: 

εpl(l,m=0)
n+1 = εpl

n , α(l,m=0)
n+1 = αn, Δγ(l,m=0)

n+1 = 0 (4.4)  

Δσ(l,m=0)
n+1 = Cel

n+1 : Δεep(l)
n+1 (4.5)  

where Δεep
n+1 is the sum of elastic and plastic strains. For the initial status, 

the following equation is valid: 

Fig. 3. Illustration of closest point projection approach algorithm [71]  
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Δεep(l,m=0)
n+1 = ΔεΔσ

n+1 −
∑

i
Δεve(l)

i,n+1 −
∑

j
Δεms,or(l)

j,n+1 − Δεms,tr(l)
n+1 (4.6) 

According to closest point projection approach algorithm, the posi-
tion of corresponding trial stress Δσ(l,m)

n+1 with respect to the implemented 
yield surface is checked according to the yield function f(σ,α,u)(3.6.1). If 

f
(

σ(l,m)

n+1 , α(l,m)

n+1 , u
)
≤ 0, the deformation is purely elastic and the trial 

value remains. If f
(

σ(l,m)

n+1 , α(l,m)

n+1 , u
)
> 0, plastic loading is the case and the 

trial state of stress Δσ(l,m)

n+1 calculated from the trial elastic strain needs to 
be projected onto the current yield surface. 

According to equation (3.6.10), the first element of Taylor series 
expansion at point Δγ(l,m)

n+1 takes zero: 

0 = f (l,m+1)
n+1 = f (l,m)

n+1 + δΔγ(l,m+1)
n+1 ∂Δγ f

(l,m)

n+1 (4.7)  

where δΔγ(l,m+1)
n+1 is the corrected value for the consistency parameter 

Δγ(l,m)

n+1 at increment m. According to equations (3.6.7-3.6.9), the 
following euqation can be derived: 

δΔγ(l,m+1)
n+1 =

f (l,m)

n+1

∂σ f (l,m)

n+1 : E(l,m)

n+1 : ∂σf (l,m)

n+1 − ∂αf (l,m)

n+1  

where E(l,m)

n+1 =
(

Cel
n+1

− 1
+ Δγ(l,m)

n+1 ∂2
σ f (l,m)

n+1

)− 1
(4.8) 

Consequently, the stress σ(l,m)

n+1 needs to be updated by: 

δΔσ(l,m+1)
n+1 = − δΔγ(l,m+1)

n+1 E(l,m)

n+1 : ∂σf (l,m)

n+1 (4.9) 

Hence, the state variables can be updated as: 

Δγ(l,m+1)
n+1 = Δγ(l,m)

n+1 + δΔγ(l,m+1)
n+1 (4.10)  

Δσ(l,m+1)
n+1 = Δσ(l,m)

n+1 + δΔσ(l,m+1)
n+1 (4.11)  

εpl(l,m+1)
n+1 = εpl

n − Cel
n+1

− 1δΔσ(l,m+1)
n+1 (4.12)  

α(l,m+1)
n+1 = α(l,m)

n+1 + δΔγ(l,m+1)
n+1 (4.13) 

Finally, the updated yielding function and residual parameters can 
be calculated as: 

f (l,m+1)
n+1 = f

(σ(l,m+1)
n+1 ,α(l,m+1)

n+1 ,un+1 ) (4.14)  

Rεpl

n+1 = − εpl(l,m+1)
n+1 + εpl

n + Δγ(l,m+1)
n+1 ∂σf (l,m+1)

n+1 (4.15)  

Rα
n+1 = − α(l,m+1)

n+1 + αn + Δγ(l,m+1)
n+1 ∂qf (l,m+1)

n+1 (4.16) 

The plastic iteration (m_LOOP) is repeated until f (l,m+1)
n+1 ≤ 0 and until 

the residual parameters 
⃦
⃦
⃦Rεpl

n+1

⃦
⃦
⃦ ≤ TOL1 and 

⃒
⃒Rα

n+1

⃒
⃒ ≤ TOL2. 

The final elastic–plastic compliance matrix can be calculated as [71]: 

Cep(l)
n+1 = En+1 −

(En+1 : ∂σ f (l,m+1)
n+1 )⊗(∂σ f (l,m+1)

n+1 : En+1)

∂σf (l,m+1)
n+1 : En+1 : ∂σ f (l,m+1)

n+1 − ∂αf (l,m+1)
n+1

(4.17) 

Using the resultant stress increment from the end of m _LOOP, the 
updated stress for l_LOOP can be updated as: 

σ(l)
n+1 = σn + Δσ(l,m+1)

n+1 (4.18) 

Correspondingly, the increment of elastic (Δεel(l+1)
n+1 ), viscoelastic 

(Δεve(l+1)
i,n+1 ), and mechano-sorptive (Δεms,or(l+1)

j,n+1 and Δεms,tr(l+1)
n+1 ) strains can 

be calculated according to equations (3.2.5), (3.4.9), and (3.5.10- 
3.5.11). However, the sum of all the updated strain components in the 
current increment are no longer in equilibrium with the Δεtotal

n+1 assigned 
for this time increment. The difference can be expressed by residual 
parameters: 

Rε(l+1)

n+1 =
{

Rεel(l+1)

n+1 ,Rεve(l+1)

i,n+1 ,Rεms,or(l+1)

j,n+1 ,Rεms,tr(l+1)

n+1

}T
(4.19)  

Rεel(l+1)

n+1 = Cel
n+1

− 1
: σ(l)

n+1 −

(

εΔσ
n+1 − εpl(l)

n+1 −
∑

i
εve,i(l)

n+1 −
∑

j
εms,j(l)

n+1

)

(4.20)  

Rεve(l+1)

i,n+1 =

[

εve
i,nexp

(
− Δt

τi

)

+Tve
i,nCve

i(un)
− 1
:σn+Tve

i,n+1Cve
i(un+1)

− 1
:σ(l)

n+1

]

− εve(l)
i,n+1

(4.21)  

Fig. 4. Flow diagram of UMAT.  
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Rεms,or(l+1)

j,n+1 =

[

εms,or
j,n exp

(
− |u̇|

τj

)

+ T
ms,or
j,n Cms,or

j(un)
− 1

: σn + T
ms,or
j,n+1Cms,or

j(un+1)
− 1

: σ(l)
n+1

]

− εms,or(l)
j,n+1

(4.22)  

Rεms,tr(l+1)

n+1 =

⎡

⎣εms,tr
n exp

⎛

⎝ −
−

⃒
⃒
⃒U̇
⃒
⃒
⃒

τtr

⎞

⎠+ Tms,tr
n Cms,tr

(un)

− 1
: σn + T

ms,tr
n+1 Cms,tr

(un+1)

− 1
: σ(l)

n+1

⎤

⎦ − εms,tr(l)
n+1

(4.23) 

If ||Rε(l+1)

n+1 || ≤ TOL3, exit at the current iteration l. Otherwise, the 
stress increment for next iteration (l + 1) needs to be corrected as: 

σ(l+1)
n+1 = σ(l)

n+1 + δΔσ(l+1)
n+1

δΔσ(l+1)
n+1 = − CT

n+1 :

(

Rεel(l+1)

n+1 +
∑

i
Rεve(l+1)

i,n+1 +
∑

j
Rεms,or(l+1)

j,n+1 + Rεms,tr(l+1)

n+1

)

(4.24)  

where the corresponding operator tensor can be derived from equations 
(3.2.5), (3.4.9), and (3.5.10-3.5.11): 

CT
n+1 =

(

Cep(l)
n+1

− 1
+
∑

i
Cve

i,n+1
− 1

+
∑

j
Cms,or

j,n+1
− 1

+ Cms,tr
n+1

− 1

) − 1

(4.25)  

Cve
i,n+1

− 1
=Tve

i,n+1Cve
i(un+1)

− 1
, Cms,or

j,n+1
− 1
=T

ms,or
j,n+1Cms,or

j(un+1)
− 1
, Cms,tr

n+1
− 1
=T

ms,tr
n+1 Cms,tr

(un+1)

− 1

(4.26) 

Consequently, the corresponding trial value for entering iteration (l+
1) becomes: 

Δεve,(l+1)
i,n+1 = Rεve(l+1)

i,n+1 + εve(l)
i,n+1 + Cve

i,n+1
− 1

: δΔσ(l+1)
n+1 − εve

i,n (4.27)  

Δεms,or(l+1)
j,n+1 = Rεms,or(l+1)

j,n+1 + εms,or(l)
j,n+1 + Cms,or

j,n+1
− 1

: δΔσ(l+1)
n+1 − εms,or

j,n (4.28)  

Δεms,tr(l+1)
n+1 = Rεms,tr(l+1)

n+1 + ε
ms,tr(l)

n+1 + Cms,tr
n+1

− 1
: δΔσ(l+1)

n+1 − εms,tr
n

(4.29) 

Accordingly, following the elastic assumption, the trial stress for 
entering next m _LOOP becomes: 

Δσ(l+1,m=0)
n+1 =Cel

n+1
− 1
:

(

ΔεΔσ
n+1 −

∑

i
Δεve,i(l+1)

n+1 −
∑

j
Δεms,j(l+1)

n+1 − Δεms,tr(l+1)
n+1

)

(4.30)  

5. Verification & validation 

5.1. Verification 

5.1.1. Test setup 
Two benchmark testing cases are conducted on a quadratic brick 

element (C3D20) to verify the capability of the 3D rheological model. 
The test condition for Case 1 is set to be the same as in the work by 
Hassani et al. [32]. In Hassani et al. [32], a rheological model of wood 
has been provided, containing similar components as presented in this 
work. However, different constitutive laws are used, especially for the 
mechano-sorptive and plastic parts. A 40x40x40mm3 cubic European 
beech (Fagus sylvatica L.) sample is subjected to a uniform compression 
load on the radial direction. Three confining symmetry planes are used, 
allowing free hydro-expansion. For simplification, Cartesian coordinate 
system is adopted. The test setup of this case is schematically shown in 
Fig. 5. Combinations of moisture flow and the mechanical load varia-
tions for both cases are shown in Fig. 6. Moisture transmission is 
assumed to be instantaneous. Hence, moisture content changes are 

applied directly as a pre-defined field in Abaqus. 
In both cases, according to the change of mechanical loading and 

moisture content, seven stages are identified. Stage 1 (0 – 5 h), Stage 3 
(55 – 60 h), Stage 5 (135 – 140 h) are the mechanical loading stages, 
where the mechanical load ramps to 10 MPa, 16 MPa, and 0 MPa for 
Case 1, and to 12 MPa, 16 MPa, and 0 MPa for Case 2. 

In Stages 2, 4, and 7, mechanical load remains constant but moisture 
content starts to vary. Moisture content (u) remains constant for Case 1 
during Stage 2 (5 – 55 h), but increases to 18% within 7.5 – 10 h for Case 
2 and remains constant on 18% until Stage 4. During Stage 4 (60 – 135 h) 
and Stage 7 (200 – 290 h), the specimens in both cases are subjected to 
multiple moisture cycles between 18% and 12%. For Stage 6 (140 – 200 
h), all conditions are kept constant. 

5.1.2. Results of the verified model 
Different strain components along the radial direction resulting from 

the loading conditions of the seven stages (presented in Fig. 6) are 
illustrated in Fig. 7. In order to observe the development of all partial 
strains in a clearer way, the hygro-expansion strain is subtracted from 
the total strain and the remaining shrinkage-corrected strain is pre-
sented in Fig. 7. 

The results of the numerical analysis can be interpreted in the 
following way: 

• Stage 1 (0 – 5 h): Linear elastic behaviour dominates for both cases. 
• Stage 2 (5 – 55 h): In both cases, viscoelastic creep increases. In 

contrast to Case 1, during the moistening phase in Case 2, ordinary and 
transcending mechano-sorption strains are developed. Moreover, plastic 
strain can also be observed, which is due to the lowered yield strength 
caused by the moisture increase. 

• Stage 3 (55 – 60 h): Both cases exhibit plastic deformation when the 
mechanical load increases. However, the magnitude of plastic defor-
mation of Case 2 (u = 18%) is larger than Case 1(u = 12%), which can be 
explained by the moisture-dependent yield strength. 

• Stage 4 (60 – 135 h): Both viscoelastic creep and the ordinary 
mechano-sorption increase in the two cases. Both moistening and de- 
moistening lead to the increase of mechano-sorptive deformation. 
However, at the first moisture increase cycle at this stage in Case 1, both 
plastic deformation and transcending mechano-sorption are increased. 
Moreover, the magnitude of plastic deformation in Case 1 reaches the 
same level as achieved in Case 2 from the previous stages. The magni-
tude of transcending mechano-sorption is greater in Case 1 compared to 
Case 2. 

• Stage 5 (135 – 140 h): During unloading, the instantaneous elastic 
response is immediately compensated for both cases. 

• Stage 6 (140 – 200 h): Viscoelastic creep is partly recovered for 
both cases. 

• Stage 7 (200 – 290 h): For both cases, the ordinary mechano- 

Fig. 5. Geometry and the finite element model.  
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sorption strain decreases continuously during the moistening and de- 
moistening periods. No recovery of transcending mechano-sorption 
change is observed in Case 2, while a considerable extent of recovery 
transcending mechano-sorption strain is observed in Case 1. 

5.1.3. Discussions on the verified model 
The different loading conditions in the two cases provide a clear 

illustration of the behaviour of each model components. The evolution 
of elastic deformation and viscoelastic creep is dominated by the me-
chanical load, while the moisture cycles result in fluctuations, which is 
due to the moisture-dependent elastic and viscoelastic stiffnesses. Plastic 
deformation occurs at the time when the mechanical load increases 
(Stage 3 in both cases) and when the first moistening under a stress level 
starts (Stage 4 in Case 1 and Stage 2 in Case 2), since the yielding 
strength decreases when moisture content increases. Both transcending 
and ordinary mechano-sorptions are driven by moisture variation, hence 
they stay constant when moisture content remains constant (Stage 6 in 
both cases and Stage 2 in Case 1). 

The ordinary mechano-sorptive strain continues to creep at Stage 4 
in both cases, but the creep rate decreases, since the Kelvin-Voigt ele-
ments are gradually reaching the creep limit. Although only partial re-
covery is observed in the ordinary mechano-sorptive part in the current 
test period, it is anticipated to recover until full-extent according to the 
full-recoverable nature of Kelvin-Voigt elements. In contrast, the tran-
scending mechano-sorptive recovery occurs only when moisture content 
is surpassing the critical value at the start of the current load level (i.e. 
when transcending moisture content U increases). This explains the 
different recovery behaviors at Stage 7 in both cases. Moreover, as the 
recovery rate is slower than the creep rate for Kelvin-Voigt element, the 
transcending mechano-sorptive recovery appears to be only partial, 
even when experiencing the same ΔU in the recovery and loading 
phases. 

The test setup for Case 1 is set to be identical to the test example 1, 
presented in the study of Hassani et al. [32]. As a result, it can be seen 
that apart from the additional transcending mechano-sorptive compo-
nent, the rest of the components (elastic, viscoelastic, ordinary 
mechano-sorption, and plastic) evolve in the same pattern and of the 
same order of magnitude. The difference between these both models can 
indicate that Hassani’s model may underestimate the mechano-sorptive 
creep and recovery, at the first moisture increase in loading and re-
covery phase, respectively. Moreover, the hardening parameters deter-
mined according to different works [32,72] showed possible 
discrepancies (Table A5). To keep the resultant plastic strain in the same 
order of magnitude as calculated by Hassani’s model and to provide a 
better comparison between the two models, values calibrated based on 
the study of Hassani et al. [32] are adopted here. Nevertheless, it must 
be mentioned that no experimental validation is conducted for this test 
setup in both works. 

5.2. Validation 1 

5.2.1. Test setup 
In order to validate the current model, simulation results are 

compared to the experimental results of two creep-recovery tests real-
ized by Randriambololona [21] on small clear specimens of maritime 
pine (Pinus Pinaster). Information about the FEM model is given in Fig. 8. 
The specimen is subjected to a tensile load of 16 MPa and 32 MPa in the 
longitudinal direction in Case 1 and Case 2, respectively. Relative hu-
midity is cycling between 30% and 75% during both loading and 
unloading phases, as shown in Fig. 9. 

Specimens with the dimension of 30x3x0.7 mm3 are taken from 
different locations of the same tree. Due to the small dimensions of the 
samples, Cartesian coordinate system is used for simplification. Three 
symmetry planes are defined and the moisture flow is allowed in the two 

Fig. 6. Mechanical loading and moisture variation conditions for a) Case 1; b) Case 2.Vertical red lines represent the boundaries of different stages. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Evolution of the total strain and its different components in radial direction for a) Case 1; b) Case 2.  
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transverse directions. Although samples are taken from the same tree, 
the mechanical properties of the specimen may vary strongly. According 
to Randriambololona [21], specimens in Case 2 exhibit higher elastic 
stiffness and lower hydro-expansion coefficient in longitudinal direction 
compared to the specimens in Case 1. Viscoelastic and mechano-sorptive 
parameters are calibrated according to the experimental results using 
the least-square approach. Plasticity is not considered in this set of 
analysis as the load level is below the yield strength [73]. 

5.2.2. Results and discussions 
Besides validating the model in this case, sensitivity analysis is per-

formed here by calibrating the parameters that are contributing to the 
viscoelasticity or mechano-sorptive behaviours to check the possibility 
for model generalization and implementation to different setups. Fig. 10 
shows three sets of simulation results in comparison to the experimental 
results and the contribution of each viscoelastic and mechano-sorptive 
components. The differences stem from the ways how the viscoelastic 
and mechano-sorptive parameters are calibrated:  

• Calibration 1: parameters are calibrated using least-square approach 
based on the experimental results in Case 1 (Fig. 10a) and applied to 
Case 2 (Fig. 10b);  

• Calibration 2: parameters are calibrated using least-square approach 
based on the experimental results in Case 2 (Fig. 10d) and applied to 
Case 1 (Fig. 10c);  

• Calibration 3: parameters are calibrated using least-square approach 
based on the experimental results in both Case 1 (Fig. 10e) and Case 
2 (Fig. 10f). 

In Calibration 1 and 2, it can be seen that agreements of Fig. 10a and 

Fig. 10d are better than the ones in Calibration 3. Yet, when applied to 
the other case, the simulation results deviate from the experimental 
values. However, in Calibration 1, applying the calibrated parameters to 
Case 2 (Fig. 10b), the general behaviour still correspond to the experi-
ment, despite the higher creep rates. In Calibration 2, since the tran-
scending mechano-sorptive part has a significant contribution to the 
strain evolution in Case 1 but no influence in Case 2, the stiffness tensor 
of transcending mechano-sorptive part remains zero when calibrated 
based on the information from Case 2. As a result, large discrepancy is 
observed in Fig. 10c due to the missing of transcending mechano- 
sorptive parameters. 

Considering the agreement for both cases, Calibration 3 showed the 
best performance. As a result, two Kelvin-Voigt elements for viscoelastic 
part and two for the ordinary mechano-sorptive part are adopted. The 
small number of elements required is due to the very short period of 
experiment, as no information of the longer periods is provided for 
calibration. Hence, it is anticipated that there would be some discrep-
ancy between the simulation and experimental results when the current 
model is applied to long-term tests. 

5.3. Validation 2 

5.3.1. Test setup 
The reference experimental data used for this set of validation was 

obtained from the studies of Toratti and Svensson [19,74]. Here, clear 
heartwood samples of Scots pine (Pinus sylvestris) with cross section of 
10 × 20 mm2 were used. The measurement point is 18 mm away from 
the symmetry plane, as shown in Fig. 11. Before testing, the speci-
mens were conditioned at room temperature (T = 20 ◦C) and relative 
humidity RH = 60% for 1 year. Two cases of test conditions are 
selected for this work (Fig. 12). Both the loading and the measuring 
direction coincide with the tangential direction of the wood for all the 
studied specimens. For the numerical simulation, 168 quadratic ele-
ments C3D20T are used as shown in Fig. 11. Combinations of mois-
ture flow and the mechanical load variations for both cases are shown 
in Fig. 12. 

Fortino et al. [28] proposed a 3D rheological model based on the one- 
dimensional model developed in the study of Svensson and Toratti [19]. 
The model showed a good agreement with the medium-term experi-
mental results, yet it could not correctly capture the recovery that can be 
observed in the short-term experiments [74]. In this work, simulation 
results calculated by the current generalized model (referred as Model 2) 
and a model constructed according to Fortino et al. [28] (referred as 
Model 1) are both compared with the experimental results. Both models 
are based on the 1D model proposed in the study of Svensson and Toratti 
[19]. However, one major difference lies in the transcending mechano- 
sorptive part, which is the comparable to the irrecoverable mechano- 
sorptive part (εms,irr) in the study of Fortino et al. [28]. The ordinary 
mechano-sorptive part is the same as the recoverable mechano-sorptive 
part in the study of Fortino et al. [28], using three Kelvin-Voigt elements 

Fig. 8. Geometry and the finite element model.  

Fig. 9. Mechanical loading and moisture variation conditions for a) Case 1; b) Case 2.  
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in series, as can be seen in the following equation (5.1) and equations 
(3.5.6-3.5.7): 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ε̇ms,r
j =

Cms,r
j

− 1
: σ − εms,r

i

τj
|u̇|

ε̇ms,irr
= Cms,irr − 1

: σ
⃒
⃒
⃒U̇
⃒
⃒
⃒

(5.1)  

5.3.2. Results 
Fig. 13 shows the resultant shrinkage-corrected strains of the original 

model (Model 1) and the modified model (Model 2) in comparison to the 
short- and medium-term experimental results (free-shrinkage strain). It 
can be seen that Model 2 captures the recovery during moisture change 
after unloading in the short-term experiment and retains a good agree-
ment with the medium-term experiment. 

5.3.3. Discussions 
To better visualize the contribution of different parts of the mechano- 

sorption, Fig. 14 shows the decomposed strain of the three recoverable 
Kelvin elements and the irrecoverable dashpot. In the short-term test, 
during the first adsorption, the strain of the irrecoverable dashpot is 
almost double the sum of the three Kelvin elements. However, in the 

Fig. 10. Evolution of the total strain and its different components in longitudinal direction for a,c,e) Case 1; b,d,f) Case 2.  

Fig. 11. Geometry and the finite element model.  
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desorption phase under loading, no increase is exhibited in the dashpot, 
since the U does not get updated. After unloading, the 1st and the 2nd 
Kelvin elements exhibit recovery. Due to the large retardation time of the 
3rd Kelvin element (τ3 = 1), its recovery is minor. On the contrary, in the 
medium-term test, the contribution of the 3rd Kelvin element is signifi-
cant in both creep and recovery phases. However, the strains of the 1st 
and 2nd Kelvin elements remain small, as both elements reach their creep 
limits after a few cycles, i.e. the dashpot is “empty” and the stress-strain 
ratio equals to the stiffness of the spring in the Kelvin element. 

Fig. 15 shows the contribution of different mechano-sorption parts 
of Model 2. In comparison to the results shown in Fig. 14, the main 
difference comes from the transcending part of Model 2 and the 

irrecoverable part of Model 1. In the simulation for the short-term 
test, since the specimen is subjected to an increase in moisture con-
tent that exceeds the initial value at the unloading point, a large re-
covery is exhibited in the newly modified part (the MS-tr component 
in Fig. 15), which is the main source of the total recovery. In the 
simulation for the medium-term test, as the specimen is unloaded at a 
high moisture content point, the U value hardly gets updated during 
the unloading phase, hence the total behaviour is kept similar to 
Model 1, also retaining a good agreement with the experimental re-
sults. As a conclusion, based on the current simulation results, Model 
2 successfully introduces the recovery feature while retaining almost 
fully the capability of the initial Model 1. 

Fig. 12. Mechanical loading and moisture variation conditions for a) Case 1 (short-term); b) Case 2 (medium- term).  

Fig. 13. Evolution of the total strain and its different components in tangential direction for a) Case 1; b) Case 2.  

Fig. 14. Decomposition of mechano-sorptive strain into each element for Model 1: a) short-; b) medium-term test.  

Fig. 15. Decomposition of mechano-sorptive strain into each element for Model 2: a) short- b) medium-term test.  
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6. Conclusions 

In this paper, a 3D orthotropic elastic-plastic viscoelastic 
mechano-sorptive model for wood is generalized. The constitutive 
model is based on the 3D model developed by Fortino et al. [28], with 
addition of plasticity and modification in mechano-sorption. The 
modified mechano-sorptive component in this study is composed of 
the ordinary and transcending parts, addressing the complex 
mechano-sorptive characteristics, which are dependent on the mois-
ture history. Kelvin-Voigt elements are used for the viscoelastic and 
mechano-sorptive mechanisms, and Hill’s [63] criterion with 
isotropic hardening is used to describe the elastic–plastic mechanism. 
These elements are integrated in a serial form with the elasticand 
hydro-expansion strain. Parameters that are contributing to the 
elastic, viscoelastic and mechano-sorptive components are moisture 
dependent. The constitutive model and the algorithm for stress up-
date are implemented into a UMAT subroutine of the FEM framework 
Abaqus. A semi-coupled moisture-stress analysis is performed. Veri-
fication and validation of the model based on the previously per-
formed studies showed that the model is capable of describing wood 
behavior under varying combinations of mechanical load and hu-
midity changes. The transcending mechano-sorptive creep and the 
complicated mechano-sorptive recovery is well captured. Sensitivity 
analysis is also performed and the model is capable of capturing the 
general mechanical behavior for different wood species and for 
different combinations of mechanical load and moisture variation. In 
addition, it needs to be mentioned that the different influence of 
tensile and compressionstress on the mechano-sorptive creep rate is 
not taken into account. The capability of this model when extrapo-
lated to longer load durations needs to be validated by more experi-
mental data. For further development, the model can be associated 

with damage/failure mechanisms to evaluate the material capacity 
under varying environments. 
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Appendix 

The parameters of different species are listed in the following tables. 
The parameters without mentioning the references are calibrated in this 
work. 

Table A2 
Hydro-expansion coefficients.   

αu
R αu

T αu
L βu

L 

European Beech [32]  0.191  0.462  0.011  1.8 
Scot Pine [28]  0.17  0.33  0.005  1.8 
Maritime Pine (Case 1)  0.175  0.307  0.027  0.5 
Maritime Pine (Case 2)  0.175  0.307  0.017  0.5 

* for Maritime Pine, the longitudinal coefficient is provided in [21] and transverse coefficients are taken from [76]. 
* only transverse components of βu are assumed to be 0 as a simplification.  

Table A1 
Elastic parameters.   

ER [MPa] ET [MPa] EL [MPa] GRT [MPa] GRL [MPa] GTL [MPa] υLT υTR υLR uref bi [MPa] 

European Beech [32] 1845 591 14,255 486 1385 922  0.228  0.281  0.278 12%  − 3.5 
Scot Pine [28] 900 500 12,000 40 700 700  0.360  0.310  0.510 12%  2.6 
Maritime Pine(Case1) 731 452 9500 62 633 559  0.430  0.310  0.390 12%  2.6 
Maritime Pine(Case2) 1411 873 18,341 120 1223 1079  0.430  0.310  0.390 12%  2.6 

* for Maritime Pine, the longitudinal modulus is provided in [21], the ratio between other parameters with longitudinal modulus is taken from [75]. 
* a uniform bi value is selected for all the engineering constants as a simplification [28].  

Table A3 
Viscoelastic parameters.   

τ1 [s] Jve
1 [1/MPa] τ2 [s] Jve

2 [1/MPa] τ3 [s] Jve
3 [1/MPa] τ4 [s] Jve

4 [1/MPa] uref βve
i [1/MPa] 

European Beech [32] 2132  0.150 219,096  0.123 32,040  0.088 12,339,540  0.679 15%  1.2 
Scot Pine [28] 8640  0.085 86,400  0.035 864,000  0.070 8,640,000  0.200 –  – 
Maritime Pine 6036  0.192 48,564  0.179 –  – –  – –  – 

* a uniform βve
i value is selected for all the Kelvin component as a simplification.  
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Mechano-sorptive parameters.   

τ1 Jms
1,T [1/MPa] Jms

1,L [1/MPa] τ2 Jms
2,T [1/MPa] Jms

2,L [1/MPa] τ3 Jms
3,T [1/MPa] Jms

3,L [1/MPa] τtr Jms,tr [1/MPa] 

European Beech [32]  0.01  0.0004  0.1142  0.1  0.0004  0.320 1  0.003  0.023  0.1  0.011 
Scot Pine  0.01  0.0006  0.175  0.1  0.0015  0.490 1  0.009  0.035  0.1  0.016 
Maritime Pine  0.01  0.0001  0.037  –  –  – 1  0.302  1.174  0.044  1.215  

Table A5 
Plastic parameters for European beech [32,72]   

fR(u) fT(u) fL(u) fRT(u) fRL(u) fTL(u)

f i,ref [MPa]  11.637  4.839  51.34  3.164  9.684  10.419 

βf
i [MPa]  − 57.89  − 20.84  − 350.4  − 12.13  − 38.84  − 38.61 

* the moisture dependent strength value is calculated as fi(u) = fi,ref +βf
i *
(
u − uref

)
with uref = 15%. 

* the hardening parameter b and Q determined according to [32] are 0.4 and 120 MPa, and according to test results in [72] are 5 and 120 MPa.  
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[57] Saifouni O. Modélisation des effets rhéologiques dans les matériaux : application au 
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