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Abstract 

Friction welding of wood is a newly developed solid-state joining process and its 

full understanding is yet to come. The current dissertation tries to investigate 

the welding process and, from a general point of view, heat and mass transport 

and mechanical deformation of wood specimens exposed to elevated 

temperatures via simulation and some experimental works. A model is required 

that can consider heat, mass and mechanical behavior, including at high 

temperature, in a coupled manner, while taking into account highly nonlinear 

material properties and wood anisotropy. The aim of this investigation is to 

develop such a numerical model and apply it to study wood behavior during the 

welding process. A thermo-poromechanical approach has been used to study 

wood themo-hygro-mechanical behavior, and the results have been validated 

with neutron imaging, infrared thermography and mechanical loading 

measurements on moist and dry wood specimens exposed to high temperature. 

The mass transport front inside the material is well documented by neutron 

imaging and well captured by modeling. The results of parametric studies on 

material properties show that thermal conductivity and vapor resistance factor 

have significant effect on transport inside material. In order to take into account 

the densification of wood sample under pressure at high temperature, a 

simplified model based on the Tsai-Wu failure criterion is implemented and the 

required strain-stress curves are obtained by compression test of wood samples. 

Finally, some parametric studies on parameters of the wood welding process are 

presented. Modeling results show good agreement with experimental 

measurements. Therefore, the model, and material properties used in this 

dissertation, can confidently be applied by engineers or scientists in order to 

predict wood behavior under different industrial conditions. 
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Zusammenfassung 

Die Verschweissung von Holz durch Reibung ist ein neu entwickeltes Verfahren 

zur Verbindung im festen Zustand dessen vollständiges Verständnis noch zu 

erforschen gilt. Die vorliegende Dissertation ist ein Versuch den 

Schweissprozess und aus einem allgemeinen Gesichtspunkt aus, den Wärme- 

und Stofftransport sowie die mechanische Deformation von Holzproben bei 

erhöhten Temperaturen durch numerische Simulation und experimentelle 

Versuche zu untersuchen. Das Model muss imstande sein die Verkoppelung von 

Wärme,  Stofftransport und mechanisches Verhalten bei erhöhten Temperaturen 

zu beinhalten wobei nichtlineare Materialeigenschaften  und die Anisotropie des 

Holzes mitberücksichtigt werden. Ziel dieser Arbeit ist die Entwicklung eines 

derartigen Modells und dessen Anwendung zur Untersuchung des Verhaltens 

von Holz beim Schweissprozess. Ein thermo-poro-mechanischer Ansatz wurde 

zur Bestimmung des hygrothermischen Verhaltens von Holz gewählt, und die 

Resultate mit Neutronenabbildung, infrarot Thermographie und mechanischer 

Belastung von feuchten und trockenen Holzproben bei erhöhten Temperaturen 

validiert. Die Front des Massentransportes innerhalb des Materials wurde mit 

Neutronenabbildung dokumentiert und durch das Modell wiedergegeben. Die 

Resultate einer Parameterstudie betreffend Materialeigenschaften deuteten auf 

einen signifikanten Einfluss der Wärmeleitfähigkeit und des 

Dampfdurchlasswiderstandes auf die Transportmechanismen. Um die 

Verdichtung von Holzproben unter Druck und bei erhöhten Temperaturen zu 

berücksichtigen wurde  ein vereinfachtes Model, basierend auf dem Tsai-Wu 

Versagenskriterium, implementiert wobei die dazu benötigten Spannungs-

Dehnungs-Kurven aus Druckversuchen an Holzproben entnommen wurden. 

Zum Schluss wird eine Parameterstudie zum Schweissprozess selbst präsentiert. 

Resultate aus Simulationen und Messungen zeigen eine gute Übereinstimmung. 

Folglich können das Model und die Materialeigenschaften die in dieser Studie 

erarbeitet wurden, von Ingenieuren und Wissenschaftler mit Zuversicht 

verwendet werden um das Verhalten von Holz unter verschiedenen industriellen 

Bedingungen vorherzusagen. 
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Résumé 

Le soudage par friction du bois est un processus d'assemblage à l'état solide 

nouvellement développé et sa compréhension complète est encore à venir. Cette 

thèse investigue le processus de soudage et, d'un point de vue général, le 

transport de chaleur et de masse et la déformation mécanique des échantillons de 

bois exposés à des températures élevées par simulation numérique et travaux 

expérimentaux. Un modèle capable de considérer de manière couplée le 

transport de chaleur et de masse et le comportement mécanique, y compris à 

haute température, tout en tenant compte des propriétés fortement non linéaires 

des matériaux et de l’anisotropie de bois, est fortement requis. Le but de cette 

thèse est de développer un tel modèle numérique et de l'appliquer pour étudier le 

comportement du bois au cours du procédé de soudage. Une approche thermo-

poromécanique est utilisée pour étudier le comportement thermo-

hygromécanique du bois, et les résultats sont validés à l’aide d'imagerie 

neutronique, thermographie infrarouge et mesures de chargement mécaniques 

sur des échantillons de bois humides et secs exposés à des températures élevées. 

Le front du transport de masse à l'intérieur du matériau est bien documenté par 

imagerie neutronique et bien capturé par la modélisation. Les résultats des 

études paramétriques sur les propriétés des matériaux montrent que la 

conductivité thermique et le facteur de résistance au passage de la vapeur ont un 

effet significatif sur le transport dans le matériau. Afin de tenir compte de la 

densification de l'échantillon de bois ayant lieu sous l’effet combiné de la 

pression et de la haute température, un modèle simplifié basé sur le critère de 

défaillance Tsai-Wu est mis en œuvre et les courbes contrainte-stress requises 

sont obtenues par essai de compression d'échantillons de bois. Enfin, certaines 

études paramétriques sur les paramètres du procédé de soudage du bois sont 

présentées. Les résultats de la modélisation montrent un bon accord avec les 

mesures expérimentales. Par conséquent, le modèle, et les propriétés de matériau 

utilisées dans cette thèse, peut être appliqué en toute confiance par les 

ingénieurs ou scientifiques afin de prédire le comportement du bois sous 

différentes conditions industrielles. 
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Nomenclature 

Roman symbols 
𝐚𝛼 acceleration of phase α 
𝑎𝑖  fitting parameter for van Genuchten model 
𝑎𝑖𝑗  fitting parameters for compliance matrix 

𝑏 geometry parameter (width) 
bα external supply of ψ𝛼 
𝑏𝑖 fitting parameter for van Genuchten model 
𝑏𝑖𝑗 fitting parameters for compliance matrix 

b𝑖𝑗  Biot tangent tensor 

B𝑖𝑗  hygric expansion tensor 

�̿� assembled capacity matrix for all elements 
𝑐ℎ
𝛼 specific volume change due to pressure and temperature 
𝑐𝑇
𝛼 specific heat change due to volume change 

𝑐𝑝
eff effective specific heat of medium 

𝑐𝑝,ℎ𝑦𝑔
eff effective specific heat of wood in hygroscopic range 

C𝓍𝓎
𝑒 capacity of element “e” 

𝑐𝑝
𝑠 specific heat of solid at constant pressure 

𝑐𝑝
𝑠−𝑙 correction term for specific heat in order to take into account 

solid-liquid interaction 
𝑐𝑖 fitting parameter for van Genuchten model 
C𝑖𝑗𝑘𝑙 stiffness tensor 

D𝛼  gas mixture diffusivity 
𝐃𝛼 diffusivity tensor of medium for phase 𝛼 
𝐃𝑏𝑤 adsorbed water diffusivity tensor of medium 
D𝑣𝑎 binary diffusivity of mixture of dry-air and water-vapor 
𝑒 Neperian number 
𝑒𝛼 generic volumetric function related to exchange of ψ between 

phase 𝛼 and other phases due to the phase change and 
mechanical interaction among them 

𝐸𝛼 specific internal energy of phase 𝛼 
𝐸𝑏𝑤 activation energy of bond water 
𝑓 yield function 

�̿� assembled body force matrix for all elements 
𝐅𝓍
𝑒 body force vector of element “e” 



𝐹𝑖 first order function(s) in Tsai–Wu failure criterion 
𝐹𝑖𝑗  second order function(s) in Tsai–Wu failure criterion 

𝐠 gravity acceleration 
𝐠α acceleration of phase α 
Gα net production of ψ𝛼 
ℎ geometry parameter (height) 
ℎ𝛼 volumetric heat source 
𝐻𝛼 specific enthalpy of phase 𝛼 
have averaging height 
ℎ𝑚 moisture convection coefficient of environment 
ℎ𝑇 heat convection coefficient of environment 
∆𝐻𝑠 differential heat of adsorption/desorption 
𝒾 dummy index  
𝑰 identity matrix 
𝐼𝛼 generic surface flux related to exchange of ψ between phase 𝛼 

and other phases due to the phase change and mechanical 
interaction among them 

𝐽 Jacobian of deformation matrix 
𝐣𝜋
𝛼 diffusive flow of component 𝜋 in phase 𝛼 
𝐣𝑏𝑤 diffusive flow of bound water 

�̿� assembled stiffness matrix for all elements 
𝐤𝑟
𝛼 relative permeability tensor of the medium for phase α 

𝚱𝓍𝓎
𝑒 stiffness matrix of element “e” 

𝐤𝑏 weighting matrix of diffusivity of bound water 
𝐤int intrinsic permeability tensor of the medium 
l geometry parameter (length)  
L wood anatomical coordinate (longitudinal direction) 
𝑙𝑖 contribution fraction of each pore system on the total moisture 

content of the material 
𝐿𝑣 latent heat of evaporation 
𝐿𝑅(𝑦, 𝑡) dimension of sample at time t along R-axis at height position y 
�̇�α→β mass exchange rate between phase α and β 

𝑀𝑎 molar weight of dry-air 
�̇�𝑏𝑤 rate of phase change from bound water to vapor 
�̇�𝑓𝑤 rate of the phase change from free water to vapor 

𝑀𝑔 molar weight of gas 

𝑛 Eulerian porosity 
𝐧 normal vector of surface 
𝐍𝑒
𝓍 shape functions for generic variable 𝓍 



𝐍⏞𝑒
𝓍

finite element weighting function of element “e” 
𝐧𝑒 normal to element “e” surface 
𝑛𝑝 number of pore systems 

𝑁𝑝 Biot tangent modulus 

𝑝α hydraulic pressure of phase α 
𝑝𝑣
𝑠𝑎𝑡 saturation vapor pressure 

𝑝𝑎  dry-air pressure 
𝑝𝑎,𝑒 partial dry-air pressure of environment 
𝑝𝑐  capillary pressure  
𝑝𝑔 gas pressure 

𝑝𝑔,𝑒𝑛𝑣 environment gas pressure 

𝑝𝑙  liquid pressure 
𝑝𝑝 pore pressure 

𝑃𝑡𝑜𝑝 mechanical pressure on top of sample 

𝑝𝑣  water vapor pressure 
𝑝𝑣,𝑒 partial vapor pressure of environment 
𝑃𝑤𝑒𝑙𝑑 welding pressure 
𝒒𝛼 surface heat flux of phase 𝛼 
𝐪𝓪 energy conjugate force vector for internal variable vector 𝓪 
Q𝛼 surface heat flux 
𝒒𝑚 moisture flux vectors 
𝒒𝑇 heat flux vector 
𝑄𝑤𝑒𝑙𝑑 welding frictional heat flux (source) 
𝑟 radius 
𝐫 position vector  
𝑅 standard gasconstant 
R wood anatomical coordinate (radial direction) 
𝑅𝑎 standard gas constant for dry-air 
𝑅𝑔 standard gas constant for gas 𝑔 

𝑅𝑣 standard gas constant for water vapor 
𝐬α deviatoric part of phase α stress tensor 
𝑆𝑠 specific entropy of solid skeleton 
𝑆1
𝑠 entropy change due to reversible deformations 

𝑆2
𝑠 entropy change due to irreversible deformations 

𝑆𝛼 degree of saturation of phase 𝛼 
𝑆𝑖𝑗 drained-compliance matrix 

S𝑖𝑗𝑘𝑙 drained-compliance tensor 

𝑆𝑙,𝑙𝑢𝑚𝑒𝑛  lumen degree of liquid saturation 
𝑡 time 



𝑇 temperature 
T wood anatomical coordinate (tangential direction) 
𝑇amb ambient surface temperature 
𝑇atm atmosphere temperature 
𝑇𝑠 surface temperature 
𝐭α surface traction  
𝐓𝛼 mechanical linear interaction among phase 𝛼 and other phases  
Tbase base temperature 
Tenv environment temperature 
𝐮 solid displacement vector 
𝑣𝛼 specific volume of phase 𝛼 
𝐯α local value of the velocity field of the phase 𝛼 at a fixed point in 

space in an inertial reference frame 
�̅�α bulk average velocity of phase 𝛼 
𝐯𝜋
𝛼 total velocity of component 𝜋 in phase 𝛼 
�̃�𝜋
𝛼 diffusive velocity of component 𝜋 in phase 𝛼 

w geometry parameter (height)  
W𝑠 Legendre transform of Ψ𝑠 
𝑥 coordinate system  
X coordinate system 
Χ𝑏𝑤 moisture content of adsorbed water 
𝑦 coordinate system 
Y coordinate system 
𝑧 coordinate system 
Z coordinate system 
𝒵 integer number 

Greek symbols 
α𝑖𝑗 thermal expansion tensor 

α𝜙 pore thermal expansion coefficient 

𝛾 Lagrangian multiplier 

�̿� assembled boundary conditions for all elements 
𝚪𝓎
𝑒 boundary conditions of element “e” 

Γ𝑒 surface of the element “e” 
ε emissivity of the object 
𝜺 strain 
𝜺𝑒 elastic strain 
𝜺ℎ hygric strain 
𝜺𝑇 thermal strain 
𝜺𝑝 plastic strain 



𝜖 volumetric strain 
𝜖𝑝 volumetric plastic strain of porous material 

𝜖𝑠
𝑝

volumetric plastic strain of solid grains 
𝛽𝑇
𝛼 volumetric thermal expansion coefficient 

𝜂𝛼 dynamic viscosity of phase 𝛼  
Θ non-dimensional time parameter in finite difference method 
𝜗 angle between the pore-wall and tangent to the meniscus 

surface 
𝜅𝑝
𝛼 isothermal compressibility 

�̅� scaling factor for thermal conductivity 

𝝀eff effective thermal conductivity tensor of medium 

𝝀ℎ𝑦𝑔
eff effective thermal conductivity tensor of medium in hygroscopic 

range 
𝝀𝛼 thermal conductivity tensor of phase 𝛼 

𝝀𝑤
app

apparent thermal conductivity tensor of free water 
�̅� scaling factor for vapor resistance 
𝛍𝛼 resistance factor of the porous media to phase 𝛼 components 

diffusion 
𝛍𝑣 vapor resistance factor tensor 

𝜉𝑗
𝑖 fitting parameter for vapor resistance factor tensor 

𝜋 pi, mathematical constant 
𝝕α surface angular momentum of phase α 
𝜌 overall density of the porous media 
�̃� density function 

𝜌𝑓 intrinsic density of the fluid phases 
𝜌α intrinsic density of phase 𝛼 
𝜌α apparent density of phase 𝛼 
𝜎 Stefan-Boltzmann constant 
𝛔 stress tensor of medium  
Σ linear attenuation for N-ray 
𝛔𝑝 plastic stress 
𝛔𝑠 solid stress 

𝜎𝑖𝑗,𝑏
𝑦

bi-axial test strength 

𝜎𝑖,𝑐
𝑦

compressive test strength 

𝜎𝑖,𝑠ℎ
𝑦

shear test strength 

𝜎𝑖,𝑡
𝑦

tensile test strength 

𝛔𝛼 stress tensor of phase 𝛼 
τ transmissivity of the atmosphere 
𝝉 tortuosity tensor 



𝝉𝛽→𝛼  interaction at the boundaries of phases α and β 
𝜙 Lagrangian porosity  
𝚽 set of primary variables 
d𝜙ℎ hygric porosity change 
d𝜙𝑇 thermal porosity change 
χ fiber saturation function 
ψ a generic thermodynamic property 
Ψ𝑠 specific free-energy of solid skeleton 
Ψ1
𝑠 conservative part of energy function 

Ψ2
𝑠 dissipative part of energy function 

𝛀𝛼 mechanical angular interaction among phase 𝛼 and other phases 
𝑑Ω𝑝𝑜𝑟𝑒

𝑡 volume of pore space at time t 

Ω𝑡𝑜𝑡𝑎𝑙
𝑡 volume of the material at time t 

Ω𝛼
𝑡 volume of phase 𝛼 at time t 

Ω𝑒 volume of an element “e” 

Letter-like symbols 
𝓪 vector of internal variables  
ℬ𝑖𝑗  swelling coefficients matrix  

𝔓 mass attenuation coefficient 
ℂ𝓍𝓎 capacity 

𝕳𝛼 symmetric part of velocity tensor 
ℱ thermal softening of the stiffness matrix and yield stress 
𝔽𝓍 body force  
𝕘 internal variables growth direction 
ℋ𝑖𝑗

𝒶 hardening matrix of internal variables  

𝕀 intensity of the transmitted beam-line 
𝕀0 intensity of incident beam-line 
𝕀b  effective radiance of a blackbody 
𝕀dry intensity of the dry sample 

𝕀tot  total radiation intensity 
𝕂𝓍𝓎  diffusive stiffness 

�̅�𝓍𝓎 convective stiffness 

ℷ𝑖  fitting parameter(s) for thermal conductivity 
𝑙 length scale 
ℳ pore compliance coefficient 
ℙ1 XY plane 
ℙ2 ZY plane 



ℙ(*)θ ℙ1 or ℙ1 plane with angle  θ (the angle between the X direction 
and wood R direction) 

𝕣 plastic flow direction  
ℝ residual 
𝔎 yield function integration convergence threshold 
𝕽𝛼 anti-symmetric part of velocity tensor 
℘𝛼 chemical potential of the phase 𝛼 
ℴ𝑙  surface tension of the liquid 
𝓉 thickness of object along the incident direction 

𝓉𝛼
eff effective thickness of phase 𝛼 along the incident direction 

𝔘 a typical variable 
𝓌 water content 
𝓌lumen  water content of the lumen space 
𝓍 a generic primary variable 
𝔁𝑒 nodal values of generic variable 𝓍 for element “e” 
𝓎 a generic primary variable  

Indices 
𝑎 dry air phase 
b bi-axial test 
bw bound water 
c compressive stress 
e elastic 
fw free water 
𝑔 gas phase 
𝑙 liquid phase  
p plastic 
𝑠 solid phase 
sh shear stress 
t tensile stress 
𝑣 water vapor phase 
y yield stress 
𝑤 water 

𝛼 an arbitrary phase in a multiphase medium 
β an arbitrary phase in a multiphase medium 
𝜋 an arbitrary component of phase 𝛼 in a multiphase medium 



Abbreviations 
FEM  finite element method 
IR infrared 
MC moisture content 
MC0 moisture content in unloaded conditions 
MChyg hygroscopic moisture content 

MC𝑙𝑢𝑚𝑒𝑛 moisture content of lumen space 
MC𝑠𝑎𝑡 fiber saturation moisture content 
NR neutron radiography  
REV representative elementary volume 
𝑅𝐻 relative humidity 
𝑅𝐻𝑒𝑛𝑣 environment relative humidity 

Operators 
∗° reference state of * 
: matrices product 
× cross product 
⊗ dyadic product 
𝑑 differential 
𝑡𝑟(∗) trace of matrix (∗) 
D𝑡 material derivative 
𝜕 partial derivative  
𝛿 variation 
∆ finite difference 
𝛁 gradient operator 
𝛁 ∙ () divergence operator 
𝛁 × () curl operator 
∑ ()𝛼  summation on all generic phases 𝛼 

∫ ()
Ω𝑒

 integration over element volume 

∫ ()
Γ𝑒

 integration over element surface 
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Introduction 

1.1 Motivation 

The coupled hygrothermal and mechanical behavior of porous systems is a 

fascinating research domain, which still has to be further explored due to its 

many facets. Coupling theories such as poromechanics have opened the way for 

investigating the interactions between the heat transfer, moisture transfer and 

deformation and nowadays computational model development allows more 

complex systems to be considered. This thesis proposes a framework that takes 

benefits of these recent advances and develops a coupled hygrothermal and 

mechanical model, used for studying the ingenious process of welding of wood.  

In effect, welding of wood is a recently developed process for joining wood 

specimens without any additional adhesive material. This process is efficient and 

ideal for industrial applications due to the very short joining time of the process, 

i.e. less than a minute. However, in order to bring the technology from laboratory 

scale to industrial production line, a clear understanding of the mechanisms at 

play during the welding process and the development of the bonding interface is 

needed. Moreover, a systematic assessment of the impact of process parameters 

and wood material properties on the welding process is required.  Although this 

1
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knowledge gap could be reduced by experimental studies, a full characterization 

of the process would represent a colossal work.  In addition, several practical 

issues including material preparation, welding machine restrictions and 

measurements during the process limit the possibilities for an experimental 

parametric study. For example, conditioning a large wood sample to a certain 

moisture content can take a few months, available vibration welding machines 

have limitations on the load and frequency of the vibration, welding in 

conditioned atmosphere is not straight forward. Finally, because of the small 

thickness of the welding zone, it is practically impossible to measure 

temperature, pressure or moisture content within or close to the welding line. 

These examples illustrate the necessity of a computational method for studying 

the welding process and the challenges lying in modeling such process. Although 

modeling of friction welding has been performed for different substrates, such as 

metals, ceramics or polymers, the challenge in modeling welding of wood in 

comparison to modeling other welding processes resides in taking into account 

mass transport.  

Wood is a hygroscopic material and its properties and behavior are highly 

dependent on moisture content, so models which do not consider the effect of 

moisture are oversimplified. By adding moisture-dependent terms and mass 

conservation equations to the classical thermo-mechanical analysis, the 

consequence is that the governing equations become highly intricate. In addition 

to the moisture effect, the other complexity for modeling of welding for wood is 

its anisotropy. Material properties of wood are highly dependent on grain 

direction. Just to give an idea, the thermal properties of wood in grain direction 

are 2-3 times higher than the transverse direction, for the mechanical properties 

this ratio varies by 1-2 orders of magnitude and for the hygric properties the ratio 

can increase even to 3-4 orders of magnitude.  

A model is required that can consider heat, mass and mechanical behavior, 

including at high temperature, in a coupled manner, while taking into account 

highly nonlinear material properties and wood anisotropy. The aim of this 
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investigation is to develop such a numerical model and apply it to study wood 

behavior during the welding process. In this study, as a first approximation, the 

model does not include chemical or pyrolytic reactions and friction is replaced 

by a heat source. Based on this model, one can evaluate temperature, 

displacements, moisture content, strains and internal stresses during the friction 

welding process, as well as the residual stress and strain fields, moisture 

distribution and the densification at the weld line after welding.  

1.2 Methodology 

The model consists of coupling the energy, mass and momentum balance 

equations. During the welding process, heat is generated by dissipation of 

friction work at the interface (contact surface) and material deformation (plastic 

deformation). The major boundary contribution is the frictional heat source. The 

movement of the specimens against each other is not considered, so the actual 

frictional force is not modeled, only its consequence. In a manner similar to what 

has been done in modeling of metals and polymers welding, an equivalent heat 

source is introduced at the interface. The energy balance equation includes both 

conduction and convection terms. The conduction term is based on the classical 

Fourier law and convection terms are taken into account for the fluid phases. 

The energy equation development is temperature-based and not enthalpy-based, 

so the phase change is considered by means of the latent heat concept. Since 

there are two states of water inside wood (adsorbed water in the cell walls and 

bulk or capillary water in the lumens space), the latent heat should include 

adsorption/desorption and evaporation/condensations terms.  For evaluating the 

fluid transport inside the medium instead of solving the Navier-Stokes equation, 

Darcy and Fick laws are used for the advective and diffusive terms of the fluids 

velocities, respectively. The momentum balance equation for the solid phase is 

based on poromechanics equations in which strain is decomposed into the strain 

of the solid skeleton and the change of porosity. These strain components 
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include the elastic and plastic parts and the strain due to thermal expansion and 

moisture swelling/shrinkage. In addition, stresses due to the liquid and gas 

pressure in the pore system are taken into account. For being able to consider 

also permanent deformations and change of porosity, a poro-plastic model is 

implemented. This model uses a yield criterion with appropriate hardening rules 

for plasticity in order to describe the different behavior of the material in tension 

and compression. In order to solve the governing equations, a FEM based 

FORTRAN code which had been developed by Moonen (2009) and called 

HAMMECH is used. HAMMECH was developed for thermo-hygro-mechanical 

modeling of porous media and included XFEM algorithm for crack propagation. 

HAMMECH was developed for normal application in building physics topics, so 

modifications were needed for high temperature applications. Therefore, the 

code is here extended to keep into account the required high temperature terms 

including gas pressure calculation, material properties for high temperatures, 

etc. In addition, a plasticity algorithm is added to the code. Finally, in order to 

increase computational efficiency, the structure of the code was profoundly 

changed to make it suitable for running on multiple processors Windows-based 

PCs. This code uses the finite element and the finite difference method for spatial 

and temporal discretization, respectively. The resultant system of coupled 

nonlinear algebraic equations is solved by a staggered scheme, which 

decomposes the coupled problem into smaller sub-problems. 

 

1.3 Outline of the work 

 

This dissertation consists of 8 chapters.  

Chapter 2 gives the state of the art on modeling of transport in porous media and 

its applications to different processes ranging from concrete under fire 

conditions to wood drying. After that a short introduction to the application of 

neutron and X-ray radiography techniques for non-destructive evaluation of the 

porous material structure and moisture content distributions is given. The 



5 

1.3 OUTLINE OF THE WORK 

hierarchical structure of wood is then described. Finally an overview of 

experimental and numerical studies dealing with welding of wood is presented.  

In chapter 3 the governing equations for the coupled heat and mass transfer in a 

deformable porous material are presented and the corresponding assumptions 

about the material behavior are given. The time and space discretization of the 

governing equation as well as the plasticity algorithm are described in the last 

section of chapter 3.  

The required material properties for describing wood behavior for the desired 

temperature range are given in chapter 4.  

The experimental results for the validation of the model, and the numerical 

results for specific conditions as imposed in the experiments are presented in 

chapter 5.  

In order to check the sensitivity of the results to the selected material properties, 

several simulations have been performed with changing the desired material 

properties and outcomes are presented in chapter 6.  

After validation of the hygro-thermo-mechanical model, the welding of wood 

modeling is presented in chapter 7. In this chapter, the effect of initial conditions 

and specimen size on the distribution of temperature, moisture and gas pressure 

in the material, at the weld line during the welding time and after finishing the 

welding process is analyzed. At the end of chapter 7, the thermo-hygro-plastic 

modelling of welding is presented which predicts the permanent deformation 

and densification near the weld line.  

Chapter 8 summarizes the main conclusions of the study and indicates possible 

future studies in this field. 
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State of the art 

 

In this chapter a literature overview on research related to the wood welding is 

given. First, a general description of modelling approaches for heat and mass 

transport in rigid and deformable porous media is presented. Afterwards, the 

application of neutron imaging, a non-invasive technique for studying porous 

materials is discussed. The third part of this chapter deals with wood as a 

material and the welding process, with a focus on both experimental and 

modeling efforts. Based on the presented overview, the needs for further research 

are emphasized and the research goals are defined. 

 

2.1 Transport in porous media 

 

A porous medium is a solid material which contains voids, called pores. The 

presence of pores affects its mechanical and thermal properties, as less material 

exists in the same volume or, in the other words, as the material has a lower 

density. The pore system can consist of scattered occluded cavities inside the 

solid or of an interconnected network. Pores can be partially or totally filled with 

fluids. In the case of interconnected pores, the material can therefore be 

imagined as a pipe network in which liquid and gas phases move due to driving 
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forces like pressure or temperature gradients. The presence of fluid phases inside 

the medium can change the mechanical properties of the material and its thermal 

properties due to the appearance of a convective heat flux. In addition, mass 

transfer inside and across the boundaries of the material has to be taken into 

account. The deviation from the behavior of the non-porous solid can be even 

more significant when interactions occur between the internal walls of the solid 

(pores surfaces) and fluids contained in the pores. In this case, surface forces and 

adsorption of fluids molecules by the solid need to be considered. The 

interaction between solid and fluid molecules may result in a swelling and an 

increase of porosity, affecting the mechanical and transport properties of the 

porous medium.  
 

The reason why porous materials are subject of many researches for a century is 

their availability and daily use in different fields of engineering. Porous materials 

are everywhere present, in the earth crust, i.e. soil, rock; in building materials, i.e. 

bricks, stones, cement; and in biological materials like wood and bone. Also, 

several newly developed materials like aerogels are categorized as porous solids. 

In this chapter, a literature overview on the subjects, materials or methods 

related to the current study is presented. 

Initial attempts for understanding flow inside porous material date back as far 

back as the observations of Leonardo da Vinci, who tried to formulate flow 

inside capillary tubes (Lloyd, 1902). A detailed historical background on 

developments in the field of porous materials is found in the book of de Boer 

(2011).  
 

Three systematic methods to quantify transport in porous media can be 

distinguished: the phenomenological approach, the mixture theory and the 

averaging method (Moonen, 2009). Whitaker (1966, 1967) gives the first 

description for mass transport of single phase, non-reacting and non-adsorbing 

flow inside porous media by using the averaging method. Based on this 

description, Whitaker (1973) derives the governing equations for multiphase 

flow in porous materials. After that, Gray (1975) uses the same approach to 
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extract governing equations for multiphase flow in porous media and revises the 

ignored convective terms from the equations proposed by Whitaker (1973). In 

order to study the drying process, Whitaker (1977) presents the equations for 

multiphase flow in porous solids which included heat transfer and mass 

transport. Using the averaging method and entropy inequality, Hassanizadeh 

and Gray (1979a-b, 1980) present a systematic approach for deriving general 

conservation laws inside a porous material. Also, based on the entropy 

inequality, i.e. the second law of thermodynamics, they derive the constitutive 

theory for transport in porous media. Although the approach of Hassanizadeh 

and Gray (1979a-b, 1980) is general for deriving the required equations for 

different thermodynamics properties, these equations cannot be applied in a 

straight forward way for daily engineering usage because they are too complex 

and require interface properties of different phases. Along these lines, Lewis and 

Schrefler (1998) use the same averaging method and make some assumptions like 

local thermal equilibrium in order to find the conservation equations and 

constitutive equations in a format more suitable for engineering applications. 

They also describe the implementation of these equations using the finite 

element method (FEM).  
 

Once the averaging method and developed equations have been established, the 

following works mostly focus on customizing the equations, corresponding 

assumptions and material properties for special purposes and domains of 

validity. For example, Gawin et al. (1999) study the behavior of concrete walls 

exposed to high temperature for fire situations. Pesavento (2000) derives the 

governing equations for multiphase porous media using the averaging method 

and by considering interface properties between different phases.  Gawin et al. 

(2002, 2003) improve their model by introducing a constitutive equation for the 

state of water above its critical point in order to be able to simulate higher 

temperatures and include chemical damage in the constitutive equations.  
 

In parallel, simulation of multiphase flow in porous materials is applied in other 

fields than building material applications, like wood drying. Stanish et al. (1986) 
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use a one-dimensional model for simulation of transport in hygric porous media, 

especially for drying of wood. Cloutier and Fortin (1993) propose a model of 

isothermal moisture movement in wood during drying using the gradient in 

water potential as the driving force. Turner (1996) presents a two-dimensional 

orthotropic model for convective drying of wood. He uses a structured mesh cell 

centered control volume approach to solve the governing equations. Ferguson 

and Turner (1996) introduce a hybrid control volume finite element scheme to 

solve the problem of spruce wood drying in the temperature range of 80-120oC.  

Di Blasi (1998) studies the drying process of wood at high temperatures. Her 

mathematical formulation is based on one-dimensional model geometry and the 

solution is obtained using implicit finite-difference approximations and the 

operator splitting technique. Perré and Turner (1999), by means of Whitaker 

(1977, 1998) equations, obtain a 3D model for drying of wood at high 

temperatures. Demirdžić et al. (2000) develop an unconditionally stable, second-

order finite volume discretization method solving the heat, mass and momentum 

balance equations in order to obtain the thermal, hygric and mechanical stresses 

for arbitrary anisotropic bodies subjected to hygro-thermo-mechanical loads. 

Salagnac et al. (2004) study heat and mass transfer inside porous media under 

combined hot-air, infrared and microwave heating. Their model is one-

dimensional and the material studied is cellular concrete. They implement the 

microwave heating mechanism using Lambert–Beer law. Truscott and Turner 

(2005) consider drying of wood at mesoscale by introducing a heterogeneous 

three-dimensional model. Younsi et al. (2006) consider a 3D model of heat and 

mass transfer inside a wood sample surrounded by hot air with constant 

material properties. In order to simulate and optimize the continuous hot 

pressing of wood-based composites, Thoemen, and Humphrey (2006a-b) 

present a three-dimensional model for heat and mass transfer as well as for the 

densification during the pressing process. Trcala (2012) considers heat and mass 

transfer in wood as an anisotropic elastic medium including elastic deformation. 

Three-dimensional simulations are performed for mass and heat transport 



 

11 
 

2.1 TRANSPORT IN POROUS MEDIA 

including only diffusive terms for relatively low temperatures, under 100oC. 

Recently, Oumarou et al. (2014) study the drying of wood at high temperatures 

by improving boundary conditions using the time-averaged Navier–Stokes 

equations and the energy equation for turbulent flow at the boundaries of the 

sample. For a comprehensive review on heat and mass transfer in porous 

materials, corresponding assumptions and governing equations with application 

to drying process, we refer to Katekawaa and Silva (2006). 

  

Before the systematic development of this kind of governing equations, 

significant interest existed in the interaction between solid phase and its 

containing fluid, especially in the field of soil mechanics. The first work on 

describing the interaction between pore water and soil, by introducing the 

concept of effective stress for a saturated porous media is done by Terzaghi 

(1928, 1943). His phenomenological model is based on one-dimensional 

consolidation experiments. This one-dimensional model is later extended to a 3D 

model by Rendulic (1936). The first to develop fully coupled poromechanics 

equations for an isotropic material is Biot (1935, 1941). He extends his model to 

anisotropic medium (Biot, 1955), and also for dynamic systems and wave 

propagations (Biot, 1956a-b). Although the first works of Biot are all based on 

the phenomenological approach and the already developed theory of elasticity, 

he derives constitutive equations for finite deformation of porous materials by 

using the irreversible thermodynamics concepts, Biot (1972). The work of Biot is 

the base of all works that followed in the field of poromechanics. In this way, 

Coussy (1989, 1995, 2004, 2007, 2010) and Coussy et al. (1998a) extend the 

poromechanics concepts for saturated and unsaturated porous materials. 

Meschke and Grasberger (2003, 2004) use the free energy and poromechanics 

concepts to derive governing equations for thermo-hygro-mechanical 

degradation of cementitious materials including plasticity and damage. The 

application of the poromechanics approach also finds its way in the modeling of 

biological materials. For example, Cowin (1999) presents a literature review on 
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the application of poroelasticity to bone-fluid interaction and describes the 

specific physical and modeling considerations that establish poroelasticity as an 

effective and useful model for deformation-driven fluid movement in bone tissue. 

Carmeliet et al. (2013) introduce a nonlinear poro-elastic method for the 

characterization of hygro-mechanical behavior of porous media with a detailed 

discussion on wood. The main advantage of using the energy method and the 

poromechanics approach to derive governing equations for a porous solid over 

methods like averaging is that it systematically clarifies the experiments 

required to define the constitutive equations and the physical parameters needed 

to describe the behavior of the material. 

 

2.2 Neutron imaging 

 

Neutron radiography (NR or N-ray) is a non-destructive high-resolution 

technique which allows the determination of moisture content distributions in 

porous materials.  Neutron radiography provides higher resolution for the 

determination of moisture content than magnetic resonance imaging (MRI) and 

X-ray radiography due to the high attenuation of the neutron beam by hydrogen 

nuclei, which are a main component of water. Neutron radiography has been 

proven successful in quantifying the moisture in wood with a much higher 

moisture content resolution, up to 0.1 kg/m3 ( Sedighi-Gilani et al., 2012). This 

accuracy is due to the strong attenuation of the neutron beam by hydrogen in 

contrast to the other components of wood, (Pleinert and Lehmann, 1997; Mannes 

et al., 2009). 
 

Jasti and Fogler (1992) use the neutron transmission imaging technique for 

studying various flow phenomena in reactive dissolution of oil-bearing porous 

media. Pel et al. (1993) present a technique for measuring moisture concentration 

profiles based on scanning neutron radiography. By using measured moisture 

concentration profiles during drying of samples (brick and kaolin clay), they 

determine isothermal moisture diffusivity as a function of moisture content.      
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de Beer et al. (2004) study the drying process of concrete using NR technique. 

Roels et al. (2004) compare different techniques, including NR, to measure the 

evolution of moisture content profiles with time for calcium silicate plate and 

ceramic brick as two common building materials. Hassanein et al. (2006) track 

imbibition of deionized water and a NaCl solution in up- and downwards 

directions for three different porous stones. They also apply a correction method 

to reduce the disturbing effects due to neutron scattering. Sedighi-Gilani et al. 

(2012, 2014a), study the different processes of liquid transport inside wood 

samples in different anatomical directions. Derluyn et al. (2013) expose samples 

of Savonnières limestone to repeated wetting–drying cycles and by using 

neutron radiography and X-ray micro-tomography investigated saline uptake 

and salt precipitation inside them. Poulikakos et al. (2013) consider the process 

of water drainage through porous asphalt, reporting time-resolved water 

configurations and distributions within the porous structure. Sedighi-Gilani et 

al. (2013) visualize the release and migration of water vapor in gypsum plaster 

board due to dehydration at elevated temperatures by means of thermal neutron 

radiography. Lal et al. (2014) study water uptake in aged porous asphalt using 

neutron radiography. Sedighi Gilani et al. (2014b) tracked heat and mass 

transport in hardwood samples in different anatomical directions by applying 

different temperatures at the bottom of the sample. This short literature review 

showed the recent increased use of neutron radiography to understand different 

types of porous materials and examine their moisture behavior under different 

conditions, with a high resolution of moisture content determination. In chapter 

5 the use of neutron radiography data in order to characterize mass transport in 

wood will be further described. 

 

2.3 Wood and wood welding 

 

In this section, first a short overview of the structure of softwood is given. After, 

the friction welding process for joining wood specimens is presented.  
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2.3.1 Structure of softwood 

 

Wood is a biological cellular material with a hierarchical structure. In general, 

wood species are divided in two categories: hardwood and softwood. Hardwood 

comes from the angiosperms (or deciduous trees) such as beech, ash, cherry, 

maple, oak. Softwood comes from gymnosperm trees (usually evergreen conifers) 

like spruce, cedar, fir or pine. Due to its anatomical orientations, wood shows an 

anisotropic behavior. The anatomic directions of wood are: longitudinal 

direction (L), along the tree stem; radial direction (R) of along the radial 

direction of the stem cross section; and tangential direction (T), along the 

circumferential direction of stem cross-section, see Figure 2.1a. Climate changes 

during a year affect the growth rate of wood cells. In warm weather in spring 

cells grow faster and consequently cell walls are thin with large lumens. On the 

other hand in summer, cells are smaller, have thicker and darker cell walls and 

smaller lumens. This difference in growth rate causes a circular pattern in log 

cross-section. The light rings which are related to spring grown cells are called 

earlywood and the dark region which is narrower and has thick cell walls is 

latewood, see Figure 2.1b. 
 

Around 90 to 95% of cells are aligned parallel to the tree trunk, the longitudinal 

tracheid cells, and the remaining 5 to 10% are in radial direction, radially 

oriented ray cells, with no tangentially aligned cell. These cells are joined 

together by a layer called middle lamella (Dinwoodie, 1981). The anatomical 

orientation of wood cells results in anisotropy of mechanical properties of wood 

at macro scale. In addition, since lumens of the cells are connected by different 

types of openings (namely bordered pits between tracheid and different shaped 

cross-field pits between tracheid and ray cells, Sedighi-Gilani et al., 2012), this 

cellular alignment also makes wood transport properties, like hydraulic 

conductivity, highly anisotropic. At cellular scale, cell wall is a polymeric fiber-

reinforced composite, made of different layers: the primary layer (P), in which 

cellulose fibrils are randomly distributed, and three secondary layers (S1-3) with 



 

15 
 

2.3 WOOD AND WOOD WELDING 

helically wounded cellulose fibrils, see Figure 2.1c. In the S1 layer, cellulose 

micro-fibrils are wounded circumferentially with an angle between 50-70o; for 

the S2 layer micro-fibrils angles are between 10-30o, Figure 2.1d, and for the S3 

layer between 60-90o (Brandstro, 2002).  

 

 

Figure 2.1:  Schematic illustration of wood hierarchical structure.  

 

For Norway spruce (Picea abies L.), the S2 layer occupies around 80% of the cell 

wall volume, while the rest of the volume is taken for about 3% by  primary layer, 

10% by the S1 and 4% by the S3 layers  (Fengel and Stoll, 1973). The S2 layer has 

thus a significant influence on the properties of cell wall due to its large volume 
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fraction compared to the other layers and its quite longitudinal orientation of the 

cellulose fibrils. Some other major properties of wood also originate from the cell 

wall properties. For example, absorption of water molecules in the cell cause a 

swelling of the cell wall and thus of wood at macro scale. However, the 

arrangement of cells at meso-scale also has an effect on the swelling properties of 

wood specimen. For example, rays in radial direction act as reinforcement and 

cause lower amount of swelling in radial direction than in tangential direction 

(Derome et al., 2011). Thermal conductivity and heat transfer properties of wood 

are higher in longitudinal direction compared to radial and tangential directions, 

because of micro-fibrils orientation and because of the presence of lumens, 

which increase the convective heat transfer in this direction. More details about 

wood properties at macro scale are presented in chapter 4. In the next section 

the wood welding process is explained. 

 

2.3.2 Welding of wood 

 

Friction welding is a joining process where heat, generated at an interface due to 

friction during vibration, melts or softens the material at this interface, yielding a 

penetration of the two components being welded. According to Stokes (1988a), 

the welding process, using the penetration of two thermoplastic specimens, is 

divided into four phases as shown in Figure 2.2. In phase I, vibrational movement 

starts and the samples warm up at the interface to the melting point of 

thermoplastic material. In phase II, melting starts and the penetration within the 

specimen is accelerated. Phase III is the steady state, in which the rate of 

penetration is equal to the rate of sample melting. Finally, in phase IV vibration 

is stopped and the joined sample starts cooling down. Although friction welding 

for joining thermoplastic has been used for around half a century, the process for 

joining wood specimens has only been introduced at the beginning of this 

century (Gerber and Gfeller,2000; Gliniorz and Natterer,2000; Gliniorz et 

al.,2001; Gfeller et al.. 2003; Stamm, 2005; Ganne-Chédeville ,2008a). Friction 
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welding has some advantage in comparison to other welding processes or joining 

processes using adhesives: short joining time (i.e., for wood samples it is in the 

order of seconds, depending on the type of wood), local heating of the material 

(as heat generation is confined to the surfaces to be joined together), no need for 

any interfacial material, since the weld material is the same as of the wood 

specimens. There are several parameters which can influence the welding quality 

and time. For friction welding, the main factors are: the applied welding pressure 

on the samples, the amplitude and frequency of machine vibration, the welding 

time and the amount of penetration (Stokes, 1988a-b;  Stamm, 2005). 

 

 

Figure 2.2:  Schematic illustration of penetration vs. time with different welding phases 

from Stokes (1988a). 

 

2.3.2.a Experimental studies 

 

Given the complexity of the welding process, it is obvious that finding the 

optimal conditions for welding requires a lot of experimental exploration. A 

short overview of experimental studies is given below. Properzi et al. (2005) 

study the effect of grain direction on the shear strength of welding for different 
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wood types. Ganne-Chédeville et al. (2006) measure temperature and density 

distribution in the welded sample via infrared thermography and X-ray micro-

densitometry, respectively. The effect of using heat-treated wood samples as 

weld specimens is investigated by Boonstra et al. (2006). Ganne-Chédeville et al. 

(2008b) study chemical and physical changes during linear welding of wood. 

Delmotte et al (2009) examine the effect of welding frequency on the chemical 

change of material in welded zone. Omrani et al. (2009) study the effect of using 

surface grooved samples on improvement of weld quality and conclude that 

increasing the weld surface does not have an effect on weld quality. However, 

when they use samples with not tightly fit grooves, weld quality is slightly 

improved due to the possibility of removal of moisture from the weld surface 

through the grooves. Mansouri et al. (2009) use higher vibration frequency and 

lower vibration amplitude for the welding process. They find that such an 

approach can cause shorter welding time, 1.5s, due to faster temperature 

increase.  With this technique no fibers are expelled from the welded interface, 

more fibers become integrated in the interfacial composite as well as no charring 

of the interfacial region occurs. This technique leads to an improvement of the 

mechanical and moisture resistance of welding interface during climatic cycles 

after welding. Omrani et al. (2010) investigate the effects of grain direction and 

pre-heating of the sample surfaces on weld quality. They find that pre-heating, 

for some wood type like beech has a positive influence on weld shear strength 

but, for some other samples, like oak, its effect is negative. Vaziri et al. (2011) 

consider the effect of different parameters like welding pressure and time on the 

water absorbing properties of the welded interface. They find significant effects 

and report optimum values for the parameters mentioned. Rhême et al. (2013a-b) 

study the effect of moisture content on the mode I and II fracture of welded 

samples. In Hahn et al. (2015a), the effect of sample size on the quality of the 

welded interface is presented. Based on their investigation, the bound water 

evaporation is identified as the reason for large samples effect, and not gas 

pressure. For samples with higher initial moisture content, weld quality is much 
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more sensitive to the sample size. On the other hand, dried samples are subjected 

to a high gas pressure because of carbon dioxide generation, but in this case the 

weld quality is found not to be so sensitive to length. Hahn et al. (2015a) 

conclude that using smoke grooves has more effect for larger samples. Hahn et al. 

(2015b) consider the effect of shaped surfaces on the mechanical behavior of 

welded samples. Their results indicate that flat and plane interfaces are highly 

sensitive to swelling and shrinkage and after some climatic cycles, the welded 

interface loses its load bearing capacity. On the other hand, using shaped 

surfaces significantly improves the mechanical stability of welded samples when 

exposed to changes of environmental conditions.  
 

This short overview of experimental studies on vibration welding of wood 

illustrates that it is not trivial to find optimum conditions for welding based only 

on an experimental approach. Therefore, in the next section, modeling studies 

are addressed, which can contribute to the optimization of the process 

parameters. 

 

2.3.2.b Modeling studies 

 

Attempts to model the welding process go back to some decades. Initially, 

analytical models are proposed. For example, Stokes (1988a) develops a simple 

analytical model to estimate the molten film thickness, the size of the heat 

affected zone and the weld time as function of the weld parameters in the first 

three phases of welding. With the further development of computational 

capabilities, numerical investigations were performed, considering more 

complicated conditions. A common approach in modeling the welding process 

reduces the problem to only a thermal modelling, without including mechanical 

effects. More recent works couple thermal and mechanical effects, e.g. 

calculating strain and stress fields in the welded pieces and temperature 

distribution (Sluzalec, 1990). Coupled deformation and heat flow analysis are 

commonly performed by the finite element method (Fu and Duan, 1998). Visco-
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plastic flow is included by Ulysse (2002), Santiago et al. (2004) and D’Alvise et 

al. (2002). In addition, D’Alvise et al. (2002) include a contact algorithm, an 

automatic remeshing at the joint interface and a formulation for the friction law 

including thermal-dependent material consistency. Recently, Fourment and 

Guerdoux (2008) use viscoplastic and elasto-viscoplastic constitutive equations 

to model material deformation, including elastic spring back and residual 

stresses. As an example of modeling applications other than for metals, 

Lindemann et al. (2006) model the bonding of a metal sample with a ceramic 

one, i.e. aluminum with corundum ceramic.  
 

In terms of modeling of wood welding, some work has been performed. An 

analytical approach based on the one dimensional heat conduction equation is 

used by Zoulalian and Pizzi (2007) for modeling wood-dowel rotation welding. 

The heat source term uses a constant friction coefficient. A different case is 

studied by Ganne-Chédeville et al. (2008c) who developed a two–dimensional 

FEM based model to simulate heat transfer inside wood pieces during linear 

welding. The heat flow at the interface is imposed to yield the temperature 

measured with infrared thermography at the sides of the two wood pieces 

during welding. This model includes material temperature dependency, but does 

not consider the mechanical behavior of the sample. Recently, Vaziri et al. (2014) 

use a three-dimensional model to estimate thermal behavior of wood under 

linear welding condition. They use isotropic material properties for the heat 

transfer problem and use as heating boundary condition at the interface an 

imposed temperature, corresponding to the one measured during experiments. 

Inverse modelling is used to determine the friction coefficient. 

 

2.4 Needs for further research 

 

Based on the literature review presented above, we observe that a lot of 

experimental and modelling work was accomplished, but there is still a need for 

further understanding for improving the welding of wood process. This newly 
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developed technique is welcomed by the industry due to the short processing 

time required as well as the environmentally-friendly nature of the procedure.  

However, there are still some limitations to be solved before this technology can 

be transferred from laboratory to industry. These limitations relate to weld 

strength, welded interface moisture sensibility, size of the welded samples and 

uniform quality of the welded interface. To overcome these problems and find 

optimized welding conditions, regarding welding process parameters and 

material preparation/conditioning, many experimental works have been done 

and some others are still on their way, all successful in some aspects.  
 

The goal of this project is to develop an appropriate computational model to 

capture the main physics of the welding process, i.e. in terms of heat transport, 

moisture transport and material deformation. Therefore, the first step is finding 

the suitable governing equations and material properties for heat and mass 

transfer as well as mechanical deformation at elevated temperature for wood, 

considering it as a macroscopic porous material. After that, the proposed model 

is validated with appropriate experimental tests results: moisture content fields 

obtained from neuron radiography, temperature fields measured by 

thermocouples and infrared thermography, and mechanical test results. Finally, 

the welding process is investigated numerically and the influence of process 

parameters and material preparation is studied. 
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Governing equations 
 

In this chapter, the governing equations for heat and mass transfer in a porous 

medium and its mechanical behavior are described. As mentioned in the state of 

the art, there are two main approaches to describe multiphase flow in a 

continuous system (Coussy 1998b). One approach is based on the mixture 

theory and volume fraction concept and uses averaging theories to upscale the 

equations from microscale to macroscale, in several steps. The other method is a 

purely macroscopic theory which uses the standard concepts of the continuum 

mechanics and assumes they are still relevant at the macro level.  The use of the 

macroscopic theory is more straightforward than the averaging theories and the 

final equations obtained are the same for the two approaches. 

 

In this work, the governing equations at the macroscale are obtained from the 

averaging theories. Figure 3.1 illustrates a porous medium from a microscale 

window, showing the heterogeneous material consisting of several dispersed 

phases (in this case three, i.e. solid, liquid and gas). Sharp boundaries between 

the different constituents and the different phases are distinguishable, see upper 

row in Figure 3.1. Now, zooming out and focusing on a higher scale (macroscale), 

and looking at the same window of material, a blurred image is seen in which 

3 
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only one continuous phase is visible, as in the lower row of Figure 3.1. To study 

the material at the macroscale, the scale of interest for this work, it is possible to 

assume that each phase spreads uniformly in the representative element of the 

material and that the consequent superposition of these phases makes up the 

whole material. 
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Figure 3.1: Schematic representation of a three-phase porous material at two different 

scales. 

 

This can be explained by introducing length-scale and representative element 

volume (REV) concepts. Each desired thermodynamic property, 𝜓, should be 

averaged on a volume 𝓋 with corresponding length scale 𝑙.  

 

ψ =
1

𝓋
∫ 𝜓𝑑𝓋

𝓋
        3.1 

 

By plotting the average value vs. length-scale of the corresponding volume, a 

trend as shown in Figure 3.2 will be obtained. At microscale, 𝑙 < ℓ, since a 

typical phase 𝛼 spread discontinuously inside the material, variation of the 

averaging volume size has a significant effect on the average value. By increasing 

the averaging volume, 𝑙 > ℓ, the averaged property reaches a constant value and 
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changing the length-scale does not have considerable effect on it. However, by 

increasing the size of the averaging volume beyond a limit, 𝑙 > ℒ, there are 

massive material size effects, like macroscopic cracks, bulk material change, etc., 

so again a large variation in the averaged quantities can be seen. Therefore the 

representative element volume of the material should have the length scale in the 

range of ℓ < 𝑙 < ℒ in order to satisfy the assumption of uniform spreading of 

different phases inside the material.  

 

 

Figure 3.2: Variation of averaged thermodynamic property ψ by changing the volume 

scale 𝑙. 

 

3.1 Macroscopic conservation laws in continuum media 

 

In the Eulerian specification, a generic thermodynamic property ψ𝛼 of phase 𝛼 in 

a continuous multiphase medium is conserved as expressed in Hassanizadeh and 

Gray (1979a-b), Lewis and Schrefler (1998) according to: 

 

𝜕

𝜕𝑡
(𝜌αψ𝛼) + 𝛁 ∙ (𝜌αψ𝛼𝐯α) = 𝜌αbα+𝜌αGα + 𝛁 ∙ (𝐢α) + 𝜌α𝑒𝛼(�̃�ψ𝛼) + 𝜌α𝐼𝛼

         3.2.a 
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where 𝜌α is the apparent density of phase 𝛼 (mass per unit volume of porous 

material), 𝐯α is the local value of the velocity field of phase 𝛼 at a fixed point in 

space in an inertial reference frame, 𝐢α is the flux vector associated with ψ𝛼, bα is 

the external supply of ψ𝛼, Gαis the net production of ψ𝛼 and 𝑒𝛼 and 𝐼𝛼are 

related to the exchange of ψ between phase 𝛼 and other phases in the medium 

due to phase change and mechanical interaction among them at interfaces. For 

example, in a partially filled capillary tube, 𝑒𝛼 shows momentum exchange 

between liquid and gas phases due to evaporation/condensation of water 

molecules and 𝐼𝛼 describes surface tension effect and exchange of momentum 

without phase change. We define �̃� as density function, which describes the 

distribution of different phases at micro scale. Since the internal exchange of ψ 

among different phases is described by 𝑒𝛼 and 𝐼𝛼and also this internal exchange 

does not have an effect on the overall value of ψ in the multiphase medium as a 

unique material, in addition to equation 3.2.a, there should be a consistency 

condition: 

  

∑ 𝜌α(𝑒𝛼(�̃�ψ𝛼) + 𝐼𝛼)𝛼 = 0      3.2.b 

 

 The appropriate values for the variables in equation 3.2 are given in Table 3.1 

(Hassanizadeh and Gray, 1979a-b). 

 

Table 3.1: Appropriate values for generic conservation law, equation 3.2 

Quantity 𝛙𝜶 𝐛𝛂 𝐆𝛂 𝐢𝛂 𝒆𝜶(𝝆𝛂𝛙𝜶) 𝑰𝜶 
Mass 1 0 0 0 𝑒𝛼(�̃�) 0 

Linear 
momentum 

𝐯α 𝐠α 0 𝐭α 
𝑒𝛼(�̃�)𝐯α

+ 𝑒𝛼(�̃��̃�) 
𝐓𝛼 

Angular 
momentum 

𝐫 × 𝐯α 𝐫 × 𝐠α 0 𝝕α 
𝑒𝛼(�̃�)𝐫 × 𝐯α

+ 𝑒𝛼(�̃�𝐫 × �̃�) 
𝛀𝛼 

Energy 
𝐸𝛼

+
𝐯α ∙ 𝐯α

2
 

𝐠α ∙ 𝐯α

+ ℎ𝛼 
0 

𝐭α: 𝐯α

+ 𝒒𝛼 

𝑒𝛼(�̃�)
𝐯α ∙ 𝐯α

2
+ 𝑒𝛼(�̃�𝐯α). 𝐯α

+ 𝑒𝛼(�̃�𝐸𝛼) 

𝐓𝛼 ∙ 𝐯α

+ Q𝛼 
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3.1.1 Mass conservation 

 

By substituting the terms corresponding to mass conservation from Table 3.1 in 

equation 3.2, the mass conservation for a generic phase α is written as:  

 

𝜕

𝜕𝑡
(𝜌α) + 𝛁 ∙ (𝜌α𝐯α) = 𝜌α𝑒𝛼(�̃�)     3.3 

 

or in a more concise form: 

 

𝜕

𝜕𝑡
(𝜌α) + 𝛁 ∙ (𝜌α𝐯α) = �̇�β→α      3.4 

 

where �̇�β→α shows the mass exchange rate between phases α and β. The porous 

material is assumed to be composed of three distinct phases, solid (𝑠), liquid (𝑙) 

and gas (𝑔). The gas phase is the only phase with several constituents, i.e. water 

vapor (𝑣) and dry air (𝑎). Equation 3.4 is written based on apparent density, i.e. 

the density with respect to the unit volume of the mixture. However, it is easier 

to utilize the intrinsic value of density of each phase. Thus, porosity and degree 

of saturation are used to take into account the volume of the material which is 

occupied by different phases. Figure 3.3 shows the porous material at the 

microscale, divided into two separate regions: the matrix, i.e. the solid phase and 

the space occupied by fluids, referred to as pore space (Coussy, 2004). The pores 

are assumed to be connected, so occluded pores in the matrix are disregarded. 

 

 

Figure 3.3: Porous medium as the sum of the solid matrix and pore space (liquid + gas). 

Solid

Liquid

Gas
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Porosity is the ratio of the pore volume to the overall volume of the material. 

Porosity can be defined on the base of the current (Eulerian) or of the initial 

(Lagrangian) configuration of the material. For heat and mass conservation, the 

Eulerian definition is used in this study. For a partial volume of the material,  

𝑑Ω𝑡𝑜𝑡𝑎𝑙
𝑡 , at time 𝑡, the Eulerian porosity is defined as: 

 

𝑛 =
𝑑Ω𝑝𝑜𝑟𝑒

𝑡

𝑑Ω𝑡𝑜𝑡𝑎𝑙
𝑡         3.5 

 

The volume of the material which is occupied by solid grains is equal to (1 −

𝑛)𝑑Ω𝑡𝑜𝑡𝑎𝑙
𝑡 . In order to define the filling of the pore space with either fluid, 

another variable is introduced: the degree of saturation. For the solid phase, as it 

is assumed that there is no occluded pore inside the solid grains, the degree of 

saturation is one. For the pore space, as fluids fill the pore space, the degree of 

saturation of phase α is defined as: 

 

𝑆𝛼 =
𝑑Ω𝛼

𝑡

𝑑Ω𝑝𝑜𝑟𝑒
𝑡         3.6 

 

Now equation 3.4 for the fluid phases becomes: 

 

𝜕

𝜕𝑡
(𝑛𝑆α𝜌α) + 𝛁 ∙ (𝑛𝑆α𝜌α𝐯α) = �̇�α→β     3.7 

 

where  𝜌α is the intrinsic density of phase α and, in the same way, for the solid 

region, one obtains: 

 

𝜕

𝜕𝑡
((1 − 𝑛)𝜌α) + 𝛁 ∙ ((1 − 𝑛)𝜌α𝐯α) = �̇�α→β    3.8 
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3.1.2 Linear momentum balance 

 

By substituting the terms of Table 3.1 into the generic equation 3.2.a, the linear 

momentum balance equation for each phase shows the following form: 

 

𝜕

𝜕𝑡
(𝜌α𝐯α) + 𝛁 ∙ (𝜌α𝐯α ∙ 𝐯α) = 

𝜌α𝐠α + 𝛁 ∙ 𝐭α + 𝜌α𝑒𝛼(�̃�)𝐯α + 𝜌α𝑒𝛼(�̃��̃�) + 𝜌α𝐓𝛼 

       3.9 

 

in which �̃� is deviation of velocity from the average velocity at micro scale. By 

expanding equation 3.9 one obtains: 

 

𝜌α

𝜕𝐯α

𝜕𝑡
+ 𝐯α

𝜕𝜌α

𝜕𝑡
+ 𝜌α𝛁(𝐯α) ∙ 𝐯α + 𝐯α𝛁 ∙ (𝜌α𝐯α) = 

𝜌α𝐠α + 𝛁 ∙ 𝐭α + 𝜌α𝑒𝛼(�̃�)𝐯α + 𝜌α𝑒𝛼(�̃��̃�) + 𝜌α𝐓𝛼 

       3.10 

 

Using the mass conservation equation 3.3, equation 3.10 can be rewritten as: 

 

𝜌α
𝜕𝐯α

𝜕𝑡
+ 𝜌α𝛁(𝐯α) ∙ 𝐯α = 𝜌α𝐠α + 𝛁 ∙ 𝐭α + 𝜌α𝑒𝛼(�̃��̃�) + 𝜌α𝐓𝛼  

         3.11 

 

By assuming that phase change, e.g. evaporation and condensation, is happening 

in equilibrium state, the momentum term which is related to the phase change 

can be neglected. However, the interaction at the boundaries of different phases, 

i.e. 𝜌α𝐓𝛼 , is present and referred to as 𝝉𝛽→𝛼 (𝛼 ≠ 𝛽). Then equation 3.11 can be 

rewritten to yield: 

 

𝜌α
𝜕𝐯α

𝜕𝑡
+ 𝜌α𝛁(𝐯α) ∙ 𝐯α = 𝛁 ∙ 𝐭α + 𝜌α𝐠α + 𝝉𝛽→𝛼    3.12 
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By using the material derivative definition: 

 

D(∗𝛼)

D𝑡
=

𝜕(∗𝛼)

𝜕𝑡
+ ∇(∗𝛼) ∙ 𝐯𝛼      3.13 

 

the linear momentum conservation can be written in a more familiar shape: 

  

𝜌α𝐚𝛼 = 𝛁 ∙ 𝐭α + 𝜌α𝐠α + 𝝉𝛽→𝛼      3.14 

 

where 𝐚𝛼 =
D(𝐯α)

D𝑡
 is the acceleration of the phase α. Equation 3.14 shows that the 

resultant of all applied loads on the material is equal to the mass time the 

acceleration, as in the second law of Newton. In deriving equation 3.12, no 

assumption has been made to distinguish between the behavior of fluids and 

solids, so the equation is valid for both phases. However, practically, it is easier 

to work with some assumptions for each phase and then develop appropriate 

constitutive equations for each phase. 

 

3.1.2.a Fluids linear momentum balance 

 

The stress tensor 𝐭α can be divided into deviatoric and hydrostatic part: 

 

𝐭α = 𝐬α + 𝑝𝛼𝐈        3.15.a 

where 𝐈 is second rank identity tensor and the pressure 𝑝𝛼 is defined as 

 

𝑝𝛼 =
1

3
𝑡𝑟(𝐭α)        3.15.b 

 

In equation 3.15 𝐬𝛼 is the shear (deviatoric) stress tensor, 𝑝α is the hydraulic 

pressure of the phase α and 𝑡𝑟(∗) refers to the trace of the tensor (∗). By 

substituting equations 3.15.a in equation 3.12, one obtains: 
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𝜌α (
𝜕𝐯α

𝜕𝑡
+ 𝛁(𝐯α) ∙ 𝐯α) = 𝛁𝑝𝛼 + 𝛁 ∙ 𝐬α + 𝜌α𝐠α + 𝝉𝛽→𝛼   3.16 

 

which is the well-known Navier-Stokes equation for the case of a single fluid 

(𝝉𝛽→𝛼 = 0). 
 

Solving this equation to determine fluids velocities and stress fields inside the 

porous media is yet not feasible for complex porous materials and out of the 

scope of the current project. Therefore Darcy’s law is used, which is a 

phenomenological constitutive equation (derivable from a homogenization of 

Navier-Stokes equation) to quantify the fluid bulk velocity fields inside the 

porous media. Based on Darcy’s law, the velocity of a fluid in a saturated porous 

medium is proportional to the gradient of the fluid pressure: 

 

𝑛(�̅�α − 𝐯s) = −
𝐤int

𝜂𝛼
(𝛁𝑝α+𝜌𝛼𝐠α)     3.17 

 

where �̅�α is the bulk average velocity of phase 𝛼, 𝐤int is the intrinsic 

permeability tensor of the medium (m2) dependent on porosity and on structure 

of the pore system (intrinsic permeability can be slightly different between 

liquid and gas due to differences in fluid properties) and 𝜂𝛼 is the dynamic 

viscosity (Pa ∙ s) of the phase 𝛼. In this equation, although the actual fluid 

velocity varies throughout the pore space due to local connectivity and 

geometry, as shown in Figure 3.4a, the fluid velocity can be characterized by its 

mean or average value (Figure 3.4b). 
 

For the transport of a fluid phase α in an unsaturated porous medium, Darcy law 

has to be modified to consider the effect of inaccessibility of some parts of the 

pore space due to the presence of other phases, i.e. β, (see Figure 3.5). Therefore 

equation 3.17 takes the following form: 

 

𝑛𝑆α(�̅�α − 𝐯s) = −
𝐤int𝐤𝑟

𝛼

𝜂𝛼
(𝛁𝑝α+𝜌𝛼𝐠α)     3.18 
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Figure 3.4: Conceptual model for Darcy’s law: a) real system b) homogenous pore 

distribution assumption. 

 

where 𝐤𝑟
𝛼  is the relative permeability tensor of the medium for phase α and is 

thus a ratio of the permeability of the medium at the current degree of saturation 

of phase α , i.e. 𝑆𝛼, to the corresponding value for the fully saturated case, so its 

value is 0 ≤ 𝑘𝑟
𝛼 ≤ 1.0. 

 

 

Figure 3.5: Schematic representation of the flow of one phase in an unsaturated porous 

medium. 

 

As mentioned above, �̅�α represents the average velocity of phase α in the porous 

medium. At the microscale, different components of a phase could diffuse 

through the phase or even a single component phase may diffuse due to density 

gradient. As a consequence, the velocities of the different components of a phase 

may deviate from the average velocity of the bulk. The total velocity of 

component 𝜋 in the phase 𝛼 is the sum of the bulk velocity of phase 𝛼 and of its 

diffusive velocity in the corresponding phase as illustrated in Figure 3.6: 
 

𝐯𝜋
𝛼 =  �̅�α + �̃�𝜋

𝛼        3.19

a) real system b) homogenous
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Figure 3.6: Illustration of the bulk velocity of phase 𝛼 and of the diffusive velocity of 

component 𝜋 in the phase 𝛼. Different colors show distribution of different components 

of the phase. 

 

There are several models for diffusion and, amongst them, Fick’s law is the most 

widely used model for the case of fluid mixture (Ho and Webb, 2006). 

According to Fick’s (first) law, the diffusive flow of component, 𝜋, of a binary 

gas mixture, 𝛼, is proportional to its mass (molar) concentration, 

 

𝐣𝜋
𝛼 = −𝜌𝛼D𝛼𝛁 (

𝜌𝛼,𝜋

𝜌𝛼 )       3.20 

 

where 𝒋𝜋
𝛼  is the diffusive flow of component 𝜋 in phase 𝛼 and D𝛼  is the gas 

mixture diffusivity. This equation (3.20) is appropriate for the case of free gas 

diffusion. In the presence of a porous medium an additional factor needs to be 

considered, 𝛍𝛼, which is called the resistance factor of the porous medium to 

diffusion of component 𝜋. This parameter takes into account the reduction of 

diffusion of the gas mixture due to the existence of the porous medium (as 

shown in Figure 3.7) and, for an anisotropic material, it is a second rank tensor.  

 

𝐣𝜋
𝛼 = 𝑛𝑆α𝜌𝛼�̃�𝜋

𝛼 = −𝜌𝛼 D𝛼

𝛍𝛼
𝛁 (

𝜌𝛼,𝜋

𝜌𝛼 )     3.21 

 

The resistance factor of a porous medium is dependent on the porosity 𝑛, the 

degree of saturation 𝑆𝛼 and structure of the pore system 𝝉. The last one can be 
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described with the so-called tortuosity tensor which represents the reduction of 

diffusion coefficient due to the complexity of the pore structure in a certain 

direction. 

 

 

Figure 3.7:  Schematic representation of reduced diffusion of the gas mixture due to 

existence of the porous medium. 

 

Equation 3.21 could be written in a more standard form as:  

 

𝐣𝜋
𝛼 = −𝜌𝛼𝐃𝛼𝛁 (

𝜌𝛼,𝜋

𝜌𝛼 )       3.22 

 

where 𝐃𝛼 is the diffusivity tensor of the medium for phase 𝛼 and it is equal to: 

 

𝐃𝛼 =
𝐷𝛼

𝛍𝛼
        3.23 

 

Diffusion may also occur in the liquid phase. Based on the work of Skaar and 

Siau (1981), the liquid water diffusion can be expressed according to the 

activation energy of molecules which includes effects of both the temperature 

and saturation: 

 

𝐣𝑏𝑤 = 𝑛𝑆𝑙𝜌
𝑙�̃�𝑙

𝑙 = −𝐃𝑏𝑤 [
𝐸𝑏𝑤Χ𝑏𝑤

(𝑅𝑣𝑇−Χ𝑏𝑤𝜕𝐸𝑏𝑤 𝜕Χ𝑏𝑤⁄ )𝑇
𝛁𝑇 + 𝛁Χ𝑏𝑤]  3.24 

 

where  𝐣𝑏𝑤 is the diffusive flow of adsorbed liquid, 𝐃𝑏𝑤is the adsorbed liquid 

diffusivity tensor of the medium,  𝐸𝑏𝑤 is the activation energy and Χ𝑏𝑤 is the 
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content of liquid adsorbed to the solid. As it is illustrated in Figure 3.8, 

molecules move (in average) from high energy sites to sites with lower energy 

level. 

 

 

Figure 3.8: Schematic representation of energy levels of absorbed liquid molecules and 

average flow direction. 

 

 

3.1.2.b Linear momentum balance of solid 

 

By rewriting equation 3.12 for the solid phase, one obtains: 

 

𝜌s
𝜕𝐯s

𝜕𝑡
+ 𝜌s𝛁(𝐯s) ∙ 𝐯s = 𝛁 ∙ 𝐭s + 𝜌s𝐠α + 𝝉𝛽→𝑠,  𝛽 = 𝑙, 𝑔  3.25 

 

In this study, it is assumed that the solid phase always remains in equilibrium 

(quasi static state), so the terms related to the inertia and the velocity of the 

solid can be neglected:  

 

𝐯s = 𝟎         3.26 

 

Therefore, equation 3.25 is simplified to: 

 

𝛁 ∙ 𝐭s + 𝜌s𝐠𝑠 + 𝝉𝛽→𝑠 = 0,       3.27 
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3.1.2.c Linear momentum balance of the medium 

 

In equation 3.14 it can be seen that the density 𝜌α and the stress tensor 𝐭α are the 

apparent ones. Using the intrinsic values for fluids and solids, the following is 

obtained: 

 

𝛁 ∙ (𝑛𝛔𝑓) = 𝑛𝜌𝑓(𝐚𝑓 − 𝐠𝑓) − 𝝉𝑠→𝑓     3.28.a 

𝛁 ∙ ((1 − 𝑛)𝛔𝑠) = (1 − 𝑛)𝜌𝑠(𝐚𝑓 − 𝐠𝑓) − 𝝉𝑓→𝑠    3.28.b 

 

It should be noted that 𝜌𝑓 is the intrinsic density of all fluid phases. By summing 

equations 3.28.a and b and considering the action-reaction law, i.e. 𝝉𝑠→𝑓 =

−𝝉𝑓→𝑠, the linear momentum balance for the entire porous medium becomes: 

 

𝛁 ∙ 𝛔 = 𝑛𝜌𝑓(𝐚𝑓 − 𝐠𝑓) + (1 − 𝑛)𝜌𝑠(𝐚𝑓 − 𝐠𝑓)    3.29 

 

where  

 

𝛔 = (1 − 𝑛)𝛔𝑠 + 𝑛𝛔𝑓       3.30.a 

𝛔𝑠 =
𝐭s

1−𝑛
        3.30.b 

𝛔𝑓 =
𝐭𝑓

𝑛
         3.30.c 

 

Again by assuming the system under quasi-equilibrium condition as well as 

ignoring all inertia terms except gravity acceleration, 𝐠, the resulting momentum 

balance of the material is simplified to: 

 

 𝛁 ∙ 𝛔 +  𝜌𝐠 = 0       3.31 

 

where 𝜌 = 𝑛𝜌𝑓 + (1 − 𝑛)𝜌𝑠 is the overall density of the porous medium. 
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3.1.3 Angular momentum balance 

 

The generic equation 3.2.a for angular momentum balance of phase 𝛼 has the 

form of: 

 

𝜕

𝜕𝑡
(𝜌α𝐫 × 𝐯α) + 𝛁 ∙ (𝜌α𝐫 × 𝐯α ⊗ 𝐯α) =     3.32 

                          𝜌α𝐫 × 𝐠α + 𝛁 ∙ (𝝕α) + 𝜌α𝑒𝛼(�̃�)𝐫 × 𝐯α + 𝜌α𝑒𝛼(�̃�𝐫 × �̃�) + 𝜌α𝛀𝛼

          

Equation 3.32 is the general form of the angular momentum balance and is valid 

even for a material with polar constituents (micro-polar medium, Hassanizadeh 

and Gray, 1979b). For a non-polar medium, by ignoring the couple stresses, the 

results are: 

 

𝝕α = 𝐫 × 𝐭α        3.33.a 

𝛀𝛼 = 𝐫 × 𝐓α        3.33.b 

 

By substituting equations 3.33.a and b in 3.32 and ignoring the terms which are 

related to the angular momentum exchange due to the phase change and with 

some mathematical manipulation, the following is obtained: 

 

𝐫 ×
𝜕

𝜕𝑡
(𝜌α𝐯α) +

𝜕𝐫

𝜕𝑡
× (𝜌α𝐯α)      3.34 

            +𝐫 × 𝜌α𝛁𝐯α ∙ 𝐯α + 𝜌α𝛁𝐫 × 𝐯α ∙ 𝐯α + 𝐫 × 𝐯α𝛁 ∙ (𝜌α𝐯α) = 

              𝜌α𝐫 × 𝐠α + 𝛁 ∙ (𝐫 × 𝐭α) + 𝜌α𝑒𝛼(�̃�)𝐫 × 𝐯α + 𝜌α𝑒𝛼(�̃�𝐫 × �̃�) + 𝜌α𝐫 × 𝐓α

  

or 

 

𝐫 × [
𝜕

𝜕𝑡
(𝜌α𝐯α)+𝜌α𝛁(𝐯α) ∙ 𝐯α + 𝐯α𝛁 ∙ (𝜌α𝐯α) − 𝜌α𝐠α − 𝜌α𝐓α] = 

                      
𝜕𝐫

𝜕𝑡
× (𝜌α𝐯α) + 𝜌α𝛁𝐫 × 𝐯α ∙ 𝐯α + 𝐭α ∙ 𝛁 × 𝐫 − 𝐫 ∙ 𝛁 × 𝐭α 3.35 
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The left term in equation 3.35 is equal to zero, i.e. linear momentum balance, so 

by using the material derivative definition, equation 3.13, equation 3.35 gets the 

following form:  

 

𝐫 ∙ 𝛁 × 𝐭α = 𝜌α
D𝐫

D𝑡
× 𝐯α + 𝐭α ∙ 𝛁 × 𝐫     3.36 

 

For phase α, the material derivative of the position vector 𝐫 is its velocity, hence 

based on the properties of cross product, i.e. ×,  the value of 
D𝐫

D𝑡
× 𝐯α is equal to 

zero. Also according to the curl operator definition, 𝛁 × 𝐫 = 𝟎. Thus equation 

3.36 becomes: 

 

𝐫 ∙ 𝛁 × 𝐭α = 𝟎        3.37 

 

Since the position vector 𝐫 is an arbitrary vector, to satisfy equation 3.37 for all 

the possible cases, the term 𝛁 × 𝐭α should be equal to zero which means: 

 

t𝑖𝑗
𝛼 = t𝑗𝑖

𝛼         3.38 

 

So the angular momentum balance of a non-polar medium leads to the symmetry 

of the stress tensor (Lewis and Schrefler, 1998). 
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3.1.4 Energy conservation 

 

Finally, using equation 3.2 and the data in Table 3.1 for the energy conservation, 

the following expression is obtained: 

 

𝜕

𝜕𝑡
(𝜌α𝐸𝛼 + 𝜌α

𝐯α ∙ 𝐯α

2
) + 𝛁 ∙ (𝜌α𝐯α𝐸𝛼 + 𝜌α𝐯α

𝐯α ∙ 𝐯α

2
) = 

                 𝜌α(𝐠α ∙ 𝐯α + ℎ𝛼) + 𝛁 ∙ (𝐭α: 𝐯α + 𝒒𝛼)    3.39 

            + 𝜌α𝑒𝛼(�̃�)
𝐯α∙𝐯α

2
+ 𝜌α𝑒𝛼(�̃��̃�). 𝐯α + 𝜌α𝑒𝛼(�̃�𝐸𝛼) + 𝜌α𝐓𝛼 ∙ 𝐯α + 𝜌αQ𝛼 

 

Again by considering mass conservation (equations 3.3) and linear momentum 

balance relations, (equation 3.11), the energy conservation equation can be 

simplified to: 

 

𝜌α
𝜕𝐸𝛼

𝜕𝑡
+ 𝜌α𝐯α ∙ 𝛁𝐸𝛼 =  𝜌αℎ𝛼 + 𝐭α: 𝛁𝐯α + 𝛁 ∙ 𝒒𝛼 + 𝜌α𝑒𝛼(�̃�𝐸𝛼) + 𝜌αQ𝛼  

         3.40 

 

It is possible to divide the gradient of the velocity into symmetric and anti-

symmetric parts, as follows: 

 

𝐯α = 𝕳𝛼 + 𝕽𝛼        3.41 

 

where ℌ𝑖𝑗
𝛼 =  

1

2
(v𝑖,𝑗

𝛼 + v𝑗,𝑖
𝛼 ) is the rate of deformation and ℜ𝑖𝑗

𝛼 =  
1

2
(v𝑖,𝑗

𝛼 − v𝑗,𝑖
𝛼 ) is 

the rate of rotation of the phase 𝛼. Since stress tensor 𝐭α is symmetric, 𝐭α: 𝕽𝛼 =

𝟎 and consequently, 

 

𝜌α
𝜕𝐸𝛼

𝜕𝑡
+ 𝜌α𝐯α ∙ 𝛁𝐸𝛼 =  𝜌αℎ𝛼 + 𝐭α: 𝕳𝛼 + 𝛁 ∙ 𝒒𝛼 + 𝜌α𝑒𝛼(�̃�𝐸𝛼) + 𝜌αQ𝛼 

         3.42 
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In the thermodynamic system which shows phase change, it is easier to use the 

concept of enthalpy instead of the internal energy (Lewis and Schrefler, 1998). 

Therefore, by replacing the enthalpy definition 

 

𝐻𝛼 = 𝐸𝛼 +
𝑝α

𝜌𝛼        3.43 

in equation 3.42,  the following is obtained: 

 

𝜌α

𝜕

𝜕𝑡
(𝐻𝛼 −

𝑝α

𝜌𝛼) + 𝜌α𝐯α ∙ 𝛁 (𝐻𝛼 −
𝑝α

𝜌𝛼) =  

  𝜌αℎ𝛼 + 𝐭α: 𝕳𝛼 + 𝛁 ∙ 𝒒𝛼 + 𝑒𝛼(𝜌α𝐸𝛼) + Q𝛼  3.44 

 

The equations derived so far are the ones to be solved for quantifying the 

unknowns. In addition to these equations, the entropy inequality should be 

taken into consideration. In this study, the entropy inequality is not solved 

directly, nor the entropy value is quantified. The constitutive equations and 

relations are selected in such a way that they always satisfy the second law of 

thermodynamics.  

In summary, the number of equations to be solved for a porous medium which 

consists of three separate phases, i.e. solid, liquid and gas, reduce to: 3 mass 

conservation equations, 1 momentum balance equation for the solid phase (or 

whole medium) which is a vector equation (thus actually representing 3 

equations) and 3 equations for the enthalpy of different phases. So far, 9 

equations need to be solved. In order to decrease the number of equations, the 

following assumption is made:  all phases are assumed to be at the same 

temperature (local thermal equilibrium) at any point inside the porous medium, 

so the energy conservation for all phases can be solved jointly as for a single 

material. Therefore the number of equations reduces to 7. 
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3.2 State variables and constitutive equations 

 

As mentioned above, 7 equations are remaining for characterizing the mass, 

momentum and energy flow in a three-phase porous medium. Accordingly, the 

required number of state or primary variables is equal to seven. The selection of 

the set of primary variables, which have to be independent, is almost arbitrary. 

An appropriate choice however can lead to terms with physical meaning or to 

easier and more stable numerical solutions. A possible set of state variables is 

{𝑝𝑔, 𝑝𝑙, 𝑇, 𝐮, 𝑛}, where 𝑝𝑔 is the gas pressure, 𝑝𝑙  is the liquid pressure, 𝑇 is the 

temperature, 𝐮 is the solid displacement vector and 𝑛 is the Eulerian porosity.  

 

3.2.1 Constitutive equations for mass conservation 

 

By returning to equation 3.7 and writing it for the gas and liquid phases, 

respectively, the following is obtained: 

 

𝜕

𝜕𝑡
(𝑛𝑆𝑔𝜌𝑔) + 𝛁 ∙ (𝑛𝑆𝑔𝜌𝑔𝐯𝑔) = �̇�𝑙→𝑔     3.45.a 

𝜕

𝜕𝑡
(𝑛𝑆𝑙𝜌

𝑙) + 𝛁 ∙ (𝑛𝑆𝑙𝜌𝑙𝐯𝑙) = �̇�𝑔→𝑙     3.45.b 

 

Since the density and the mass flow of the gas phase are respectively the sum of 

densities and mass flows of dry air and water vapor (mixture of ideal gases), i.e.: 

 

 𝜌𝑔 = 𝜌𝑎 + 𝜌𝑣        3.46.a 

𝜌𝑔𝐯𝑔 = 𝜌𝑎𝐯𝑎 + 𝜌𝑎𝐯𝑣       3.46.b 

 

and also, as the only phase change occurs between water vapor and liquid water, 

�̇�𝑔→𝑙 = −�̇�𝑙→𝑔, equation 3.45.a can be split into two parts: 
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𝜕

𝜕𝑡
(𝑛𝑆𝑔𝜌𝑎) + 𝛁 ∙ (𝑛𝑆𝑔𝜌𝑎𝐯𝑎) = 0     3.47.a 

𝜕

𝜕𝑡
(𝑛𝑆𝑔𝜌𝑣) + 𝛁 ∙ (𝑛𝑆𝑔𝜌𝑣𝐯𝑣) = �̇�     3.47.b 

 

in which �̇� = �̇�𝑙→𝑔. Now by summing equations 3.45.b and 3.47.b in order to 

remove the rate of mass exchange, the following is obtained: 

 

𝜕

𝜕𝑡
(𝑛𝑆𝑙𝜌

𝑙) + 𝛁 ∙ (𝑛𝑆𝑙𝜌𝑙𝐯𝑙) +
𝜕

𝜕𝑡
(𝑛𝑆𝑔𝜌𝑣) + 𝛁 ∙ (𝑛𝑆𝑔𝜌𝑣𝐯𝑣) = 0  3.48 

 

This equation is referred to as the water-species conservation equation Lewis 

and Schrefler (1998). For solving equation 3.48 and also the other governing 

equations, first verification is needed of which variables are present and which 

ones need to be calculated from constitutive equations. 𝑛 is selected as a primary 

variable so its value is obtained directly by solving the governing equations. The 

next variable is the liquid degree of saturation, 𝑆𝑙 . When an oven-dried porous 

material is exposed to moist air, water molecules will bond to the pore walls 

atoms, resulting in an amount of bound water. From a thermodynamic point of 

view, the equilibrium condition for the adsorbed phase (here liquid water) and 

ambient gas (mixture of water vapor and dry-air) is (Ruthven, 1984): 

 

℘𝑙 = ℘𝑣        3.49 

 

where ℘𝛼 is the chemical potential of the phase 𝛼. In other words, when two 

phases are in equilibrium, their respective chemical potential is equal. For vapor 

considered as an ideal gas the chemical potential is defined as (Ruthven, 1984):  

 

℘𝑣 = ℘𝑣
° + 𝑅𝑇ln (

𝑝𝑣

𝑝𝑣
° )       3.50 

where “∗°” is a reference state and 𝑅 is the standard gas constant.  
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When taking the fully saturated case as reference, equation 3.50 becomes: 

 

℘𝑣 = ℘𝑣
𝑠𝑎𝑡 + 𝑅𝑇ln𝑅𝐻       3.51 

 

in which 𝑅𝐻 = 𝑝𝑣 𝑝𝑣
𝑠𝑎𝑡⁄  is the relative humidity. Plotting the degree of 

saturation versus relative humidity at constant temperature yields the sorption 

isotherm curve at this temperature. The common theory for mesoporous media 

states that first only a mono-molecular layer is adsorbed on the surface of pores. 

By increasing the relative humidity the number of absorbed layers increases 

(multi-layer adsorption). This sorption process continues until the amount of 

water inside the pores (depended on the pore size) is so high that water 

molecules re-arrange forming a meniscus and minimizing their energy. This 

process is called capillary condensation. For wood cell wall material, the pore 

structure lies in the nanometer range and water molecules push apart the 

polymeric chains introducing swelling of the material. Due to the pores of only a 

few nanometers, the sorption process shows only sorption and is not 

accompanied by capillary condensation (Kulasinski et al., 2015). 
 

By increasing the temperature at constant relative humidity, the chemical 

potential decreases, see equation 3.51, and consequently the amount of adsorbed 

water decreases. Based on equation 3.51, a constitutive equation for the liquid 

saturation as a function of the relative humidity under the capillary 

condensation range is obtained: 

 

𝑆𝑙 = 𝑆𝑙(𝑅𝐻)        3.52 

 

Since relative humidity itself depends on water vapor pressure and saturated 

water vapor pressure, a state equation for water vapor is required. Assuming the 

gas phase to be a mixture of ideal gases, the state equation of an ideal gas gives: 

 

𝑝𝑔 = 𝜌𝑔𝑅𝑔𝑇        3.53 
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in which 𝑅𝑔 = 𝑅 𝑀𝑔⁄  is the standard gas constant for gas 𝑔 and 𝑀𝑔 is the molar 

weight. As the gas is ideal, its components also are ideal and the same equation 

applies for the water vapor, i.e. 𝑝𝑣 = 𝜌𝑣𝑅𝑣𝑇. Based on thermodynamics tables 

(Van Wylen and Sonntag, 1985), saturated properties of the water vapor are 

function only of temperature, so 𝑝𝑣
𝑠𝑎𝑡 is expressed as 𝑝𝑣

𝑠𝑎𝑡 = 𝑝𝑣
𝑠𝑎𝑡(𝑇). Figure 3.9 

shows the saturated water vapor pressure at different temperatures below the 

critical point of water. 

 

 

Figure 3.9: Saturated water vapor pressure as a function of temperature. 

 

For the case of capillary condensation, an ideal pore as a cylindrical tube of 

radius 𝑟, as shown in Figure 3.10, is considered. The mechanical equilibrium at 

the interface between liquid and gas phase is given as: 

 

(𝑝𝑔 − 𝑝𝑙)𝜋𝑟2 = 2𝜋𝑟ℴ𝑙cos𝜗      3.54
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Figure 3.10: Ideal pore (cylindrical tube) with radius 𝑟 partially filled by liquid 

 

where ℴ𝑙  is the surface tension of the liquid and 𝜗 is the angle between the pore 

wall and the tangent to the meniscus surface. After simplification, equation 3.54 

becomes: 

 

𝑝𝑐 =
2ℴ𝑙

𝑟
cos𝜗        3.55 

 

where 𝑝𝑐 = 𝑝𝑔 − 𝑝𝑙  is called the capillary pressure. Based on Kelvin’s law, the 

capillary pressure can be expressed as a function of the humidity: 

 

ln (𝑅𝐻) = −
𝑝𝑐

𝜌𝑙𝑅𝑣𝑇
       3.56 

 

Comparing equation 3.56 for capillary pressure to equation 3.51 for chemical 

potential, both of them display the same form. Choosing the capillary pressure as 

a primary variable allows describing the entire saturation curve from the mono-

molecular adsorption up to the end of capillary condensation. Instead of the 

liquid pressure 𝑝𝑙 , 𝑝𝑐 is then chosen as primary variable and 𝑝𝑙  is computed from 

the relation 𝑝𝑙 = 𝑝𝑔 − 𝑝𝑐 in the capillary condensation range.  Saturation is 

expressed as 𝑆𝑙 = 𝑆𝑙(𝑝𝑐 , 𝑇). A typical saturation curve at two different 

temperatures is shown in Figure 3.11. 
 

The next properties needed for solving equation 3.48 are the density of liquid 

water and water vapor as a function of the state variables. For the saturated case, 

 

      

ℴ  
  

2
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these can be obtained from thermodynamic tables (Van Wylen and Sonntag, 

1985) as represented graphically in Figure 3.12. 

 

 

Figure 3.11: Hygroscopic saturation curve at two different temperatures for spruce 

wood. 

 

 

Figure 3.12: Density of the liquid water and saturated water vapor function of 

temperature.
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Figure 3.12 plots water density for the temperature range up to the critical point. 

Above this temperature, liquid water cannot exist (Van Wylen and Sonntag, 

1985). For modeling the system above the critical point, additional assumptions 

about the state of water are required (Gawin et al., 2002), which will not be 

described here. The dashed curve in Figure 3.12 gives the ideal gas assumption 

for water vapor. As can be seen, the two curves differ for temperatures higher 

than 250oC. However such high pressures are beyond the scope of this work, see 

Figure 3.9, and the ideal gas assumption will remain valid for the range of 

interest. For the density of liquid water, constitutive equations exist which 

include the effects of both the temperature and pressure (Gawin et al., 2002), 

i.e. 𝜌𝑙 = 𝜌𝑙(𝑝𝑙, 𝑇). By taking this dependency into account, it is possible to 

define two physical quantities, i.e. the volumetric thermal expansion coefficient 

𝛽𝑇
𝛼 and the isothermal compressibility 𝜅𝑝

𝛼 as: 

 

𝛽𝑇
𝛼 = −

1

𝜌𝛼 (
𝜕𝜌𝛼

𝜕𝑇
)

𝑝𝛼

       3.57.a 

𝜅𝑝
𝛼 =

1

𝜌𝛼 (
𝜕𝜌𝛼

𝜕𝑝𝛼
)

𝑇
        3.57.b 

which lead to: 

 

𝑑𝜌𝛼 = −𝛽𝑇
𝛼𝑑𝑇 + 𝜅𝑝

𝛼𝑑𝑝𝛼      3.58 

 

where 𝛼 refers to the phase, and subscripts 𝑝𝛼 and 𝑇 indicate constant pressure 

and temperature, respectively. Nevertheless, in this study, most of the time, a 

constant value for the density of the liquid water is assumed, i.e. 𝛽𝑇
𝑙 = 𝜅𝑝

𝑙 = 0. 

Returning to equation 3.48, the next variables to be defined are the degree of 

saturation of gas phase as well as the velocities of liquid water and water vapor. 

Since only two fluid phases are considered, e.g. liquid water and gas, the degree 

of saturation of the gas can be obtained directly by the relation: 

 

𝑆𝑔 = 1 − 𝑆𝑙         3.59 
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By substituting equations 3.18, 3.22 and 3.24 in equation 3.19 and considering the 

assumption for the solid phase velocity, i.e. 𝐯s = 𝟎, the following relations are 

obtained for the velocities of the liquid water and water vapor: 

 

𝑛𝑆𝑙𝜌𝑙𝐯𝑙 = −𝜌𝑙 𝐤int𝐤𝑟
𝑙

𝜂𝑙
(𝛁𝑝𝑙 + 𝜌𝑙𝐠)−𝜌𝑙𝐃𝑏𝑤 [

𝐸𝑏𝑤Χ𝑏𝑤

(𝑅𝑇−Χ𝑏𝑤𝜕𝐸𝑏𝑤 𝜕Χ𝑏𝑤⁄ )𝑇
𝛁𝑇 + 𝛁Χ𝑏𝑤]

         3.60.a 

𝑛𝑆𝑔𝜌𝑣𝐯𝑣 = −𝜌𝑣 𝐤int𝐤𝑔
𝑙

𝜂𝑔
(𝛁𝑝𝑔 + 𝜌𝑔𝐠) − 𝜌𝑔𝐃𝑔𝛁 (

𝜌𝑣

𝜌𝑔)   3.60.b 

 

For materials like wood which have two distinct pore systems, it is much more 

meaningful to separate equation 3.60.a for water in each pore type. Therefore the 

subscripts “bw” and “fw”, referring to bound and free water, are used here for the 

water inside the fine pore and coarse pore systems, respectively. For the 

adsorbed water, the dominant mechanism of water movement is diffusion, while 

for the free water it is advection. Equation 3.60.a can then be split into two parts 

as: 

 

𝑛𝑏𝑤𝑆𝑏𝑤𝜌𝑙𝐯𝑏𝑤 = −𝜌𝑙𝐃𝑏𝑤 [
𝐸𝑏𝑤Χ𝑏𝑤

(𝑅𝑇−Χ𝑏𝑤𝜕𝐸𝑏𝑤 𝜕Χ𝑏𝑤⁄ )𝑇
𝛁𝑇 + 𝛁Χ𝑏𝑤]  3.61.a 

𝑛𝑓𝑤𝑆𝑓𝑤𝜌𝑙𝐯𝑓𝑤 = −𝜌𝑙 𝐤int𝐤𝑟
𝑙

𝜂𝑙
(𝛁𝑝𝑙 + 𝜌𝑙𝐠)     3.61.b 

 

where 𝑛 = 𝑛𝑏𝑤 + 𝑛𝑓𝑤 and 𝑆𝑙 = (𝑛𝑏𝑤𝑆𝑏𝑤 + 𝑛𝑓𝑤𝑆𝑓𝑤)/𝑛. By using the introduced 

two pore systems, it is also possible to split equation 3.45.b regarding the mass 

conservation of liquid water into two parts: 

 

𝜕

𝜕𝑡
(𝑛𝑏𝑤𝑆𝑏𝑤𝜌𝑙) + 𝛁 ∙ (𝑛𝑏𝑤𝑆𝑏𝑤𝜌𝑙𝐯𝑏𝑤) = �̇�𝑏𝑤    3.62.a 

𝜕

𝜕𝑡
(𝑛𝑓𝑤𝑆𝑓𝑤𝜌𝑙) + 𝛁 ∙ (𝑛𝑓𝑤𝑆𝑓𝑤𝜌𝑙𝐯𝑓𝑤) = �̇�𝑓𝑤    3.62.b 

�̇�𝑏𝑤 + �̇�𝑓𝑤 = −�̇�𝑙→𝑔       3.62.c 
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In equations 3.62.a-c, it is assumed that no direct liquid water exchange between 

the two pore systems occurs, and that possible mass exchange between the two 

systems will happen via evaporation, followed by condensation or adsorption. 

All variables required for describing equation 3.48 (regardless of the solid matrix 

properties) are now defined. After considering the water species conservation 

equation, the dry air conservation, i.e. equation 3.47.a, needs to be considered. By 

looking at equation 3.47.a, the only undefined quantities at this point are density 

and velocity of dry air. Given the assumed ideal gas behavior of the dry air, i.e. 

equation 3.53, the density of dry air is obtained as a function of its temperature 

and pressure: 

 

𝜌𝑎 =
𝑝𝑎

𝑅𝑎𝑇
        3.63 

 

where 𝑝𝑎 is the dry air pressure and 𝑅𝑎 = 𝑅 𝑀𝑎⁄  is the standard gas constant for 

dry air and 𝑀𝑎 is the molar mass. The velocity of dry air has the same format as 

equation 3.60.b: 

 

𝑛𝑆𝑔𝜌𝑎𝐯𝑎 = −𝜌𝑎 𝐤int𝐤𝑔
𝑙

𝜂𝑔
(𝛁𝑝𝑔 + 𝜌𝑔𝐠) − 𝜌𝑔𝐃𝑔𝛁 (

𝜌𝑎

𝜌𝑔)   3.64 

 

Based on equation 3.46.b it is possible to rewrite the second term of the right 

hand side of equation 3.64 by using water vapor density: 

 

𝐣𝑎
𝑔

= −𝜌𝑔𝐃𝑔𝛁 (
𝜌𝑎

𝜌𝑔) = 𝜌𝑔𝐃𝑔𝛁 (
𝜌𝑣

𝜌𝑔)     3.65 

and consequently,  

 

𝑛𝑆𝑔𝜌𝑎𝐯𝑎 = −𝜌𝑎 𝐤int𝐤𝑔
𝑙

𝜂𝑔
(𝛁𝑝𝑔 + 𝜌𝑔𝐠) + 𝜌𝑔𝐃𝑔𝛁 (

𝜌𝑣

𝜌𝑔)   3.66 
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Considering the mass conservation of the solid phase, i.e. equation 3.8, since it is 

assumed that the solid velocity is zero and that no mass exchange occurs 

between the solid phase and the other phases, the only property that has to be 

defined is the solid density. By considering the assumptions mentioned above, 

equation 3.8 simplifies to: 

 

𝜕

𝜕𝑡
((1 − 𝑛)𝜌s) = 0       3.67 

 

By expanding equation 3.66 and using the definitions from equations 3.57.a and 

3.57.b the following equation is obtained: 

 

1

𝑛

𝜕𝑛

𝜕𝑡
= 𝜅𝑝

𝑠 𝜕𝑝𝑠

𝜕𝑡
− 𝛽𝑇

𝑠 𝜕𝑇

𝜕𝑡
+

1

𝜌𝑠

𝜕𝜌𝑠

𝜕𝒖
∙

𝜕𝒖

𝜕𝑡
     3.68 

 

Equation 3.68 shows that by describing the density of the solid matrix as 

function of the state variables, i.e. 𝜌𝑠 = 𝜌𝑠(𝑝𝑠, 𝑇, 𝒖), the change of porosity can 

be directly computed, 𝜕𝑛 𝜕𝑡⁄ . Therefore porosity is not a state variable anymore. 

In other words, as long as the state of the solid density is known, the mass 

balance equation for the solid phase does not need to be solved and, as a result, 

the number of equations and consequently state variables reduces by one. 

 

3.2.2 Constitutive equations for momentum balance 

 

The constitutive equations of the linear momentum balance of the fluid phases 

have been described above using advection and diffusion, i.e. Darcy and Fick 

laws. The remaining part concerns the solid phase as well as the interaction or 

stress between the other constituents and the solid phase, i.e. equation 3.31. In 

order to obtain the constitutive relations for the solid, it is easier and more 

common to use the auxiliary variables, i.e. 𝜺, 𝜙 and 𝑝𝑝, which respectively are the 

(linearized) strain, Lagrangian porosity and pore pressure, which represents the 
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equivalent stress of the fluid-solid interaction. The first variable is the linearized 

strain tensor, 𝜺, which is related by the displacement field, 𝒖, as follows: 

 

𝜀𝑖𝑗 =  
1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖)       3.69 

 

Since solid properties are mostly reported on the base of the initial configuration 

of the material, the equations need to be derived also with respect to the initial 

volume. Therefore, instead of using the Eulerian porosity, the Lagrangian 

porosity 𝜙, is introduced, which is calculated based on the initial volume of the 

material. For an infinitesimal volume of the material, 𝑑Ω𝑡𝑜𝑡𝑎𝑙, the Lagrangian 

porosity reads: 

 

𝜙 =
𝑑Ω𝑝𝑜𝑟𝑒

𝑡

𝑑Ω𝑡𝑜𝑡𝑎𝑙
0         3.70 

 

in which the superscripts 0 and t refer to the initial and current values of the 

pore volume, respectively. Comparing equations 3.70 and 3.5 the relation 

between 𝑛 and 𝜙 can be obtained: 

 

𝜙 =
𝑑Ω𝑡𝑜𝑡𝑎𝑙

𝑡

𝑑Ω𝑡𝑜𝑡𝑎𝑙
0 𝑛 = (1 + 𝜖)𝑛 = 𝐽𝑛      3.71 

 

where 𝜖 = 𝜀𝑖𝑖 , with summation on index i, is the volumetric strain and 𝐽 = 1 + 𝜖 

is the Jacobian of the deformation matrix. Based on the infinitesimal strain 

assumption, the volumetric strain is negligible and 𝜙 ≈ 𝑛.  
 

The last variable, pore pressure 𝑝𝑝, is the equivalent macroscopic pressure acting 

on the solid phase due to the fluid-solid and fluid-fluid interfaces (interactions) 

at pore scale. When the pore space is filled only by a single phase, 𝛼, then pore 

pressure is equal to 𝑝α. In the case of multiphase filled pores, the contribution of 
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each phase is proportional to the degree of saturation for each phase (Coussy, 

2004): 

 

d𝑝𝑝 = ∑ 𝑆𝛼𝛼 d𝑝α       3.72 

 

In this study, only two fluid phases are present, i.e. 𝛼 = 𝑙, 𝑔, so equation 3.72 can 

be written as: 

 

d𝑝𝑝 = 𝑆𝑙d𝑝𝑙 + 𝑆𝑔d𝑝𝑔 = d𝑝𝑔 − 𝑆𝑙d𝑝𝑐     3.73 

 

Following Coussy (2004), the Clausius–Duhem inequality related to deformable 

porous continua is written as: 

 

𝛔𝑠:
d𝜺

d𝑡
+ 𝑝𝑝

d𝜙

d𝑡
− 𝑆𝑠 d𝑇

d𝑡
−

dΨ𝑠

d𝑡
≥ 0      3.74 

 

in which 𝑆𝑠  and Ψ𝑠(𝜺, 𝜙, 𝑇) are specific entropy and free energy of the solid 

skeleton. As a first case the constitutive equations for thermoporoelasticity are 

discussed and, after, an extension to thermoporoplasticity is presented. 

 

3.2.2.a Constitutive equations for thermoporoelasticity 

 

In the elastic case there is no energy dissipation and consequently inequality 3.74 

can be written as an equality of free energy as follows: 

 

dΨ𝑠 = 𝛔𝑠: d𝜺 + 𝑝𝑝d𝜙 − 𝑆𝑠d𝑇      3.75 

  

By introducing the Legendre transform W𝑠(𝛔𝑠 , 𝑝𝑝, 𝑇) of Ψ𝑠  

 

W𝑠 = Ψ𝑠 − 𝛔𝑠: 𝜺 − 𝑝𝑝𝜙      3.76
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equation 3.75 becomes: 

 

 dW𝑠 + 𝜺: d𝛔𝑠 + 𝜙d𝑝𝑝 + 𝑆𝑠d𝑇 = 0     3.77 

 

From differential calculus, equation 3.77 results in: 

 

𝜺 = −
𝜕W𝑠

𝜕𝛔𝑠 |
𝑝𝑝,𝑇

        3.78.a 

𝜙 = −
𝜕W𝑠

𝜕𝑝𝑝
|

𝛔𝑠,𝑇

        3.78.b 

𝑆𝑠 = −
𝜕W𝑠

𝜕𝑇
|

𝛔𝑠,𝑝𝑝

       3.78.c 

  

Furthermore, given the symmetry of the second derivative of W𝑠, the following 

relations should also be satisfied: 

 

𝜕𝜀𝑖𝑗

𝜕𝜎𝑘𝑙
𝑠 =

𝜕𝜀𝑘𝑙

𝜕𝜎𝑖𝑗
𝑠 ; 

𝜕𝜀𝑖𝑗

𝜕𝑝𝑝
=

𝜕𝜙

𝜕𝜎𝑖𝑗
𝑠 ; 

𝜕𝜀𝑖𝑗

𝜕𝑇
=

𝜕𝑆𝑠

𝜕𝜎𝑖𝑗
𝑠 ; 

𝜕𝑆𝑠

𝜕𝑝𝑝
=

𝜕𝜙

𝜕𝑇
  3.79.a-d 

 

By differentiating equations 3.78.a-c and replacing the appropriate equivalents 

from the equations 3.79.a-c, the differential forms of 𝜀𝑖𝑗, 𝜙, 𝑇 are obtained as 

follows: 

 

d𝜀𝑖𝑗 = S𝑖𝑗𝑘𝑙d𝜎𝑘𝑙
𝑠 + B𝑖𝑗d𝑝𝑝 + α𝑖𝑗d𝑇     3.80.a 

d𝜙 = B𝑖𝑗d𝜎𝑖𝑗
𝑠 + ℳd𝑝𝑝 + α𝜙d𝑇      3.80.b 

d𝑆𝑠 = α𝑖𝑗d𝜎𝑖𝑗
𝑠 + α𝜙d𝑝𝑝 + 𝑐𝑝

𝑠d𝑇 𝑇⁄      3.80.c 

 

in which: 

 

 



 

54 
 

3 GOVERNING EQUATIONS 

S𝑖𝑗𝑘𝑙 = −
𝜕2W𝑠

𝜕𝜎𝑖𝑗
𝑠 𝜕𝜎𝑘𝑙

𝑠 =
𝜕𝜀𝑖𝑗

𝜕𝜎𝑘𝑙
𝑠 |

𝑝𝑝,𝑇
      3.81.a 

B𝑖𝑗 = −
𝜕2W𝑠

𝜕𝜎𝑖𝑗
𝑠 𝜕𝑝𝑝

=
𝜕𝜀𝑖𝑗

𝜕𝑝𝑝
|

𝜎𝑖𝑗
𝑠 ,𝑇

      3.81.b 

α𝑖𝑗 = −
𝜕2W𝑠

𝜕𝜎𝑖𝑗
𝑠 𝜕𝑇

=
𝜕𝜀𝑖𝑗

𝜕𝑇
|

𝜎𝑖𝑗
𝑠 ,𝑝𝑝

      3.81.c 

ℳ = −
𝜕2W𝑠

𝜕𝑝𝑝
2 =

𝜕𝜙

𝜕𝑝𝑝
|

𝜎𝑖𝑗
𝑠 ,𝑇

      3.81.d 

α𝜙 = −
𝜕2W𝑠

𝜕𝑝𝑝𝜕𝑇
=

𝜕𝜙

𝜕𝑇
|

𝜎𝑖𝑗
𝑠 ,𝑝𝑝

       3.81.e 

𝑐𝑝
𝑠 = −𝑇

𝜕2W𝑠

𝜕𝑇2 = 𝑇
𝜕𝑆𝑠

𝜕𝑇
|

𝜎𝑖𝑗
𝑠 ,𝑝𝑝

      3.81.f 

 

where S𝑖𝑗𝑘𝑙  (Pa-1) is the drained compliance tensor which shows the change of 

strain due to change of stress in absence of pore pressure and temperature 

changes; B𝑖𝑗 (Pa-1) is the hygric expansion tensor which represents the ratio of 

strain change due to pore pressure change when stress and temperature are kept 

constant;  α𝑖𝑗(K-1) is the thermal expansion tensor which has the same concept 

as B𝑖𝑗 but for temperature instead of the pore pressure; ℳ(Pa-1) is the pore 

compliance coefficient which shows the change of porosity due to change of pore 

pressure at constant stress and temperature; α𝜙(K-1) is the pore space thermal 

expansion coefficient which takes into account the change of porosity resulting 

from changing the temperature when both the stress and pore pressure is 

constant, and finally 𝑐𝑝
𝑠  (J.kg-1 K-1) is the specific heat of solid when both stress 

and pressure is constant. It should be noted that equations 3.80.a-c include not 

only the momentum balance but also the mass and energy conservation 

constitutive equations of the solid phase, respectively.  However, as it will be 

discussed in the next section for the energy conservation, all phases are 

considered together. Considering equations 3.80.a and b, it is also possible to 

write the equations based on the increment of the strain tensor which is more 

usual in soil mechanics (Coussy, 2004): 
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d𝜎𝑘𝑙
𝑠 = C𝑖𝑗𝑘𝑙d𝜀𝑖𝑗 − b𝑖𝑗d𝑝𝑝 − C𝑖𝑗𝑘𝑙α𝑖𝑗d𝑇     3.82.a 

d𝜙 = b𝑖𝑗d𝜎𝑖𝑗
𝑠 + 1 𝑁𝑝⁄ d𝑝𝑝 + α𝜙d𝑇     3.82.b 

 

where C𝑖𝑗𝑘𝑙 = S𝑖𝑗𝑘𝑙
−1  (Pa) is the stiffness tensor, b𝑖𝑗 = C𝑖𝑗𝑘𝑙: B𝑖𝑗  (-) the Biot 

tangent tensor and 𝑁𝑝 = ℳ−1 (Pa) is the Biot tangent modulus of the solid 

matrix (Coussy, 2004). However, in this study, the first form, i.e. equations 

3.80.a and b, is used for studying and characterizing wood poromechanical 

behavior and its material properties. It is worthwhile to mention that the 

constitutive properties can be determined by defining the energy function W𝑠 or 

directly from experiments. For example by doing standard mechanical tests 

under controlled environmental conditions (constant temperature and relative 

humidity), the compliance/stiffness of the material at corresponding 

temperature and relative humidity (which has relation with pore pressure) can 

be determined. Also, from swelling experiments, at constant temperature and 

external forces, and measuring the deformation of the sample in different 

directions at different relative humidity, the hygric expansion tensor is obtained 

for those temperature and stress fields. The thermal expansion tensor 

characterization has the same procedure as the hygric expansion but here 

temperature is varied and relative humidity kept constant. To determine ℳ and 

α𝜙 sorption isotherms have to be carried out, where also deformations of the 

porous medium are measured. It should be mentioned here that equations 3.82.a 

and b are Lagrangian expressions of the Equations 3.30.a and 3.68, respectively. 

 

3.2.2.b Constitutive equations for thermoporoplasticity 

 

As mentioned above, equation 3.70 is valid for elastic conditions in which all the 

energy terms and corresponding deformations, equations 3.79.a-b, are reversible. 

However, when a solid material is exposed to severe conditions, it may 

experience irreversible deformations. In this case one can split the strain and 

porosity, in two parts (Coussy, 2004): 
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d𝜀𝑖𝑗 = d𝜀𝑖𝑗
𝑒 + d𝜀𝑖𝑗

𝑝
       3.83.a 

d𝜙 = d𝜙𝑒 + d𝜙𝑝       3.83.b 

 

where superscripts “𝑒” and “𝑝” refer to the elastic (reversible) and plastic 

(irreversible) parts. Due to existence of irreversible components, i.e. 𝜀𝑖𝑗
𝑝

 and 𝜙𝑝, 

the equality condition, equation 3.70, is not valid anymore and equation 3.69 is 

rewritten as: 

 

𝛔𝑠: (
d𝜺

d𝑡
−

d𝜺𝑝

d𝑡
+

d𝜺𝑝

d𝑡
) + 𝑝𝑝 (

d𝜙

d𝑡
−

d𝜙𝑝

d𝑡
+

d𝜙𝑝

d𝑡
) − 𝑆𝑠 d𝑇

d𝑡
−

dΨ𝑠

d𝑡
≥ 0  3.84 

 

For most materials, plastic deformation induces changes in the microstructure. 

For following this material change, one needs to keep track of the loading history 

of the material. This cannot be expressed by current external variables like 

deformation, temperature or pressure. In this case, internal variables have to be 

used in order to keep track of the material history. The energy function Ψ𝑠  can 

then be split in two parts (Coussy, 2004): 

 

Ψ𝑠 = Ψ1
𝑠(𝜺 − 𝜺𝑝 , 𝜙 − 𝜙𝑝, 𝑇) + Ψ2

𝑠(𝓪)     3.85 

 

where 𝓪 is the vector of the internal variables. Substituting equation 3.85 in 

equation 3.84 and grouping it into reversible and irreversible parts results in: 

 

(𝛔𝑠:
d(𝜺−𝜺𝑝)

d𝑡
+ 𝑝𝑝

d(𝜙−𝜙𝑝)

d𝑡
− 𝑆1

𝑠 d𝑇

d𝑡
−

dΨ1
𝑠

d𝑡
) + (𝛔𝑠:

d𝜺𝑝

d𝑡
+ 𝑝𝑝

d𝜙𝑝

d𝑡
− 𝑆2

𝑠 d𝑇

d𝑡
−

dΨ2
𝑠

d𝑡
) ≥ 0

         3.86 

 

where 𝑆1
𝑠  and 𝑆2

𝑠  refer to entropy change due to elastic and plastic deformations, 

respectively. 
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By comparing the terms in the first bracket of equation 3.86 with equation 3.70, 

two independent equations can be obtained: 

 

dΨ1
𝑠

d𝑡
= 𝛔𝑠:

d(𝜺−𝜺𝑝)

d𝑡
+ 𝑝𝑝

d(𝜙−𝜙𝑝)

d𝑡
− 𝑆1

𝑠 d𝑇

d𝑡
     3.87.a 

dΨ2
𝑠

d𝑡
≤ 𝛔𝑠:

d𝜺𝑝

d𝑡
+ 𝑝𝑝

d𝜙𝑝

d𝑡
− 𝑆2

𝑠 d𝑇

d𝑡
      3.87.b 

 

Equation 3.87.a is exactly the same as equation 3.70 and, by following the same 

procedure as for equation 3.70, the following constitutive equations are derived: 

 

d(𝜺 − 𝜺𝑝) = S𝑖𝑗𝑘𝑙d𝜎𝑘𝑙
𝑠 + B𝑖𝑗d𝑝𝑝 + α𝑖𝑗d𝑇    3.88.a 

d(𝜙 − 𝜙𝑝) = B𝑖𝑗d𝜎𝑖𝑗
𝑠 + ℳd𝑝𝑝 + α𝜙d𝑇     3.88.b 

d𝑆1
𝑠 = α𝑖𝑗d𝜎𝑖𝑗

𝑠 + α𝜙d𝑝𝑝 + 𝑐𝑝
𝑠d𝑇 𝑇⁄      3.88.c 

 

Here equation 3.86.b is not discussed in detail and the reader is referred to the 

seminal books in this topic (e.g. Simo and Hughes, 1998; Coussy, 2004). In 

general, equation 3.87.b means that the stored internal energy in the material due 

to internal structural changes must be less (or equal) than the work of plastic 

deformation. By defining the energy function Ψ2
𝑠(𝓪), one can find the 

corresponding force conjugate of 𝓪: 

 

𝐪𝓪 = −
𝜕Ψ2

𝑠

𝜕𝓪
        3.89 

and also the corresponding hardening matrix: 

 

ℋ𝑖𝑗
𝒶 =

𝜕q𝑖
𝒶

𝜕𝒶𝑗
= −

𝜕2Ψ2
𝑠

𝜕𝒶𝑖𝜕𝒶𝑗
       3.90 

 

As mentioned before, we do not consider equation 3.88.c for the energy balance 

of the solid material and the change of porosity, equation 3.87.b is not computed 

separately. These influences are considered by introducing the dependency of 
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the sorption curves as well as volumetric strain of the material on temperature 

and pressure, as will be discussed in chapter 4 on material properties. The 

plastic porosity, 𝜙𝑝, can be calculated as follows. When a porous material 

undergoes plastic deformation, the total change of its volume is equal to 

(Coussy, 2004): 

 

𝜖𝑝 = (1 − 𝜙0)𝜖𝑠
𝑝

+ 𝜙𝑝       3.91 

 

where 𝜖𝑝 and 𝜖𝑠
𝑝

 are the volumetric plastic strain of porous solid and solid 

grains, respectively. For many materials, it is reasonable to assume 𝜖𝑠
𝑝

= 0 in 

comparison to 𝜙𝑝. So based on this assumption, the plastic porosity can be 

directly obtained from the plastic strain tensor: 

 

𝜙𝑝 = 𝜖𝑝 = 𝜖11
𝑝

+ 𝜖22
𝑝

+ 𝜖33
𝑝

      3.92 

 

The remaining equation for the solid momentum balance to be considered is 

equation 3.88.a which can be written in the more familiar form: 

 

d𝜎𝑖𝑗
𝑠 = 𝐶𝑖𝑗𝑘𝑙(d𝜀𝑘𝑙 − d𝜀𝑘𝑙

ℎ − d𝜀𝑘𝑙
𝑡 − d𝜀𝑘𝑙

𝑝
)    3.93 

 

where 𝜀𝑘𝑙
ℎ = B𝑘𝑙d𝑝𝑝 and 𝜀𝑘𝑙

𝑡 = α𝑘𝑙d𝑇 are hygric and thermal strain components, 

respectively.  For a finite element method implementation of equation 3.93, it is 

better to express it based on the stress and strain vectors: 

 

d𝜎𝑖
𝑠 = 𝐶𝑖𝑗(d𝜀𝑗 − d𝜀𝑗

ℎ − d𝜀𝑗
𝑡 − d𝜀𝑗

𝑝
)     3.94 

 

where the subscript notation for 𝐶𝑖𝑗𝑘𝑙 has the relation to the 𝐶𝑖𝑗 as, 

11 ↔ 1, 22 ↔ 2, 33 ↔ 3, 

23 ↔ 4, 13 ↔ 5, 12 ↔ 6     3.95
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In order to compute the evolution of the plastic strains, we need an appropriate 

failure criterion. In this work, the Tsai–Wu failure criterion is used (Tsai and 

Wu, 1971): 

 

 𝑓 = 𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑗𝜎𝑖𝜎𝑗 − 1, 𝑖 = 1,2, … ,6     3.96 

in which 𝑓 is the yield function and 𝐹𝑖 and 𝐹𝑖𝑗 are defined as: 

 

𝐹𝑖 =
1

𝜎𝑖,𝑡
𝑦 −

1

𝜎𝑖,𝑐
𝑦 , 𝑖 = 1, 2, 3 and  𝐹4 = 𝐹5 = 𝐹6 = 0.   3.97.a 

𝐹𝑖𝑖 =
1

𝜎𝑖,𝑡
𝑦

𝜎𝑖,𝑐
𝑦 , 𝑖 = 1, 2, 3 and 𝐹𝑖𝑖 =

1

(𝜎𝑖,𝑠ℎ
𝑦

)
2 , 𝑖 = 4, 5, 6   3.97.b 

𝐹𝑖𝑗 =
1

2(𝜎𝑖𝑗,𝑏
𝑦

)
2 (1 − 𝜎𝑖𝑗,𝑏

𝑦
(𝐹𝑖 + 𝐹𝑗) − (𝜎𝑖𝑗,𝑏

𝑦
)

2
(𝐹𝑖𝑖 + 𝐹𝑗𝑗)) , 𝑖 = 1, 2, 3 and 𝑖 ≠ 𝑗

         3.97.c 

 

where superscript “y” refers to the yield stress and subscripts “t”, “c” , “sh” and “b” 

refer to tensile, compressive, shear and bi-axial tests, respectively. An arbitrary 

yield function 𝜎𝑖
𝑦

 in equations 3.97.a-c has the form of: 

 

𝜎𝑖
𝑦

= 𝜎𝑖
𝑦,0

− q𝑖
𝒶        3.98 

 

where superscript “0” refers to the yield stress of the material before 

experiencing failure. It should be noted that equation 3.96 should satisfy the 

condition 𝐹𝑖𝑖𝐹𝑗𝑗 − 𝐹𝑖𝑗
2 ≥ 0, for function 𝑓 to be closed and convex. In chapter 5, a 

simplified version of the failure criterion is presented, which always satisfies the 

mentioned condition. 
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3.2.3 Constitutive equations for energy conservation 

 

In this part the required constitutive equations for energy conservation, i.e. 

equation 3.44, are presented. Therefore, by applying the same procedure as 

before, the remaining variables not yet described in function of the state 

variables need to be identified. The first variable is the enthalpy of phase 𝛼, 𝐻𝛼. 

The enthalpy of phase 𝛼 is dependent on temperature and pressure, i.e. 

𝐻𝛼(𝑇, 𝑝α). The differential form of  𝐻𝛼 reads: 

 

d𝐻𝛼 =
𝜕𝐻𝛼

𝜕𝑇
|
𝑝α

d𝑇 +
𝜕𝐻𝛼

𝜕𝑝α
|

𝑇
d𝑝α      3.99 

 

The derivative of the enthalpy, 𝐻𝛼 J.kg-1, at constant pressure, 
𝜕𝐻𝛼

𝜕𝑇
|

𝑝α

, is called 

the specific heat at constant pressure, 𝑐𝑝
𝛼 J.(kg K)-1, and the derivative of the 

enthalpy at constant temperature, 
𝜕𝐻𝛼

𝜕𝑝α
|

𝑇
, is equal to: 

 

𝜕𝐻𝛼

𝜕𝑝α
|

𝑇
= 𝑣𝛼 − 𝑇

𝜕𝑣𝛼

𝜕𝑇
|
𝑝α

= (1 − 𝛽𝑇
𝛼𝑇)𝑣𝛼     3.100 

 

where 𝑣𝛼(m3.kg-1) is the specific volume of phase 𝛼. By substituting the specific 

heat at constant pressure as well as equation 3.100 in equation 3.99, the 

differential form of the enthalpy is obtained as an expression of measurable 

parameters: 

 

d𝐻𝛼 = 𝑐𝑝
𝛼d𝑇 + (1 − 𝛽𝑇

𝛼𝑇)𝑣𝛼d𝑝α     3.101 

 

The variable ℎ𝛼 in equation 3.44 is the volumetric heat source which can be 

related to the internal resistance of material, to the wave transmission like 
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electromagnetic inductive heat generation, or to mechanical hysteresis, etc. 

However, in this study, internal heat sources are not considered.  
 

The heat flux 𝒒𝛼 in equation 3.44 can be expressed by the classical Fourier law: 

 

𝒒𝛼 = −𝝀𝛼𝛁𝑇        3.102 

 

where 𝝀𝛼 (W.m-1.K-1) is the thermal conductivity of the phase 𝛼. The term 

𝑒𝛼(�̃�𝐸𝛼) in equation 3.44 is related to the phase change between phase 𝛼 and 

other phases. Since, in this study, only the phase change between liquid water 

and water vapor is considered, this term only describes the latent heat of 

evaporation-condensation of free water (capillary water), 𝐿𝑣 (J.kg-1), and the 

differential heat of desorption-adsorption of sorbed water, ∆𝐻𝑠 (J.kg-1). Figure 

3.13 illustrates the energy level of the adsorbed water, free water and water vapor 

(Skaar, 1988), at a normal temperature (much lower than the critical point of 

water). It can be observed that by increasing moisture content, the energy of 

adsorbed water molecules increases, the differential heat of sorption decreases 

and, at the fiber saturation point, the adsorbed water and bulk water have the 

same amount of energy. 

 

 

Figure 3.13: Illustration of the energy level of water at different states: adsorbed, bulk 

and vapor for a given temperature 
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Since local thermal equilibrium is assumed, there is no surface heat flux in 

equation 3.43, i.e. Q𝛼 = 0, between different phases (Lewis and Schrefler,1998). 

Another consequence of the local thermal equilibrium is the reduction of the 

unknown temperatures 𝑇𝛼 to one temperature, referred to as 𝑇. So it is possible 

to solve the heat conservation equations for all phases at the same time: 

 

∑ 𝜌α

𝜕

𝜕𝑡
(𝐻𝛼 −

𝑝α

𝜌𝛼)

𝛼=𝑠,𝑙,𝑔

+ ∑ 𝜌α𝐯α ∙ 𝛁 (𝐻𝛼 −
𝑝α

𝜌𝛼)

𝛼=𝑠,𝑙,𝑔

=  

   ∑ 𝐭α: 𝕳𝛼
𝛼=𝑠,𝑙,𝑔 + ∑ 𝛁 ∙ 𝒒𝛼

𝛼=𝑠,𝑙,𝑔 + ∑ 𝑒𝛼(𝜌α𝐸𝛼)𝛼=𝑠,𝑙,𝑔

         3.103 

 

By using equation 3.101, it is possible to write the differential form of the term,  

𝐻𝛼 −
𝑝α

𝜌𝛼, as: 

 

d (𝐻𝛼 −
𝑝α

𝜌𝛼) = (𝑐𝑝
𝛼 − 𝛽𝑇

𝛼𝑝α𝑣𝛼)d𝑇 + (𝜅𝑝
𝛼𝑝α − 𝛽𝑇

𝛼𝑇)𝑣𝛼d𝑝α  3.104.a 

or 

d (𝐻𝛼 −
𝑝α

𝜌𝛼) = (𝑐𝑝
𝛼 − 𝑐𝑇

𝛼)d𝑇 + 𝑐ℎ
𝛼d𝑝α     3.104.b 

 

where  𝑐𝑇
𝛼 = 𝛽𝑇

𝛼𝑝α𝑣𝛼 and 𝑐ℎ
𝛼 = (𝜅𝑝

𝛼𝑝α − 𝛽𝑇
𝛼𝑇)𝑣𝛼 are terms related to the 

change of material volume due to the change of temperature and pressure of the 

phase α. By substituting equations 3.102 and 3.104.b in equation 3.103, the energy 

conservation equation described as a function of the state variables becomes: 

 

∑ 𝜌α(𝑐𝑝
𝛼 − 𝑐𝑇

𝛼)
𝜕𝑇

𝜕𝑡𝛼=𝑠,𝑙,𝑔 + ∑ 𝜌α𝑐ℎ
𝛼 𝜕𝑝α

𝜕𝑡𝛼=𝑠,𝑙,𝑔 +  

∑ 𝜌α(𝑐𝑝
𝛼 − 𝑐𝑇

𝛼)𝐯α ∙ 𝛁𝑇𝛼=𝑠,𝑙,𝑔 + ∑ 𝜌α𝑐ℎ
𝛼𝐯α ∙ 𝛁𝑝α𝛼=𝑠,𝑙,𝑔 =   

 ∑ 𝐭α: 𝕳𝛼
𝛼=𝑠,𝑙,𝑔 − ∑ 𝛁 ∙ (𝝀𝛼𝛁𝑇)𝛼=𝑠,𝑙,𝑔 + �̇�𝑓𝑤𝐿𝑣 + �̇�𝑏𝑤(𝐿𝑣 + ∆𝐻𝑠) 

         3.105
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where �̇�𝑓𝑤 and �̇�𝑏𝑤 are the rates of the phase change from free and adsorbed 

water to vapor, respectively. When the gas pressure does not reach high values, 

the terms related to 𝑐𝑇
𝛼 and 𝑐ℎ

𝛼 can be neglected. In addition, the strain energy of 

the medium, ∑ 𝐭α: 𝕳𝛼
𝛼=𝑠,𝑙,𝑔 , is usually negligible in comparison to the other 

energy terms. So in order to reduce the complexity of the energy equation, it is 

common to disregard this term. In the plastic part of the material behavior, the 

loss of the energy is implicitly implemented by using internal variables; however, 

the temperature change due to loss of energy is not taken into account. 

Therefore, considering the mentioned simplifications as well as equation 3.26, 

the energy equation has the following form: 

 

𝜌𝑐𝑝
eff 𝜕𝑇

𝜕𝑡
+ (𝜌𝑔𝑐𝑝

𝑔
𝐯𝑔 + 𝜌𝑙𝑐𝑝

𝑙 𝐯𝑙) ∙ 𝛁𝑇 + 𝛁 ∙ (𝝀eff𝛁𝑇) = �̇�𝑓𝑤𝐿𝑣 + �̇�𝑏𝑤(𝐿𝑣 + ∆𝐻𝑠)

         3.106 

 

where  𝜌𝑐𝑝
eff = 𝜌𝑠𝑐𝑝

𝑠 + 𝜌𝑙𝑐𝑝
𝑙 + 𝜌𝑙𝑐𝑝

𝑔
 and 𝝀eff is the equivalent thermal 

conductivity of the medium including all phases. Equation 3.106 (excluding ∆𝐻𝑠) 

is the same as given by Lewis and Schrefler (1998). By looking at equation 3.106, 

one can find that only the advection term of the fluid velocity appears in the 

energy conservation equations. The diffusion terms of fluid velocity are hidden in 

the internal energy terms, 𝑐𝑝
𝛼, assuming that the internal energy of the mixture of 

water vapor and dry air for different molar ratio and at different temperatures 

and pressures is available. In this study, instead of considering water vapor and 

dry air separately in the heat conservation equation, the mixture is assumed to 

be ideal and that mixing these gases with any ratio does not have an effect on the 

internal energy of each of them.  
 

Equation 3.19 is used for the velocity of each gas component. For liquid water, as 

seen in equations 3.61a and b, two components related to adsorbed and free 

water are considered. Equation 3.106 is rewritten to include the diffusive velocity 

terms: 
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𝜌𝑐𝑝
eff

𝜕𝑇

𝜕𝑡
+ (𝜌𝑣𝑐𝑝

𝑣𝐯𝑣 + 𝜌𝑎𝑐𝑝
𝑎𝐯𝑎 + 𝜌𝑏𝑤𝑐𝑝

𝑙 𝐯𝑏𝑤 + 𝜌𝑓𝑤𝑐𝑝
𝑙 𝐯𝑓𝑤) ∙ 𝛁𝑇 

+𝛁 ∙ (𝝀eff𝛁𝑇) = �̇�𝑓𝑤𝐿𝑣 + �̇�𝑏𝑤(𝐿𝑣 + ∆𝐻𝑠)

       3.107 

or 

𝜌𝑐𝑝
eff

𝜕𝑇

𝜕𝑡
+ 

      (𝑛𝑆𝑔𝜌𝑣𝑐𝑝
𝑣𝐯𝑣 + 𝑛𝑆𝑔𝜌𝑎𝑐𝑝

𝑎𝐯𝑎 + 𝑛𝑏𝑤𝑆𝑏𝑤𝜌𝑙𝑐𝑝
𝑙 𝐯𝑏𝑤 + 𝑛𝑓𝑤𝑆𝑓𝑤𝜌𝑙𝑐𝑝

𝑙 𝐯𝑓𝑤) ∙ 𝛁𝑇 

+𝛁 ∙ (𝝀eff𝛁𝑇) = �̇�𝑓𝑤𝐿𝑣 + �̇�𝑏𝑤(𝐿𝑣 + ∆𝐻𝑠)

       3.108 

 

The appropriate expressions in equations 3.108 can be fed from equations 3.60.b, 

3.66, 3.62.a-b and 3.61.a-b.  
 

Equations 3.31, 3.47.a, 3.48 and 3.108 with the corresponding constitutive 

equations form the final system of equations that has to be solved for heat and 

mass transport in porous media coupled with elastic-plastic deformations. In the 

next section, a short introduction to the finite element method as well as to the 

numerical implementation of the plastic criterion is given. In chapter 4, the 

material properties required for describing the constitutive equations introduced 

are presented. 
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3.3 Initial and boundary conditions 

 

The system of equations 3.31, 3.47.a, 3.48 and 3.108 with primary variables 

𝐮, 𝑝𝑔, 𝑝𝑐  and 𝑇describe changes in stress, gas phase, moisture and temperature 

fields inside the material volume, Ω. In order to find the value of the state 

variables, one needs to know their values at time 𝑡 = 0. Initial conditions used 

here are: the material is assumed to be at thermal equilibrium with the 

environment at 𝑡 = 0 having a temperature 𝑇0; the gas pressure inside the 

material is also assumed to be the same as environment and equal to 𝑝𝑔0; the 

initial capillary pressure is calculated based on the initial RH inside the material, 

equation 3.56, which is related to its initial moisture content, the value of initial 

moisture content is mentioned for each considered case. Here no pre-stress or 

pre-strain fields inside the sample are considered, so the initial value for the 

displacement field 𝐮0 is equal to zero.  

Boundary conditions can be of Dirichlet or Neumann type. Dirichlet conditions 

express explicitly values of state variables at boundaries: 

 

𝐮(t)|Γ1
= �̿�(t)|Γ1

,   𝑝𝑔(t)|
Γ1

= 𝑝𝑔̿̿ ̿(t)|
Γ1

, 

 𝑝𝑐(t)|Γ1
= 𝑝𝑐̿̿ ̿(t)|Γ1

 and 𝑇(t)|Γ1
= �̿�(t)|

Γ1
    3.109 

 

where “ ̿ ” refers to the defined value at boundary and “Γ1” is the part of 

boundary for which the Dirichlet boundary is defined. It should be noted that 

the Γ1 region is not the same for all equations. Neumann boundary conditions 

define flux or forces related to each state variable at boundaries: 

 

 𝐭(t)|Γ2
= 𝛔. 𝐧|Γ2

,   q𝑔(t)|
Γ2

= 𝐪𝑔 . 𝐧|
Γ2

, 

q𝑚(t)|Γ2
= 𝐪𝑚 . 𝐧|Γ2

,   q𝑇(t)|Γ2
= 𝐪𝑇 . 𝐧|Γ2

    3.110 
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where 𝛔, 𝐪𝑔, 𝐪𝑚  and 𝐪𝑇  are stress, gas flux, moisture flux and heat flux inside Ω 

at boundaries, respectively, and 𝐭, q𝑔, q𝑚 and q𝑇 are their corresponding 

projections on the boundaries, Γ2, with normal vector 𝐧. The values for 𝐪𝑚, 𝐪𝑔  

and 𝐪𝑇 can be calculated as: 

 

𝒒𝑚 ∙ 𝐧 = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒)      3.111.a 

𝒒𝑔 ∙ 𝐧 = ℎ𝑚(𝑝𝑔 − 𝑝𝑔,𝑒) = ℎ𝑚(𝑝𝑣 − 𝑝𝑣,𝑒) + ℎ𝑚(𝑝𝑎 − 𝑝𝑎,𝑒) = 𝒒𝑚 ∙ 𝐧 + 𝒒𝑎 ∙ 𝐧

         3.111.b 

𝒒𝑇 ∙ 𝐧 = ℎ𝑇(𝑇 − 𝑇𝑒) + (𝑐𝑝
𝑣(𝑇 − 𝑇𝑒) + 𝐿𝑣)q𝑚 + 𝑐𝑝

𝑎(𝑇 − 𝑇𝑒)q𝑎  

         3.111.c 

 

where ℎ𝑚 is the convective mass transfer coefficient, 𝑝𝑔,𝑒 is the environment gas 

pressure, 𝑝𝑣,𝑒  is the partial vapor pressure of the environment and is equal to 

𝑝𝑣
𝑠𝑎𝑡(𝑇𝑒). 𝑅𝐻𝑒, 𝑝𝑎,𝑒  is the partial dry air pressure of the environment, 𝑝𝑎,𝑒 =

𝑝𝑔,𝑒 − 𝑝𝑣,𝑒, ℎ𝑇 is the convective heat flux coefficient, 𝑇𝑒 and 𝑅𝐻𝑒 are the 

temperature and relative humidity of the environment, respectively. It should be 

noted that for each state variable Γ1 ∩ Γ2 is zero and Γ = Γ1 ∪ Γ2  represents the 

total boundary of the material. When, for a part of the material boundary there is 

no explicit boundary condition, by default it means that boundary is of 

Neumann type and the value of the flux/force is zero. After defining governing 

equations in section 3.1, appropriate constitutive equations in section 3.2 and 

corresponding boundary conditions in section 3.3, in the next section, the 

numerical method for solving them is presented. 
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3.4 Numerical implementation 

 

The governing equations for heat and mass transfer in a deformable porous 

medium result in a system of nonlinear coupled partial differential equations. 

Among the different numerical techniques to solve these equations, the finite 

difference and finite element method (FEM) are most commonly used. For 

problems with complex geometry which usually need unstructured meshes or in 

the cases of material deformation, the finite element method is advantageous 

compared to the finite difference method (Peiró and Sherwin, 2005). In this 

study, the finite element method and finite difference are used for discretizing in 

spatial and temporal domains, respectively. The first part of this section is a 

short description of the finite element method as used for solving our problem. 

In the second part, the numerical algorithm used for quantifying the plastic 

deformation of the material is presented. 

 

3.4.1 Finite element analysis 

 

3.4.1.a Spatial discretization 

 

As seen in the previous section, the generic strong form of the governing 

equations for an unknown (state variable) 𝓍 is: 

 

∑ 𝛁 ∙ (𝕂𝓍𝓎𝛁𝓎) + ∑ �̅�𝓍𝓎𝛁𝓎 ∙ 𝛁𝓍𝓎𝓎 + 𝔽𝓍 = ∑ ℂ𝓍𝓎𝓎
𝜕𝓎

𝜕𝑡
   3.112 

 

where 𝕂𝓍𝓎 , �̅�𝓍𝓎 , 𝔽𝓍 and ℂ𝓍𝓎  are the diffusive stiffness, convective stiffness, 

body force and capacity terms, respectively. In order to find the weak form of 

this equation, it should be multiplied with an appropriate weighting function 

and integrated over the volume of each element: 
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∑ ∫ 𝐍⏞𝑒

𝑥

TrΩ𝑒
: (𝛁 ∙ (𝕂𝓍𝓎𝛁𝓎)) dΩ𝑒 + ∑ ∫ 𝐍⏞𝑒

𝑥

TrΩ𝑒
: (�̅�𝓍𝓎𝛁𝓎 ∙ 𝛁𝓍)dΩ𝑒𝓎𝓎   

+ ∫ ( 𝐍⏞𝑒

𝑥

Tr
∙ 𝔽𝓍) dΩ𝑒Ω𝑒

= ∑ ∫ ( 𝐍⏞𝑒

𝑥

Tr
∙ ℂ𝓍𝓎

𝜕𝓎

𝜕𝑡
)

Ω𝑒
𝓎 dΩ𝑒 

       3.113 

 

where 𝐍⏞𝑒

𝓍
 is the weighting function, subscript “Tr” refers to transpose of matrix 

and Ω𝑒  is the volume of the element "𝑒". The unknowns 𝓍 and 𝓎 on the element 

𝑒 are discretized as: 

 

𝓍 = 𝐍𝑒
𝓍𝔁𝑒        3.114.a 

𝓎 = 𝐍𝑒
𝑦

𝔂𝑒        3.114.b 

 

where 𝐍𝑒
𝓍 and 𝐍𝑒

𝑦
are the shape functions for variables 𝓍 and 𝓎, respectively. 

 

By substituting equations 3.114.a and 3.114.b in equation 3.113 and using the same 

weighting functions as the shape functions, the following equation is obtained:  

 

∑ ∫ 𝐍𝑒
𝑥

TrΩ𝑒
: (𝛁 ∙ (𝕂𝓍𝓎𝛁𝐍𝑒

𝑦
𝔂𝑒)) dΩ𝑒 + 𝓎   

                  ∑ ∫ 𝐍𝑒
𝑥

TrΩ𝑒
: (�̅�𝓍𝓎𝛁𝐍𝑒

𝑦
𝔂𝑒 ∙ 𝛁𝐍𝑒

𝓍𝔁𝑒)dΩ𝑒𝓎 + ∫ ( 𝐍𝑒
𝑥

Tr ∙ 𝔽𝓍)dΩ𝑒Ω𝑒
= 

∑ ∫ ( 𝐍𝑒
𝑥

Tr ∙ ℂ𝓍𝓎𝐍𝑒
𝑦 𝑑𝔂𝑒

𝑑𝑡
)

Ω𝑒
𝓎 dΩ𝑒   3.115 

 

By using the Gauss theorem and chain rule, equation 3.115 results in: 

 

− ∑ ∫ (𝛁 𝐍𝑒
𝑥

Tr ∙ 𝕂𝓍𝓎𝛁𝐍𝑒
𝑦

)
Ω𝑒

𝔂𝑒dΩ𝑒 + ∑ ∫ 𝐍𝑒
𝑥

TrΩ𝑒
: (�̅�𝓍𝓎𝛁𝐍𝑒

𝑦
𝔂𝑒 ∙ 𝐍𝑒

𝓍𝔁𝑒)dΩ𝑒𝓎𝓎

 + ∫ ( 𝐍𝑒
𝑥

Tr ∙ 𝔽𝓍)dΩ𝑒Ω𝑒
= 

∑ ∫ ( 𝐍𝑒
𝑥

Tr ∙ ℂ𝓍𝓎𝐍𝑒
𝑦 𝑑𝔂𝑒

𝑑𝑡
)

Ω𝑒
𝓎 dΩ𝑒 − ∑ ∫ ( 𝐍𝑒

𝑥
Tr ∙ 𝕂𝓍𝓎𝛁𝐍𝑒

𝑦
𝐧𝑒𝔂𝑒)

Γ𝑒
dΓ𝑒𝓎

        3.116
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where Γ𝑒  is surface of the element and 𝐧𝑒 is normal to the surface. The last term 

on right hand side of equation 3.116 is the flux of the variable 𝓍 from the 

boundaries. Equation 3.116 can be written in a more concise and familiar form: 

 

∑ 𝚱𝓍𝓎
𝑒 𝔂𝑒𝓎 + ∑ C𝓍𝓎

𝑒 d𝔂𝑒

d𝑡𝓎 = 𝐅𝓍
𝑒 + ∑ 𝚪𝓎

𝑒
𝓎      3.117 

 

where 𝚱𝓍𝓎
𝑒 , C𝓍𝓎

𝑒 , 𝐅𝓍
𝑒 and 𝚪𝓎

𝑒 are the stiffness matrix, capacity, body force vector 

and boundary conditions of element “e”, respectively. By assembling equation 

3.117 for all elements and for all variables 𝓍, the final shape system of the 

equations becomes: 

 

�̿�𝚽 + �̿�
d𝚽

dt
= �̿� + �̿�       3.118 

 

in which 𝚽 is the set of primary variables, i.e. {𝑇, 𝑝𝑐, 𝑝𝑔, 𝒖}. 

 

3.4.1.b Temporal discretization 

 

For the temporal discretization, the finite difference method is used. Based on 

the Θ-method a typical variable 𝔘 is approximated in the time domain [𝑡 𝒾 , 𝑡 𝒾+1] 

by (Lewis et al.,1996): 

 

𝔘 = (1 − Θ)𝔘𝒾 + Θ𝔘𝒾+1, (0 ≤ Θ ≤ 1)     3.119 

 

where Θ = (𝑡 − 𝑡 𝒾) (𝑡 𝒾+1 − 𝑡𝒾)⁄ . From equation 3.119, the derivative of the 𝔘 

can be expressed as: 

 

𝜕𝔘

𝜕𝑡
= (1 − Θ)

𝜕𝔘𝒾

𝜕𝑡
+ Θ

𝜕𝔘𝒾+1

𝜕𝑡
=

𝔘𝒾+1−𝔘𝒾

∆𝑡
     3.120 

where ∆𝑡 = 𝑡 𝒾+1 − 𝑡 𝒾. 
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By using equations 3.119 and 3.120, the set of nonlinear ordinary differential 

equations of equation 3.118 is converted to a set of nonlinear algebraic equations: 

 

�̿�[(1 − Θ)𝚽𝒾 + Θ𝚽𝒾+1] +
�̿�

∆𝑡
(𝚽𝒾+1 − 𝚽𝒾) = 

(1 − Θ)(�̿�𝒾 + �̿�𝒾) + Θ(�̿�𝒾+1 + �̿�𝒾+1)   3.121 

 

The selection of Θ is in principle arbitrary. However, by selecting Θ = 1, 

equation 3.121 becomes completely implicit and unconditionally stable (Lewis et 

al., 1996). 

 

 �̿�𝚽𝒾+1 +
𝐂

∆𝑡
(𝚽𝒾+1 − 𝚽𝒾) = �̿�𝒾+1 + �̿�𝒾+1    3.122 

 

Since �̿�,  �̿�, �̿� and �̿� are dependent on the state variables, i.e. 𝚽, equation 3.122 

cannot be solved directly and an iterative scheme is needed. By writing equation 

3.122 in the standard form of residuals, one obtains: 

 

ℝ𝒾+1 = (�̿� +
𝐂

∆𝑡
) 𝚽𝒾+1 −

𝐂

∆𝑡
𝚽𝒾 − �̿�𝒾+1 − �̿�𝒾+1 = 0   3.123 

 

For the linearization of ℝ, the standard method involves use of the first two 

terms of the Taylor’s expansion, (Bonet and Wood, 1997): 

 

ℝ𝒾+1,𝓂+1 = ℝ𝒾+1,𝓂 +
𝜕ℝ𝒾+1,𝓂

𝜕𝚽𝒾+1,𝓂 ∙ 𝜹𝚽𝒾+1,𝓂+1    3.124 

 

where 𝜹𝚽𝒾+1,𝓂+1 = 𝚽𝒾+1,𝓂+1 − 𝚽𝒾+1,𝓂. Since the residual value, i.e. ℝ, 

should be equal to zero equation 3.124 leads to: 

 

𝜹𝚽𝒾+1,𝓂+1 = − [
𝜕ℝ𝒾+1,𝓂

𝜕𝚽𝒾+1,𝓂]
−1

∙ ℝ𝒾+1,𝓂     3.125
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which practically represents an iteration for the Newton-Raphson method. 

Although this algorithm has the advantage of second order convergence, it 

requires the calculation of the derivative of the residual in each increment. In 

order to avoid the derivative calculation, especially for complex functions, the 

Picard method is used (Moonen 2009): 

 

 (𝚱𝒾+1,𝓂 +
𝐂𝒾+1,𝓂

∆𝑡
) 𝜹𝚽𝒾+1,𝓂+1 = 𝐅𝒾+1,𝓂 + 𝚪𝒾+1,𝓂 − 𝐅𝑖𝑛𝑡

𝒾+1,𝓂   3.126 

 

3.4.1.c Staggered solution scheme 

 

When a series of time-dependent processes can be solved with the same time 

stepping and the FEM meshes have the same spatial resolution, the equations 

can be solved simultaneously (monolithic approach). In many cases this choice is 

not advantageous. In contrast, a staggered scheme method decouples the 

coupled problem and results in smaller problems which can in turn be 

numerically integrated in time. Therefore, equation 3.122 can be divided into four 

parts (four equations) and each one of these equations is solved separately and 

then assembled again to obtain and update the corresponding variables, i.e. 

{𝑇, 𝑝𝑐, 𝑝𝑔, 𝒖}. During the solution for one variable, the other variables are kept 

constant and in this way the size of the problem decreases. Since the original 

matrix is fragmented, symmetry can be obtained in the sub-problems (Vijalapura 

and Govindjee, 2005). Furthermore, staggered schemes are generally better 

conditioned, therefore a higher accuracy can be obtained, and they allow 

optimizing the solution strategy for each individual sub-problem separately. 

Although the staggered scheme has advantages, it should be mentioned that, 

since all sub-problems are coupled, efficient data exchange between the sub-

problems has to be guaranteed. 
 

The required difference in temporal resolution of each sub-system in staggered 

method can be achieved by implementing a dynamic sub-stepping. So, based on 



 

72 
 

3 GOVERNING EQUATIONS 

the requirements of each sub-system, different time steps for each equation are 

adapted. Although the selection of time step is arbitrary, to ensure the stability 

of the system and the appropriate coupling between different sub-systems, 

proper discrete values should be selected. In these discrete temporal points, data 

is exchange and variables are updated among sub-systems. Therefore, at each 

time step, a subsystem is solved using (1) computed data from the sub-systems 

that are also solved at that point in time, and (2) interpolated data for the other 

sub-systems, as it is illustrated in the Figure 3.14 (Moonen, 2009). 

 

 

Figure 3.14: Schematic representation of the adaptive sub-stepping technique. Black 

dots denote points in time where a system is solved. Dotted lines denote exchange of 

computed data; dash-dotted lines denote exchange of interpolated data (Moonen, 2009). 

 

The maximum size Δt𝑖 of every global time step 𝑖 for the solution of coupled 

system and maximum number of iteration 𝔫𝑖  are both defined before starting the 

computation. The maximum number of iterations is needed to bound the 

computation time. In this study, we have four sub-systems which are related to 

energy, water species, gas phase and solid momentum balance equations. Due to 

the fast increase of temperature, moisture and gas evolution, we found that, 

using the same time-stepping for the first three equations gives the optimum 

convergence condition.  While for the solid momentum balance, the equation is 

solved only in global time steps. These global time steps actually are the selected 

time steps for recording outputs and are defined in the input file. In addition to 

the maximum time step, two other time values are also allocated for the initial 

Sub-system 1

Sub-system 2

Sub-system n

…

Δti Δti+1

t
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time step Δ𝑡𝑠𝑦𝑠,1 and minimum allowable time step refinement Δ𝑡𝑠𝑦𝑠,𝑚𝑖𝑛, where 

subscript 𝑠𝑦𝑠 refers to the subsystem. The value of Δ𝑡𝑠𝑦𝑠,1 is constrained to 

Δ𝑡𝑠𝑦𝑠,𝑚𝑖𝑛 ≤ Δ𝑡𝑠𝑦𝑠,1 ≤ Δt𝑖 and is selected based on an educated guess for system 

convergence requirement. The Δ𝑡𝑠𝑦𝑠,𝑚𝑖𝑛 limits the time stepping size to a logical 

and computationally affordable value. The 𝑖 + 1th global time step starts at 𝑡𝑖  

and finishes at 𝑡𝑖+1. The initial time step for 𝑖 + 1th global time step is 

automatically generated using a pre-defined function in the code. This function 

uses the number of iteration in the last time step as well as the value of  Δ𝑡𝑖+1 =

𝑡𝑖+1 − 𝑡𝑖  to predict the required initial time step. If all sub-systems converge, the 

next time sub-stepping starts with a bigger Δ𝑡𝑠𝑦𝑠,𝑖+1; otherwise the time sub-

stepping returns to the last converged global time step, 𝑡𝑖 , and uses the Δ𝑡𝑠𝑦𝑠,𝑚𝑖𝑛  

as the initial time sub-stepping value. For convergence check, three different 

criteria are used in the code; (1) the force norm ‖𝐅𝑒𝑥𝑡 − 𝐅𝑖𝑛𝑡‖, (2) the energy 

norm |𝐅𝑖𝑛𝑡 ∙ 𝜹 𝚽| and (3) the displacement norm  ‖𝜹𝚽‖. For each residual, both 

the absolute value and the normalized value with respect to the residual in the 

first iteration are checked against respective threshold values. For all absolute 

criteria, 10−6 and, for the later one, 10−4 are selected. More details on the 

method and algorithms used are given in Moonen (2009). 

 

3.4.2 Plasticity algorithm 

 

In this section the algorithm used for evaluating the plastic stains and porosity is 

explained. This algorithm, based on the splitting operator method, has been 

proposed by Ortiz and Simo (1986). The selected yield surface defined in 

equation 3.96 is convex. Following standard plasticity integration methods, it 

has to obey the Kuhn-Tucker loading-unloading conditions. Therefore by 

introducing a Lagrangian (plastic) multiplier 𝛾, equation 3.96 should satisfy 

(Simo and Hughes, 1998), 
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𝑓 ≤ 0         3.127.a 

�̇� ≥ 0         3.127.b 

�̇�𝑓 = 0         3.127.c 

 

Equation 3.127.a means that the stress function has to be always negative or 

equal to zero or, in other words, the stress state of the material should always be 

located inside or on the yield locus. Based on equation 3.127.b, the plastic 

multiplier is always constant or ascending. From equation 3.127.c it can be 

noticed that, at each moment the stress state moves inside the yield surface, 

𝑓 < 0, the plastic evolution must stop, i.e. �̇� = 0. Stated otherwise, when plastic 

deformation happens, �̇� > 0, the stress state should be on the yield locus, 𝑓 = 0. 

For the remaining case when both �̇� and 𝑓 are equal to zero, a consistency 

condition needs to be added: 

 

�̇�𝑓̇ = 0         3.128 

 

This condition means that when a change in stress state occurs, 𝑓̇ ≠ 0, the 

plastic multiplier should remain constant or be equal to zero and thus the plastic 

state does not change. On the other hand, when an increment in the plastic 

multiplier occurs, �̇� ≠ 0, the next stress state should also be on the yield surface, 

𝑓̇ = 0. Since, in the finite element method, all calculations and integrations are 

done in the integration points, for plasticity these conditions also have to be 

checked in the integration points. That means that during each iteration the 

plasticity condition in all integration points is evaluated and in case of plastic 

evolution the material behavior is updated according to the Kuhn-Tucker 

criteria. By using an incremental iterative algorithm for solving the governing 

equations, in each time step 𝒾 + 1, the value of deformation vector, 𝒖, is updated 

based on its value from the previous step adding a deformation increment: 

 

𝒖𝒾+1,𝓂+1 = 𝒖𝒾+1,𝓂 + 𝜹𝒖𝒾+1,𝓂+1     3.129.a 

𝛆𝒾+1,𝓂+1 = 𝛆𝒾+1,𝓂 + 𝛁(𝜹𝒖𝒾+1,𝓂+1) = 𝛆𝒾+1,𝓂 + 𝜹𝛆𝒾+1,𝓂+1  3.129.b
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The constitutive equation for the deformation of the solid, Equation 3.94, can be 

written in the incremental iterative form as: 

 

𝛆𝒾+1,𝓂+1 = 

𝛆𝒾+1,𝓂 + (𝜹𝛆e
𝒾+1,𝓂+1,𝓀+1 + 𝜹𝛆t

𝒾+1,𝓂+1,𝓀+1 + 𝜹𝛆h
𝒾+1,𝓂+1,𝓀+1 + 𝜹𝛆p

𝒾+1,𝓂+1,𝓀+1)

         3.130 

 

where 𝜺𝑒 = 𝐂−1: 𝝈𝑠  is the elastic strain vector. The superscript 𝓀 indicates that 

the corresponding variable is a trial and should be updated by an internal loop 

for each integration point during the iteration 𝓂 + 1. The equations 3.130 can be 

written based on the rate of change of the strains. It should be noted that the 

rate here is not the time derivative and shows simply how the value of the 

parameter varies. So one obtains: 

 

�̇�𝒾+1,𝓂+1 = �̇�e
𝒾+1,𝓂+1,𝓀+1 + �̇�t

𝒾+1,𝓂+1,𝓀+1 + �̇�h
𝒾+1,𝓂+1,𝓀+1 + �̇�p

𝒾+1,𝓂+1,𝓀+1

         3.131 

 

As it was seen from the Kuhn-Tucker conditions, the rate of the change of the 

plastic strains, �̇�p, and the internal variables, �̇�, can be written by using the rate 

of plastic multiplier change, i.e. �̇�, in the form of: 

 

�̇�p
𝒾+1,𝓂+1,𝓀+1 = �̇�𝕣𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)     3.132.a 

�̇�𝒾+1,𝓂+1,𝓀+1 = �̇�𝕘𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)     3.132.b 

 

where 𝕣 is the plastic flow direction and 𝕘 is the internal variables growth 

direction. Also, the rate of stresses and internal variables force conjugate are: 

 

�̇�𝒔𝒾+1,𝓂+1,𝓀+1
= 𝐂𝒾+1,𝓂+1,𝓀: 

       (�̇�𝒾+1,𝓂+1 − �̇�p
𝒾+1,𝓂+1,𝓀+1 − �̇�t

𝒾+1,𝓂+1,𝓀+1 − �̇�h
𝒾+1,𝓂+1,𝓀+1)  3.133.a 

�̇�𝒶
𝒾+1,𝓂+1,𝓀+1 = −𝓗𝒶 𝒾+1,𝓂+1,𝓀+1

�̇�𝒾+1,𝓂+1,𝓀+1    3.133.b 
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Now, based on the operator splitting technique, it is possible to divide equations 

3.131, 3.132 and 3.133 into the elastic and plastic parts as follows (Ortiz and Simo 

,1986): 

 

For the elastic part, 

�̇�𝒾+1,𝓂+1 = 

�̇�e
𝒾+1,𝓂+1,𝓀+1 + �̇�t

𝒾+1,𝓂+1,𝓀+1 + �̇�h
𝒾+1,𝓂+1,𝓀+1 + �̇�p

𝒾+1,𝓂+1,𝓀+1 = 𝜹�̇�𝒾+1,𝓂+1

         3.134.a 

�̇�p
𝒾+1,𝓂+1,𝓀+1 = 𝟎       3.134.b 

�̇�𝒾+1,𝓂+1,𝓀+1 = 𝟎       3.134.c 

�̇�𝒔𝒾+1,𝓂+1,𝓀+1
= 𝐂𝒾+1,𝓂+1,𝓀: (�̇�𝒾+1,𝓂+1 − �̇�t

𝒾+1,𝓂+1,𝓀+1 − �̇�h
𝒾+1,𝓂+1,𝓀+1)

         3.134.d 

�̇�𝒶
𝒾+1,𝓂+1,𝓀+1 = 𝟎       3.134.e 

 

and for the plastic part,  

�̇�𝒾+1,𝓂+1 = �̇�e
𝒾+1,𝓂+1,𝓀+1 + �̇�t

𝒾+1,𝓂+1,𝓀+1 + �̇�h
𝒾+1,𝓂+1,𝓀+1 + �̇�p

𝒾+1,𝓂+1,𝓀+1 = 𝟎

         3.135.a 

�̇�p
𝒾+1,𝓂+1,𝓀+1 = �̇�𝕣𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)     3.135.b 

�̇�𝒾+1,𝓂+1,𝓀+1 = �̇�𝕘𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)     3.135.c 

�̇�𝒔𝒾+1,𝓂+1,𝓀+1
= −𝐂𝒾+1,𝓂+1,𝓀: �̇�p

𝒾+1,𝓂+1,𝓀+1    3.135.d 

�̇�𝒶
𝒾+1,𝓂+1,𝓀+1 = −𝓗𝒶 𝒾+1,𝓂+1,𝓀+1

: �̇�𝒾+1,𝓂+1,𝓀+1   3.135.e 

 

By substituting the values for the rate of plastic strain and the internal variables, 

from equations 3.135.b and c, respectively, in equation 3.131.d, the following 

expressions for stress and internal forces are obtained: 

 

�̇�𝒔𝒾+1,𝓂+1,𝓀+1
= −�̇�𝐂𝒾+1,𝓂+1,𝓀: 𝕣𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)   3.136.a 

�̇�𝒶
𝒾+1,𝓂+1,𝓀+1 = −�̇�𝓗𝒶 𝒾+1,𝓂+1,𝓀+1

: 𝕘𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)   3.136.b
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During the plastic deformation, the material remains on the yield surface’s 

boundary: 

 

𝑓 𝒾+1,𝓂+1,𝓀+1(𝛔𝒔, 𝐪𝒶) = 0      3.137 

 

By linearization of equation 3.137, the following equation is set: 

 

𝑓 𝒾+1,𝓂+1,𝓀+1(𝛔𝒔, 𝐪𝒶) = 

𝑓 𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶) +
𝜕𝑓 𝒾+1,𝓂+1,𝓀(𝛔𝒔, 𝐪𝒶)

𝜕𝛔𝒔 (𝛔𝒔𝒾+1,𝓂+1,𝓀+1
− 𝛔𝒔 𝒾+1,𝓂+1,𝓀

) + 

𝜕𝑓𝒾+1,𝓂+1,𝓀(𝛔𝒔,𝐪𝒶)

𝜕𝐪𝒶
(𝐪𝒶

𝒾+1,𝓂+1,𝓀+1 − 𝐪𝒶
𝒾+1,𝓂+1,𝓀) = 0   3.138 

 

The rate of plastic multiplier change is obtained by including equations 3.136.a-b 

in equation 3.138:  

 

�̇� = 

𝑓𝒾+1,𝓂+1,𝓀

𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝛔𝒔 : 𝐂𝒾+1,𝓂+1,𝓀: 𝕣𝒾+1,𝓂+1,𝓀 +
𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝐪𝒶
: 𝓗𝒶𝒾+1,𝓂+1,𝓀+1

: 𝕘𝒾+1,𝓂+1,𝓀
 

         3.139 

 

The value of the �̇� is updated and is used for the next iteration in the internal 

loop, i.e. 𝓀 + 2. This procedure is repeated until the yield function becomes 

smaller than a pre-defined threshold, 𝔎: 

 

𝑓 𝒾+1,𝓂+1,𝓀+1(𝛔𝒔, 𝐪𝒶) ≤ 𝔎      3.140 

 

The method is called the cutting-plane algorithm (Simo and Hughes ,1998). By 

assuming the associative plastic flow, plastic strains and internal variables flow 
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directions are the same as the derivative of yield surface with respect to the 

stress and internal variable force, respectively, as: 

 

𝕣 =
𝜕𝑓

𝜕𝛔𝒔         3.141.a 

𝕘 =
𝜕𝑓

𝜕𝐪𝒶
         3.141.b 

 

Therefore, equation 3.139 leads to: 

 

�̇� = 

𝑓𝒾+1,𝓂+1,𝓀

𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝛔𝒔 : 𝐂𝒾+1,𝓂+1,𝓀:
𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝛔𝒔 +
𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝐪𝒶
: 𝓗𝒶𝒾+1,𝓂+1,𝓀+1

:
𝜕𝑓𝒾+1,𝓂+1,𝓀

𝜕𝐪𝒶

 

         3.142 

 

Use of the associative plastic flow rule automatically satisfies the maximum 

plastic dissipation energy rule and therefore equation 3.87.b (Simo and Hughes, 

1998). 

 

3.5 Summary 

 

In this chapter, the governing equations for mass, momentum and energy balance 

of a porous medium are described. After presenting the equations, the 

appropriate constitutive equations are explained relating material properties 

with state variables. In the third part, the initial conditions and boundary 

conditions required for solving the equations are given. Finally, a short 

introduction to the finite element method as well as the plastic criterion 

implementation is presented. In the next chapter, the required material 

properties based on the explained constitutive equations from this chapter are 

presented. Also, the required state variable dependencies of these properties for 

modeling at high temperature are given and some assumptions are explained. 
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Material properties for wood 
 

In this chapter, the material properties used in the constitutive equations are 

described. As mentioned, wood is an orthotropic material, thus its properties are 

direction dependent. Material property variations originate from wood 

macrostructure, density, thickness of growth rings, location in tree trunk, but 

also from micro and nanoscale features, such as cellular structure and geometry, 

cell wall layers thickness and polymers proportions. Moreover, since wood is a 

biological material, its properties are highly dependent on growth conditions 

and will evidently differ from species to species. All these factors cause that data 

reported in different sources is rather scattered. In addition, the hygrothermal 

properties of wood are coupled and variations in temperature and moisture 

content have an effect on the mechanical properties.  Finally, wood testing 

requires particular care in preparing specimens and applying the appropriate 

boundary conditions. Despite the fact that wood properties vary within the tree 

trunk and from tree to tree, even of the same species, their experimental 

determination is feasible when choosing a proper number of samples. The data 

used in this thesis for Norway spruce is mostly gathered from literature, since 

the measurement of these properties, over a large range of temperatures and 

moisture conditions, is outside the scope of this project. For properties at high 

4 
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temperature, given the lack of data, extrapolation is used and the assumptions 

employed for this extrapolation are described. First, the thermal and hygric 

properties are given and then the mechanical properties are presented. 

 

4.1 Hygric and thermal properties 

 

In order to solve the governing equations for heat and mass transfer, knowledge 

of hygric and thermal properties of wood and their dependency on the state 

variables, T, pc, pg as well as on anatomical directions, is required. It is assumed 

that the material properties are independent of the deformation field of the 

material, u.  
 

Two pore systems are considered for wood: fine pores, related to the cell wall 

porosity (assumed to be the same for both early- and latewood) and a coarse 

pore system related to lumens, different for early- and latewood, as shown in 

Figure 4.1. 
 

 

Figure 4.1: Pore volume distribution of early- and latewood as a function of pore radius. 

The peaks at 10-4 m are related to lumens. For earlywood the lumens are larger and a 

larger amount of lumens is present. The peaks related to the pore walls are for both wood 

types at the same radius range, indicating similar pore size, but the corresponding 

volume differs due to thicker cell wall of latewood. 
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4.1.1 Hygric properties 

 

Since wood properties are highly dependent on moisture content, MC, MC is 

determined in function of relative humidity and temperature, the state variables, 

using sorption curves or isotherms. In the hygroscopic range, moisture adsorbs 

in the cell wall, filling only the fine pores. Once this system is saturated, i.e. near 

100% relative humidity, the coarse pores (lumens) start to be filled with liquid 

water. Sorption isotherms for spruce in the hygroscopic range at selected 

temperatures are plotted in Figure 4.2. These curves up to 100°C are based on the 

data of Weichert (1963) and the ones for 150C and 200C are extrapolated. 

 

 

Figure 4.2: Sorption isotherms of spruce at different temperatures (Weichert, 1963). 

Data for 150 and 200oC are extrapolated. 

 

These sorption curves are described by the van Genuchten model (van 

Genuchten, 1980; Durner 1994): 

 

MC(RH, T) = ∑ MC𝑖(RH, T)
𝑛𝑝

𝑖=1
= ∑ MC𝑖,𝑠𝑎𝑡(1 + (𝑐𝑖lnRH )𝑎𝑖)𝑏𝑖

𝑛𝑝

𝑖=1
 4.1 
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where 𝑛𝑝 is the number of pore systems, MC𝑖,𝑠𝑎𝑡  is saturation moisture content 

of each pore system, 𝑎𝑖, 𝑏𝑖 and 𝑐𝑖  are the parameters, which can be function of 

state variables. Experimental data (Weichert, 1963) shows temperature 

dependency of saturation moisture content, i.e. MC𝑖,𝑠𝑎𝑡(𝑇) is in a way that there 

is 0.1% reduction in MC𝑖,𝑠𝑎𝑡  for every 1°C increase of temperature. For 

temperature higher than 100°C also normally the same trend is considered. Here 

in order to prevent zero or negative values for MC𝑖,𝑠𝑎𝑡 , instead of a linear 

function, a Gaussian functions is used for  MC𝑖,𝑠𝑎𝑡 as a function of temperature 

which have the same trend as the linear function for temperatures under 100°C  

and tends to zero for high temperatures (above 300°C) but never becomes zero. 

So, in order to have moisture content at different relative humidity and 

temperatures, using experimental data of Weichert (1963) for temperature under 

100°C as well as the MC𝑖,𝑠𝑎𝑡(𝑇) as a constrain, a surface is fitted based on 

equation 4.1 and corresponding expressions for 𝑎𝑖 , 𝑏𝑖 and 𝑐𝑖  are obtained as a 

function of temperature.  
 

Using mercury intrusion porosimetry for the over hygroscopic range, i.e. where 

filling of the lumen space occurs, Zillig (2009) determined the retention curve of 

early- and latewood of spruce and represented it by the van Genuchten model. 

Data from hygroscopic and over hygroscopic ranges are combined and 

represented based on the capillary pressure and temperature by using equation 

4.2:  

 

MC(RH, T) = MChyg(RH, T) + MC𝑙𝑢𝑚𝑒𝑛(RH, T)    4.2 

 

where MChyg refers to the hygroscopic moisture content, i.e. moisture content of 

the cell walls, and MC𝑙𝑢𝑚𝑒𝑛 is the moisture content of the lumen space. The 

water retention curve of spruce at 𝑇 = 25°C from completely dry to fully 

saturated is plotted in Figure 4.3. 
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Figure 4.3: Moisture content as function of capillary pressure for spruce, early- and 

latewood (T = 25oC), based on Zillig (2009). 

 

As mentioned in chapter 3, the vapor diffusivity of the porous medium is 

dependent on both the free binary diffusivity of vapor in dry air, D𝑣𝑎, and the 

tensor of vapor resistance factor, 𝛍𝑣, 

 

𝐃𝑣 =
D𝑣𝑎

𝛍𝑣
        4.3 

 

An empirical expression for Dva can be found in Schirmer (1938): 

 

D𝑣𝑎 = 2.3110−5 𝑝𝑎𝑡𝑚

𝑝𝑔
(

𝑇

273.16
)

1.81
     4.4 

 

The vapor resistance factor of wood, 𝛍𝑣  is dependent on the three anatomical 

directions: 

 

𝛍𝑣 = (

μL 0 0
0 μR 0
0 0 μT

)       4.5 
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The vapor resistance factor, 𝛍𝑣, depends on relative humidity according to the 

following equation: 

 

μ𝑖 =
𝜉1

𝑖 +𝑅𝐻𝜉2
𝑖

𝜉3
𝑖 +𝜉4

𝑖 𝑅𝐻𝜉2
𝑖  , 𝑖 = L, R, T      4.6 

 

The values for the parameters, 𝜉𝑗
𝑖, are given in Appendix A and the 

corresponding curves for μ𝑖  in three directions for both earlywood and latewood 

are shown in Figure 4.4. Latewood has a larger vapor resistance than earlywood 

for all anatomical directions. It can also be observed that water vapor diffusion is 

two orders of magnitude higher in longitudinal direction than in transverse 

directions. 

 

 

Figure 4.4: Vapor resistance factor of early and latewood for three anatomical directions 

as function of relative humidity. 

 

The diffusivity of adsorbed water depends exponentially on the activation 

energy, (Stamm, 1960;, Skaar and Siau, 1981) and can be expressed according to 

an Arrhenius type equation: 

 

𝐃𝑏𝑤 = 𝐤𝑏𝑤exp (−
𝐸𝑏𝑤

𝑅𝑣𝑇
)       4.7
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where 𝐤𝑏𝑤  is a weighting matrix, which can be obtained from the value of the 

adsorbed water diffusivity at a given temperature and moisture content. Skaar 

(1998) found a value of kbw = 19×10-6 m2.s-1 for the cell wall of the Sitka-Spruce in 

longitudinal direction. Also, according to Stamm (1960), this value is 2.5 times 

larger than the value for the transverse direction, i.e. radial and tangential. In the 

hygroscopic range, the activation energy of adsorbed water is function of 

moisture content (Skaar, 1998): 

 

𝐸𝑏𝑤 = 

            2.23 × 106 − 3.95 × 106MChyg + 1.62 × 107MChyg
2 − 3.72 × 107MChyg

3

         4.8 

. 

By substituting the activation energy from equation 4.8 into the 4.7 and using 

the value of 𝐤𝑏𝑤  for Norway-Spruce as given by Skaar (1998), the adsorbed 

water diffusivity is obtained as a function of temperature and moisture content. 

Figure 4.7 shows the adsorbed water diffusivity in longitudinal direction for 

some selected temperatures. The shaded region in Figure 4.7 is not practically in 

use, because it lies beyond the fiber saturation point of the material at given 

temperature. 

 

 

Figure 4.5: Adsorbed water diffusivity of the soft wood cell wall based on Stamm 

(1960) and Skaar and Siau (1981). The shaded area shows the region beyond the fiber 

saturation point at corresponding temperature. 
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As the hygric properties of wood are strongly dependent on its anatomical 

directions, the ratio between the longitudinal and transverse directions for the 

gas or liquid permeability can range from two up to four orders of magnitude. 

For softwoods in longitudinal direction, gas intrinsic permeability, kint,g, is in the 

range of 10-11-10-15 (m2) and for the liquid phase it is about one order of magnitude 

higher. This permeability is dominated by the lumen pore system and the 

connecting apertures, called pits. It should be noted that for cell wall pores, 

liquid advection is not considered here and liquid movement is only due to 

diffusion, equation 3.24. On the other hand, the water in the lumen space is 

assumed to be in the bulk state, and only advection is considered. The relative 

permeability of Spruce is given by Truscott (2004): 

 

𝐤𝑟
𝛼 = (

k𝑟,𝐿
𝛼 0 0

0 k𝑟,𝑅
𝛼 0

0 0 k𝑟,𝑇
𝛼

)      4.9 

where for the liquid phase, 

 

k𝑟,L
𝑙 = (𝑆𝑙,𝑙𝑢𝑚𝑒𝑛)

8
       4.10.a 

k𝑟,T
𝑙 = k𝑟,R

𝑙 = (𝑆𝑙,𝑙𝑢𝑚𝑒𝑛)
3

      4.10.b 

 

with 𝑆𝑙,𝑙𝑢𝑚𝑒𝑛 referring to the degree of liquid saturation in the lumen pore space 

defined as: 

 

𝑆𝑙,𝑙𝑢𝑚𝑒𝑛 =
MC𝑙𝑢𝑚𝑒𝑛(RH,T)

MC𝑙𝑢𝑚𝑒𝑛(1,T)
      4.11 

 

For the gas phase, the relative permeability can be expressed as: 

 

k𝑟,𝐿
𝑔

= 1 + (4𝑆𝑙,𝑙𝑢𝑚𝑒𝑛 − 5)(𝑆𝑙,𝑙𝑢𝑚𝑒𝑛)
4

     4.12.a 

k𝑟,𝑇
𝑔

= k𝑟,𝑅
𝑔

= 1 + (2𝑆𝑙,𝑙𝑢𝑚𝑒𝑛 − 3)(𝑆𝑙,𝑙𝑢𝑚𝑒𝑛)
2

    4.12.b
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The corresponding values of 𝐤𝑟
𝛼  are plotted in Figure 4.6. 

 

 

Figure 4.6: Relative permeability of softwood (spruce) in longitudinal and transverse 

directions for both the liquid and gaseous phases, based on Truscott (2004). 

 

The values selected as default properties for the early- and latewood intrinsic 

permeability are given in Table 4.1. The values from this table are selected in the 

following chapters. 

 

Table 4.1: Early- and latewood permeability properties (Perré and Turner, 2001). 

 earlywood latewood 

kint,L
𝑙  (m2) 2×10-12 1×10-12 

kint,R
𝑙 = kint,T

𝑙  (m2) 2×10-15 1×10-15 

kint,L
𝑔

 (m2) 2×10-13 1×10-13 

kint,R
𝑔

= kint,T
𝑔

 (m2) 2×10-16 1×10-16 
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4.1.2 Thermal properties 

 

Due to the importance of the wood drying industry, experimental data on 

measurements of thermal properties of wood at different temperature and 

moisture content are abundant in literature. However most of them are limited 

to the low temperature range and are not applicable to higher temperature. Here, 

for the effective thermal conductivity tensor of the medium, i.e. spruce wood, the 

experimental data of Kühlmann (1962) as well as the data in the Forest Products 

Laboratory (FPL) Wood Handbook (2010) are used: 

 

𝝀hyg
eff = (

𝜆ℎ𝑦𝑔,L
eff 0 0

0 𝜆ℎ𝑦𝑔,R
eff 0

0 0 𝜆ℎ𝑦𝑔,T
eff

)     4.13 

where in the hygroscopic range for spruce, 

 

𝜆hyg,T
eff = 𝜆hyg,R

eff = 

ℷ0 + 𝜌𝑠(ℷ1 + MChygℷ2) + 𝜌𝑠(ℷ3 + MChygℷ4)(𝑇 − 293.15)

+ 𝜌𝑠MChygℷ5(𝑇 − 293.15)2 

         4.14 

 

where T is in K. Values for the coefficients ℷ𝑖  are given in Appendix A. For the 

longitudinal direction it is assumed that the conductivity, 𝜆hyg,L
eff , is 2-2.5 times 

larger than the one for the transverse directions, (FPL Wood Handbook, 2010). 

Although the given data are only valid in the range of 20-80oC in the mentioned 

references, the same equations are used for higher temperatures, which is based 

on the behavior of other materials as well as on the assumption of a non-

pyrolysis heating condition. In addition, for the over hygroscopic range, the 

apparent water conductivity is accounted for by: 

 

𝝀eff = 𝝀hyg
eff + 𝝀𝑤

app
       4.15
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where 𝝀𝑤
app

= 𝓌lumen𝜆water𝐈, and 𝓌lumen is the water content of lumen space 

in (m3 m3⁄ ) and 𝐈 is second rank identity tensor. 
 

The effective specific heat capacity of wood in the hygroscopic range is 

expressed by the dry wood heat capacity, water heat capacity and an adjustment 

factor, 𝑐𝑝
𝑠−𝑙, to take into account the additional energy in wood-water bond, 

(FPL Wood Handbook, 2010): 

 

𝑐𝑝,ℎ𝑦𝑔
eff =

𝑐𝑝
𝑠 +𝑐𝑝

𝑙 MChyg

1+MChyg
+ 𝑐𝑝

𝑠−𝑙       4.16 

 

Corresponding values for 𝑐𝑝
𝑠 ,  𝑐𝑝

𝑙  and 𝑐𝑝
𝑠−𝑙  are given in Appendix A. In the over 

hygroscopic range, the effective specific heat capacity is the sum of the effective 

specific heat capacity in the hygroscopic range, equation 4.16, and the apparent 

specific heat of water in lumen space: 

 

𝑐𝑝
eff =

𝑐𝑝
𝑠 +𝑐𝑝

𝑙 MC

1+MChyg
+ 𝑐𝑝

𝑠−𝑙       4.17 

where MC is given by equation 4.2. 

 

The differential heat of sorption ∆Hs is calculated from the sorption isotherm 

curves at different temperatures using the following equation (Skaar, 1988): 

 

∆Hs = 𝑅𝑣𝑇2 ∂ln(𝑅𝐻)

∂𝑇
|MChyg

      4.18 

 

in which the subscript MChyg shows that the derivative should be calculated at 

constant moisture content. The sorption data of Norway spruce, as shown in 

Figure 4.2, are used in equation 4.18 in order to calculate the differential heat of 

sorption. This method is not suitable for very low moisture content as ∆Hs tends 

to infinity as moisture content goes to zero. Based on the data of Stamm and 

Loughborough (1935) for differential heat of sorption of Sitka spruce, Skaar 
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(1988) is described by an exponential relation between the moisture content and 

∆Hs at 50oC: 

 

∆Hs = 1.17 × 106exp[−14MChyg]     4.19 

 

where ∆Hs is in J.kg-1. Stamm and Loughborough (1935) reported zero 

differential heat of sorption at fiber saturation point and almost temperature 

independent value of ∆Hs at zero moisture content. Based on the data in Stamm 

and Loughborough (1935) and fiber saturation point as a function of temperature 

(see Figure 4.2), zero ∆Hs at saturation point and the same energy at dry state 

for all temperatures, the following relation for ∆Hs as function of moisture 

content and temperature is proposed: 

 

∆Hs = 4.04 × 104 (exp [3.40 (1 −
MChyg

MChyg,sat(𝑇)
)] − 1)   4.20 

 

Figure 4.7 shows the differential heat of sorption for softwoods (spruce) at 

different temperature. Increasing the temperature at a given moisture content 

leads to lower values of ∆Hs. 
 

 

Figure 4.7: Differential heat of sorption of softwoods at different temperatures.
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4.2 Mechanical properties 

 

As seen in section 3.2.2, for the study of the mechanical behavior of a porous 

material, the tangent stiffness (or compliance) tensor, i.e. Cijkl (or Sijkl) needs to 

be known. This tangent tensor for an orthotropic material has 9 independent 

components. For a porous material, the interaction between the fluids and solid 

parts introduces two additional coupling parameters. These parameters are 

Biot’s tangent tensor, 𝑏𝑖𝑗, and Biot’s tangent modulus, 𝑁𝑝 , where the former has 3 

and the later 1 variable(s) for the case of an orthotropic material. In order to 

consider thermal strain effects in a porous medium, the tensor of skeleton 

tangent thermal dilation coefficient, α𝑖𝑗, and the volumetric thermal dilation 

coefficient related to the porosity, 𝛼𝜙, need to be determined, resulting in 4 

additional variables for an orthotropic material. To extend the model beyond the 

elastic behavior to take into account plasticity, internal variables are introduced 

to consider the history of material deformation. These internal variables can be 

dependent on one or more state variables. As mentioned above, it is obvious that 

experimental determination of all the mechanical properties would require an 

enormous amount of work. Therefore, for mechanical properties, the 

experimental data reported in literature is used and, for the cases where no data 

is available, some logical and physically meaningful assumptions are made. 

 

4.2.1 Thermoporoelastic properties of wood 

 

In this section the experimental determination of the mechanical properties 

required to describe the constitutive behavior, equations 3.80.a-b is presented 

(Carmeliet et al., 2013; Abbasion et al., 2015). The equations read: 

 

d𝜀𝑖𝑗 = S𝑖𝑗𝑘𝑙d𝜎𝑘𝑙
𝑠 + B𝑖𝑗d𝑝𝑝 + α𝑖𝑗d𝑇     3.80.a 

d𝜙 = B𝑖𝑗d𝜎𝑖𝑗
𝑠 + ℳd𝑝𝑝 + α𝜙d𝑇      3.80.b 
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For a nonlinear material, thermoporoelastic properties S𝑖𝑗𝑘𝑙(𝜎𝑘𝑙
𝑠 , 𝑝𝑝, 𝑇), 

B𝑖𝑗(𝜎𝑘𝑙
𝑠 , 𝑝𝑝, 𝑇), α𝑖𝑗(𝜎𝑘𝑙

𝑠 , 𝑝𝑝, 𝑇), ℳ(𝜎𝑘𝑙
𝑠 , 𝑝𝑝, 𝑇)and α𝜙(𝜎𝑘𝑙

𝑠 , 𝑝𝑝, 𝑇) generally depend 

on stress, pore pressure and temperature. 
 

Consider a first experiment where the material is brought in contact with an 

environment with a certain gas (atmosphere or air) pressure 𝑝𝑔, water vapor 

pressure 𝑝𝑣 and temperature T. As seen in equation 3.56, by assuming 

equilibrium between the external vapor pressure and the vapor pressure in the 

pore space, Kelvin’s law describes the relation between the pore vapor pressure 

(or relative humidity) and the capillary pressure in the porous material. As 

experiments are normally performed at constant gas pressure, i.e. d𝑝𝑔 = 0, the 

increments in effective pressure are equal to capillary pressure increments. 

Assuming a constant external vapor pressure and the material in instantaneous 

equilibrium, the effective pressure inside the material remains constant, i.e. 

d𝑝𝑝 = 0. We now apply a mechanical load and measure the strain and change in 

moisture content. Equilibrium between the vapor pressure of the environment 

and the pore space of the material is assumed to be instantaneous. Equation 

3.80.a then gives d𝜀𝑖𝑗 = S𝑖𝑗𝑘𝑙d𝜎𝑘𝑙
𝑠  and S𝑖𝑗𝑘𝑙  is defined as the elastic compliance, a 

measure of the elastic strain capacity of the material. When the mechanical test 

is performed at different effective (or capillary) pressures and temperatures, the 

compliance S𝑖𝑗𝑘𝑙(𝜎𝑘𝑙 , 𝑝𝑝, 𝑇) is determined, in function of stress, pressure and 

temperature. The moisture content increment during mechanical testing is given 

by dMC = (𝜌𝑙 𝜌𝑠⁄ )d𝜙. For constant pressure and temperature conditions, 

equation 3.80.b reads d𝜙 = B𝑖𝑗d𝜎𝑖𝑗
𝑠 . The coupling coefficient B𝑖𝑗 describes the 

change in porosity and moisture content due to a change in external mechanical 

stress. The influence of mechanical stress on the sorption process is called the 

mechano-sorptive effect.  
 

In a second experiment, constant stress and temperature conditions are 

considered (neglecting time dependent behavior like creep) and the material is 
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exposed to environments with different external vapor pressure. The strain and 

change of moisture content are measured. Equilibrium between the vapor 

pressure of the environment and the pore space of the material is assumed to be 

instantaneous. Equation 3.80.a then becomes d𝜀𝑖𝑗 = B𝑖𝑗d𝑝𝑝 and describes the 

change in strain due to a change in effective pressure. The coupling coefficient 

B𝑖𝑗 thus describes the swelling/shrinkage of the material. Equation 3.80.b reads 

dMC = (𝜌𝑙 𝜌𝑠⁄ )ℳd𝑝𝑝. The term (𝜌𝑙 𝜌𝑠⁄ )ℳ describes the change in moisture 

content due to a change in effective (or capillary) pressure and is called moisture 

capacity. In a standard sorption test, the material is free of external load or 

𝜎𝑖𝑗
𝑠 = 0. The moisture content measured in the unloaded condition is referred to 

as MC0, where the subscript 0 refers to the zero stress condition. The moisture 

capacity normally measured in unloaded condition is given by: 

 

(𝜌𝑙 𝜌𝑠⁄ )ℳ0 = 𝜕MC0 𝜕𝑝𝑝⁄       4.21 

 

In a third experiment, constant stress and pressure conditions are considered 

(neglecting time dependent behavior like creep) and the material is exposed to 

environments with different temperatures. The strain and change of moisture 

content are measured. An instantaneous equilibrium between the temperature of 

the environment and the material is assumed. Equation 3.80.a then reads 

d𝜀𝑖𝑗 = α𝑖𝑗d𝑇 and describes the thermal dilatation. Equation 3.80.b reads 

dMC = (𝜌𝑙 𝜌𝑠⁄ )α𝜙d𝑇 and describes the change in moisture content due to 

temperature change. 
 

In Carmeliet et al. (2013), a general poroelastic description at constant 

temperature for orthotropic materials is given for wood. The compliance is found 

to be a quadratic function of the moisture content: 

 

𝑆𝑖𝑗 = 𝑆11𝑎𝑖𝑗(1 + 𝑏𝑖𝑗MC0
2)      4.22 
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The values for 𝑎𝑖𝑗 and 𝑏𝑖𝑗 are given in Table 4.2. 

 

Table 4.2: Poromechanical parameters of the compliance tensor of spruce wood. 

(S11 = 1/12660MPa) (Carmeliet et al. ,2013) 

𝑆𝑖𝑗(MPa-1) 𝑎𝑖𝑗(-) 𝑏𝑖𝑗(kg-2/kg-2) ℬ𝑖𝑗(Pa-1) 𝛼𝑖𝑗(K-1) 

11 (LL) 1 3.3 0.03 4.1×10-6 

22 (RR) 12.7 15 0.14 22.1×10-6 

33 (TT) 24.6 16.3 0.31 30.6×10-6 

12 (LR) -0.29 26 - - 

13 (LT) -0.29 64 - - 

23 (RT) -5.6 36 - - 

44 (RT) 222 23.5 0 0 

55 (LT) 14.4 13.5 0 0 

66 (LR) 17.3 12.2 0 0 

 
 

Figure 4.8 compares measurements and curves obtained from the poroelastic 

model. An overall good agreement between measurement data and the proposed 

poroelastic model by Carmeliet et al. (2013) is observed. 
 

For the elastic properties of the wood, there is one order of magnitude difference 

between the longitudinal and transverse directions. This clearly illustrates the 

importance of the orthotropic behavior of wood, which is also observed from the 

span of coefficient 𝑎𝑖𝑗 in Table 4.2 for different directions. The coefficient 𝑏𝑖𝑗 

describes the moisture sensitivity of the compliance. The compliance is most 

moisture sensitive in tangential and radial directions, and much less affected for 

longitudinal direction. The shear compliance is moisture sensitive, with a 

maximum in RT direction. The off-diagonal compliances are very moisture 

sensitive (Carmeliet et al. ,2013). 
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Figure 4.8: Elastic parameters of spruce wood as a function of moisture content: a) 

Young’s modulus b) shear modulus,  c) Poisson ratio. (solid curves = poroelastic model, 

Carmeliet et al. (2013), markers = experimental data from Neuhaus (1981).) 

 

Swelling, i.e. deformation due to change in MC, is commonly described as: 

 

d𝜀𝑖𝑗|
𝜎𝑖𝑗

𝑠 ,𝑇
= d𝜀𝑖𝑗

ℎ = ℬ𝑖𝑗dMC0      4.23 

 

with ℬ𝑖𝑗  the swelling coefficients. By comparing the term d𝜀𝑖𝑗
ℎ  from equations 

3.80.a and 4.23, when d𝜎𝑖𝑗 and d𝑇 are equal zero, one finds the following 

relation: 
 

B𝑖𝑗 =
𝜕MC0

𝜕𝜋
ℬ𝑖𝑗        4.24 

(a) (b)

(c)
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The swelling strain is assumed to be only volumetric, so ℬ44 = ℬ55 = ℬ66 = 0. 

This assumption is correct for isotropic materials, but is not proven for 

orthotropic materials. However, swelling in shear is found to be negligible 

(Carmeliet et al., 2013). The corresponding values of ℬ𝑖𝑗  are given in Table 4.2.  
 

The change in porosity at constant stress and temperature is defined as:  

 

d𝜙|𝜎𝑖𝑗
𝑠 ,𝑇 = d𝜙ℎ = ℳd𝑝𝑝      4.25 

 

By substituting d𝜙 = 𝜌𝑠 𝜌𝑙dMC⁄ , the moisture capacity is obtained as: 

 

𝜌𝑙

𝜌𝑠
ℳ =

𝜕MC0

𝜕𝑝𝑝
        4.26 

 

with MC0(𝑝𝑝) the sorption isotherm at zero stress. 
 

In Figure 4.9 the inverse of moisture capacity, 𝑁𝑝 = (𝜌𝑙 𝜌𝑠⁄ ℳ)−1, is plotted as 

function of moisture content for several temperatures based on the sorption 

curves from Figure 4.2.  

 

 

Figure 4.9: Inverse of the moisture capacity of spruce as a function of moisture content.
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As it is seen, by increasing temperature and moisture content, it is easier for 

them to make more space for new water molecules inside cell wall leading to a 

decrease of the Biot modulus Np. 
 

As mentioned before, the thermal expansion tensor 𝛼𝑖𝑗 can be obtained using 

incremental changes of temperature while keeping stress and pressure constant. 

Equation 3.80.a then reads: 

 

d𝜀𝑖𝑗|
𝜎𝑖𝑗

𝑠 ,𝑝𝑝
= d𝜀𝑖𝑗

𝑇 = 𝛼𝑖𝑗dT      4.27 

 

According to FPL Wood Handbook (2010), the components of the thermal 

expansion tensor of wood can be described as a diagonal matrix with the 

following components: 

 

𝛼𝐿 = 4.1 × 10−6       4.28.a 

𝛼𝑅 = 32.4 × 10−9𝜌𝑠 + 9.9 × 10−6     4.28.b 

𝛼𝑇 = 32.4 × 10−9𝜌𝑠 + 18.4 × 10−6     4.28.c 

 

The corresponding values for 𝛼𝑖𝑗 from equations 4.28.a-c taking 𝜌𝑠 = 376kg.m-3 

are given in the Table 4.2. The pore thermal expansion coefficient 𝛼𝜙 is 

calculated based on stress-free sorption tests, at different temperatures. By 

keeping pore-pressure and stress constant, equation 3.80.b reads: 

 

d𝜙|𝜎𝑖𝑗
𝑠 ,𝑝𝑝

= d𝜙𝑇 = 𝛼𝜙d𝑇      4.29 

 

Again by substituting d𝜙 = 𝜌𝑠 𝜌𝑙dMC⁄ , the pore thermal expansion coefficient is 

obtained as: 

 

𝛼𝜙 =
𝜌𝑠

𝜌𝑙

𝜕MC0

𝜕𝑇
        4.30 
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The pore thermal expansion coefficient is plotted in Figure 4.10 as a function of 

moisture content and for several temperatures based on the sorption curves from 

Figure 4.2. When increasing temperature, at constant moisture content, the pore 

thermal expansion coefficient increases. When increasing moisture content the 

pore thermal expansion coefficient increases linearly in log-log scale, except near 

the fiber saturation point. 

 

 

Figure 4.10: Pore thermal expansion coefficient of spruce as a function of moisture 

content and temperature 

 

4.2.2 Plastic properties of wood 

 

This section describes the properties of wood needed for the plasticity model 

based on the Tsai-Wu failure criterion: 

 

𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑗𝜎𝑖𝜎𝑗 ≤ 1, 𝑖 = 1,2, … ,6      3.96 

𝐹4 = 𝐹5 = 𝐹6 = 0. 
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𝐹𝑖 and 𝐹𝑖𝑗. These tests include three tension, three compression, three shear and 

finally three biaxial tests corresponding to the orthotropic directions. Due to the 

lack of experimental data, the biaxial functions are disregarded, so that equation 

3.96 reads: 

 

𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑖𝜎𝑖𝜎𝑖 ≤ 1, 𝑖 = 1,2, … ,6      4.31 

𝐹4 = 𝐹5 = 𝐹6 = 0. 

 

The number of required parameters reduces then to nine. In Table 4.3 the 

yield/failure stresses of spruce wood are given. Wood samples under 

compression and shear after yielding show a softening/hardening behavior. 

Under tensile loading the material shows a more brittle fracture behavior. 

However, by increasing moisture content or temperature, its behavior becomes 

more and more ductile. 

 

Table 4.3: Yield/failure stresses of Spruce wood in different anatomical directions  

𝜎𝑖
𝑦

(MPa) dry MC12 (% kg/kg) fiber-saturated 

𝜎𝑡
𝑦

 (LL) - 65.5* - 

𝜎𝑐
𝑦

 (LL) 97.00**  32.30** 

𝜎𝑡
𝑦

 (RR) - 3.75* - 

𝜎𝑐
𝑦

 (RR) 7.90** - 3.30** 

𝜎𝑡
𝑦

 (TT) - 2.79* - 

𝜎𝑐
𝑦

 (TT) 20.0** - 3.50** 

𝜎𝑠ℎ
𝑦

 (LR) - 3.33*** - 

𝜎𝑠ℎ
𝑦

 (LT) - 2.49*** - 

𝜎𝑠ℎ
𝑦

 (RT) - 0.75*** - 

* Schmidt and Kaliske (2006), ** Widehammar (2004), *** Dahl and Malo (2009) 
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The plastic part of the stress-strain curves of spruce in different directions, based 

on the references from Table 4.3, is plotted in Figure 4.11. Due to the absence of 

data for tensile loading, a linear softening with the same (but negative) slope as 

the elastic behavior is assumed.  

 

 

Figure 4.11: Plastic strain-stress curves of spruce wood in different anatomical directions 

at room temperature (based on references from Table 4.3). 

 

Since the curves in Figure 4.11 show only the plastic part of the strain-stress 

curves, they start from zero. Based on the data of Table 4.3, it is clear that yield 

points in different directions decrease dramatically with increasing moisture 

Tensile load Shear loadCompressive load
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content. For compressive test, middle column of Figure 4.11, the longitudinal and 

tangential directions show a softening behavior, while for radial direction only 

hardening is observed. With increasing moisture content the hardening in 

tangential and longitudinal directions increases. The reason for this behavior is 

related to the orientation of growth rings to the applied load, as described in 

detail in section 5.3.3a. For the tensile and shear softening/hardening behavior, 

the data in Table 4.3 are used together with the data in Figure 4.11. Additionally, 

as compressive behavior is of main interest in this thesis, comprehensive tests in 

tangential and radial directions are performed and the obtained data are 

presented in the section 5.3.3a.  

 

4.2.3 Thermal softening of wood 

 

The elastic and plastic properties presented in the last two sections are valid for 

ambient temperatures. However, for wood, like many other materials, the 

stiffness and strength decrease with increasing temperature. A lot of 

experimental work focused on thermal softening as function of temperature. For 

example, Uhmeier et al. (1998) carried out compressive tests on the Norway 

spruce (Picea abies) in radial direction for the temperature range of 0-200oC. They 

found a logarithmic linear decrease of the yield stress in this temperature range. 

Their results show that the shape of the stress-strain curves at different 

temperatures is quite similar when they are normalized by the yield stress ratio 

of corresponding temperature. Koran (1979) performed tensile tests on black 

spruce (Picea mcrrianu) in radial and tangential directions in a temperature range 

from -190 to 250oC. Östman (1985) tested spruce (Picea excelsa) in longitudinal 

direction under tension and for temperatures between 25-250oC. More recently, 

Hanhijärvi (2000) performed a series of creep tests on spruce wood (Picea abies) 

for temperatures up to 110oC and reported the softening of wood as a function of 

temperature. In order to compare the results of the experimental works 

mentioned, Figure 4.12 plots the normalized strength (softening) of spruce in 
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function of temperature. The reference temperature is 25oC and the data are 

normalized to the value at this temperature. 

 

 

Figure 4.12: Thermal softening of spruce wood as a function of temperature. 

 

Since these experiments have been done for constant temperature and moisture 

content, equation 3.93 read as: 

 

d𝜎𝑘𝑙
𝑠 = C𝑖𝑗𝑘𝑙(d𝜀𝑖𝑗 − d𝜀𝑖𝑗

𝑝
)      4.32 

 

By assuming the same shapes of the stress-strain curves at different 

temperatures, one can rescale equation 4.32 for other temperatures as follows: 

 

d𝜎𝑘𝑙
𝑠 = ℱ(MCℎ𝑦𝑔, 𝑇)C𝑖𝑗𝑘𝑙(d𝜀𝑖𝑗 − d𝜀𝑖𝑗

𝑝
)     4.33 

 

The function ℱ(MC, 𝑇) describes the mechanical softening and the yield stress 

reduction as a function of temperature and moisture content. The default 

ℱ(MC, 𝑇) function decreases linearly decreasing on a logarithmic scale from 1 to 
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0.1 in the temperature range of 25-250oC, corresponding to Figure 4.12. In 

section 5.3.3b, this function will be characterized based on the experimental 

results obtained in this work.  

 

4.3 Summary 

 

In this chapter, the required thermo-hygro-mechanical properties of spruce 

wood are described based on different sources. These properties show highly 

anisotropic dependency. The anisotropicity is not the same for all properties. For 

example, the thermal conductivity of wood in longitudinal direction is two to 

three times higher than in transverse directions. For mechanical properties even 

larger differences are observed, up to one order of magnitude. Hygric properties 

show even more orientation dependency. Vapor diffusivity of wood in 

longitudinal direction is up to two orders of magnitude greater than in radial and 

tangential directions and for hydraulic conductivity this anisotropicity is as high 

as four orders of magnitude. In addition to anisotropicity, temperature and 

moisture content show significant effects on material properties. Increasing 

temperature and moisture content increases heat and mass transport in different 

directions, but it causes loss of mechanical properties. As it is mentioned, using 

the poromechanics constitutive equations obtained, one can do a set of standard 

tests to characterize different material properties and their dependencies on 

temperature and moisture content. However, since such detailed experimental 

data require too much time and given the extreme conditions that need to be 

applied, here assumptions were made for such cases. In the next chapter, the 

experiments for validation of model and material properties given in this chapter 

as well as some measurements of selected mechanical properties are presented. 
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Experiments and model validation 
 

5.1 Introduction  

 

Based on the equations described in chapter 3 and the material properties 

introduced in chapter 4, in this chapter the computational model is validated by 

comparison with experiments. An ideal validation includes measurement of all 

state variables, 𝑇, 𝑝𝑐, 𝑝𝑔 and 𝒖. However, from a practical point of view, it is 

sometimes easier to measure the dependent variables instead of the governing 

state variables directly. For example, the variables 𝑝𝑐 and 𝑝𝑔 are difficult to 

measure inside the material, while different techniques exist to measure the 

moisture content (MC) distribution inside the material. In the experiments it is 

important to achieve sufficient temporal and spatial resolution. Although the 

goal of this study is the modeling of the welding process of wood, performing 

measurements during a real welding process is not very practical due to the high 

frequency movement of the welding machine as well as to the limited thickness 

of the thermo-hygric affected zone. An alternative is to reproduce similar 

conditions in well-designed laboratory experiments. On these premises, an 

experimental setup was designed mimicking the heating up of wood samples to 

some hundred degrees Celsius in a few seconds. For model validation, MC, 𝑇 and 

5 
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𝒖 were measured. Given the sample size the measurement of 𝑝𝑔 is not practical. 

Moisture content measurement is carried out using Neutron-ray radiography. 

Due to limited time resolution of the N-ray radiograph, the heating process is 

expanded over a longer time span and at temperature lower than what occurs 

during the welding process. The thickness of the sample is selected in such a 

way as to be quite transparent for N-ray transmission, but sufficient thick not to 

lose moisture too rapidly. Temporal and spatial measurements of temperature 

are carried out by thermocouples with excellent temperature resolution placed 

in different positions inside the wood specimen. Using N-ray radiographs, one 

can also measure the deformation of the sample. In order to achieve high 

resolution spatial data of the heat transfer at the surfaces of the sample, a 

separate experiment was designed measuring the temperature field on the 

surface of sample by infrared thermography. In a last experiment, material 

deformation under heating and mechanical pressure is measured, since this setup 

mimics most accurately the conditions during the welding process. The 

advantage of these experiments compared to the real welding process is that 

they can be easily customized for a special purpose. In the remaining part of this 

chapter, the experimental procedure and test setups are explained in detail. 

Then the test results are presented and compared with simulation outcome. 

 

5.2 Experimental procedure 

 

In this part the testing techniques and procedures used for the experimental 

study of heat and moisture transport together with mechanical deformation of 

wood exposed to high temperature are presented. First, the preparation of the 

samples for the different cases is described. Then, the experimental set-up for 

heating the sample and the different experimental procedures are described. The 

neutron imaging technique used for visualizing and quantifying the moisture 

content distribution inside the specimen is introduced. Afterwards, the test 

setup for infrared thermography (IRT) used to quantify the temperature 
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distribution on the surface of the samples during heating is explained. Finally, 

mechanical tests for investigating the linear and non-linear behavior of the 

material are described. 

 

5.2.1 Material and experimental setup 

 

The material selected for the experiments from this thesis is Norway spruce 

(Picea abies) heartwood. The softwood plank used here has an average density of 

376 kg/m3. To investigate the material along different orientations, the samples 

are quarter-sawn in longitudinal, radial and tangential directions, as shown in 

Figure 5.1.  

 

 

Figure 5.1: Dimensions and orthotropic directions of the wood samples, referred to as 

longitudinal, radial and tangential samples 

 

The samples are sawn side by side out of the same wood planks, oriented so that 

the growth rings are visible during imaging and that heat flow along the height 

occurs perfectly in the L, R or T direction, respectively. The sample dimensions 

are 80 mm width × 40 mm height and 10 mm thickness. The samples are oven 
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dried to determine their mass and then conditioned until equilibrium in 

desiccators at 50 or 80% relative humidity (RH), corresponding to equilibrium 

moisture content of 31 kg/m3 and 53 kg/m3, i.e. 8% and 14% MC, respectively. 
 

In order to measure the temperature inside the samples, along the height of one 

side of each sample, 8 holes with diameters of 0.50mm are drilled in order to 

insert type E (NiCr-CuNi) thermocouples, see Figure 5.2a. With the aim of 

reducing the mass transfer from the side walls of sample, particularly along 

normal direction to the sections of interest, Teflon tape is wrapped around the 

sample. Moreover, for preventing the heat transfer from these sides, two foam 

glass plates, which are transparent for N-rays, cover the two long vertical sides, 

as seen in Figure 5.2b. 

 

 

Figure 5.2:  a) Thermocouples arrangement inside the sample b) thermal, foam glass 

plates, and hygric, Teflon tapes, insulating the side surfaces of the sample. 

 

For controlled heating of the samples, a test setup is designed, consisting of a 

heating foil connected to a power supply and a sample holder. The sample holder 

consists in a frame that presses the sample firmly against a metallic heating foil 

of 50 µm thickness with two long bolts. The heating foil is placed between the 

wood specimen and a thermal insulator. Two thermocouples under the heating 

foil measure the temperature of the base, e.g. bottom of the sample, in order to 

give a feedback to the power supply for controlling the temperature. The two 

vertical bolts exert enough pressure on top of the wood to keep it in good 

thermocouples

foam glass plate

Teflon tape

(a) (b)
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contact with the foil during the experiment. This measure is required as, wood 

can ignite at the contact line, when oxygen penetrates in case of weak contact. A 

schematic representation of the sample holder is given in Figure 5.3. 

 

 

 
Figure 5.3: Schematic representation of the sample holder part of the heating setup. 

 

 

The power supply connected to the heating foil is programmable, so it is possible 

to control the voltage or current of the input electricity. The power supply has a 

maximum power of 50A and 120V, and the base thermocouples serve to feed 

back the temperature to the power supply controller. The control system is 

programmed to achieve a step increase in foil temperature in a few seconds, 

followed by a perfectly maintained high temperature of 150C or 250C over the 

duration of the test. Heating of the sample is combined with neutron imaging, 

infrared thermography or mechanical loading. During the test, the moisture 

content, thermal and/or shrinkage behavior of the samples is documented and 

the temperatures measured by the thermocouples are recorded by a data 

acquisition system.  
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5.2.2 Neutron and X-ray radiography 

 

Neutron radiography (N-ray or NR) is a non-destructive technique which is 

based on the interaction probability of neutrons with the material allowing to 

image the material composition and presence of fluids in the material. High 

sensitivity of neutrons to hydrogen atoms enables an accurate determination of 

moisture content in wood with high resolution.  
 

The analysis of the neutron images for visualization of the moisture content 

distribution and their quantification is based on intensity measurements of the 

transmitted neutron beam through an object. For a monochromatic beam, the 

transmitted intensity, 𝕀, is described by the Lambert-Beer law: 

 

𝕀 = 𝕀0exp [−Σ ∙ 𝓉]       5.1 

 

where 𝕀 is the intensity of the transmitted beam-line, 𝕀0 is the intensity of 

incident beam-line, Σ is the linear attenuation for neutrons, and 𝓉 is the 

thickness of object along the incident direction. As opposed to the well-known 

X-ray attenuation which is dependent on the atomic number, neutron 

attenuation does not have a direct relation to the atom number (Table 5.1). 

 

Table 5.1: X-ray and N-ray attenuation coefficients (cm-1) cross section of some selected 

atoms 

Atom H Li B C N O Al 

Relative atomic mass 1.01 6.94 10.81 12.11 14.01 15.99 26.98 

X-ray 0.02 0.06 0.28 0.27 0.11 0.16 0.38 

N-ray 3.44 3.30 101.60 0.56 0.43 0.17 0.1 

 

It is commonly assumed that the attenuation coefficient is an additive quantity. 

Based on this hypothesis, the attenuation coefficient of a porous material can be 

divided into the attenuation of the solid and fluid phases, in which each phase 
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has an effective thickness, 𝓉𝛼
eff. It is assumed that the solid thickness 𝓉𝑠

eff 

remains constant and only the thickness of the fluid phase, i.e. 𝓉𝑓
eff, changes 

during the experiment. Equation 5.1 can then be written for time 𝑡 as: 

 

𝕀(𝑡) = 𝕀0exp [−(Σ𝑠 ∙ 𝓉𝑠
eff + Σ𝑓 ∙ 𝓉𝑓

eff(𝑡))]    5.2 

 

The attenuation coefficient of dry air molecules, i.e. mixture of the nitrogen and 

oxygen, is negligible in comparison to the attenuation coefficient of water 

molecules, i.e. liquid water and water-vapor. Equation 5.2 can then be rewritten 

as: 

 

𝕀(𝑡) = 𝕀dryexp [−Σ𝑤 ∙ 𝓉𝑤
eff(𝑡)]      5.3 

 

where 𝕀dry = 𝕀0exp [−Σ𝑠 ∙ 𝓉𝑠
eff] is the intensity of the dry sample and the 

subscript "𝑤" refers to water. By solving equation 5.3 for the effective thickness 

of water one obtains: 

 

𝓉𝑤
eff(𝑡) =

1

Σ𝑤
(ln[𝕀dry] − ln[𝕀(𝑡)])     5.4 

 

By dividing the effective water layer thickness by the sample thickness the 

volumetric water content in (m3 m3⁄ ) is obtained, which can be easily converted 

to moisture content by volume (kg m3⁄ ) by multiplying with the water density. 

 

𝓌(𝑡) =
𝜌𝑤

𝓉∙Σ𝑤
(ln[𝕀dry] − ln[𝕀(𝑡)])     5.5 

 

where 𝓌(𝑡) refers to the water content at time t. For heterogeneous materials 

like wood with different layers of earlywood and latewood, it is common to use 
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normalized water distribution inside the material, i.e. moisture content by mass 

in (kg kg⁄ ), where the moisture content is normalized by the material density: 

 

MC(𝑡) = 𝓌(𝑡)/𝜌𝑠       5.6 

 

The mentioned procedure gives good results for the case of images without any 

noise or side effects. Therefore, the radiation transmission-based imaging needs 

to be corrected for artifacts. Within this work, standard correction procedures 

were applied (Sedighi-Gilani et al, 2012), which include: 

 Correction for the background noise of the CCD camera. 

 Correction for temporal and spatial fluctuations of the incident beam 

(flat field correction). 

 Correction for removing the neutron signal coming from scattering by 

the overall experimental configuration and the detector box. 

 Sample scattering correction for neutrons that are scattered by the 

atoms of the wood/water of the sample itself.  

 Taking into account the beam polychromatic energy spectrum. 

 

The Quantitative Neutron Imaging (QNI) algorithm (Hassanein et al., 2006), is 

used to correct the scattered neutron signals. Quantification based on 

uncorrected radiographs would result in an underestimation of the water 

content, up to 50%, compared with corrected radiographs (Hassanein et al., 

2006). 
 

The desorption of water during the heating experiments results in the shrinkage 

of the wood sample. Moisture content is obtained from the logarithmic 

subtraction of the image taken at current time t from the initial image taken at 

time t = 0. However, as the sample changes geometry, the subtraction needs to be 

preceded by a registration of the image. Registration is achieved with a bilinear 

image registration algorithm, i.e. TurboReg plugin of ImageJ (Thevenaz et al., 



 

113 
 

5.2 EXPERIMENTAL PROCEDURE 

1998), to scale back the image and align its edges with the edges of the reference 

image, at the initial time. 
 

The imaging facility of the Neutron Transmission Radiography (NEUTRA) 

beamline at the Paul Scherrer Institute (PSI), Switzerland is used for imaging 

and quantification of time resolved moisture content in wood during the heating 

experiment.  
 

The neutron radiography at NEUTRA station relies on a neutron beam within 

the thermal spectrum, with a most probable energy level of about 25 meV 

(Lehmann et al., 2001). The schematic overview of the neutron beamline is 

presented in Figure 5.4. The x- and y-axes correspond to the detector plane axes 

while the z-axis shows the neutron beam direction. The detector consists in a 

scintillator-CCD camera-system, with a total field of view of 87 x 87 mm2. The 

scintillator is made of a 100 µm thick sheet of zinc sulfide, doped with 6Li as the 

neutron absorbing agent, to convert the neutron signals into visible light 

photons. The photons are then led via a mirror onto a cooled 16-bit CCD camera 

(1024 x 1024 pixels). An initial neutron image is obtained, once the sample is set 

within the frame, as the reference image. Then, during the 20 min of the heating 

experiment, neutron images are acquired at regular intervals of 16 s with a spatial 

resolution of 100 µm. In addition, given the presence of an X-ray source, X-ray 

radiographies are acquired and used to determine the apparent density field of 

wood sample. 
 

During the experiment, the heating device is in the neutron beam facility and the 

sample holder is placed in front of the beam, as seen in Figure 5.5. 
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Figure 5.4: Schematic representation of the neutron imaging beamline. 

 

 

 

Figure 5.5: The sample and sample holder in front of the neutron detector in the 

beamline. 
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5.2.3 Infrared thermography 

 

The portion of the electromagnetic spectrum related to thermal radiation ranges 

between 0.1 and 100μm including a portion of the ultraviolet, and all the infrared 

and visible radiation. For an object colder than about 500°C, emitted radiation 

lies completely within IR wavelengths (FLIR, 2009). Thermal radiation is a 

surface phenomenon that is measurable. Infrared cameras have four major 

components (ASNDT 2005): an optical component that gathers the radiation 

from the surface; a detector that converts the radiation into a signal, an 

electronic component that conditions the signal and a microprocessor that 

processes the signal and displays digital images, see Figure 5.6. 

 

 

Figure 5.6: Simplified block diagram of an IR camera (FLIR, 2009). 

 

The total radiation intensity that reaches the detector is given by: 

 

𝕀tot = 𝜏𝜀𝕀b(𝑇𝑠) + 𝜏(1 − 𝜀)𝕀b(𝑇amb) + (1 − 𝜏)𝕀b(𝑇atm)   5.7 

 

where 𝕀tot is the total radiation intensity reaching the detector (W.m-2sr-1); 𝕀b is 

the effective radiance of a blackbody (W.m-2sr-1), ε the emissivity of the object, τ 

the transmissivity of the atmosphere; and  𝑇𝑠 , 𝑇amb, and 𝑇atm, respectively the 

surface, ambient surface and atmosphere temperature in Kelvin. The effective 

radiance of a blackbody is calculated based on the Stefan-Boltzmann law, 

𝕀b = 𝜎𝑇4, in which 𝜎 = 5.67 × 10−8 (W.m-2.K-4) is the Stefan-Boltzmann 

constant. From equation 5.7 it becomes clear that the surface temperature  𝑇𝑠  can 
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be determined using infrared thermography, when knowing the emissivity of the 

object and transmissivity of the atmosphere.  The emissivity of wood is between 

0.9-0.95. However, the temperature was measured using the IR instrument and 

then the emissivity value was adjusted to force the indicator to display the 

correct temperature on the surface. 
  

To capture the temperature field of the samples during the heating process, 

infrared thermography (IRT) is carried out by means of a NEC TH 3102 camera 

system with a Stirling cooler for dry sample and moist sample (exposed to 80% 

RH), without insulation to allow IR measurements. Samples for IRT are in 

longitudinal directions, see Figure 5.1. Like the neutron imaging sample, some 

holes are drilled along the height of the middle plane of the sample for 

embedding the thermocouples.  The IRT sampling rate is 1 s-1 and the data is 

recorded every 10 seconds based on the average value of the corresponding 

previous 8 seconds. The test setup for IRT is shown in Figure 5.7. 

 

 
Figure 5.7: IRT test setup. 
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5.2.4 Mechanical loading 

 

Mechanical tests have been carried out by using standard mechanical loading 

equipment, i.e. Zwick z100 with maximum load of 100kN. By using the 

controlling software, it is possible to do a force control or displacement control 

test. In both cases the lower jaw is fixed and the outputs of the system are 

displacement of the upper jaw and conjugate force exerted to the jaw as a 

function of time. The setup is shown in Figure 5.8. 

 

 

Figure 5.8: Test setup for mechanical experiment. 

 

As seen in Figure 5.8, this setup configuration is suitable for compression test, 

allowing reproducing the static loads in place during welding. Two types of 

mechanical testing have been performed. In the first one, wood samples are kept 

in direct contact with press jaws and are squeezed between them using 

displacement control programming of the driving jaw without any heating in 

order to find out the strain-stress curves of the samples, see Figure 5.9a. 
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Figure 5.9: Schematic representation of the setup for mechanical tests: a) displacement 

control without heating b) force control under base heating. 

 

In the second one, heating of the sample is performed under constant pressure 

(force control). In this experiment, the upper jaw of the press is in contact with 

the sample and the lower one touches the heating device (Figure 5.9b). The 

output displacement thus aggregates the deformation of the wood sample, the 

heating setup frame and the thermal insulator (cellular concrete) in between the 

heater and the frame. The frame and insulator deformations during the test are 

negligible. The wooden specimens have the same geometry as explained above, 

however without holes for thermocouples. Samples are tested in two planes: R-T 

and T-R.  The growth rings of the sample in R-T plane are exactly parallel to the 

loading direction and, for the T-R plane samples, growth rings are almost 

perpendicular to the loading direction. Samples are conditioned at two moisture 

contents: oven-dried and at 80% relative humidity. In both cases, samples are 

first oven dried. Dry samples are kept in a 0%RH desiccator. The samples 

exposed to 80%RH are placed for 8 weeks in the environmental chamber and 

during the experiment they are kept in 80% RH desiccator. During the 

mechanical tests, no insulation is used around the samples to prevent side effects 

on the measured quantities. 
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5.3 Experimental and simulation results of wood heating 

at high temperature 

 

In this part the experimental results are presented. For each experiment, 

simulations are performed using the model described in chapter 3 and the 

material properties from chapter 4. The goal is to compare the simulation results 

with experimental ones in order to validate the model. Firstly, the neutron 

imaging results are analyzed, followed by the infrared thermography 

measurements and, finally, the mechanical test results are presented. 

 

5.3.1 Moisture content distribution and temperature and 

shrinkage profiles - neutron imaging 

 

Wood samples conditioned at 50% and 80% RH have been exposed to two 

different base temperatures, Tbase = 150 and 250oC, for a duration of 20 minutes. 

Upon start of heating, the base foil attained the targeted temperature in 30 

seconds. Figures 5.10a shows a neutron radiography of the sample in R-L plane 

in front of the beam-line and the regions of interest for image analysis and 

modeling. For image analysis, the center of the sample is selected to minimize 

side effects. On the other hand, since in the modeling the influence of the 

boundary condition at lateral side is also of interest, the right edge of the sample 

is included. The middle plane of the sample is considered a symmetry plane, see 

Figure 5.10b. In order to reduce the simulation time only a two dimensional 

model is considered, i.e. it is assumed that the transport in the third direction is 

negligible. The wood sample is divided into several growth rings and each ring in 

the model is assumed to have a constant width of 3 mm. The dry densities of the 

early and latewood are selected as 300 and 680 kg.m-3. These values give an 

overall density of 376 kg.m-3 for dry wood, based on a volume fraction of 4:1 for 

early and latewood. A finite element mesh is created using bilinear elements 
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(Q4). The resolution of the mesh is selected in a way to have two and four 

elements per width of latewood and earlywood, respectively. Along the height of 

sample, each element has 1mm length. So, in total there are 81x80 elements or 

6642 global nodes. Each node has five degrees of freedom which are temperature, 

capillary pressure, gas pressure and two displacements.  Global time step is 

Δt𝑖 = 1 second, with initial time step selected to be Δ𝑡𝑠𝑦𝑠,1 = 1 second and 

minimum time step Δ𝑡𝑠𝑦𝑠,𝑚𝑖𝑛 = 0.01 seconds. 

 

 

Figure 5.10: a) Neutron radiography of the sample investigated in the R-L plane, the 

yellow square indicates the experimental data processed and the blue square the area 

used in modeling.  b) Schematic representation of the boundary conditions and the 

geometry implemented in the simulation c) Mesh for FE model. 
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The boundary conditions assumed for the model are the following: 

 

 The symmetry plane shows zero displacement in horizontal direction 

and the top point of it is constrained in vertical direction. All other 

surfaces are assumed to be stress free. 
 

 For the bottom surface a fixed temperature, Tbase, is set and no mass 

transfer from the base plane takes place.  
 

 The top and right surfaces have convective heat and moisture exchanges 

with the environment which are described according to equations 

3.111.a-c. A constant gas pressure is assumed for these surfaces. 
 

 Due to the symmetry assumption, i.e. heat and mass adiabatic conditions 

are imposed for the left surface. 
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5.3.1.a Sample initially conditioned at RH=80%, R-L plane and Tbase=250°C 

 

In a first case the sample in R-L plane is conditioned at 80% RH and exposed to 

a base temperature of 250oC. Figure 5.11 shows the moisture content distribution 

plots at different times. As seen, the heat front is clearly imaged with a sharp 

moisture front propagating along the height of the samples. When comparing 

experiments and simulations, the moving of the sharp moisture front is similar. 

In the experimental results, the growth ring pattern is more highlighted by 

different moisture levels, and the moisture increase ahead of the heat front is 

more important than in the simulation results. The effect of boundary condition 

on the right side of simulation contours is obvious, leading to a curved moisture 

front which is less penetrated in that region. Looking at the results in a more 

detailed manner, in the developing dry zone at the bottom of the sample, in 

which moisture content MC is less than 3% (region in black), the simulated 

distribution of moisture in this region is almost homogeneous while in the 

experimental data some inhomogeneity can be seen. This discrepancy is possibly 

related to inhomogeneity in the sample and some possible errors in the image 

processing. The sharp drying front ranging from 5 to 14%MC is a narrow light 

blue-green band which broadens with time. The widening of this dry front is 

also captured in the simulation. Above the front, the wood undergoes an increase 

of MC, more intensely in latewood, which is also captured, while more subtly, in 

the modeling. Given the higher vapor permeability of earlywood, water vapor is 

more rapidly transported leading to lower peaks in moisture content in 

earlywood. On the other hand, since latewood in the initial state has a higher 

amount of water (in kg.m-3), more water will be desorbed and transported. 

Given the ratio between the permeability of wood in longitudinal to radial 

direction, most of the desorbed water moves upwards in vapor phase (in 

longitudinal direction) and is deposited (adsorbed again) towards the top of the 

sample. The last two phenomena explain the wavy shape of the moisture content 

distribution in the upper part of the sample above the drying front. 
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In the experimental results a region showing very high moisture content can be 

noticed near the top surface. This zone is caused by vapor accumulation and 

deposition in the zones where the vapor tight aluminum legs of the sample 

holder (with probably lower temperature) touch the sample during the test. 

These contact zones and their influence were not simulated in the model. 

 

 

Figure 5.11: Moisture content distribution in the sample at different times, experimental 

results versus simulation results. 
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The data collected by the thermocouples and corresponding simulation results 

are plotted in Figure 5.12 (top). In order to relate the temperature evolution to 

the moisture content evolution inside the material, the moisture content is 

determined for the same height as the positions of the thermocouples by 

averaging MC in narrow bands (0.50mm thickness) across the growth rings. The 

moisture content profiles show that the material first gains moisture when the 

wet front passes, then remains for a certain time at high moisture content and 

then finally dries out.  The time the material remains at constant high moisture 

content is called the wet period.  The temperature profiles during the wet period 

show a semi-flat (plateau) region. The plateau region continues until the water 

is evaporated. During the wet period heat is produced by the increase in bound 

water, while heat is also consumed by the evaporation from this wet zone 

towards the upper region. The net heat flux of this phase change is negative so 

that it compensates for the sensible heat coming from the heat source explain 

why the temperature remains almost constant and even decreases for h > 

22.5mm. 

 

 

Figure 5.12: Temperature and moisture content at different thermocouples heights 

within the sample plotted versus time.
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In order to check the validity of the poroelastic approach used in the model, the 

shrinkage profile of the sample is determined from the neutron images for 

different times. Using the deformations of the edges of the sample, it is possible 

to determine the average strain along the height as: 

 

𝜀RR(𝑦, 𝑡) =
𝐿R(𝑦,𝑡)−𝐿R(𝑦,𝑡0)

𝐿R(𝑦,𝑡0)
      5.8 

 

where 𝜀RR(𝑦, 𝑡) is the time dependent average strain in R-direction and 𝐿R(𝑦, 𝑡) 

corresponds to the dimension of the sample at time t along the R-axis at height 

position y. In the simulations, the same equation is used in order to determine 

the average strain. The results are presented in Figure 5.13. 

 

 

Figure 5.13: Average strain profiles in radial direction along the height of the sample at 

different times. 

 

Both tensile and compressive strains occur along the height of the sample which 

demonstrates a bending behavior. The bending moment results from internal 

stresses induced by the loss of moisture and related change in pore-pressure. 

These stresses arise in the regions near the heat source where drying occurs and 

in the region ahead of the heating front, where there is a gain in moisture. The 

Experiment Simulation
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negative strain zone is due to the hygric shrinkage. The positive strains can be 

due to the mechanical effect of balancing the bending moment, and not only due 

to swelling caused by the increase in moisture content. In the experiments, a 

change in the strain profile on the top surface of the sample is noticed, which is 

induced probably by the small force exerted by vertical screws in the setup.  This 

effect is considered negligible and was not modelled in the simulations. The 

analysis for this example included only elastic deformation, neglecting plastic 

deformations. 

 

5.3.1.b Sample initially conditioned at RH=80%, R-L plane and Tbase=150°C 

 

In a second experiment wood samples are exposed to lower temperature in order 

to study the effect of the source temperature on the heat and mass transport 

inside the sample. Due to experimental problems with the first sample, another 

sample had to be used which did not reach equilibrium during conditioning. The 

initial moisture content of the second sample was around 10.5% instead of 

14%MC. This initial moisture content refers to a MC in equilibrium with 

66%RH. This value of relative humidity was thus used as initial condition for the 

numerical simulations. Figure 5.14 shows the time evolution of the averaged 

moisture content and temperature at different heights of the sample. The 

duration of the wet period with increased moisture contents is shorter than the 

one observed in the previous case, as a result of both the lower evaporation rate 

in the drying zone (due to lower base temperature) and the lower initial 

moisture content (due to sample conditioning). In addition, moisture content 

variations show lower amplitude and react slower than in the previous case. 

Overall, taking into account the uncertainty in initial moisture content, the 

simulations shows a good agreement (temperatures) and the same tendency 

(moisture content). 
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Figure 5.14: Temperature and moisture content at different heights versus time. 

 

5.3.1.c Sample initially conditioned at RH=50%, R-L plane and Tbase=250°C 

 

In the third experiment a sample initially conditioned at 50% relative humidity 

is exposed to a base temperature of 250oC. Figure 5.15 shows moisture content 

distribution plots at different times for both the experiment and simulation 

results. In this experiment, the plateau region is less pronounced as in the 

RH80% case. In the experiments, the moisture content in latewood is much 

higher compared to earlywood. This pattern cannot be observed in the 

simulation. Such strong contrast in MC for latewood and earlywood in the 

experiment can be due to (i) inhomogeneous swelling of the earlywood and 

latewood and resulting errors in image registration, (ii) higher advective-

diffusive properties for latewood than earlywood in reality, in contrast to the 

properties used in the simulations or (iii) a much higher permeability of 

earlywood than latewood in radial direction.   
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Figure 5.15: Moisture content distribution in the sample at different times, 

experimental results versus simulation results. 

 

The temperature and moisture content at different heights versus time are 

presented in Figure 5.16. It can be seen that, once again, a good agreement is 

obtained between the simulation results and experimental data. A clear relation 

between the zone of moisture increase and temperature profiles curvature is 
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observed. Because of the lower initial moisture content, the moisture profile 

peaks are a little sharper and the drying zone front moves a little faster into the 

material. Therefore, the plateau zone observed in the temperature profiles 

disappears slightly faster. 

 

 

Figure 5.16: Temperature and moisture content at different heights of the sample versus 

time. 

 

5.3.1.d Sample initially conditioned at RH=50%, R-L plane and Tbase=150°C 

 

In the last experiment, the sample tested is conditioned at 50% relative humidity 

and the base temperature is set to 150°C. The initial moisture content of this 

sample is 9.4% which corresponds to a 𝑅𝐻 = 60%. For this sample the 

temperature was not measured, due to technical problems during the 

experiment. The averaged moisture content at different heights of the sample 

across the growth rings is plotted in Figure 5.17. There is a good agreement 

between measured and predicted moisture profiles inside the material. The 
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model does not capture the residual moisture content after drying, which can be 

probably attributed to hysteresis effects. 

 

 
Figure 5.17: Moisture content at different positions of the sample versus time. 
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5.3.2 Surface temperature distribution – infrared thermography 

 

Oven-dry samples and samples conditioned at 80% RH are exposed to two 

different base temperatures, Tbase = 150 and 250oC, and analyzed by infrared 

thermography in order to evaluate heat transfer the surface of the sample. Figure 

5.18 shows the sample and the setup which is in front of the IR camera. The 

region of interest for the experiment is indicated in red. 

 

 
Figure 5.18: Region of interest for the infrared experiment. 

 

For simulation, the boundary conditions and material properties are the same as 

used in the previous section. Since two gypsum bars were used in this 

experiment to prevent direct contact of heating foil with ambient air (see Figure 

5.18), the first 10mm along the height of the sample sides are assumed to be 

insulated in the simulation, as shown in Figure 5.19. 
 

Surface temperature distributions obtained from experiment and simulation are 

plotted in Figures 5.20 and 5.21 for base temperatures of 150oC and 250oC, 

respectively, and t = 10min.  Three distinct zones can be observed: a high 

temperature zone near the heat source, a transition zone and a non-affected 

zone. The contours from the experiment show a very narrow hot zone, while this 

zone is considerably wider in the experiments. The early- and latewood pattern 

Gypsum bars
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is slightly visible in IR images whereas for the model the pattern is not 

distinguishable.  

 

 

Figure 5.19: Schematic overview of the system under investigation in the R-L plane. 

 

These differences between the experimental results and simulation outputs can 

be explained by the following. First it is highlighted that the IR measures the 

temperatures at the surface and not in the material. As such surface effects will 

play an important effect on the measured temperatures. In the IR test, a large 

part of the lateral surfaces of the sample is in direct contact with the 

environment, leading to a considerable heat loss from these surfaces, and as such 

lower temperatures and a lower penetration of heat into the specimen. In the 

simulations, where a two dimensional geometry is used, the effect of heat 

exchange from these surfaces and as such cooling cannot be taken into account 

properly. For the real sample there is a considerable amount of heat transfer from 

large surfaces while in the model, heat exchange with environment occurs only 

through the right and top surfaces, explaining the higher temperatures in the 

model. Another disagreement between experiment and simulations is that the 

predicted heat penetration depth is overestimated in the simulations. Especially 
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the wet sample shows a much higher simulated penetration depth than observed 

in the experiments. The higher penetration in a wet sample compared to a dry 

sample can be explained by the higher thermal conductivity, higher heat 

capacity as well as more important advective heat transfer inside a wet sample. 

The reason for the higher penetration in the models comes again from the fact 

that the two-dimensional model cannot capture all surface processes occurring 

during the experiment. In the model most of the input heat penetrates to the 

upper layers inside the specimen via conduction and convection, while in the 

experiment a large part of heat is lost through the surfaces. 

 

 

Figure 5.20: Temperature distribution on the surface of the samples at t = 10min, for Tbase 

= 150oC, left, dry, right, conditioned at 80%RH. 
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Figure 5.21: Temperature distribution in the samples at t = 10min, for Tbase = 250oC, left, 

dry, right, conditioned at 80%RH. 

 

Figure 5.22 shows the temperatures versus time, as recorded by the 

thermocouples inside the sample and corresponding values from the simulation. 

In the initially wet samples a plateau region in the temperature profiles can be 

observed, while in the dry samples no plateau region exists. These results show 

again the role of moisture on the formation of temperature plateaus, which is due 

to the cooling effect during evaporation (phase change). In contradiction to the 

IR results, a good agreement is obtained between the experiment and simulation 

in these figures. This is because the two dimensional geometry used in the 

simulation mimics better the middle plane of the sample than its surface. It is 

noted that higher temperatures for points near the heat source, h=5mm, are 

Dry sample RH80%

E
x

p
er

im
en

t
S

im
u

la
ti

on

40 80 120 160 200
temperature (oC)



 

135 
 

5.3 EXPERIMENTAL AND SIMULATION RESULTS OF WOOD HEATING AT … 

attained for dry samples than for the moist samples which is also predicted by 

the simulations.  

 

 

Figure 5.22: Temperature at thermocouples positions versus time 
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This is again explained by the evaporative cooling effect. The IR results however 

showed the opposite behavior, i.e. lower temperature for dry samples (see 

Figures 5.20 and 5.21), which is explained by the increased surface cooling due 

convection. 
 

An accurate modelling approach needs therefore a three dimensional 

representation of the sample allowing to properly model the phenomena at the 

surfaces of exposed to air during the experiment. However, such an approach is 

computationally quite demanding and is therefore not considered in this study. 

In future modelling also a sink term (representing the heat and mass loss via 

convective exchange with the environment) can be considered in the balance 

equations over the entire surface to provide a better illustration of this case 

compared to the middle plane. 
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 5.3.3 Strains during heating and mechanical loading 

 

In this section, compression test results of wood samples in the R-T plane are 

presented. In the first part, a simple compression test of the wood is described, 

followed by compression under heating. 

 

5.3.3.a Wood samples under compression 

 

The compression test is carried out with a strain rate of 0.025mm/(mm.min). In 

order to document the size effect on the strength of the material two different 

sample sizes are selected. Normal samples have the same size as for the heating 

test, e.g. 80×40×10mm3. The small samples in tangential direction have 

dimensions of 80×20×10mm3 while for the radial samples the dimensions are 

40×40×10mm3. The dimensions for the small samples are selected so that the 

growth rings have the half-length (in tangential direction) of the corresponding 

normal sample, see Figure 5.23. 

 

 

Figure 5.23: Compression test samples geometries. Small sample cutting planes are 

defined by dash lines. 
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The strain-stress curves of the samples are plotted in Figure 5.24. The 

compressive stress and strains are assumed to be positive. In tangential direction 

there is a softening behavior right after the elastic region while for the radial 

direction only a hardening behavior can be observed. Decreasing the size of the 

sample in tangential direction results in an increase of strength and a less 

pronounced softening region. In radial direction, the size of the sample does not 

have too much effect on the strength, but the rate of hardening decreases. As it is 

expected and illustrated in Figure 5.24, increasing the moisture content makes 

the material softer. An interesting aspect is that the softening behavior in 

tangential direction is eliminated for the moist samples. 

 

 

Figure 5.24: Compression test results of Spruce wood in the tangential and radial 

directions. Test numbers show experiment repetition. 

 

In order to clarify the different behavior in radial and tangential direction, a 

sketch of the sample in tangential and radial directions is given in Figure 5.25 for 
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both free and loaded cases. In the tangential direction, since the growth rings are 

parallel to the direction of loading, they behave like parallel springs and can 

therefore withstand higher loads even after the local delamination between 

them. This continues until the load reaches the buckling limit of latewood. At 

this limit there is a sudden collapse of latewood rings which corresponds to the 

softening zone observed after the yield point, see Figures 5.24 and 5.25. By 

increasing the load, these buckled parts fold on each other and cause a 

strengthening of the material, switching the behavior to hardening. By increasing 

the load even more, cell walls start to collapse and a densification of the material 

occurs so that at the end of the test period a very strong hardening behavior is 

observed. In the radial direction, growth rings act in series and the yield point of 

the material is lower than for tangential direction. By increasing the load, local 

delamination of the late and early wood starts. In contrast to the tangential 

direction, these delaminated growth rings start to slip on each other and the 

slip-type behavior results in a hardening behavior. By further increasing the load, 

the overall behavior of the material is hardening, due to the increased frictional-

shear force between rings. As seen in tangential direction, by increasing the load 

further, the cell walls collapse resulting in a densification of wood. 

 

 

Figure 5.25: Schematic representation of the wood sample in tangential and radial 

directions and corresponding behavior under loading. 
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By decreasing the length of growth rings in tangential direction, the buckling 

load of latewood increases. As a result, their growth rings can resist more loads 

before collapsing and thus the material shows an increased strength. Due to the 

smaller size of buckled parts, less softening after failure is observed. For the 

radial direction changing the length does not have a strong effect on the yield 

strength. In the hardening region shorter growth rings show more slip effects 

resulting in a lower rate of hardening. By increasing the moisture content, the 

yield strength of the material (cell walls) decreases and the failure mechanism in 

tangential direction changes from buckling to normal compression failure. 

Consequently, the sudden softening behavior after failure is eliminated from the 

strain-stress curves. For radial direction, increasing the moisture content does 

not have a significant effect on the failure mechanism. However, as seen in Figure 

5.24, it causes less slip-stick effects and results in a smoother hardening 

behavior. 

 

5.3.3.b Heating of wood samples under constant pressure 

 

Heating under constant pressure has been evaluated by heating the sample at the 

base from room temperature up to the selected base temperature, Tbase, in 30 

seconds and then keeping this temperature for 90 seconds. The deformation in 

the last 90s is registered, thus excluding the deformations in the ramp section of 

heating. Time zero actually corresponds to 30s after starting the heating and 

zero deformation is relative to the deformation at t=30s. A schematic of a sample 

and corresponding boundary conditions are illustrated in Figure 5.26. 
 

Two initially conditioned samples were selected: oven dried and in equilibrium 

with 80%RH. For the dried sample, two different base temperatures are used: 

Tbase = 250 and Tbase = 300oC. Because base temperatures under 250oC do not 

result in a considerable change in dimensions of the sample, a lower temperature 

range was not considered for this study. For each of these temperatures, two 

pressures are applied, Ptop = 1 and 2MPa. By considering the cross section of the 
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sample under load, these pressures correspond to 800 and 1600N compressive 

loads, respectively. Dry samples deformation versus time is plotted in Figure 

5.27. 

 

 

Figure 5.26: Illustration of the wood sample in R-T plane and corresponding boundary 

conditions for heating under compression experiment. 

 

 All curves show the same behavior with an initial high deformation rate 

followed by a decreased in the slope of the deformation. The first stage is 

attributed to a rapid deformation due to the high thermal stress gradient and 

material softening near the heat source. The deformation rate decreases when 

heat further dissipates with time inside the material because of reduction of 

temperature front amplitude. It is noted that since the loading is fast, creep 

effects do not play a role. Note the difference in y-axis scale in the different 

figures. Increasing the temperature has a considerable effect on the deformation 

of the sample, especially for the lower load range (factor 10 at 1 MPa, factor 5 at 2 

MPa). These observations can be explained by considering the overstress, which 

is defined as the difference between the exerted stress and the yield stress. For 

higher temperatures, the overstress increases and as such the deformation level 
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increases. Two parameters influence the overstress: first, by increasing the 

temperature, the stiffness (and strength) of the material decreases leading to 

higher deformations and, second, a higher base temperature induces a sharper 

thermal gradient inside the sample and consequently higher thermal stresses and 

deformations in the material. 

 

 

Figure 5.27: Time history of dry samples deformations for different base temperatures 

and compressive loads. Test numbers show experiment repetition. 

 

The wavy shape of the curves in Figure 5.27 is due to the errors of the 

temperature controlling system of the heating set up, as shown in Figure 5.28 for 

the case of Tbase = 300oC and Ptop = 1MPa. 
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Figure 5.28: Time history of base temperature for samples with Tbase=300oC and Ptop = 

1MPa. Test numbers show experiment repetition. 

 

Figure 5.29 shows the deformation evolution for the moist samples for different 

base temperatures. For moist samples, in equilibrium with RH80%, even under 

low base temperatures, 80 and 150oC, a considerable amount of deformation is 

observable. The trends of the deformation curves are similar to those of the dry 

samples. The errors of the temperature controlling system of the heating set up, 

is shown in Figure 5.30 

 

 

Figure 5.29: Moist samples deformation versus time for different base temperatures and 

compressive loads.  
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Figure 5.30: Base temperatures profiles corresponding to Figure 5.29. The dash lines 

refer to the set temperatures and solid ones are real temperatures measured by 

thermocouples at the base. 

 

In the remaining part of this section the aim is to find a constitutive model for 

the material yield stress and plastic hardening in order to satisfy the experiment 

in the temperature and moisture content domain of interest as well as the size of 

the failure zone. 
 

As mentioned in section 4.2.2 and equation 4.31, for modeling the plastic 

behavior , 9 yield strengths with corresponding hardening/softening behavior 

and with their moisture and temperature dependency are needed.  Data collected 

from literature are given in Table 4.2 and Figures 4.11 and 4.12. These 

experimental data normally are obtained from the standard test under thermal 

and hygric equilibrium conditions. In the cases of interest for this work, only the 

small contact region of the material is under extreme condition, i.e. high 

temperature, while the rest of the material does not experience such a severe 

thermal condition. Therefore, some assumptions are made: 

 The viscoelasticity and viscoplasticity are not considered in the model. 

This assumption implies a fast response of the material to temperature 

changes which is a simplification. However, considering viscous effects 

is beyond the scope of this work. 
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 Shear failure terms in equation 4.31 are found to lead to unstable 

solutions during thermal softening. Shear behavior of wood at high 

temperatures is of less interest/relevant for the case presented here.  

Therefore, the shear terms are not considered in the yield criteria, 

resulting in: 

 

 𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑖𝜎𝑖𝜎𝑖 ≤ 1, 𝑖 = 1,2,3     5.9 

 

The number of required yield strength reduces to 6, i.e. three tensile and 

three compressive in three anatomical directions. 
 

 The tensile yield strengths used are the ones found in the literature, 

Table 4.2. The compressive strengths for tangential and radial directions 

are based on the experiments presented in this thesis, while for 

longitudinal direction data from Table 4.2 are used. It is assumed that 

yield strength at a given temperature decreases with increasing moisture 

content and the rate of change with moisture content is based on 

measured data for zero and 80% relative humidity. The values for dry 

and fiber saturated cases obtained are given in Table 5.3. 

 

Table 5.3: Selected tensile and compressive yield stresses of dry and fiber 
saturated Spruce wood. 

𝝈𝒊
𝒚

(MPa) dry fiber-saturated 

𝝈𝒕
𝒚

 (LL) 86.0 51.5 

𝝈𝒄
𝒚

 (LL) 97.0 32.3 

𝝈𝒕
𝒚

 (RR) 4.9 3.0 

𝝈𝒄
𝒚

 (RR) 4.4 2.0 

𝝈𝒕
𝒚

 (TT) 3.7 2.2 

𝝈𝒄
𝒚

 (TT) 9.0 2.9 
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 In the simulations of heating under compression and welding, force 

control conditions are considered. Under these control conditions, the 

modelling of the softening behavior of wood would lead to numerical 

problems accompanied with a sudden jump in deformation. Therefore, 

for numerical reasons, we omit to model the softening part. The plastic 

stress - strain curves obtained under this assumption from our 

compression tests are shown in Figure 5.31. 

 

 

Figure 5.31: Hardening parts of strain-stress curves for a) radial and b) 

tangential directions. Solid lines are fitted curves and markers are experimental 

data from the Figure 5.24. 

 

 The thermal softening function, ℱ(MC, 𝑇), is assumed to follow an 

exponential decrease from 1 at reference temperature of 25oC to 0.1 at 

250oC. At higher moisture content the decay rate is assumed to increase. 

The obtained curves with literature data are shown in Figure 5.32. 
 

Based on the assumptions presented above, simulations are carried out to study 

the deformation behavior for heating under compression. In this simulation, only 

the TL plane in the middle of the sample is modelled taking into account heat 

and mass transfer at the lateral sides of the RT sample,  see Figure 5.33. The finite 

element mesh includes 5×125 bilinear elements denser in the zone near the heat 

source, see Figure 5.33c. 

a) Radial b) Tangential



 

147 
 

5.3 EXPERIMENTAL AND SIMULATION RESULTS OF WOOD HEATING AT … 

 

Figure 5.32: Thermal softening as a function of temperature and moisture content. 

 

 

Figure 5.33: Schematic representation of: a) region of interest, b) boundary conditions 

for modeling of mechanical test under heating and c) Finite element mesh 
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Since the deformation of the sample in both the experiment and simulation is 

highly sensitive to temperature change, Tbase in the model is implemented by 

averaging the temperatures recorded by the two thermocouples under the 

samples. The displacement of the top surface for dry samples is plotted in Figure 

5.34 during the heating period. Simulation results are in general in satisfactory 

agreement with experimental data. Only for Tbase = 250oC and Ptop = 2MPa the 

model overestimates the deformation. As mentioned before, these differences can 

be due to viscous effects not included in the model. 

 

 
Figure 5.34: Displacement of the top surface, under load, of dry samples during heating 

for: a) Tbase = 250oC and b) Tbase = 300oC. 

 

The results for the moist samples are shown in Figure 5.35: the top surface 

displacement versus time for different base temperatures and two values for top 

pressure. The rate of thermal softening increases compared to the dry samples as 

also observed in the experiments. For the sample under 80oC heating 

temperature at 1 MPa pressure, the top displacement is mainly attributed to 

shrinkage strains and there is a very good agreement between simulation and 

experimental results. In the other cases, the model underestimates deformation. 

Probably for moist samples, the influence of viscous behavior becomes more 

a) Tbase = 250oC b) Tbase = 300oC
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important. Remark also that due to softening, which is not included in the 

model, simulated deformation will be smaller. 

 

 
Figure 5.35: Displacement of the top surface, under load, of moist samples during 

heating for: a) Ptop = 1MPa and b) Ptop = 2MPa. Dash lines are measured data from 

experiment and solid lines are corresponding simulation results. 

 

Simple models were used for thermal softening of material. By choosing more 

complicated functions, one may find a better agreement between simulation and 

experimental data. The formulation of these functions was however beyond the 

scope of this thesis. 

 

 

 

 

 

 

 

 

 

a) Ptop = 1MPa b) Ptop = 2MPa
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5.4 Synthesis of the validation and discussion 

 

In this chapter, the validation of the thermo-hygro-mechanical model described 

in chapter 3 with corresponding material properties for (Spruce) wood (chapter 

4) was presented. In the first set of experiments, neutron radiography in 

combination with thermocouples measurement is used for the spatial and 

temporal measurement of the moisture and temperature fields as well as for the 

documentation of the material deformation. Experiments were designed to study 

the material behavior under two different moisture contents as well as two 

different base temperatures in order to validate the coupled effect of temperature 

and moisture content. A second set of experiments was carried out using 

infrared thermography, with the aim to have a better spatial resolution of the 

temperature field at the surface during heating. Two initial conditions (dry and 

in equilibrium with RH 80%) and two base temperatures are selected. Dry 

sample is selected as reference, while the study of the moist sample allows to 

experimentally document the effect of moisture content on temperature and heat 

penetration during heating. In order to complete the validation of the model and 

material properties, a third set of experiments is designed for validating the 

elastic and plastic behavior of the material under heating. For this experiment, 

two initial conditions, dry and RH 80%, and two base temperatures are selected. 
  

Two-dimensional simulations have been performed for the different cases for 

validation purposes. A good agreement with experimental results has been 

obtained for the neutron radiography experiments. In this case, as the samples 

were well insulated in the out-of-plane direction, the two-dimensional model 

represents accurately the boundary conditions in the experiment. The different 

behavior of latewood and earlywood as observed in the experiments is not well 

captured by the model. This is attributed to the fact that the meso-scale 

properties of wood are obtained from downscaling the macro-scale properties 

using the volume fraction concept and not from direct measurement. Predicted 
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temperature profiles at different heights of sample predict all the phenomena 

observed in the measurements.  
 

For IR thermography test, significant differences between model and experiment 

are observed. The temperatures measured by thermocouples in the material are 

however in a good agreement with the simulations. It is noted that the 2D model 

describes the behavior at the middle plane of the sample, while the IR images 

show temperature on the sample surface. The 2D model does not describe 

correctly the material response at the free surfaces exposed to the environment, 

through which convective heat and moisture loss occurs. Good agreement 

between simulations and the measured temperature in middle plane for both the 

dry and moist samples show that the coupled effect of moisture content and 

temperature is correctly taken into account in the model. 
  

Finally, the thermo-hygro-plastic model is compared with experimental results. 

For the overall sample deformation, in the case of dry samples, the model 

predictions show good agreement with the experimental measurements.  For the 

wet samples, the model underestimates the deformation. Taking into account 

that the simplified elasto-plastic model does not consider softening (local 

buckling), viscous effects and out of plane deformations, the model is found to 

give a reasonable estimate of deformation under thermo-hygro-mechanical 

loading.  
 

As a conclusion, the governing equations described in chapter 3, the constitutive 

equations and the material properties described in chapter 4, correctly predict 

the thermo-hygro-mechanical behavior of wood at high temperature. Finally, 

wood specimens for linear welding show a large aspect ratio, indicating that a 

two-dimensional is well suited and consequently the proposed model should 

give an acceptable prediction of the welding process. 
 

In the next chapter, as the last step before modeling the wood welding process, a 

parametric study of the thermo-hygric properties is presented in order to 

investigate the sensitivity of the material response with respect to the heat and 

mass transfer inside the porous medium. 



 

 
 

 

 

 



 

153 
 

 
Parametric study 
 

6.1 Introduction  

 

The model presented in chapter 3 and validated in chapter 5 aims at capturing 

the behavior of welding of wood, a process involving significant heat and mass 

transport in wood. The full characterization of the material properties for the 

temperature range of interest represents a tremendous experimental effort. It is 

therefore relevant to perform a computational parametric study and sensitivity 

analysis to identify the most important material properties and influential 

factors, in order to orient further experimental material characterization. 
  

Along these lines, Plumb et al. (1985) modeled the heat and mass transfer in 

wood during drying process. They considered the effect of intrinsic liquid 

permeability on the drying time. Their results show that, for both very low and 

very high liquid permeability, the drying time asymptotically approaches a 

constant value. At low liquid permeability, the capillary-driven liquid transport 

is negligible and mass transport is mainly driven by diffusion. At high 

permeability capillary transport is so dominant that moisture content is uniform 

over the specimen and the drying rate at the surface is controlled by the 

convective mass transfer coefficient. For intermediate liquid permeability the 

6 
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drying rate depends strongly on the permeability itself. They reported that, 

under the fiber saturation point, where the diffusive mechanism of drying 

consumes a significant amount of the total drying time, the sensitivity to 

permeability for the overall process is moderated. Nasrallah and Perre (1988) 

studied drying of two different porous media, i.e. brick and softwood, under the 

boiling point. They performed a comprehensive sensitivity analysis on different 

material properties and concluded that the effective vapor diffusivity does not 

have a significant effect in the liquid migration domain, while it controls 

moisture migration in the hygroscopic domain. The thermal conductivity is 

found not to have a significant effect given the moderate level of applied heat 

flux rate. The effect of intrinsic permeability on the liquid migration domain is 

considerable given that a significant liquid pressure gradient is present. For gas 

migration in the hygroscopic range, the intrinsic permeability determines the 

interaction between gas diffusion and the gradient of the gas phase pressure. 

Finally, they found that the effect of relative permeability is important in the 

extreme cases: near fully liquid saturation for gas transport and in transition 

region between over-hygroscopic and hygroscopic domain for liquid transport. 

Ouelhazi et al. (1992) studied the effect of gas permeability on drying of (pine) 

wood species below the boiling point of water. They concluded that the internal 

gas pressure can be considered uniform for transversal gas permeability above 10-

16 (m2) and equal to atmospheric pressure, while for transversal permeability 

below this value, the internal gas pressure has to be taken into account. Fyhr and 

Rasmuson (1996) considered steam drying of wood chips. They performed a 

sensitivity analysis of the effect of internal gas overpressure on drying time. They 

found that a 50% increase (decrease) of thermal conductivity causes a -6% 

(+8%) change in drying time and +14% (-17%) change in gas overpressure. For 

one order increase (decrease) in intrinsic liquid permeability in transverse 

direction they found -10% (+8%) change in drying time and -29% (+39%) change 

in gas overpressure. For longitudinal directions the resulting changes are -8% 

(+10%) for drying time and -86% (+510%) for gas overpressure. Couture et al. 
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(1996) studied the effect of relative permeability on heat and mass transfer in a 

capillary porous medium. They concluded that relative permeability has 

substantial effect on simulation results and correct identification of this 

parameter provides a closer representation of physical reality. Di Blasi (1998) 

used a one-dimensional model for multiphase heat and mass transfer in high-

temperature drying of wood. In order to study the effect of material properties 

on the drying time, parametric studies on the influence of density, thermal 

conductivity and gas permeability were carried out. Changing the parameters by 

50%, her results show that the density has the maximum effect but also the 

effects of thermal conductivity and gas permeability were nevertheless 

considerable. Olek et al. (2003) studied the sensitivity of modeling accuracy on 

thermal conductivity. Younsi et al. (2010) studied the effect of the convective 

transfer coefficients on the heat and mass fields in the material.  Gawin et al. 

(2011a-b) considered possible simplifications in modeling the hydro-thermal 

performance and thermo-chemical degradation of concrete exposed to high 

temperature and their effects on simulation results. Recently, Jalili et al. (2013) 

studied the effect of uncertainty in material modelling on the simulation results 

of drying of a wood particle. They used a one-dimensional model based on the 

work of Whitaker (1977). Their results show that taking the material property 

values as reported in literature may lead to in difference in drying time up to a 

factor 16. In general this short literature overview shows that reliable material 

properties for high-temperature modeling of wood are not yet available. 
 

In this chapter, the model is used to further investigate the sensitivity of the 

model response by performing a series of parametric studies on material 

properties. Their impact on hygrothermal behavior is studied by varying: 1. liquid 

and gas permeability, 2. vapor permeability, 3. thermal conductivity,  4. moisture 

content at fiber saturation and 5. the initial moisture content. The study aims at 

determining the relative effect of these material properties and moisture 

conditions on heat and mass transport within the porous medium.   
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The geometry and boundary conditions for the parametric study are the same as 

for the neutron radiography experiment: wood sample with size 80 (width) × 40 

(height) × 10 (thickness) mm3 in R, L and T directions, respectively. The wood 

sample is modelled at mesoscale, consisting of earlywood and latewood layers 

with densities of 300 and 680 kg.m-3 respectively, and a volume fraction of 4:1 

resulting in an average density of 376 kg.m-3. The problem is considered to be 

two-dimensional (2D) in the RL plane, assuming that the transport in the third 

direction, i.e. T-direction, is negligible. For simplicity, it is assumed that all 

growth rings have a width of 3 mm, i.e. 2.4 mm of earlywood and 0.6 mm of 

latewood. Due to this uniform composition of the material one can define a 

symmetry plane at the middle of the sample and consider half of the sample as 

seen in Figure 6.1. A constant temperature, Tbase, is applied at the bottom of the 

sample. For the symmetry plane, adiabatic boundary conditions for heat and 

mass transfer are implemented. At the right and top boundaries, convective heat 

and mass transfer to the environment is considered. In the simulations, the 

material properties obtained from the literature, as presented in chapter 4 and 

Table 4.1 have been used. 

 

 

Figure 6.1: Schematic representation of the boundary conditions and the geometry 

implemented in the simulations.
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6.2 Effect of liquid and gas intrinsic permeability 

 

The material property with most uncertainty is the intrinsic permeability. The 

uncertainty can amount up to four orders of magnitude (Bao et al., 1999). These 

variations are attributed to factors like growth site, density, growth ring 

orientation and heartwood formation (Flynn, 1995). Since open pits in tracheids 

determine highly the permeability, pit aspiration is a key factor determining 

woods permeability (Cǒté, 1963; Flynn, 1995). Therefore, processes like drying or 

preconditioning of wood have an important effect on permeability, since they 

determine pits to be aspirated. The number and length of connected tracheids 

have also a significant effect on permeability. The phenomenon of air entrapment 

in wood is reported in many studies (Flynn, 1995). Air entrapped in small 

openings, such as pits, blocks liquid flow complicating the measurement of 

liquid permeability. Since tracheids form a percolating network, permeability 

measurements show an important length scale effect (Tarmian and Perre, 2009).  

Consider the system shown in Figure 6.1 with a sample showing an initial 

moisture content in equilibrium with a RH= 80% exposed to Tbase =150oC for 20 

minutes. The parameter that is varied is the intrinsic permeability determining 

both liquid and gas transport. Due to the importance of pit aspiration 

phenomenon, normally two different intrinsic permeability for liquid and gas 

phase are considered for wood (Perré, 1987). The value for intrinsic liquid 

permeability is in general considered one order of magnitude higher than the 

intrinsic gas permeability (Perré and Martin, 1994; Fernandez and Howell, 1997). 

In this study, the intrinsic permeability tensors are therefore multiplied by 

powers of 10: 

 

𝐤int
𝛼 = 10𝒵𝐤int,0

𝛼        6.1 

 

in which 𝒵 is an integer varying between -4 and 2, where the subscript 0 refers 

to the base value.  
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The effect of varying the intrinsic permeability is first examined in terms of the 

moisture content at different heights versus time, as shown in Figure 6.2. 

 

 

Figure 6.2: Average moisture content across the growth rings at selected heights. 

 

The moisture content is averaged across the width of the specimen, i.e. across 

the growth rings, for the different values for 𝒵. Additionally, a case, in which the 

mass balance equation for dry air is removed from the system of equations, is 

analyzed. This case is referred to as “𝑝𝑔,const.”, as the gas pressure is assumed to 

be constant. Figure 6.2 shows that an increase in permeability leads to an 

increase in maximum moisture content reached at any height, a speed up in 

reaching this maximum MC, but reduces the duration of the moisture peak. 

Increasing the permeability above its reference value is found not to have further 

effect. Reducing the permeability below its reference value is found to result in 

a) b)

c) d)
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moisture remaining longer in the lower part of the sample, delaying its transport 

towards the top of the sample. It should be noted that the diffusivity of the 

material is kept constant and that the same initial moisture content of the 

sample is considered. The fact that increasing the permeability above a certain 

threshold has no effect on the moisture content can be expected, as by increasing 

the permeability the gas pressure gradient reduces until it becomes zero. This is 

because any perturbation in the gas pressure field rapidly disperses in the 

medium towards the outside. Since an open system is considered in contact with 

the outside environment pressure, the gas pressure remains constant and equal 

to the environmental pressure. This explains why for the case of constant gas 

pressure results are similar for the cases with permeability in the range, i.e. 

−1 ≤ 𝒵 ≤ 2. 

Figure 6.3 shows the position and amplitude of the peak in moisture content 

MCmax versus time for different orders of magnitude of the permeability. 

Increasing the material permeability leads to a higher rate of moisture 

penetration and to an increase in moisture peak amplitude. The peak in moisture 

content MCmax attains rapidly a steady value between 17 and 19% for low and 

high permeability, respectively. 

 

 

Figure 6.3: Position and amplitude of the moisture content peak as function of time. 

 

a) b)



 

160 
 

6 PARAMETRIC STUDY 

In order to analyze the effect of permeability on the temperature distribution 

within the sample, the average temperature at selected heights is plotted versus 

time in Figure 6.4. 

 

 

Figure 6.4: Time history of the average temperature across the growth rings at some 

selected heights. 

 

By increasing the permeability, heat moves faster inside the sample. The change 

in temperature is inversely correlated with the permeability. Two possible 

reasons for this difference in temperature change between the high and low 

permeability samples are proposed. The first reason is that, in the highly-

permeable sample, the water and dry air phases move faster inside the medium 

resulting in a spreading of the heat flux over the whole sample followed by a loss 

of energy via the boundaries, resulting in a locally lower temperature. The 

a) b)

c) d)
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second reason is that a higher thermal conductivity at the base leads to an 

increase of heat flux from this boundary into the material. Given that thermal 

conductivity of the wood rises as its moisture content increases and that higher 

moisture contents are attained in a sample with low permeability, it can be 

expected that this sample attains higher temperature due to the larger input of 

heat at the base.  As a result, the temperature is higher in the region near the heat 

source for samples with lower permeability (see Figures 6.4a and b). Figures 6.4c 

and d show, by increasing the permeability the temperature increases faster 

inside the material. After longer time, the temperature in the sample with low 

permeability increases again. 
 

Figure 6.5 illustrates the iso-lines for temperature, gas pressure and moisture 

content for three different permeability values. The data are averaged values 

across the growth rings for different heights. It is found that heat and moisture 

moves faster inside the material with a higher value of the permeability. On the 

other hand, as mentioned before, the high temperature (yellow) lines are 

situated at higher depth in the sample with low permeability. The second row of 

Figure 6.5 shows the iso-lines for the gas pressure. The period that high gas 

pressures are reached in the sample increases when reducing the gas 

permeability. When starting the heating, the gas pressure increases and, after a 

while, when the gas pressure front reaches the free surfaces with constant 

environment pressure, the internal gas pressure equalizes with the outside 

pressure and its amplitude decreases. For the same reason the gas pressure drops 

faster in the sample with the highest permeability. 
 

In conclusion, the intrinsic permeability of the material and the resulting 

advective mass transport has a considerable effect on the heat and mass 

transport. The sensitivity to the intrinsic permeability decreases with increasing 

permeability, when keeping the other properties unchanged, i.e. diffusion 

coefficient. The low sensitivity at high permeability is due to the appearance of 

very low gas pressure gradients inside the medium, resulting in diffusion to 

become the most important transport mechanism. Finally, it is concluded that 
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the value for the permeability as selected for longitudinal direction is in an 

acceptable range. 

 

 

Figure 6.5: Iso-temperature, iso-gas pressure and iso-moisture content lines of three 

selected samples during the heating. 
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6.3 Effect of the vapor diffusion coefficient 

 

In this section, the effect of the vapor diffusion coefficient, or its inverse, vapor 

resistance factor, 𝛍𝑣,  on moisture transport within the porous medium is 

evaluated. In order to evaluate the influence of the vapor resistance factor, 𝛍𝑣, 

the base case value is multiplied by a scalar �̅�,  

 

𝛍𝑣 = �̅�𝛍𝑣,0        6.2 

 

where the selected values for the scaling factor �̅� are 0.5, 1, 2 and the subscript 0 

indicates the value for the base case. 
 

The first column of Figure 6.6 presents the time evolution of the moisture 

content for the different simulated cases. Changing the value of the vapor 

resistance factor has a significant effect on the moisture distribution near the 

heating source for the case of the low base temperature. By increasing 𝛍𝑣, the 

rate of drying reduces noticeably. The sensitivity to the vapor resistance factor at 

higher base temperatures decreases for the region near the heating source, while 

remaining significant for regions far away from the heat source. This is because, 

in the regions with high temperatures, the evaporation rate increases resulting in 

an increase of the partial vapor pressure. Also the binary diffusivity of vapor and 

dry air (see equation 4.4) in this region increases with temperature. The higher 

vapor pressure and higher binary mixture diffusivity result in a fast diffusion 

process leading to a low sensitivity to the diffusion coefficient. By transferring 

vapor to the upper layers, where the temperature decreases again, the sensitivity 

to the diffusion coefficient becomes once more prominent. This is also the reason 

why the sensitivity of the moisture content to the diffusion coefficient for the 

cases of higher base temperature becomes more obvious in regions further away 

from the base. The temperature profiles are found not to be so sensitive to the 

change of the water vapor resistance factor. 



 

164 
 

6 PARAMETRIC STUDY 

 

Figure 6.6: Average moisture content and temperature at different heights within the 

sample. Dash-line represents the case with �̅� = 2.0, solid-line �̅� = 1.0 and dotted-line 

�̅� = 0.50. 

 

In order to better understand the effect of the vapor diffusion coefficient on the 

moisture transport, the position of maximum moisture content and amplitude of 

the moisture peak are plotted in Figure 6.7. The moisture front moves faster into 

the material when increasing the diffusion coefficient. Increasing the heating 
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temperature has only a minor effect on the position of the moisture peak. For 

Tbase = 250oC a jump can be observed, which is related to the moisture 

adsorption/condensation at the top of the sample. 

 

 

Figure 6.7: Position and amplitude of the moisture front peak inside the sample versus 

time for different heating temperature and different water vapor resistance factors. 
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Analyzing the amplitude of the moisture content peaks (left column of Figure 

6.7), it can be seen that, for the low base temperature, the increase in diffusion 

coefficient results in an increase of the amplitude. The opposite effect is observed 

when heating at medium and high temperatures. At low temperature, as it was 

seen in Figure 6.6, a decrease of the resistance factor 𝛍𝑣 results in a faster drying 

of the zones close to the heating source and in much more vapor condensation at 

the upper layers. For the high temperature of heating, the diffusivity does not 

have so much effect on the drying process. The higher diffusivity at higher 

temperature causes an easier penetration of the water vapor inside the material 

and a higher loss of water vapor from the boundaries to the surrounding 

environment.  
 

To conclude this part, one can observe that a wrong measurement/estimation of 

the vapor resistance factor has a significant effect on the prediction of moisture 

flow inside the medium. At low heating temperature, regions near the heat 

source show more sensitivity to the vapor diffusivity while for high heating 

temperature, the regions far from the heat source become more sensitive due to 

the vapor pressure front arriving from the hot regions. 
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6.4 Effect of thermal conductivity 

 

To study the sensitivity of the hygrothermal response to the effective thermal 

conductivity, i.e. 𝝀eff  the thermal conductivity tensor is thus multiplied by a 

scalar �̅�, 

 

𝝀eff = �̅�𝝀0
eff        6.3 

 

where �̅� = 0.50, 1.0, 2.0. The specific heat is constant for all the cases, which 

means that a change in thermal conductivity relates to a change in the thermal 

diffusivity of the porous medium. 
 

As seen in the first column of Figure 6.8, varying thermal conductivity has a 

strong influence on the moisture transport inside the medium. This effect is 

noticeable for all the temperatures tested. In general, the change in moisture 

content is faster for higher thermal conductivity, due to the higher rate in heat 

supply to the sample. 
  

For the temperature distribution in the sample as shown in the second column of 

Figure 6.8, the influence of the thermal conductivity remains important for 

higher base temperature. Remarkably, in contrast to the change in vapor 

resistance factor, which has only a local effect on the moisture profiles and small 

effect on the temperature profiles, changing the thermal conductivity affects all 

the regions inside the porous medium during the entire heating time. The 

position of the moisture front peak is plotted in the first column of Figure 6.9, 

illustrating the role of the thermal conductivity on the penetration of moisture 

inside the material. For all the three different base temperatures, increasing the 

thermal conductivity makes the movement of moisture inside the material faster 

and leads the peak to be situated at higher height for the same time. By looking 

at the second column of Figure 6.9, an interesting phenomenon can be observed: 

for a given time the moisture content amplitude decreases with increasing the 
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thermal conductivity for the low base temperature and the opposite effect occurs 

for the medium and high base temperatures. A possible reason for this could be 

the higher impact of phase change compared to diffusion/advection for the lower 

temperature than for the high temperatures. 

 

 

Figure 6.8: Average moisture content and temperature at different heights in the sample 

versus time. Dash-line stands for the case with �̅� = 0.50, solid-line for �̅� = 1.0 and 

dotted-line for �̅� = 2.0.
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 It can therefore be concluded that the thermal conductivity has a very important 

role on the rate and amount of moisture and heat transport in porous media. An 

incorrect selection or measurement of this parameter will have a significant 

effect on the prediction of the temperature and moisture distribution inside the 

material. Another important aspect is the global effect of thermal conductivity 

on the temperature distribution. This means that an inappropriate selection of 

this parameter will have a strong effect on the outcome of the calculations even 

in absence of moisture inside the porous medium. 
 

 

Figure 6.9: Position and amplitude of the moisture front peak inside the sample vs. time 

for different heating temperatures and different thermal conductivities. 
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6.5 Effect of the fiber saturation moisture content 

 

The fiber saturation moisture content is a function of temperature MCsat(T). 

According to literature, MCsat decreases by 0.1% per 1°C increment (Weichert 

1963; Siau 1984; Skaar 1998). However, most of the available data are for 

temperatures only up to 100 - 150oC. MCsat at higher temperatures is normally 

not measured but estimated by extrapolation. Thus, it is of interest to know how 

strongly this approximation affects the moisture and temperature fields. 

Gaussian type functions are applied to predict MCsat vs. T curves, with a MCsat at 

100oC that is 5, 10 or 15% less than the MCsat at room temperature, referred to as 

χ5, χ10 and χ15. Simulations show that the temperature dependency of fiber 

saturation moisture content has a small effect on the overall behavior of the 

material and this effect is discernable only in the last stages of drying (see Figure 

6.10). By heating the material, the RH decreases in the region near the heat 

source, leading to a desorption (decrease of moisture content) until a new 

equilibrium is reached. The variation of MCsat results in slight variation of the 

sorption curves, thus leading also to a minor variation of MC. No impact on the 

temperature curves is observed.  

To illustrate the influence of MCsat(T) on moisture transport at mesoscale, 

moisture content distributions within the sample are plotted in Figure 6.11 for 

the three cases at t = 20 min. Although the average moisture content at different 

heights is almost the same, the transition zone between wet and dry zone 

narrows when going from χ5 to χ15.  
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Figure 6.10: Average moisture content and temperature at different heights in the sample 

versus time. Dash-line stands for the case with 𝜒5, solid-line for 𝜒10 and dotted-line for 

𝜒15. 
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Figure 6.11: Distribution of the moisture content inside the sample for different fiber 

saturation moisture profiles at t = 20min. 

 

6.6 Effect of the initial moisture content 

 

In this section the effect of initial moisture content on the validity of a constant 

gas pressure assumption is evaluated. In section 6.2, it is shown that simulation 

results are the same for the cases with variable or constant gas pressure for 

initial moisture content of 14.5%. Here, four different initial moisture contents, 

MC0=2.5, 7.5, 14.5 and 26%, corresponding to a RH=10, 50, 80 and 99% 

respectively, at initial temperature of 25oC are analyzed. Again, as reference case, 

the problem defined in section 6.2 is considered. 
 

Figure 6.12 shows the averaged moisture content at selected heights for two 

cases: variable and constant gas pressure. It can be observed that a decrease of 

the initial moisture content leads to a sharper peak in the moisture profiles. By 

comparing the results of the model with variable and constant gas pressure, it 

becomes apparent that, the gas pressure has almost no effect on the moisture 

transport. By getting farther away from the heat source, the effect of the 

contribution of advective terms on vapor transport becomes more important and 

the drying rate increases and causes faster desorption of moisture in these 

regions.
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6.6 EFFECT OF THE INITIAL MOISTURE CONTENT 

 

Figure 6.12: Averaged moisture content across the growth rings at selected heights 

versus time for different initial moisture content. Solid-lines are the simulation results 

for variable gas pressure and dots are the simulations for constant gas pressure). 

 

In order to complete the comparison between the diffusive and advective-

diffusive models, in Figure 6.13 the average temperature at different heights is 

given. Considered is a wood sample in R-L plane, with the longitudinal direction 

as the main transport direction. No difference between the different simulations 

is observed showing that a constant gas pressure assumption is valid even for 

high initial moisture content. 
 

It can be concluded that diffusive models used to quantify heat and mass 

transport in wood in the longitudinal direction, i.e. R-L and T-L planes with L as 

the main transport direction, give satisfactory results. However it should be 

noted that these results are acceptable for open systems, which have mass 
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exchange with the environment, in the longitudinal direction. The case of initial 

moisture content in the over hygroscopic range has not been considered here. It 

is expected that, in this case, the advective transport will have a higher influence 

on the heat and mass transport, since liquid transport in the lumen occurs. 

 

 

Figure 6.12: Averaged temperature across the growth rings versus time at selected 

heights and for different initial moisture content. Simulation results considering the gas 

pressure are shown as solid-lines while the dots represent the simulations results for 

constant gas pressure. 

 



 

175 
 

6.7 SYNTHESIS OF THE PARAMETRIC STUDIES AND DISCUSSION 

6.7 Synthesis of the parametric studies and discussion 

 

In this chapter, parametric studies of the main hygric and thermal material 

properties are presented. The geometry and boundary condition for this part are 

identical to the ones used in the neuron radiography experiment with a heat 

source with constant temperature at the base of the sample. The longitudinal 

direction was the direction considered for heat and mass transport in the wood 

sample.  
 

The outcomes of modeling show that considering the gas pressure constant 

(instead of variable) is an adequate assumption, because of the large intrinsic 

permeability of wood in longitudinal direction and that outflow at the boundary 

prevents the built up of a significant gas pressure gradient inside the material. 

The intrinsic permeability in studies of wood drying is reported as the key factor 

for drying time. There are two main differences between the case study 

presented here and wood drying related studies. In this study wood has been air 

dried and the moisture content is in the hygroscopic range, while in most drying 

studies, wood dries from its green state being fully saturated. In wood drying a 

high value of hot air flow is applied at the boundary condition increasing the 

effect of material intrinsic permeability, while in this analysis a constant 

temperature is applied at the base. An important effect on the heat and mass 

transport in the specimen is found in this work when the intrinsic permeability 

is decreased by more than two orders of magnitude. This points out that the 

assumption of constant gas pressure for cases where radial or tangential 

directions are the main direction of transport may be less accurate. 
  

An important effect of vapor diffusion coefficient change was found on the rate 

of moisture transport inside the material. For a constant gas pressure 

assumption, the role of diffusive terms becomes the dominant transport 

mechanism explaining the significant effect of vapor permeability on the drying 

rate and wetting front movement.  
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Related to the thermal conductivity, both important effect and no effect have 

been reported in literature. In studies where no effect is reported, the main 

mechanisms of heat transport is due to liquid water bulk motion inside the 

material or hot gas out flow at the boundaries. In this work, high temperatures 

are applied at the bottom of the sample supplying heat mainly by conduction. 

Therefore, the thermal conductivity has a direct effect on the amount of energy 

supplied to the sample explaining the important effect on temperature and 

moisture content fields in the sample. The change of fiber saturation moisture 

content as a function of temperature is found to have a marginal effect on the 

average heat and mass transport inside the porous medium. Analyzing the effect 

of initial moisture content on diffusive and advective transport, it was found that 

a constant gas pressure assumption is valid even for high initial moisture 

content. 
 

As a conclusion, it is shown that the effect of material properties on heat and 

mass transport highly depends on the problem under consideration. In the 

parametric study considered in this chapter, vapor diffusion coefficient and 

thermal conductivity have most effects on heat and mass transfer inside medium 

because the thermal conductivity determines the amount of heat supplied to the 

sample, while the vapor diffusion coefficient determines mainly the diffusive 

transport in the specimen. It is also concluded that the material models used 

here are appropriate to yield reasonable agreement between experimental results 

and modeling outcome. 
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Modeling of the wood welding process 

 

In this chapter first the friction welding of wood process and its modelling is 

presented. Then a parametric study is performed to understand the effect of 

initial moisture content and sample size on moisture and temperature 

distribution inside the material during and a while after welding process via 

thermo-hygric modeling of welding process. At the end, a fully hygro-thermo-

mechanical simulation of welding process is presented in order to capture the 

material deformation during the process as well as permanent density change in 

the affected zone near the weld line. 

 

7.1 Wood welding and modeling assumptions 

 

7.1.1 Welding of wood 

 

Friction welding of wood is a solid-state joining process. The welding process 

involves the relative motion of the two wood pieces, i.e. A and B as shown in 

Figure 7.1, under pressure normal to the plane to be welded. In linear welding, a 

sliding vibration with a frequency of 100-150Hz and 3 mm amplitude is applied 

7 
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for 3-10 seconds. The normal pressure in the range of 0.6-1.3 MPa is continuously 

applied during sliding and also several seconds after the movement is stopped. 

 

 

Figure 7.1: Schematic illustration of linear vibration (or friction) welding. 

 

During the friction welding process, the joint interface heats up, inducing 

softening, plastic deformation and partial chemical degradation of wood. The 

bonding interface that results from friction welding shows a densification, see 

Figure 7.2a, and some physical and chemical transformations, Figure 7.2b, 

whereby entangled wood fibers are drowned into a matrix of softened and partly 

reticulated wood intercellular material, such as lignin and hemicellulose. 

 

 

Figure 7.2:  Images of the bonding interface resulting from friction welding: a) spruce 

wood, from Stamm (2006), b) beech wood, welding done at Bern University of Applied 

Sciences.

Pressure

B
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The process of wood welding is governed by two main parameters: welding time 

and holding time. The latter is the time the compressive force is maintained on 

the sample. From a thermal and mechanical point of view, the process is 

described by three phases, where the first two happen during welding time. An 

example of the variation of three parameters (vertical displacement, friction 

coefficient and temperature) during the three welding phases is depicted in 

Figure 7.3, (see also Stamm, 2006). The displacement is in the vertical direction 

with positive axis downwards as shown in Figure 7.1. In the first phase, due to 

the Coulomb friction at the interface of the two samples rubbing against each 

other, the temperature increases rapidly and, given the relatively low thermal 

conductivity of wood, a sharp thermal gradient develops across the first 2 mm of 

wood from the interface. The high temperature and sharp temperature gradient 

result in water desorption and transport of bulk and desorbed water along the 

direction of the heat flux. In the temperature range of 80 to 100oC, lignin softens 

and becomes a rubber-like material. Hydrolysis of hemicellulose, an exothermic 

reaction, starts at 110oC and hydrolysis of amorphous cellulose occurs above 

140oC. With further increasing the temperature, several other hydrolysis and 

condensation reactions of sugar monomers take place. From 190oC, the pyrolysis 

of hemicellulose and cellulose begins, accompanied by the hydrolysis of lignin 

above 200oC. The complex chemical reactions, involving the different chemical 

constituents of wood, are described by Ganne-Chédeville et al (2008b). During 

this phase, the density of a thin wood layer at the interface (<1 mm) increases by 

a factor ≈1.5. Above 225oC, depolymerization of crystalline cellulose begins. At 

the interface, the conditions are very close to the pyrolysis temperature, but the 

reactions are slow due to lack of oxygen (Ganne-Chédeville et al. 2008b). In 

phase II, the temperature is constant, while the displacement increases at 

constant rate. In phase III, the machine vibration is stopped but the pressure is 

maintained. The sample cools down under pressure. An example of the variation 

of three parameters (displacement, friction coefficient and temperature) during 

the three welding phases is reprinted from Stamm (2006) in Figure 7.3. 
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Figure 7.3: Typical diagram of temperature, friction coefficient at the interface of welded 

samples and the vertical displacement of the press during friction welding of Spruce 

reprinted from Stamm (2006). 

 

7.1.2 Modeling problem and assumptions 

 

7.1.2.a Geometry 

 

In this section the geometry of the computational domain is presented. The 3D 

geometry is presented in Figure 7.4. In order to limit the computational effort, 

only a two-dimensional problem is considered. Opposed to the previous 

chapters, where the growth rings are modelled explicitly, in this chapter the 

material is modelled as an equivalent composite, where the properties are 

obtained by volume fraction averaging, considering the rings in series or in 

parallel. The top and bottom piece are identical, so three symmetry planes can be 

defined. The symmetry planes shown in dark in Figure 7.4 are selected. Plane ℙ1 

is in the XY plane and plane ℙ2 is in the ZY plane. 
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7.1 WOOD WELDING AND MODELING ASSUMPTIONS 

 

Figure 7.4: 3D computational domain and corresponding boundary conditions. Two 

wood pieces are in contact with each other. Symmetry planes are shown in dark color. 

The orientation of the two planes of reference is shown. 

 

The ℙ1 cross-section is in the RT plane of the wood and makes an angle θ with 

the principal axis R, while the cross-section ℙ2 includes the longitudinal 

direction as its horizontal direction. These directions are selected because 

usually linear welding of wood is done in such a way that the horizontal 

vibration of the machine is parallel to the longitudinal direction of wood 

specimens. So within the remaining part of this section, the planes ℙ1θ and ℙ2θ 

are used, where θ is the angle between the X direction and wood radial direction. 

For example, ℙ190 means the cross-section in the RT plane in which the X 

direction is the tangential direction. 

 

7.1.2.b Boundary conditions 

 

In this study, an equivalent heat source is used at the interface of the two 

samples, instead of modeling explicitly the vibration of the pieces which 

generates the heat by friction. The heat source is determined based on heat flux 
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measurements during the welding process (Stamm, 2006; Ganne-Chédeville et 

al., 2008c). Figure 7.5b shows the measured heat flux during the linear welding 

of wood for beech (Fagus Sylvatica) for three different welding times.  The 

symmetry planes presented in Figure 7.4 are considered to be adiabatic and 

without gain or loss of moisture. The typical boundary conditions for the ℙ10 

sample are illustrated in Figure 7.5a. The finite element mesh is shown in the 

Figure 7.5c. To prevent convergence problems possible in case of sharp moisture 

front, we use a very dense mesh near the weld line and appropriate boundary 

condition. The number of elements in this simulation is 56×340 with bilinear 

type elements. 
 

 

Figure 7.5: a) Schematic representation of the sample geometry and boundary conditions 

for modeling friction welding of wood. b) Typical measurement of the heat flux at the 

interface of two samples (taken from Ganne-Chédeville et al., 2008c) and c) finite 

element mesh.
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7.2 Parametric study 

 

In this section a parametric study of the wood welding process is performed. The 

modeling uses the equations described in chapter 3 and the material properties 

in chapter 4. In the first section only heat and mass transfer is considered. In the 

second section, all the equations of the coupled thermo-hygro-mechanical 

problem are solved, with a main focus on the mechanical part, i.e., elastic and 

plastic behavior. 

 

7.2.1 Thermo-hygric modeling of wood during welding 

 

In this part the heat and mass distribution in the wood sample(s) during the 

welding process is analyzed. The effect of two parameters is investigated. The 

first one is the initial moisture content of wood and its effect on the temperature 

distribution in and near the interface. The second parameter is the wood length 

and its effect on the increase in average gas pressure in a zone near the weld line. 

These parameters are relevant for practical welding. 

 

7.2.1.a Effect of the initial moisture content 

 

Consider a spruce wood in the ℙ10 plane and cross section of b × h = 25×10 mm2. 

Three initial moisture contents are selected: MC0.14, MC12.8 and MC28.0, where the 

subscript indicates the initial moisture content in percent of kg/kg. The heat 

flux, Qweld, used is the measured value during a 4.5 seconds welding process as 

reported by Ganne-Chédeville et al. (2008c). The environmental data, pg,env, Tenv 

and RHenv, are assumed to be equal to 100kPa, 25oC and 50%RH, respectively. 

Since in this analysis the deformation of the sample is disregarded, no value for 

Pweld is given. In Figure 7.6 the time evolution of average temperature, gas 

pressure and moisture content at different heights in the sample are plotted. 

These average values are calculated along the first 5mm from the left symmetry 
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line. The figure shows that the maximum temperature decreases with increasing 

the initial moisture content. With increasing moisture content a higher fraction 

of the supplied energy is consumed for evaporation of the bound water, and heat 

is also used for increasing the temperature of liquid water present in the sample. 

 

 

Figure 7.6: Time history of the average temperature, gas pressure and moisture content 

at some selected heights of the wood specimens with initial moisture content of 0.14, 12.8 

and 28.0% and welding time of t = 4.50s 

 

Looking at the gas pressure profiles, it can be found that the evaporation of 

liquid water to vapor is the main reason for the increase in gas pressure inside 

Initial moisture content 
0.14% (kg/kg)

Initial moisture content 
12.8% (kg/kg)

Initial moisture content 
28.0% (kg/kg)
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the sample. For the MC0.14 sample, the maximum gas pressure at the interface, h = 

0.0 mm, is much lower than for the other cases. The increase in gas pressure does 

not show a clear correlation with increasing moisture content. For the MC28.0 

sample, the maximum gas pressure decreases slightly in comparison with the 

MC12.8 sample. This can be explained due to the fact that moisture does not have 

time to penetrate far inside the sample due to the low gas permeability in 

transverse directions and the short welding time. Further, it can be observed 

that for the cases MC12.8 and MC28.0, the moisture content near the weld-line, i.e. 

at h < 2 mm, exceeds the hygroscopic range (> 30%). In order to better understand 

the effect of initial moisture content on evaporation, the vapor pressure 

evolution versus temperature at selected heights in the sample is shown in 

Figure 7.7. 

 

 

Figure 7.7: Average vapor pressure vs. temperature  at selected heights in the wood 

specimens with initial moisture contents of 0.14, 12.8 and 28.0% and welding time of t = 

4.50s. The continuous lines represent the heating period and the dashed lines the cooling 

period. 

a) h = 0.0mm

d) h = 1.0mm

b) h = 0.5mm

e) h = 1.5mm
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The continuous lines describe the vapor pressure corresponding to the heating 

period from 0 ≤ t ≤ 4.5s, while the dash lines represent the vapor pressure for the 

cooling period, when vibration is stopped (4.5 ≤ t ≤ 60s). For the dry sample, 

MC0.14, the vapor pressure only develops for temperatures above 150oC. For the 

MC12.8 and MC28.0 samples the vapor pressure evolution is quite similar and 

increases already from low temperature. Comparing the vapor pressure during 

heating and cooling phase shows that for the same temperature, the vapor 

pressure is always higher in heating period, which is explained by the higher 

evaporation during the heating period. As a result the vapor pressure vs. 

temperature plots is hysteretic, especially for locations close to the heat source. 

In Figure 7.8, the average temperature, gas pressure and moisture content time 

evolution for the first 4mm of the samples is plotted. The penetration depth for 

temperatures T > 300oC is very low: less than 1mm for the dry sample and around 

200-300µm for the moist and wet samples. The gas pressure distribution inside 

the sample is also confined to the first millimeters of material and its penetration 

within the sample decreases with increasing initial moisture content. Due to 

higher specific heat of the specimens with higher amount of moisture, vapor and 

dry air cooling down faster and adsorption/condensation happens in layers near 

heat source. During the welding period, moisture collects in front of the high 

pressure zone. This moisture redistributes during the cooling phase, and a 

fraction returns to the welded zone. We further note that we did not consider a 

change of hygrothermal properties due to chemical degradation in the region 

affected by high temperature. 

We aim now at finding a correlation between the temperature field in the 

material and the required welding time to attain a set temperature at a certain 

height. Three set temperatures are considered: 170C, 200C and 220C. The 

heights which experience these temperatures are plotted versus time in Figure 

7.9. By increasing the base temperature or initial moisture content, the time 

required for reaching the set temperature increases. This temperature range is an 
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adequate welding temperature for lignin melting, so it can be used to estimate 

the required welding time. 

 

 

Figure 7.8: Distribution of the average temperature, gas pressure and moisture content 

along the first 4mm height of the wood specimens with initial moisture contents of 0.14, 

12.8 and 28.0% and welding time of t = 4.50s. 

 

As an example, in Figure 7.9, we consider a height of 0.5 mm from the weld-line 

at 200°C, which leads to the following welding times: t=2.68s for MC0.14 and 

t=4.35s for MC12.8, while no solution is obtained for MC28.0. These times are in 

good agreement with the welding times for the spruce wood by Stamm (2006), 

which equal 3.1, 5.4 and 7.5 seconds for the MC0.14, MC12.8 and MC28.0, 
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respectively. Studying temperature penetration time could be a promising 

avenue to design a method to estimate the necessary welding times. 

 

 

Figure 7.9: Time needed to reach a certain temperature at a given height for wood 

specimens with initial moisture contents of 0.14, 12.8 and 28.0%. 

 

7.2.1.b Effect of sample size on gas pressure distribution near the interface 

 

The next parameter studied is the length of the sample in the longitudinal 

direction, and its effect on gas pressure distribution near the interface of the 

sample. A requirement towards the industrialization of wood welding is the 

capacity to join large wood pieces, as considered in the experimental work by 

Hahn (2014). The main problem with welding large samples is the appearance of a 
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low quality welding zone or even the appearance of an unwelded zone in the 

middle of the surface away from the edges, see Figure 7.10a. 

 

 

Figure 7.10: a) Weld surface of one of the (Spruce) wood samples after the welding. The 

dark zones are the welded regions and the light colors are the unwelded ones b) 

prepared sample for welding with two embedded smoke evacuation channels on it c) 

effect of smoke evacuation channels on the quality of welding (Hahn, 2014). 

 

For large wood specimens, it was observed that gas trapping occurred leading to 

a high gas pressure, where the gases are dry air, water vapor and carbon dioxide. 

The gas pressure decreases the contact pressure between the two samples, 
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leading to a decrease in heat generation due to the friction, which accordingly 

leads to worse weld conditions. To overcome this problem, Hahn (2014) used 

narrow grooves along the width of the samples allowing to evacuate the gases, as 

shown in Figure 7.10b. The incorporation of these gas evacuation channels leads 

to an improved weld quality and welded surfaces of uniform quality, as 

illustrated in Figure 7.10c. 

To simulate the effect of these gas evacuation channels on the reduction of the 

gas pressure at the weld line during welding, a grooved sample is simulated in 

the ℙ290 plane, as shown in Figure 7.11a, where the distance between two 

adjacent channels is 2l. Simulations are performed for several values of l. The 

height of the sample w equals 10mm and the height of the groove have equals 

2mm. The center line between two grooves is assumed to be a symmetry line. 

The top and lateral sides are assumed adiabatic. Heat and mass transfer to the 

environment can only occur through the groove side. The temperature, relative 

humidity and the gas pressure in the channel are assumed to remain equal to the 

environmental values. The channel space itself is not considered in the model. 

 

 

Figure 7.11: a) Schematic illustration of a sample with channels. The distance between 

two adjacent channels is 2l. b) Region of interest and corresponding boundary 

conditions for the modeling. 
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The initial moisture content is set equal to 14% (kg.kg-1), i.e. MC14.0, and the 

heating profile is based on the 4.5s welding of Figure 7.5b. To evaluate the effect 

of grooves, the temperature and gas pressure in the middle between two grooves 

averaged over a length of 5 mm (see Figure 7.11b) at a height of 0 and 2 mm is 

determined. Figure 7.12 shows that decreasing the distance between the two gas 

evacuation channels leads to a decrease in temperature at a height of 2 mm.  The 

effect of the distance between two grooves is much more considerable for the gas 

pressure. Increasing this distance results in an increase of the maximum gas 

pressure. However, increasing this distance beyond 160mm, does not have a 

significant effect on the temperature and pressure fields inside the specimen. 

 

 

Figure 7.12: Effect of the length scale on the temperature and pressure field inside the 

material. 
 

The simulation results illustrate the important effect of gas evacuation channels 

on the gas pressure and weld quality. This presence of gas evacuation channels 

allows also to better accommodate the surface irregularities, improving the 

contact under compression. Therefore, gas evacuation channels may have more 

benefits than only exhausting the gas and reducing the gas pressure. 

have = 0mm (surface) have = 2mm
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7.2.2 Thermo-hygro-mechanical modeling of wood during 

linear welding process

In this part, simulations are performed to predict the full thermo-hygro-

mechanical behavior of wood samples during welding. The thermal and hygric 

boundary conditions as well as the sample geometry are the same as used in 

section 7.2.2 and the initial moisture content of the sample is set to 12.8% 

(kg/kg). To simulate the normal pressure applied by the upper jaw of the 

welding machine, see Figure 7.13a, a rigid plate is assumed to be tied to the top of 

the sample, where load is applied on. 

Figure 7.13: a) Schematic representation of the sample geometry and boundary condition 

for the THM modeling of the welding process. B) Three different phases of loading are 

considered. 

Three different phases are distinguished in the loading protocol (Figure 7.13b). 

In phase A, welding begins: a heat flux on the bottom surface and a mechanical 

pressure on top of sample is applied. During phase B, no heat source is present 

and Pweld is maintained constant. Finally, in phase C, both Qweld and Pweld are 

removed and the sample is allowed to cool down. 

First, the effect of the welding pressure, Pweld, on the deformation of the sample is 

studied. Three values for Pweld are selected: Pweld = 0.5, 0.75 and 1.0 MPa. In a real 

Qweld

Pweld

Phase A Phase B Phase C

Time

A
m

p
li

tu
d

e

(a) (b)

R

T

Pressure (Pweld)

Heat flux (Qweld)

Convective heat and 
mass transfer

pg,env, Tenv, RHenv

Sample

Rigid plate



 

193 
 

7.2 PARAMETRIC STUDY 

welding process, the change of the top pressure will also change the heat 

generation rate. However, in the model the same heating profile is used with 

duration of 4.5 seconds (see Figure 7.5). The duration of phase A equals 5 s and 

phases B and C 55 s and 120 s, respectively. The time evolution of the top plate 

displacement is plotted in Figure 7.14 for the first 8 s and total 180s of simulation. 

 

 

Figure 7.14: Top plate displacement versus time for different values of applied welding 

pressure, Pweld, and for time periods of a) 8s and b) 180s. 

 

It is found that the applied pressure Pweld has a significant effect on the 

deformation of the material. Comparing the simulated behavior during the 
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phases I to III (< 8 sec) in Figure 7.14a with the experimental response in Figure 

7.3, a good qualitative agreement for different phases can be observed. In phase I, 

the material starts warming up and as a result shows some softening behavior. 

When the material becomes sufficient soft, larger deformations occur. In reality, 

there are other processes which can cause this deformation, one being the 

abrasion of two wood specimens during vibration, which can represent around 

0.5mm of total deformation by loss of material according to Stamm (2006). The 

second process is the viscous behavior which is not considered in the current 

model. In phase II, the transport of heat from the welding surface into material 

results in a higher rate of deformation. In phase III, although there is no more 

heat flux, internal heat and mass transfer from hot weld line region to the upper 

zones still takes place and some amount of deformation can still be observed. By 

decreasing the applied load, deformation starts later as is seen for Pweld = 0.5MPa, 

for which phase II is delayed. 

Figure 7.14b shows the simulation results over longer time. Phase A of modeling 

is already explained as phase I and II of the welding process. Phase B is the same 

as phase III of welding process. At the beginning of phase C there is a small jump 

in the deformation curve caused by the elastic response of the material when 

removing the applied load, Pweld. At the end of this phase, a permanent 

deformation can be observed. Remark that the displacement in the experiment 

(Figure 7.3) is the total deformation of both samples (3 mm for a surface 

temperature of 400C and normal pressure 2bar), while the simulated results is 

the deformation only for one sample (0.06, 0.56 and 1.20 mm). This means that 

the simulated results have to be multiplied by two for comparison.  

Since the effect of the mechanical deformation on the hygric and thermal 

properties was not considered, the temperature and moisture content 

distribution for all three cases are identical during the welding process. In Figure 

7.15, the temperature and moisture content fields at the end of phase A (t = 5s) 

are plotted. These plots are based on the initial configuration of the sample, 

neglecting the deformation. 
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Figure 7.15: Spatial distribution of temperature and moisture content along the first 

5mm height at the end of phase A, t = 5s. 

 

Figure 7.16 represents the stress fields in radial and tangential directions at t=5s 

for the welding pressures studied. When comparing the moisture and 

temperature distributions in Figure 7.15 with the stress distribution in radial 

direction, a clear similarity can be observed. This means that the stresses are due 

to the appearance of tensile hygric stresses due to swelling in the wet region 

counteracted by the shrinkage in the dry zones. 

In tangential direction, there is no effect of thermal/hygric induced stresses. The 

softening of the material near the weld line as well as the presence of the rigid 

plate on the top of the sample, which prevents bending, cause the stress 

redistribution to be quite uniform, balancing the top pressure. At the right edge 

of the sample, there is a different state of tangential stresses due to two effects. 

Drying of the sample at the boundary introduces tensile stress, while free 

bending at right edge results in a compressive loading (Figure 7.16). For low 

applied load, shrinkage stresses are more dominant. However by increasing load, 

the compressive stresses overcome the shrinkage effect. As shown in Figure 7.2, 

there is a material densified region near the weld line. In order to evaluate the 

density change of the investigated sample (oven dried) at the end of the process, 

using equation 𝜌𝑠 𝜌𝑠
0⁄ = 1 (1 + 𝜖𝑝)⁄ , the permanent change of density is 

calculated and presented in Figure 7.17. To have a closer look at the deformed 

Temperature (oC) Moisture content (% kg/kg)a) b)
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region, plots are also presented for a smaller window (0.5 mm) near the weld 

line. 

 

 

Figure 7.16: Spatial distribution of radial and tangential stresses along the first 5mm 

height, of undeformed, samples at the end of phase A, t = 5s for three different welding 

pressures tested. 
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Figure 7.17: Densification of the sample at the end of phase C, t = 3min. The top row 

shows density change within the whole sample.  The bottom row illustrates a close look 

on the sample near the weld line. 

 

The results demonstrate that the applied pressure has a significant effect on both 

the area and magnitude of the sample densification. Such high predicted density 

has been seen for softwoods like spruce in experiments. In the real welding 

process, the material near the heat source starts however also to degrade and 

some part of it is abraded due to welding movement, resulting in material loss. 

Several remarks need to be made regarding the modeling. For the samples under 

pressures of 0.75 and 1.0 MPa, the densification process is not uniform and a 

narrow band of wood is locally not as densified as its neighbors. Below the band, 

densification is due to the shrinkage caused by drying and due to the softening 

caused by heating. Compression above this zone is due to the moisture-

dependence of the material softening, resulting in plasticization and 

densification. At the location of the band, the material lost moisture resulting in 

a stiffer zone. On the other hand, the temperature is not sufficiently high to make 

Pweld = 0.5MPa
ρ

s/
ρ

so 
(-

)
Pweld = 0.75MPa Pweld = 1.0MPa

ρ
s/
ρ

so 
(-

)
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material as soft as in the weld line zone, so the deformation and consequently 

densification in this region is lower than its neighboring zones.  

Another aspect is that the small strain theory is used in this work, therefore in 

the calculated strains and the resulting densification, large deformation effects 

are not considered. In such extreme cases, higher order strain terms become 

important and geometrical stiffness as well as material stiffness will lead to 

lower amount of deformation than predicted by the current approach.  
 

Lastly, in the validation of the mechanical model and also in the thermo-hygro-

mechanical modeling of the welding process, all the displacement is assumed to 

be due to elastic, thermal, hygric or plastic strains. However, in the actual 

process, for spruce wood, mainly in tangential but also in radial direction, a part 

of the displacement under severe conditions, i.e. high load, elevated temperature 

or moisture content, is due to the inelastic response of the sample. For example, 

due to a large difference between earlywood and latewood mechanical 

properties, in most of the large deformation tests, buckling and out of plane 

movement can be noticed. Therefore, the plastic behavior is probably 

overestimated in the present two-dimensional small strain model. 
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7.3 Synthesis and discussion 

 

In this chapter simulations using the thermo-hygro-mechanical model for the 

welding process are presented. The outcome of simulations for different 

moisture contents showed the significant effect of initial moisture content on 

the penetration of temperature and water vapor pressure increase inside the 

sample during welding and also the redistribution of moisture after stopping the 

heating process. Using the penetration depth of the temperature front inside the 

sample, a method for the estimation of the required welding time is presented, 

which is in good agreement with actual welding process data. In a second study, 

the effect of sample size on the evolution of gas pressure and temperature inside 

the specimen during welding process is considered. Based on the actual welding 

process data, the incorporation of gas evacuation channels result in an 

improvement of weld quality for large specimens. Based on the simulation 

results, the gas pressure inside the sample is highly dependent on its length, 

while the temperature during the heating process is less sensitive to the sample 

length. Finally, in the last section of this chapter, the modelling also considers 

the deformation of the specimen during welding. The predicted trend of sample 

deformation under welding condition is in reasonable agreement with the 

deformation observed in a real welding process. The predicted transverse stress 

field shows high effects of shrinkage and swelling stresses, while the stress field 

perpendicular to welding direction is mainly controlled by the welding pressure.  

A permanent densification of wood is observed based on the amount of 

volumetric plastic strain. The results showed around 0.1-1.0mm densified region 

near the weld line and up to 3 times increase of density. 
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Conclusion and outlook 
 

8.1 Synthesis  

 

The objective of this research was to develop a computational model to simulate 

and predict the physical aspects of wood behavior during frictional welding. The 

main requirements for an appropriate model were: (i) to be able to deal with 

large temperature ranges (from room temperature to some hundred degrees 

Celsius) and large changes in moisture content (from dry to fiber saturation 

point and beyond), (ii) to be able to take into consideration the orthotropy of 

wood and (iii) to couple heat and mass transport to the mechanical behavior: i.e. 

swelling and shrinkage and moisture and temperature dependence of material 

properties. Then, the aim is that the model allows implementing adequately the 

welding process with correct boundary conditions, which in turn allows 

optimizing the welding process.  

Using the advancements from related fields, e.g. heat and moisture transport at 

elevated temperatures in concrete as presented in chapters 2 and 3, the 

governing equations for heat and mass transport in an orthotropic and double 

pore system material like wood were obtained. The final equations included 

liquid transport both diffusive flow in the cell wall as well as capillary flow in 

8 
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the lumen space. By using an adequate energy formulation using poromechanics 

concepts, the constitutive mechanical equations were obtained and an 

appropriate plastic model based on the Tsai–Wu failure criterion was 

introduced to capture the over-elastic behavior. In chapter 4 the material 

properties required for simulating the behavior of wood are described. Although 

several experimental works have dealt with the characterization of wood 

properties, most of the studies are only valid for a limited range of temperature 

and moisture content. Based on literature data and the overall material behavior 

at high temperature, adequate material models were derived using extrapolation 

based on logical assumptions. For the mechanical properties in radial and 

tangential directions, i.e., the desired directions for two-dimensional modeling of 

wood, compression tests were carried out. The mechanical tests include both 

elastic and plastic behavior (densification) as well as dry and wet initial 

conditions. To document the size effect under mechanical loading, additional 

mechanical tests were performed. For the mechanical behavior in longitudinal 

direction as well as for failure behavior, data from literature were used. 

Since the system of nonlinear partial equations are strongly coupled and the set 

of material properties are uncertain (partly taken from literature or extrapolated 

to higher temperatures), a detailed model validation was required. A special 

experimental test setup was designed to mimic the extreme temperature and 

moisture conditions experienced during welding, enabling to measure the 

required variables for model validation. The experimental setup was used to 

study the behavior during different heating conditions in order to cover a wide 

range of possible temperatures and moisture contents. The experimental setup 

was used in different experiments: neutron imaging, infrared thermography and 

mechanical testing. For each case, simulations were performed with the 

corresponding initial and boundary conditions. The moisture content 

distribution and movement of the drying zone was imaged and modelled. In 

general a good agreement between experiments and modelling was obtained, 

showing that the model is able to describe the phenomena during welding 
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adequately. Some deviations were observed. The growth ring pattern was more 

clearly noticeable in the experiment than in the simulation results. The results 

obtained from IR camera showed deviations from the 2D simulation results (the 

IR image is a surface measurement), while the thermocouple data for the center 

of the sample were in good agreement with the temperatures predicted by the 

numerical model. In general, the model and the selected material properties 

provided a very good prediction of moisture and heat transport, especially for 

samples with higher initial moisture content. In the last part of chapter 5, a 

special experimental heating setup was used to validate the plasticity model 

proposed in this thesis. In order to develop the plasticity model, some 

assumptions about the material thermal and hygric softening behavior as well as 

some simplifications in the general form of the Tsai-Wu failure criteria were 

made. The outcome of the proposed model was in good agreement with the 

experimental results for the compression test under heating. However, it was 

noted that no visco-elastic and visco-plastic effects were considered, which 

could have an influence on the obtained deformation fields.  

Using the validated model, parametric studies were performed on the main 

hygro-thermal properties of the material in order to determine the sensitivity of 

temperature and moisture fields to changes of desired material properties for 

different temperature range. It was found that for a material with high gas 

permeability like wood in the longitudinal direction, the gas pressure terms do 

not have a significant effect on the heat and moisture transport. In general, the 

moisture field is more sensitive to changes in material properties than the 

temperature field. Changes of the thermal properties have more effect than the 

hygric properties on the material behavior and response.  

In chapter 7 wood welding simulations are done. In the first part, the effect of 

most common control parameter (i.e. the initial moisture content) on the 

distribution of temperature and moisture content was studied. It was observed 

that the temperature and moisture fields do not penetrate much inside the 

sample and the heating is completely local. During the heating phase, a high 
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moisture content zone is observed above a dry hot zone and after that, in the 

cooling phase, moisture redistributes inside the material. Since one of the goals 

of this project was the use of modeling in order to improve the welding process, 

efforts were made to find parameters which can be used for estimating the 

welding time. Based on simulation data for different moisture contents, it was 

found that the temperature penetration time for given depths shows a good 

agreement with the corresponding welding time from experimental data. For 

industrialization of the welding process, a key issue is the use of large specimens. 

Simulation results showed significant effect of sample length on the maximum 

pressure and temperature experienced during the welding process. During 

welding, normally the upper jaw displacement is the controlling parameter, 

which is influenced by other welding parameters like welding pressure. Thermo-

hygro modeling of welding process in the last section of chapter 7 shows the 

significant effects of the welding pressure on the material deformation and also 

on the wood specimen densification in the region near the weld line. 

 

8.2 Contributions 

 

In recent research, many works are dealing with friction welding modeling of 

metals and polymers. However, there is a large difference between welding of 

such materials and material like wood. In metal or polymer welding, the 

dominant parameter is the temperature and applied mechanical pressure of 

welding. On the other hand, for wood, which is a hygroscopic material, moisture 

plays an as strong role as the temperature. Most of the previous works in 

modeling of wood welding followed the same approach as for metal welding, 

considering only the temperature change during the welding process or 

considering only thermo-elastic or thermo-plastic behavior. In this work, for the 

first time we used a thermo-poromechanical approach for modeling the process 

of welding of wood, considering effects of the moisture on the heat and moisture 

transport in the material, as well as on its mechanical behavior. The developed 
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model is completely general and customized using the appropriate material 

properties. This model of porous media can be used at room or elevated 

temperatures, where gas pressure evolution and air mixture density changes 

become important. To properly model high temperature effects, all the material 

properties are temperature-dependent via data from literature or, in lack of 

existing data logical assumptions. Further, the model can consider high 

temperature effects for both anisotropic orthotropic materials. Due to the 

layered structure of wood, where each layer has different mechanical properties, 

we found that the samples show length scale effects in directions parallel to the 

layered structure. On the other hand due to the cellular structure of the material 

at small scale densification was found to lead to large deformations. Therefore, 

an appropriate plastic model was implemented to capture adequately the 

material densification process in the welded zone. The plastic model is derived 

based on the Tsai-Wu failure criterion for anisotropic media. Given our goal of 

modeling of wood welding, deformation of wood under heating is taken into 

account by implementing the appropriate softening function. To validate the 

implemented model and material properties, detailed experiments of heat, 

moisture and mechanical behavior of wood samples exposed to fast heating and 

to different initial moisture contents have been acquired.  With parametric 

studies, the effect of the most important material properties on heat and 

moisture transport process during heating process was evaluated. 

 

8.3 Perspective for future work 

 

The modeling of friction welding of a hygroscopic cellular polymeric material is a 

challenging task. In this thesis the main aspects of this process were included in 

the coupled heat-moisture-mechanical model. However, there are still many 

areas open to new investigations from both experimental and numerical points 

of view.  
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In this thesis, mostly material properties from literature were used and due to 

lack of experimental data on wood properties above the melting point, where 

irreversible changes occur, properties for higher temperature were obtained by 

simple extrapolation. However, it is clear that above glass transition 

temperature, some properties may change irreversibly. When wanting to model 

the complete welding process, experimental data are required to characterize the 

mechanical properties under these harsh conditions and especially to investigate 

the viscous behavior at higher temperature. Another further research area is the 

investigation of the friction mechanism itself, i.e. the heat generated due to the 

movement of two samples with each other.  

With respect to numerical modeling, also many aspects can be further explored. 

A first further exploration is the extension to a 3D model avoiding 

simplifications made in 2D models. A second aspect is implementation of 

nonlocal thermal equilibrium that means for each phase we should have separate 

energy conservation equation and corresponding temperature as a state variable. 

This assumption is important for fast heating rate phenomena, especially when 

solid phase does not have high value of thermal conductivity. However, it needs 

additional material properties about the heat transfer at surface boundaries of 

different phases. A third aspect is the modelling of gas generation during the 

welding process, since significant amounts of carbon dioxide and other pyrolysis 

gases can be generated during welding, which influences the gas pressure. In 

order to take into account gas generation, kinetic equations, chemical reaction 

and pyrolysis, for gas formation have to be included, which influence the 

predicted gas pressure, temperature as well as on the density of the sample near 

the weld-line.  

The model presented in this thesis deals with mechanical modelling at the 

macroscale. However, for a deep understanding of the welding process, one has 

also to understand the processes occurring in the region close to the heat source, 

where large deformations and cell-wall collapse at cellular scale occur. Since the 

wood welding zone is very sensitive to moisture, lower scale modelling using 
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micromechanics or even molecular dynamics simulations might help to 

understand the reason and the mechanism of the weakening at the interface. 

Such a multiscale modelling approach could provide a guideline for improving 

weld quality by allowing to derive more a more accurate description of the 

material at the interface of the wood specimens. 
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Appendix A: Parametrization of material properties 

 

The numerical values of the fitting parameters for some material properties 

introduced in chapter 4 are given here. These functions, except for the heat 

capacity, are not given directly in this form in the corresponding references and 

for higher temperatures they represent extrapolation of experimental data. 

 

Vapor resistance factors (Zillig, 2009): 

 

μ𝑖 =
𝜉1

𝑖 +𝑅𝐻𝜉2
𝑖

𝜉3
𝑖 +𝜉4

𝑖 𝑅𝐻𝜉2
𝑖  , 𝑖 = L, R, T      4.6 

 

Table A.1: Values for 𝜉𝑗
𝑖,  

  𝜉1
𝑖  𝜉2

𝑖  𝜉3
𝑖  𝜉4

𝑖  

Earlywood Longitudinal (L) 9.71×10-2 3.12 1.61×10-2 7.18×10-1 

Radial (R) 47.5 2.62 1.3×10-1 3.39 

Tangential (T) 14.5 3.15 2.2×10-2 1.01 

Latewood Longitudinal (L) 1.36×10-1 3.08 1.13×10-2 7.49×10-1 

Radial (R) 11.3 2.34 2.13×10-2 4.25×10-1 

Tangential (T) 18.7 3.16 1.38×10-2 6.45×10-1 

 

Thermal conductivity (Kühlmann, 1962; FPL Wood handbook, 2010): 

 

𝜆hyg,T
eff = 𝜆hyg,R

eff = 

ℷ0 + 𝜌𝑠(ℷ1 + MChygℷ2) + 𝜌𝑠(ℷ3 + MChygℷ4)(𝑇 − 293.15) + 

𝜌𝑠MChygℷ5(𝑇 − 293.15)2    4.14 
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Table A.2: Coefficients ℷ𝑖   

ℷ0 ℷ1 ℷ2 ℷ3 ℷ4 ℷ5 

1.864×10-2 2.0×10-4 2.2×10-4 3.92×10-7 2.742×10-6 4.852×10-8 

 

Heat capacity (FPL Wood handbook, 2010): 

 

𝑐𝑝,ℎ𝑦𝑔
eff =

𝑐𝑝
𝑠 +𝑐𝑝

𝑙 MChyg

1+MChyg
+ 𝑐𝑝

𝑠−𝑙       4.16 

 

the following expressions were used to determine the values for 𝑐𝑝
𝑠 ,  𝑐𝑝

𝑙  and 𝑐𝑝
𝑠−𝑙   

 

𝑐𝑝
𝑠 = 130.10 +  3.867 T      A.1 

𝑐𝑝
𝑙 =

𝑎+𝑏∆𝑇

1+𝑐∆𝑇+𝑑∆𝑇2        A.2 

 

where 𝑎 = 4.16 × 103, 𝑏 = −9.13, 𝑐 = −2.27 × 10−3, 𝑑 = −7.49 × 10−7, 

∆𝑇 = 𝑇 − 273.15 

 

𝑐𝑝
𝑠−𝑙 = MCbw × (−61.91 × 102  +  23.6T −  13.3 × 102MCbw) A.3 
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Appendix B: Attenuation coefficients with neutrons 
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