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Numerical modeling of environmentally induced deterioration of concrete 
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ABSTRACT: The paper describes numerical models for durability analyses of concrete structures, taking hy
grally and chemically induced degradation processes into account. Two paiticular models are described. As 
an example for chemically corrosive mechanisms in concrete structures, the material degradation due to cal
cium leaching and mechanical loading is addressed. The chemo-mechanical deterioration is modeled within 
the theory of mixtures based on the total porosity generated by mechanical damage and chemical dissolution 
of the cement matrix. A coupled hygro-mechanical model for concrete is formulated within the framework of 
thermomechanics of partially saturated porous media in the sense of Biot's theory. The definition of modified 
effective stresses, based on relations between stress quantities defined on the meso-level to respective homoge
nized quantities of the macro-level, allows for the description of moisture dependent material properties. This 
concept is verified by means of experimental data. A 2D simulation of a base restrained shrinkage wall subjected 
to uniform drying is presented as a representative numerical example. 

INTRODUCTION 
Due to various interacting mechanisms between me
chanically and environmentally induced damage pro
cesses, coupled analyses are indispensable for reli
able predictions of the life-time of concrete struc
tures. Out of the broad spectrum of environmentally 
induced degradation mechanisms of RC structures, 
two deterioration mechanisms having completely dif
ferent origins and different time scales are addressed 
in this paper: phenomena related to moisture trans
port and chemical dissolution processes such as cal
cium leaching. Two macroscopic numerical models 
are proposed as prototypes for hygrally and chemi
cally induced degradation processes. 

Chemically induced dissolution processes, such as 
calcium dissolution of cement cause an increase of 
porosity which may considerably affect the long
term durability of structures such as waste contain
ments or pipelines exposed to water (Gerard 1996; 
Le Bellego et al. 2000). For this type of long-term 
degradation processes, the chemo-mechanical model 
by (Kuhl et al. 2000) based on the theory of mixtures 
(Bowen 1976) is proposed in Section 2. The evolution 
of mechanically and chemically induced porosities is 
controlled by internal parameters, which allow for the 
consideration of cyclic chemical loading. 

Cracks induced by drying (Alvaredo 1994; Colina 
and Acker 2000) and the dependence of shrinkage, 
strength and stiffness of concrete on the moisture con-
tent (Pihlajavaara 1974) are exJmples for the consid-

erable influence of moisture transport on the mechan
ical behavior of concrete. In turn, cracks, irrespec
tive of its origin, promote the transport of moisture 
and render concrete structures even more vulnerable 
to external aggressive agents. For the modeling of 
these coupling effects, a hygro-mechanical model is 
formulated within the framework of thermomechan
ics of partially saturated porous media in the sense of 
Biot's theory (Biot 1941; Coussy 1995) in Section 3. 
A multisurface elastoplasticity-damage model formu
lated in terms of stresses and the capillary pressure al
lows for the description for shrinkage-induced cracks, 
of anisotropic stiffness degradation as well as of in
elastic deformations. 

2 MODEL FOR DISSOLUTION-RELATED 
DEGRADATION PROCESSES 

As a particular example for chemical dissolution pro
cesses, the diffusion and dissolution of calcium and 
the interaction with damage mechanisms in cementi
tious materials is discussed in this section. Numeri
cal models for this type of chemical degradation have 
been recently proposed by (Gerard 1996), (Gerard 
et al. 1998), (Pijaudier-Cabot et al. 1998), (Saetta 
et al. 1999) and (Le Bellego et al. 2000). In these pa
pers two main interactions between both field prob
lems are addressed: The dissolution of calcium in the 
cement paste leads to a decrease of mechanical mate
rial prope1ties, namely the stiffness and strength. Vice 
versa, mechanical damage results in an increasing 
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permeability for the calcium ions in the fluid phase. 
Inspired by the work of (Ulm et al. 1999), in which 

an elasto-plastic miterial model was coupled with a 
model for the calcium leaching process within the the
ory of porous media, a formulation of coupled chem
ically and mechanically induced damage within the 
framework of the mixture theory by (Bowen 1976) 
was recently proposed by (Kuhl et al. 2000). The new 
aspects of this model are the consistent formulation 
of stiffness degradation and increasing conductivity 
resulting from both deterioration processes, the defi
nition of an internal variable which allows for cyclic 
chemical loading and an equivalent formulation of 
the evolution equations for chemical and mechani
cal induced damage. Details of the numerical solution 
scheme by means of an implicit second order accurate 
time integration scheme and a hierarchical finite ele
ment formulation are proposed by (Kuhl et al. 2001). 

2.1 Total porosity 
The formulation of the total porosity¢, which is given 
by the sum of the initial porosity ¢0 , the porosity due 
to matrix dissolution <Pc and the apparent mechanical 
porosity <Pm 

(1) 

allows for a consistent coupling between chemical 
and mechanical degradation in concrete. The chem
ical porosity <Pc is a function of the skeleton calcium 
concentration s in terms of the initial concentration s0 

and the average molar volume M / p of the skeleton. 
Since mechanical damage is restricted to the matrix 
material, the apparent mechanical porosity <Pm is de
fined by the volume fraction of the skeleton multiplied 
by the damage parameter dm 

M 
-(so-s), <Pm=(l-¢0-<Pc)dm. (2) 
p 

2.2 Constitutive laws 
The chemo-mechanical model is based on the poten
tial energy of calcium ions \I! c and the strain energy 
of the skeleton deformation \[! m defined in the form 

¢ 
\I! c = 2 Dz 'Y · 'Y , 

1-¢ 
Wm= -

2
- e: Cs : e. (3) 

"( is the negative gradient of the concentration field c 
and e is the linearized strain tensor given by the sym
metric part of the displacement gradient 

'Y =-Ve, e = \78 u. (4) 

Dz denotes the conductivity of the pure pore fluid and 
Cs is the isotropic elasticity tensor of the skeleton 
material. The macroscopic stress tensor u and cal
cium mass flux vector qc are determined by differ
entiation of the potential and the free energy function 
with respect to thee and -y, respectively, as 

2.3 Evolution of chemical and mechanical damage 
The evolution of the porosity <Pc is described by means 
of the chemical degradation criterion formulated in 
terms of the calcium concentration and the chemical 
equilibrium threshold K,c 

<Pc= K,c -. C ~ 0. (6) 

According to the Kuhn-Tucker conditions and the 
consistency condition 

<f> c ~ 0 , fcc ~ 0 , <Pc fcc 0 , ~ c fcc 0 (7) 

the matrix dissolution process is connected with a de
creasing chemical equilibrium calcium concentration 
(K,c ~ 0). The dissolution threshold K,c is unchanged 
for <Pc < 0 and equal to the current calcium concen
tration of the pore fluid (K,c = c) otherwise. The poros
ity due to chemical degradation <Pc is calculated by 
(2), where the change of the calcium concentration in 
the skeletons is calculated as function of the internal 
variable K,c instead of the current concentration as pro
posed in the phenomenological equilibrium chemistry 
model by (Gerard 1996). 

The evolution of the damage parameter K,m is based 
on the damage criterion (Simo and Ju 1987) 

(8) 

dm, 17 and K,m define the damage function, the equiv
alent strain function and the damage threshold. The 
Kuhn-Tucker loading/unloading conditions and the 
consistency condition are obtained as 

(9) implies, that K,m is unchanged for <Pm < 0 and 
given as K,m = 17 otherwise. The equivalent strain and 
the evolution of dm as function of the internal vari
able K,m can be calculated in a standard manner, see 
e.g. (Simo and Ju 1987). 

2.4 Initial boundary value problem 
The coupled system of calcium leaching and me
chanical damage in porous cement pastes is charac
terized by the concentration field of calcium ions c 
and the displacement field u as primary variables 
and by a set of internal variables. The primary vari
ables in the domain S1 are controlled by the con
servation of the calcium ion mass contained in the 
pore space and the balance of linear momentum, 

(10) 
divu = 0. 
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divqc desc1ibes the spatial change of the mass flux 
vector, [[¢0 +¢cJcJ accounts for the change of the cal
cium mass due to the temporal change of the poros
ity and the concentration, s is the calcium mass pro
duction by matrix dissolution and divu represents 
the spatial change of the macroscopic stress tensor. 
The system of differential equations (10) is accompa
nied by related boundary and initial conditions on the 
boundary r and in the domain n 

c(t=O) = c~, qc · n 
u ( t = 0) = u~ , u · n 

q~, c = c*, 
t*, u = u*, 

(11) 

where n is the normal vector on the boundary surface, 
q~ is the calcium ion mass flux across the boundary, 
c* is the prescribed concentration, t* is the traction 
vector and u* are prescribed displacements. 

3 MODEL FOR MOISTURE-RELATED DEGRA-
DATION PROCESSES 

In. the hygro-mechanical model, concrete is described 
on a macroscopic level within the framework ofBiot's 
theory. A similar approach has been recently taken by 
(Carmeliet 1998; Carmeliet and Abeele 2000). Con
crete is assumed to consist of the matrix material - a 
mixture of cement paste and the aggregates and the 
pores, which are partially saturated by liquid water 
and an ideal mixture of water vapor and dry air. As a 
further simplification, the gas pressure within the pore 
space is assumed to be constant and uniform. Here, an 
anisotropic elastoplastic-damage material model for 
biaxially loaded concrete (Meschke et al. 1998) is em
ployed. 

3.1 State equations 
Deformations are assumed to be small and consist of 
elastic and inelastic portions, i. e. 

(12) 

with e as the linearized strain tensor and ¢ 
as the total volume of pores. The function of 
free energy \[! defining the poroplastic dam
age behavior of concrete is characterized by the 
dependence on external and internal variables 

\[! = W(e, m1, gP, ¢P, C, aR, av) 
~(e - gP) : C: (e - gP) 

(;f - ¢P) Mbl: (e - gP), 
(13) 

where e and the moisture content m1 are external 
variables. The tensor of plastic strains gP, the non
recoverable portion of the porosity ¢P, the degrading 
4th-order drained stiffness tensor C and the variables 
aR and av characterizing the pre- and postfailure be
havior of concrete in tension (subscript R) and com
pression (subscript D) are internal variables. I de
notes the second-order unit tensor and p1 is the density 
of the liquid. 

From the entropy inequality, the state equations are 
obtained as 

(:)\[! (:)\[! 
u = ( ) , Pl = m1 , qk O e - gP a( _ _ ¢P) 

Pl 

where the index k stands for R and D, respectively, 
u is the stress tensor and p1 is the liquid pressure. qR 
and qv are stress-like variables which determine the 
damage-dependent size of the damage (JR) and load
ing Cfn) surface in the stress space. 

Inserting (13) into (14) and differentiation of the re
sult provides the constitutive equations in differential 
form 

dp1 = M [-b dtree + ( d:l - d¢P) l · (16) 

Expressions for the hygro-mechanical coupling coef
ficients, namely the Biot coefficient b and the isotropic 
Biot modulus M, can be derived from comparing 
stress- and strain- quantities at the meso- and the 
macro-level (Coussy 1995; Cheng 1997; Shao 1998; 
Carmeliet 2000; Meschke and Grasberger 2001). 

3 .2 Material model for plane concrete 
Biaxially loaded plain concrete is modeled within the 
framework of multisurface damage-plasticity theory 
(Meschke et al. 1998). Concrete cracking is repre
sented numerically on the basis of the smeared crack 
concept (Rots and Blaauwendraad 1989). Anisotropic 
degradation of stiffness as well as inelastic deforma
tions as a consequence of the opening of microcracks 
is accounted for. The ductile behavior of plain con
crete subjected to predominantly compressive load
ing is phenomenologically described by means of an 
isotropic hardening plasticity model. In the model, 
both mechanisms are controlled by two threshold 
functions defining a region of admissible stress states 
in the space of ,,pseudo" -effective stresses u' 

E={u'lfk(u',qk) :SO, k=l,2}, (17) 

where the stress tensor u' = u + bPp1I represents 
the macroscopic counterpart to matrix-related mi
crostresses (Meschke and Grasberger 2001) with the 
coefficient bP as the plastic counterpmi of the Biot co
efficient b. An expression for bP is derived in Section 
3.3. 

The index k = 1 in (17) stands for an active crack
ing mechanism associated with the damage function 
fR(u', qR) and k = 2 represents an active harden
ing/softening mechanism in compression associated 
with the loading function fo(u', qn). qi = qR and q2 
= qv are stress-like internal variables associated with 
fR Cf n), respectively. They are defined as the thermo-
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dynamic forces conjugate to aR and aD according to 
(14)3. 

To account for the brittle material behavior of con
crete in tension, the Rankine criterion is used. After 
crack initiation the residual stresses are gradually de
creasing according to a hyperbolic softening law 

The parameter aR,u is adjusted to the specific frac
ture energy G f of concrete in mode-I and to the 
length of the finite elements le according to the frac
ture energy concept for softening materials (Willam 
1984). The ductile behavior of concrete subjected 
to compressive loading is described by a harden
ing/softening Drucker-Prager plasticity model. De
tails of the material model are found in (Meschke 
et al. 1998). The evolution equations of the tensor of 
plastic strains cP and of the elastic compliance moduli 
D = c-1 are obtained from the postulate of stationar
ity of the dissipation functional as (Simo et al. 1993) 

2 

sP = (1-,8) L,'YkaG'1 fk(G'',qk), 
k=l 

(19) 

together with the loading/unloading conditions 

The parameter 0 ::::; ,8 ::::; 1 allows a simple partitioning 
of effects associated with inelastic slip processes, re
sulting in an increase of inelastic strains cP and deteri
oration of the microstructure, resulting in an increase 
of the compliance moduli D. 

3.3 Influence of moisture content on the material 
behavior 

The concept of effective stresses (Fillunger 1936; von 
Terzaghi 1936) is a generally accepted approach in 
soil mechanics for the determination of stresses in 
the skeleton of fully saturated soils. In addition to 
the original proposal of (von Terzaghi 1936), several 
alternative suggestions for the definition of effective 
stresses exist (Lade and de Boer 1997). This con
cept has also been used for coupled hygro-mechanical 
models for cement-based materials (Coussy et al. 
1998; Oshita and Tanabe 1999; Bary et al. 2000). 

However, for the description of the fracture behav
ior of the matrix of partially saturated materials, a 
modification of the effective stress concept seems to 
be necessary. Following the notion of plastic effective 
stresses (Coussy 1995), an expression for a plastic ef
fective stress has been suggested recently by (Burlion 
et al. 2000). In this paper, the effective stress was de
termined up to a material parameter, which was iden-

tified from experimental data. In what follows, the 
plastic effective stress tensor for saturated porous ma
terials is also taken as the starting point for the de
termination of the coefficient bP in (17) from relat
ing stress quantities defined on the meso-level to re
spective homogenized quantities of the macro-level. 
The incremental macroscopic stress dG' expressed in 
terms of the incremental solid matrix stress dG' 8 and 
the incremental liquid pressure dp1 yields 

dG' (1- ¢) dG' 8 

dG'' 
(21) 

where 51 denotes the liquid saturation. (21) allows the 
interpretation of the incremental effective stress dG'' 
as the part of the incremental macroscopic stress dG' 
that is related to the incremental solid matrix stress 
dG' s· From comparing (21) and (15), dG'' and bp can 
be identified as 

-and 
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(23) 

The coefficient b - bP can be interpreted as the part 
of the Biot coefficient b that is related to the nonlin
ear material behavior of the matrix material. In con
trast to the classical effective stress concept the mod
ified effective stress tensor defined in (22) allows for 
the description of shrinkage induced cracks and of the 
dependence of the material strength on the liquid sat
uration by means of material models formulated in 
the space of effective stresses. Hence, the usual engi
neering approach taken for the modeling of shrinkage 
cracks, using hygral strains associated to the moisture 
content, is not used here. Instead, in accordance with 
the underlying physical problem, (restrained) shrink
age is formulated as a purely stress-driven mecha
nism. 

The plausibility of the expression (22) for the ef
fective stress is evaluated by means of re-analyses 
of an extensive series of tests performed by (Pihla
javaara 1974) to study the effect of the equilibrium 
moisture content at different relative humidities of the 
smrounding air on the compressive and the flexural 
strength of vatious cement mo1tar beams (160 mm 
x 40 mm x 40mm). To this end the specimens were 
pre-cured for two years under sealed conditions prior 
to moisture conditioning of the specimens for three 
years in desiccators. 

Since the Drucker-Prager model (Section 3.2) does 
not describe the concrete strength at triaxial states 
of stresses with sufficient accuracy, a more so
phisticated formulation for the triaxial failure sur
face needed to be used for the re-analyses of these 
tests, since the capillary pressure induces a triaxial 
state of stress. Therefore the 5-Parameter failure sur-
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Figure 1: Dependence of the compressive strength of 
mature cement mortar on the equilibrium moisture 
content: Comparison of numerical simulation and ex
periments by (Pihlajavaara 1974) 

face (Willam and Warnke 1974), characterized by 
two parabolic curves in the 0° and 60° meridians 

am ao + a1Pt + a2p;, 
(24) 

O"m bo + b1Pc + b2p;, 

with am Ii/3 and p = V2J;., was employed. Two 
sets of parameters given in (Schickert and Winlder 
1977) and (Kotsovos and Newman 1979) were ap
plied for comparison. In the analyses, the desorption 
isotherm of the cement mortar specimens and the ini
tial porosity ¢0 = 0.24 according to the data con
tained in (Pihlajavaara 1974) together with Kelvin's 
law were used. Two different types of cement mor
tar, characterized by water-cement ratios w/c=0.5 and 
w/c=0.75, respectively, were investigated. 

Figure 1 illustrates a comparison of the experimen
tal determined compressive strength and the associ
ated numerical simulations for different relative hu
midities, using the material parameters of (Schick
ert and Winkler 1977) (data 1) and (Kotsovos and 
Newman 1979) (data 2). A good quantitative correla
tion of numerical and experimental results is observed 
for the compression tests. According to the model, at 
relative humidities larger than 85%, the strength de
creases slightly. In the experiments, at high levels of 
relative humidity, the strength increases beyond 85 % 
up to a level of approximately 95%. At higher humid
ity levels, also in the experimental data, in particular 
for w/c=0.75 (Figure 1), a slight decrease of the com
pressive strength is observed. 

3.4 Initial boundary value problem 

The coupled system of mechanical deformation and 
moisture transport is characterized by the displace
ment field u and the capillary pressure Pc together 
with a set of internal variables. The primary variables 
in the domain n are controlled by the balance of lin
ear momentum and by the conservation of the liquid 
mass in the pore space analogous to Section 2.4 as 
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divq1 + rh1 = 0, 
(25) 

divu = 0. 

In (25), divq1 describes the spatial change of the liq
uid mass flux vector and m1 accounts for the change 
of the liquid saturation. The related boundary and 
initial conditions on the boundary r are defined as 

CT· n = t*, q1 • n qt, u u*, Pc= p;, (26) 

and in the domain n 

(27) 

In (26), qi is the liquid mass flux across the boundary 
and p~ is the prescribed capillary pressure. 

4 NUMERICAL EXAMPLE: BASE-RE-
STRAINED CONCRETE WALL 

Restrained shrinkage is one of the major causes of 
damage in concrete structures. In order to demon
strate the capability of the hygro-mechanical model 
to reproduce shrinkage induced cracks, a numerical 
simulation of a concrete wall subjected to drying, but 

Figure 2: Numerical example: Geometry of the con
crete wall (van Zijl 1999) (Dimensions in [mm]) 
restrained at the base by a non-shrinldng foundation, 
is described in this section. A similar numerical exam
ple has been investigated by (van Zijl et al. 1998; van 
Zijl 1999), who analysed masonry walls subjected to 
restrained shrinkage. 

Figure 2 shows the geometry of the investigated 
concrete wall. The following material parameters 
were assumed: Young's modulus E = 43600 N/mm2, 

Poisson's ratio v 0.2, uniaxial tensile strength !tu = 
4.0 N/mm2

, uniaxial compressive strength !cu = 63.4 
N/mm2

, fracture energy in tension G1 = 0.1195 
N/mm, fracture energy in compression Ge= 5.9750 
N/mm and /3 = 0.20. The following rel~i.ionship be
tween the capillary pressure and the liquid saturation 
was used (Baroghel-Bouny et al. 1999): 

Pc(S1) = 18.62 [s1-
2·27 1 r-i/2

.
27

. (28) 

Furthermore, Kelvin's law gives the relation between 
Pc and the relative humidity h. The initial pore humid-



1.00 

0.83 

0.67 

0.50 

0.33 

0.17 

0.00 
I~ ···."'"'· ' 

a) b) 

Figure 3: Numerical example: Calculated distribution of the scalar damage measure d for different states of 
drying a) h = 0.80 b) h = 0.70 

ity was specified as ho= 0.93 and the initial porosity 
as ¢0 = 0.20. 

So far, the FE-implementation of the model is re
stricted to 2D problems. A 2D analysis of one half of 
the concrete wall, using 8910 four-noded plane stress 
elements, was performed. A uniform humidity was 
assumed within the wall. This simplified assumption 
is justified by the large surface exposed to the sur
rounding air and the small thickness of the wall, re
spectively. In contrast to (van Zijl 1999), no imper
fection was employed to prescribe the location of a 
primary crack. 

After application of an in-plane load taken as eight 
times of the self-weight, the relative humidity was de
creased from ho = 0.93 to h = 0.70. Figure 3 illus
trates the distribution of the scalar damage measure d 
due to the uniform drying of the concrete wall at h = 
0.80 and h = 0.70. A hmizontal crack opens already 
at h = 0.90. At h = 0.80, skew cracks start to open in 
the vicinity of the crack process zone of the horizon
tal crack with an inclination of 45° with respect to the 
base line. As the drying proceeds, these skew cracks 
are further opening, while additional cracks start to 
open along the bottom of the slab, characterized by a 
larger angle approaching an angle of 90° as the cracks 
approach the center of the slab. 

5 SUMMARY AND CONCLUSIONS 
In the paper, two numerical strategies for durability
oriented numerical analyses were described. One 
class of models was developed to describe the cou
pled effects of calcium leaching and of mechanical 
loading on the long term behavior of concrete struc
tures subjected to water. The typical time scale of the 
degrading effect is in the range of several hundred 
years. Full coupling between calcium dissolution and 
mechanical induced damage was accomplished by the 
definition of the total porosity as the sum of the ini-

tial porosity, the porosity caused by the calcium dis
solution and the apparent porosity due to mechanical 
loading. A second class of model was developed to 
account for the effect of moisture on the material be
havior of concrete. The time scale of these processes 
is typically in the range of several hundred days. A 
strength criterion defined in the space of modified ef
fective stresses allows for the prediction of sh1inkage 
induced cracks in the framework of Biot's theory. Fur
thermore, it was shown, that the dependence of the 
compressive strength on the relative humidity could 
be well replicated by the proposed hygro-mechanical 
model. 
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