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Abstract
In this paper a multiscale approach for coupled mechanical and transport phenomena in 
porous media is presented. It is shown that monoscale approaches show different limitations: 
phenomena like nonlinear elasticity, hysteresis, stiffness recovery in compressive loading, 
preferential moisture uptake into cracks, changes of the permeability caused by changes in the 
pore structure due to chemical processes are not taken adequately into account. The multiscale 
mechanical model is based on a damage and moisture dependent PM model. The PM model is 
based on the presence of a distribution of hysteretic units in the material, which open and 
close at different stresses. Changes in moisture content and the occurrence of crystallisation 
lead to changes in internal pressure in the material causing swelling and shrinkage and  
changes in stiffness and strength. The multiscale transport model is based on the prediction of 
the permeability curve from the pore volume distribution using a multiscale network 
approach. At the mesoscale a hybrid method is proposed modelling transport in cracks as a 
moving front into discrete features, including the interaction with the porous matrix which is 
modelled as a continuum. Finally, a strong discontinuity model for cracking is presented, 
which is based on a discrete formulation of the damage and moisture dependent multiscale 
model.

1. INTRODUCTION 
Understanding transport processes in porous media is essential to analyse durability of 

building and civil engineering structures. In the degradation process, we can distinguish two 
phases. In the first phase, damage is characterised by the growth of micro-cracks in a diffuse 
manner due to environmental loading. In a second phase damage starts to localise in macro-
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cracks, which further grow under cyclic loading. Macro-cracks are preferential pathways for 
the penetration of liquids and dissolved substances into the material, initiating or accelerating 
degradation processes, such as frost damage, corrosion, leaching and salt damage. To 
understand and analyse degradation processes due to environmental loading, we have to 
model mechanical, transport processes and their mutual coupling. The environmental loading 
is typically a cyclic or repeated loading. When looking at the damage process of quasi-brittle 
materials subjected to a cyclic tensile-compressive uniaxial loading, we observe the following 
phenomena (figure 1a): nonlinear elasticity in the pre-peak region, softening damage in the 
post-peak region, highly nonlinear hysteresis in unloading and reloading loops, stiffness 
degradation in tensile loading, stiffness recovery in compressive loading, permanent 
deformation at zero stress and the change of the hysteretic behaviour with increasing damage. 
When looking at the influence of moisture on the mechanical behaviour we observe the 
following phenomena in a three point bending test (figure 1b): decrease of the stiffness and 
peak load with increasing moisture content, a change from brittle to more softening post peak 
behaviour.

(a) (b)

(c) (d)

Figure 1. (a) Experimental observations of the tensile- compressive behavior of plain 
concrete [1] (b) Load displacement curve of a beam in three point bending: black=dry, 

blue=saturated, red=capillary moisture contact at bottom [2] (c) Left: preferential penetration 
as measured by X-ray projection, right: modelling by hybrid method [3] (d) spalling of 
material due to crystallisation during drying of a hydrophobic treated specimen initially 

saturated by a salt solution [4]. 
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When during loading of a dry specimen is brought in contact with water at the bottom side 
of the specimen, we observe a decrease of the maximal loading and a quite brittle post peak 
behaviour (figure 1b). Experimental analysis by X-ray radiography shows that this typical 
failure behaviour is strongly influenced by the penetration of liquid water into the crack 
(Figure 1c). Other well known moisture influences are the swelling/shrinking of materials. 
Penetration of dissolved salt ions into the material and crystallisation of salts inside the 
material, can also lead to high internal forces and spalling of the material (Figure 1d).  

2. MODELLING 
Most models in engineering are based on an analysis on the macroscopic level using 

continuum theory. For durability analysis, the approach consists in the formulation of a 
mechanical model, a transport model, physical / chemical models, the coupling between the 
different processes and the determination of the external loading. Figure 2 gives a schematic 
view of the mono-scale modelling at the macroscale. The loading can be quasi-static and/or 
dynamic, mechanical and/or multi-physical including temperature, moisture and chemical 
effects.

Figure 2. Schematic overview of the multiscale model for coupled transport and mechanical 
phenomena in porous materials  

     Monoscale models for durability analysis however show limitations to model in a 
straightforward way all phenomena to be considered.  Aim of this paper is to propose a 
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multiscale approach to model all relevant phenomena regarding transport processes, the 
physical and mechanical degradation processes and their mutual coupling in a simple and 
efficient manner. The different scales we consider are the macroscale, the mesoscale and the 
microscale. Figure 2 shows the different scales for transport and mechanical processes. 
Between all scales different couplings can be formulated. Questions that remain are: 

1. which models to choose for adequately representing the different scales 
2. which up- an downscaling methods to use between the different scales
3. on which scales we have to consider the coupling between the different models  

We will first present the multiscale mechanical model for porous materials including 
multiphysical coupling. We start from monoscale modelling and explain the necessity for a 
multiscale approach. Second, the multiscale transport model is proposed.  Again we start from 
a monoscale continuum model, extending it to a multiscale approach. Then, we address the 
coupling and the need for a discrete formulation of the cracking process.  

2.1 Monoscale Mechanical model 

We assume an additive split of the strain field into elastic and inelastic component:  
e id d d= + (1)

The linear elastic strain is described by Hooke’s law 
0 ed d= D (2)

with D0  the initial stiffness for the undamaged material.  
The inelastic component may describe different inelastic phenomena, such as 

nonlinear elasticity, damage development, permanent deformations, hysteretic behaviour and 
multiphysical induced effects (temperature, chemical and moisture). On the macrolevel, the 
mechanical inelastic strain component is usually described using damage-plasticity models. 
The multiphysical component is regularly described poro-chemo-mechanical modelling. For 
example, the isotropic poroelastic constitutive equation for isothermal conditions including 
capillary and salt crystallisation effects reads [15] 

( )( ) ( )e l c c x x xd d bS p dp bS p dp= − +D I (3)

where b is the Biot or coupling coefficient, Sl(pc) is the degree of moisture saturation in 
function of the capillary pressure and Sx(px) the degree of crystallization in function of the 
crystal pressure, and I is the second order unity tensor. The second term describes the 
influence of capillarity effects and the third term the influence of crystal pressures. The 
moisture and crystallisation influence are generally modelled using the effective stress 
concept.

( )( ) ( )eff pc c c x x x ed d bS p dp bS p dp d= + + =I D (4)

Poro-elastic models are further elaborated including plastic and damage effects (e.g. Coussy 
1995 [5], Carmeliet 1999 [6]). 
      A first drawback of the monoscale approach is that highly nonlinear phenomena as 
observed in cyclic tensile-compression test, such as nonlinear elasticity, stiffness recovery and 
hysteretic loops are not explicitly taken into account in the constitutive equations. Second, in 



International RILEM Symposium on Concrete Modelling – CONMOD’08 
26-28 May 2008, Delft, The Netherlands 

329

the effective stress concept some simplifications are made regarding moisture coupling 
effects: the dependence of the material stiffness on moisture content is not taken into account. 
Third, considering the failure process, continuum models produce crack strains, rather than 
crack widths. Permeability of cracks however depends primarily on the crack width and not 
on the crack strains. 

2.2       Multiscale Mechanical approach 

       Therefore, we introduce a multiscale approach, based on a simple mechanical modelling 
at lower scales taking into account the underlying physical phenomena. Also coupling with 
moisture will be situated at a lower scale. On the basis of the work of Preisach [7] and 
Mayergoyz [8], Mc Call, Guyer and Johnson [9, 10] developed a phenomenological model to 
describe the quasi-static nonlinear stress-strain behaviour of mesoscopic materials. Mesoscopic 
materials can be thought of as being composed of a hard (solid) matrix (grains, crystals, 
aggregates) and soft portions, also called interstices or bond system. The bond system is rich of 
defects, cracks, microflaws, intergrain and crack contacts, asperities, ….. .  
     Essential to the mesoscopic model is the introduction of a non-classical units (NCU). We 
assume an NCU situated at the micro-scale. A NCU can only be in one of two states, i.e. open or 
closed. The behaviour of a single hysteretic element is such that it is originally closed. When the 
stress increases to o it abruptly opens and remains open as the stress continues to increase (Figure 
3a). When the applied stress decreases, the element closes to its original length at pressure c,
which can be different from o, thereby creating hysteresis at the NCU-scale. 
    At the meso-scale we suppose that a representative volume of material consists of a large 
number of hysteretic mechanical elements or hysterons. Every hysteron is described by a stress 
pair ( o, c) and mapped on the so called PM space (Figure 3a). Then the population of hysterons 
is described by the distribution function ρ( o, c). During a given load history, hysterons will open 
and close. In Aleshin et al.[11], it is described how we can keep easily keep track of the elements 
being in the open or closed state using the PM space concept.  
 The upscaling process consists in determining the integral over the domain of hysterons in 
the open state Ω

o c c o( , ) d  di ρ
Ω

= (5)

The distribution function can be determined from experimental hysteretic loops measured 
during cyclic loading (see figure 3b). In Aleshin et al.[11] it is explained how the integral in 
equation can be easily determined using the integrated PM space concept.  
In a 1-D case, the upscaling results in the following constitutive law  

i
i

o o

d dd d C d
E E

εσ σε σ σ
σ
∂= + = +
∂ (6a)

1
1

t i
o

d E d C d
E

σ ε ε
−

= = + (6b)

where Ci is the compliance related to inelastic effects and Et is the tangent stiffness. Essential 
to the multiscale project is that the tangent stiffness is determined from lower scales including 
all nonlinear mechanical phenomena leading to a very simple constitutive law (6b) which is 
easily implemented in computational modelling.  
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       The classical PM model can be extended to include damage phenomena and moisture 
effects. Following Carmeliet and Van Den Abeele [12-14], changes in moisture content can 
be considered to lead to internal hygric stresses σhyg, which also govern the opening and/or 
closing of NCU’s. Changes in moisture content then lead to changes in tangent stiffness, 
tensile strength and to inelastic strains representing free swelling or shrinking. The function 
σhyg(S) can be experimentally determined from compressive tests on specimens at different 
degrees of saturation.  
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Figure 3 (a) Description of an NCU (non-classical unit) at the microscale and the mapping of 
the NCU on the so called PM space described by the PM distribution function (b) Fitting of an 
experimental hysteretic loop at damage level d=0.94 by the PM model (c) Simulation of a dry 
and wet specimen in tensile loading using the moisture and damage dependent PM model at the 
mesoscole.  

      The origin of nonlinear elasticity can be attributed to the presence of defects, cracks, 
microflaws, intergrain and crack contacts in the soft bond region of mesoscopic materials. 
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During loading, damage will most likely grow in this soft bond region. The nonlinear 
behaviour will therefore depend on damage. Following the PM approach, the PM density 
function will depend on the damage. Analysis of hysteretic loops obtained for different levels 
of damage in cyclic experiments (see figure 1a), allows to determine the PM density function 
as a function of damage. Damage is introduced in the constitutive law in an indirect manner, 
being a parameter in the PM distribution function. To close the set of equations, a 
macroscopic damage criterion and a damage evolution law is formulated following classical 
damage mechanics theory. Figure 3c gives as an example the simulation of the nonlinear 
behavior of specimen in tensile cyclic loading for dry and wet state. The nonlinear damage 
behaviour of the wet specimen is predicted only based on multiscale modelling.  
      Figure 2 illustrates the formulated multiscale mechanical model schematically. Knowing 
the moisture content and damage state at the micro-level, the tangent stiffness can be 
predicted for a given stress increment at the mesolevel, which feeds the necessary material 
data to the macrolevel for structural analysis.  
       Interpreting these changes in PM distribution allows understanding the nature of 
nonlinear behaviour in relation to damage. It was found that during damage evolution the total 
number of contacts (or NCU’s) responsible for the nonlinear behaviour increase, but that the 
nature of the contacts change: first in the beginning of the damage process the response of the 
contacts becomes less hysteretic, where-after at high damage levels they behave more 
hysteretic. The increase in number of hysterons appearing at low damage levels may be 
attributed to the increasing level of micro-cracking in the weaker interfacial zone between 
aggregates and mortar in concrete (bond cracks). As the damage levels increases, the intensity 
of micro-cracking increases, but the micro-cracks also start to coalescence in more continuous 
mesoscopic cracks. This crack coalescence process may explain the change in nature to a less 
hysteretic response at moderate damage levels. At high damage levels, the micro- and 
mesocracking process leads to the localization into a band of damage, composed of a system 
of bridging macrocracks. The increase in hysteretic response may be attributed to appearance 
of a high density of nonlinear contacts in this damage band. These nonlinear contacts may 
explain the highly nonlinear shape of the hysteretic loops in tensile-compression loading at 
high damage level. 

2.3     Monoscale Transport model 

     On the macroscale, the transport of heat, liquid, gas and ion transport is commonly 
descibed using continuum theory. In the continuum theory, we assume the existence of a 
representative elementary volume (REV) where the total pore size distribution is represented. 
Transport is then modelled by formulating a mass conservation and a transport law for each 
phase [16]: liquid, gaseous and dissolved ions. Liquid transport of a solution is modelled 
using Darcy law. Diffusion of vapour in the gas phase and of salt ions in the liquid phase is 
modelled using Fick’s law. A heat balance equation is added to take into account thermal 
effects. Salt crystallisation is modelled assuming thermodynamic equilibrium at the pore level 
between liquid, vapour and solid (salt crystal) phase [15]. This theory is scaled up to the 
macrolevel, leading to a crystallisation equation which depends on supersaturation, pore 
radius and relative humidity. The liquid and vapour transport equations are generally 
combined to a general moisture transport equation. Transport properties to be known are the 
capillary pressure curve (moisture content versus capillary pressure), the moisture 
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permeability, salt diffusion coefficient, crystal pressure curve (amount of crystallised salt 
versus crystal pressure). These transport properties can be measured using well-documented 
experimental methods and procedures. This macroscopic theory however suffers from 
limitations.  
       First, damage in the form of cracks may dramatically change the mass transport into the 
structure (see figure 1c). Cracks are preferential pathways for the penetration of the liquid 
phase into the material, and can accelerate the degradation process and should therefore be 
adequately taking into account. Application of continuum theories to transport in cracked 
materials (e.g. dual porosity models) show their applicability for large calculation domains, 
but the determination of the permeability of damaged zones is not straightforward. This 
problem is due to the fact that cracks are features which are situated between the macro-scale 
and the level of the REV. Therefore, the postulate of separation of scales, essential to 
continuum theories, is not valid anymore. Furthermore, cracks are essentially 3D features 
showing a complex crack width and connectivity structure.
      Second, due to chemical and physical processes in the pore space, the porosity structure 
and consequently the transport properties may change substantially. As an example, the 
formation of crystals in the pore structure results in a blocking of pores and thus decreasing 
the liquid and vapour permeability.  
      Third, moisture transport properties may be highly place dependent, because of the 
underlying pore structure. As an example, the permeability of late wood may be highly differ 
from the permeability of early wood, because of the different cellular structure (Figure 4). 
Zillig et al.[17] showed using a windowing technique at the cellular that the water vapour 
permeability may change an order of magnitude from early to late wood 

2.4     Multiscale transport model 

      In order to circumvent the limitations of a monoscale model a multiscale approach can be 
used. To account for the broad pore size distribution of most porous materials, resulting in a 
highly nonlinear permeability, Carmeliet et al. [18] proposed an approach based on the 
concept of examining the porous space at different levels of magnification. This model is 
situated at the pore level and therefore considered as microscopic. Starting from the pore 
volume distribution, pore number distributions at different scales of observations are 
generated (Figure 5a) and the according permeability is predicted using a network approach. 
In a second step, the permeability curves obtained on the different scales are scaled using a 
porosity correction and a global permeability curve for the porous material is obtained as the 
boundary curve to the curves at different scales (Figure 5b). When changes in the pore 
volume distribution occur (e.g. due to crystallisation), the multiscale network approach allows 
predicting the new permeability curve [4]. Another application is the determination of the 
permeability of some components at lower scales. For instance, Zillig et al. [19] used the 
multiscale network approach to predict the permeability of the cellular walls of wood feeding 
the modelling of liquid transport at the cellular scale.   
       As stated above, the modelling of transport in cracks and interaction, suffers from the 
violation of the postulate of separation of scales and continuum approaches are less suitable. 
Therefore another approach is proposed, where cracks are modelled as meso-scale 3D discrete 
features (figure 5c [20]). Using a segmentation algorithm, cracks can be modelled as a 
connection of
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(a)

(b)

(c)

Figure 4. Wood at the cellular scale showing early wood (left) and late wood (right). (b) 
Dividing the full domain in 27 subdomains (b) finite element mesh of the different subdomains. 
(c) location dependent water vapour resistance factor as determined by the window method at 

the cellular scale 

. parallel plate segments with certain crack width. Application of Hagen Poisseule’s law in a 
network approach (Figure 5d) then allows to determine the uptake in the crack and 
corresponding upscaled permeability. The uptake in the crack and transport interaction with 
the surrounding matrix can be modelled using a hybrid method [2]: the matrix is modelled as 
a continuum material, while a moving front technique is used to determine the movement of 
the liquid meniscus in the crack (Figure 1c, right).  

160

20
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(a) (b)

(c) (d)

Figure 5 (a) Generation of pore number distributions from the pore volume distribution using 
the magnification technique at different scales (b) determination of the boundary 

permeability curve using network approach at different scales (c) crack in concrete as 
obtained from X-ray tomography (d) network approximation of the concrete crack using a 

segmentation technique. 

2.5       Coupling of the multiscale transport and mechanical model 

    The multiscale transport and mechanical models have to be linked at one or more scales in 
order to exchange the necessary information for an adequate modelling of the coupling. 
Further necessary up- and downscaling has to be defined. Different options are possible. The 
model proposed in this paper is schematised in figure 2. We propose that necessary 
information on crack widths is exchanged on the macrolevel from mechanical to transport 
model. Knowing the cracks width at the macrolevel a downscaling allows to predict the 
transport into the cracked material including exchange between crack and matrix. Physcial 
and chemical processes, such as crystallisation in matrix and crack and the resulting changes 
in pore structure are evaluated on the mesoscale. In order to predict changes in the moisture 
transport properties in the matrix due changes in pore structure, the multiscale network 
approach is used downscaling to the microlevel. Moisture transport properties on meso- an 
macrolevel are obtained by sequential up- and downscaling from macro-, meso and 
microlevel. Once a converged solution is obtained, the internal pressures according to the 
degree of saturation of liquid and crystal phase are determined and exported to the micro-
mechanical level. These internal pressures together with the mechanical loading control the 
opening and closing of NCU’s, predicting a tangent stiffness on the meso-level by upscaling. 
Knowing the present tangent stiffness over all the structure, mechanical analysis at the 
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macrolevel leads to the prediction of the stress-strain field and the eventually development of 
damage. Down-scaling then allows to account again for the change of distribution of NCU’s 
and the new tangent stiffness due to damage development.  We notice that coupling between 
damage and moisture is implicitly taken into account by the damage and moisture dependent 
PM space model. 
     A drawback of a damage dependent continuum model is that at the macroscale, crack 
strains instead of crack widths are predicted. The determination of cracks widths then 
necessitates the introduction of internal length scale. To account for this drawback cracks can 
be modelled as strong discontinuities, embedded in the finite element mesh (Partition of 
Unity). A discrete formulation of a damage-type discrete constitutive model is formulated by 
Moonen et al [21]. The softening behaviour is modelled using a cohesive zone in the crack, where 
a traction separation law governs the behaviour of the discontinuity. A discontinuity is inserted if 
a damage criterion, expressed in the principal stress space, is violated. The crack propagation 
direction is chosen perpendicular to the (critical) principal stress direction. Damage evolution is 
governed by the Kuhn-Tucker conditions, supplemented with the consistency condition.  

Figure 6 Moisture saturation profiles (left) and relative stress profiles (right) plotted for four 
moments in time. The preferential wetting around the fracture is clearly visible. The water 

uptake in the bottom zone and around the fracture results in a reduction of the relative stress 
profiles. Only near the crack tip a high stress region remains. 

    In figure 6, as an example of the discrete approach for cracking and liquid water uptake into 
cracks, we show a three point bending beam subjected to mechanical and moisture loading. After 
650 sec of mechanical loading the bottom of the beam is brought in contact with water at the 
bottom side. The moisture saturation profiles clearly show the non-uniform moisture distribution 
in the beam and the fast water uptake in and around the fracture. The waterfront in the fractures 
reaches the other side of the fracture in less than a second. From then on the fracture acts as an 
extra water source for the surrounding matrix over almost the total height of the beam. The 
relative stress profiles clearly show that the water uptake in the bottom zone of the beam and 
around the fracture strongly influences the effective stresses. The high stress region slowly 
developed in the middle of the beam during the displacement controlled loading, almost totally 
disappears when the region gets wet. Only high stresses at the crack tip remain.
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