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Abstract

The numerical simulation of corrosion processes can be a valuable tool for the planning of durable structures exposed to chemical at-
tack and for planning of their maintenance and repair. In this paper, a simulation model—incremental in time and space—of corrosion of
mineral-building materials is described. The model combines the calculation of transport processes with the quantitative simulation of
chemical reactions. The following transport processes are incorporated: capillary suction, diffusion of solved species (including the influ-
ence of the diffusion potential), water vapor diffusion, and diffusion of solved species through the inner surface of cracks. The reactions
are simulated by the repeated calculation of the thermodynamic and kinetic stable phase assemblage. Due to the thermodynamic module,
the simulation does not depend on the specific reaction. Additional modules are incorporated for the actualization of transport parame-
ters and material strength as well as for the expansion in the case of sulphate attack. © 1999 Elsevier Science Ltd. All rights reserved.
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The research on the corrosive deterioration of mineral-
building materials is characterized by a phenomenological
style of investigation. The prediction of the corrosion resis-
tance by the exposition of specimens to aggressive sub-
stances is extremely time-consuming. The potential of ac-
celerating such experimentsis restricted. Each change of the
material properties or of the properties of the corrosive sub-
stance imply the need for new experimental investigations.
The prediction of mineral-building material corrosion as a
function of time and place is only possible in some special
cases (e.g., carbonation). Hence, it is promising to mathe-
matically simulate such processes. The simulation of corro-
sion can be avaluable tool for the planning of the durability
of buildings (e.g., concrete structures subjected to chemical
attack) and of maintenance and repair concepts. In this
paper, we describe a computer model for the simulation of
mineral-building material corrosion. A corrosion process
consists of various partial processes: transport processes,
time dependent chemical reactions, and several corrosive or
noncorrosive effects caused by the changes of the phase as-
semblage: strength loss, loss of mass, expansion, cracking,
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and changes of the transport parameters. We started the re-
search work with the concept of calculating each of the par-
tial processes by a suitable algorithm and linking them to-
gether in acalculation that isincremental in time and space.
The structure of the computer program is shown in Fig. 1.

The smulation modd consists of a preprocessor (prepara
tion of onset data, e.g. the dimensions of the volume e ements),
a postprocessor, and the main batch program. Only the main
program is described here. The model was verified by experi-
ments concerning the corrosion of cement mortar by sulphate
solutions and acid, the corrosion of cement mortar and concrete
in asewage purification plant (ammonium attack), and the cor-
rosion of a sandstone with calcitic binder by acidic solutions
with and without sulphate content. The results of the experi-
ments and of the corresponding calculations will be discussed
in the second part of this paper. A list of onset data, determined
experimentally or drawn from the literature, will be presented
also. For more information on the model and experimental
work, we refer to aprevioudy published work [1].

1. Simulation of the chemical reactions

The chemical reactions are smulated by the iterative cal-
culation of the phase assemblage in each volume element
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Fig. 1. Structure of the simulation algorithm.

and at each time step. This module comprises two algo-
rithms. a calculation of the phase assemblage at thermody-
namic eguilibrium linked with a calculation of the chemical
kinetics of the reactions.

1.1. Thermodynamic stable phase assemblage

This algorithm is the basis for using the model for the
simulation of very different kinds of corrosion processes.
The algorithm identifies and calculates the proceeding reac-
tions without assistance of the operator. It is also possible to
simulate the chemical attack by solutions containing many
different kinds of corrosive and noncorrosive substances.

For the calculation of the thermodynamic stable phase as-
semblage, we use the algorithm of Storey and Van Zeggeren
[2—-4], which wasimproved in some respects. It isan optimiza-
tion agorithm (minimization of the Gibbs energy of the sys-
tem) that approaches the thermodynamic equilibrium itera-
tively. This method is very suitable because of its numerical
stability. Thisisimportant, because the algorithm hasto bere-
peated some ten thousand times during one simulation. Fur-
thermore, there is normally no need for chemical reaction
equations. The only information required are the stoichiomet-
ric coefficients of the concerned chemica species and their

thermodynamic data. Finaly, the caculation can be started
from every phase assemblage that nearly fulfills the condition
of mass balance. Thereisno need for an approximate solution.

Important properties for the cal culation of chemical equi-
librium are the chemical potential and the Gibbs energy of
the species. Their calculation as a function of the tempera-
ture, the hydrostatic pressure, and the composition of the
existing solutions can be drawn from several thermody-
namic textbooks (e.g., [1,5,6]). The required thermody-
namic data were mostly drawn from Babushkin et a. [7]
and Taylor [8]. Some critical comments on these data are
given in previous work [1] and will be discussed in the sec-
ond part of this paper.

The algorithm is able to calculate the phase assemblage
of systems containing solids, liquids, solved, and gaseous
species. The ability to calculate the chemical composition of
the material pore solution is an important requirement for
the calculation of the transport processes of the solved ions.
The activity coefficients of solved ions, solved neutral spe-
cies and the solvent are calculated by the help of the Pitzer-
theory and the Gibbs-Duhem equation [9,10] (for data see:
[9,11,12]). The solid phases can at present only be treated as
ideal solutions. Only ideal gases can be treated. The applied
agorithm is about five times faster than that of Storey and
Van Zeggeren because it is possible to choose a greater
step-size parameter. The algorithm works as follows (for
detailed information see [1]). The notations were chosen ac-
cording to previousworks[2,3].

1. At the beginning of the thermodynamic calculation
theinitia elemental abundance N; of the chemical ele-
ment j is calculated. N; must not be changed by the
thermodynamic module. See Eq. (1).

N
N; = ZorjiEhi (j=12,...M) (1)
i=1
where o;; is the number of atoms of the chemical ele-
ment j in one formula unit of speciesi; n; is the num-
ber of moles of the speciesi; N is the number of spe-
cies in the system; M is the number of chemical
elementsin the system.

2. Thefunction of the steps 2—7 is to shift the set of n; in
the direction of the thermodynamic equilibrium. First
it is necessary to calculate the chemical potentials of
the speciesi.

3. Calculation of the Gibbs energy of the system.

4. The system to solve for the Lagrangian multipliers ©,
isshownin Eq. (2).

M I:IN 0O N
'2 a— T '2
> 0% ay [og; i "0, = % ay O Ty
[ =t b i=1
(k=1,2,... M) 2

where p; isthe chemical potential of speciesi and ' and”
respectively identify parameters of the actual iteration.
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Calculation of the parameters D; is shown in Eq. (3).

I D T M D H
D, = n; O - Z OO (i=12...N)3
0 4 0
Calculation of the Lagrangian multiplier y. The sign
in Eq. (4) is chosen to make the Gibbs energy of the
system tend to a more negative value.
N /2
_ 0 2,2
y-iDZ D /o0 (4
B 0

where ¢ is the step-size parameter of the thermody-
namic iteration.

Cadlculation of the new number of moles n” of the
speciesi usesthe Eq. (5).

8¢ = D/y  n =n &°
(i=12...N) (®)

It is obvious that species with an initial concentra-
tion of zero cannot be considered within the calcula
tion. Therefore, for all possibly growing species
with zero concentration a very low start-value of
concentration must be chosen.

Unfortunately, the algorithm shifts the mass balance.
It is the purpose of steps 8-12 to correct this devia-
tion. At first the actual elemental abundance N'; of
the speciesj is calculated as shown in Eq. (6).

N
N = ZajiEh'i' (j=212...M) (6)
i=1
Calculation of the parameters A; is shown in Eq. (7).
A= Nj=N/ (j=12...M) 7

To solve for the Lagrangian multipliers ¢;, Eq. (8)
isused.

M N "%
> HZ 0y [ O DBPJ' = -4
j:]_ =1

(k=1,2,... M) (8)
Calculation of the parameters E; is shown in Eq. (9).
M
E = Z(pj[b(jith;' (i=1,2,...N) 9
j=1
Calculation of the new number of moles of the spe-
ciesi isshownin Eg. (10).
8¢ = -E  n =n &
(i=12...N) (10)

Check whether theiteration can be stopped. Theiter-
ation is stopped when all parameters D; remain un-

der adefined limit or if the number of iterations ex-
ceeds a limiting vaue. This criterion is more
practicable than a limiting value of -y, indicated by
Storey and Van Zeggeren.

14. If not, repeat the iteration, beginning with step 2.

In some cases, deviations from the electric neutrality of
the pore solution are possible. It is possible to solve this
problem in the following way. First the algorithm is started
as described above. Solved species are not calculated, giv-
ing them a great positive chemical potential. In a second
step, the algorithm is started once more using the original
chemical potentials. In contrast to the algorithm described
above only the concentrations of the neutral species are cal-
culated. The concentrations of the ions are determined by
using the quantity of the reacted neutral species and alist of
the reaction equations of the dissolving reactions. In this
case the iteration is stopped if the sum of the parameters A
does not decrease any further, as calculated by Eq. (11).

N M
ZUi_ZHj
i j

where N are the species on the |l eft side of reaction equation k
and M are the species on the right side of reaction equation k.

Normally the calculation is restricted to a concentration
range of about eight orders of magnitude. If necessary, the
range of calculable concentrations can be extended by the
following procedure. First an active concentration range is
chosen (e.g., five orders of magnitude) and the thermody-
namic stable phase assemblage is calculated. The upper
limit of the active concentration range must be greater than
the highest possible concentration of a species. In the next
step the limits of the active concentration range are de-
creased by one order of magnitude. Concentrations higher
than the upper limit of the active concentration range are cut
off. The active concentration range is step by step shifted
over the total concentration range.

Ay = (12)

1.2. Consideration of chemical kinetics

Whether a chemical reaction takes place is stated by the
thermodynamic calculation. But thermodynamics give no
information about the rate of a chemical reaction. The reac-
tion rate must be calculated by the laws of chemical kinet-
ics. The consideration of chemical kinetics and the module
for the calculation of the transport processes are the basis
for the simulation of nonequilibrium states and processes.
Whenever it is possible to describe the concentration
changes of one species during a reaction by the laws of the
chemical kinetics of heterogenous reactions of the first or-
der, the chemical kinetics of this reaction could be consid-
ered within the simulation program presented here. The dif-
ferent chemical reactions are identified and controlled by
reacti on-specific concentration changes, for example the de-
crease of SO,%~ in the pore solution and the increase of the
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ettringite concentrations in the case of a sulphate attack. The
basic equation for the calculation of the time-dependent
concentration of a species in the case of a heterogenous re-
action of thefirst order is shown in Eq. (12):

—k B0

Ac, = Acy [k (12)

Ac; and Ac, are the difference between the actual concentra-
tion of the species and the equilibrium concentration at the
timetandt = O; kisthe rate constant; Sisthe fraction S/V
where S is the reactive surface of the solid and V is the vol-
ume of the liquid or gaseous phase in contact with S;. For
the description of the chemical kinetics of corrosive reac-
tions within the pore system of the materials it was neces-
sary to extend Eq. (12) to Eq. (13):

Ac, = Ac, E{(Kcnew (KT eap + KCgg [Kea,,) [ KB (B
—K (B, At
+ (KCpay (KT + Kegg [Keag) e - } (13)

This equation takes into account the different reactive
surfaces in the case of a diffusive and a capillary transport.
Sap IS the fraction S/V accessible during a capillary trans-
port of solved species; S;; is the fraction S/V accessible
during a diffusive transport; At is the width of the time step.
Within the simulation program, t and t = 0 mean the situa-
tion at the end and at the onset of atime step, respectively. It
is important to note that the rate constant k used here is not
influenced by transport processes within the solid. The pa-
rameters KT, and KT are the transported quantities (cap-
illary and diffusive) of the species related to the total trans-
ported quantity of these species [see Eq. (14)]:

KTeap = ACeap/ ACigiy KTgit = ACqit/ ACqy (14)

The parameter K¢, isthat part of Ac, that was added since
the last time step. Kc,q is that part of Ac, that was already
existing [see Eq. (15)]. Kcyg equals Ac; of the preceding
time step.

KCaw = ACq nen/ ACy KCqg = ACq g9/ AC (15)

The parameters Kcag,, and Kcag; are those parts of Acgqq
that are located in the pores that can be reached by capillary
and diffusive transport processes, respectively. They are de-
fined by the following equations. For the calculation of
these parameters the data of the preceding time step must be
used [see Eq. (16) and Eq. (17)]:

Kcag, = AC, OKChew KT eap
+ KCyjg (KCag,,) [B K (B I (16)
Keayis = Acy K Crey [KT it - (17)
(At
+ KCold |:Kcadlf) e

These parameters are pairwise normalized to 1.0. Kinetic
calculations within the simulation program are made as fol-

lows. At firgt, the thermodynamic stable phase assemblage
is calculated. The concentration difference Ac, is the differ-
ence between the concentration at the end of the calculation
of the transport processes and the equilibrium concentra-
tion. With Eg. (13) the concentration difference Ac; to the
equilibrium phase assemblage is calculated. The concentra-
tion of the speciesis, under consideration of thermodynam-
ics and kinetics, the sum of the equilibrium concentration
and the concentration difference Ac,. This concentration is
Named Cipermo kineticss FiNAlY, the thermodynamic calculation
isrepeated. If the concentration of a speciesthat isinvolved
in the kinetic calculation intersects Ciermokineticss the concen-
tration isfixed at this value. During the following iterations,
the concentrations of these species in the Egs. (2), (3), (8),
and (9) are set to zero. An exact calculation of the tempera-
ture dependence of the rate constants by the equation of Ar-
rhenius is not included in the simulation. The model uses
the rule of thumb, that the rate of chemical reactionsis dou-
bled if the temperature isincreased by 10°K.

2. Calculation of the transport processes

It is possible to calculate the following transport pro-
cesses within the simulation: capillary suction of a solvent
and solved iong/neutral species, diffusion of any number of
solved species (including the influence of the diffusion po-
tential caused by the different diffusion velocities of the
ions), isothermal water vapor diffusion, and diffusion of
solved species through the inner surface of cracks. We use a
simple explicit finite difference method for the numerical
calculation. The following equations describe the concen-
tration changes Ac due to transport processes through the
surface between two volume elements in mol/m? during the
time increment At. The calculated transported concentra-
tions are added. The magnitude of each time increment is
automatically adapted to obtain maximum speed.

2.1. Water vapour diffusion

Water vaoour diffusion is shown in Eq. (18).

Acepp = A DM— rFop A2

o, (18)

where FDP is the isothermal water vapour diffusion coeffi-
cient [13] in the contact plane of two volume elements. The
moisture dependence has to be determined experimentally
or on the basis of literature data. The temperature depen-
dence of FDP is calculated according to Kiefd [13]. Ax; is
the dimension of the actua volume element. Ax, isthe dis-
tance between the centres of adjacent volume elements.
pyw 18 the dengity of water. My, is the molar mass of water. Ag
is the difference of the relative humidities, ¢ is calcu-
lated from the water content by using the sorption isotherm.

2.2. Capillary suction
Capillary suctionis shown in Eq. (19).
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Cu A(u/u
Ace = AA—): D‘% [FKU D% (19
1 m,L 2

where FKU is the water transport coefficient (capillary,
grad u [13]) in the contact plane between the two volume €l -
ements. The temperature dependence of FKU is calculated
according to Kiefd [13]. uisthe water content. u; isthe free-
water content (saturation water content without pressure).
M, is the molar mass of the solvent.

The moisture dependence of FKU is approximately calcu-
lated by the following equation. FKU; is calculated from the
water absorption coefficient and the free-water content accord-
ing to Kield. FKU;/FKU, is assumed as 10* [13]. See Eqg. (20).
FKU(U) = FKU, [éu/u. On(FKU,/FKU,) (20)
The concentration changes of solved ions/neutral species
due to capillary suction are calculated by Eq. (21):

Acy = Acgyy g/ Ci0 (21)

where ¢, is the concentration of species g in the actua or in
the adjoining volume element (capillary suction out off or
into the actual volume element, respectively). ¢, is the
concentration of water in the actual or in the adjoining vol-
ume element, respectively.

2.3. Diffusion of solved species

The diffusion of solved speciesis shown in Eq. (22):

Ac . = Aoy o 2T 22
Cg,dif_A_Xl L s “Ax, (22)

where Dy is the diffusion coefficient of speciesg; Am isthe
difference of molalities (mol/kg solvent) of species g; and
M, isthe mass of solvent per m®,

The temperature dependence of the diffusion coefficients
is simulated by an Arrhenius equation. The coefficients are
not calculated as a function of moisture. Compared with
capillary suction, the diffusion of solved species is a less
important transport process. It isonly significant in the case
of a liquid-saturated material. Therefore, the user should
employ coefficients measured for specimens saturated with
water. Diffusion coefficients unaffected by chemical reac-
tions should be used, because reactions are simulated by the
thermodynamic module.

2.4. Consideration of the influence of the diffusion potential

The different diffusion velocities of the variousions cause a
diffusion potential. Assuming that the pore solution of mineral-
building materiasis not eectricaly charged, the diffusion po-
tential must lead to an additional concentration change Acy g,
The derivation of Eq. (23) isshown in apreviouswork [1].

Acyg4, = —Z4 Dy [y -4 (23)

where z; is the charge of ion g and mis the molality.
2.5. Change of transport parameters by corrosive effects

Corrosion processes alter the pore structure and the po-
rosity of the material and therefore the various transport pa-
rameters. The changes of the transport parameters are cal cu-
lated as follows. During the simulation of a corrosion
process the free-water content u; is actualized in each vol-
ume element and at each time step by Eq. (24):

V, +e -V,
_ Usp;t w,t sp,t
Ugy = : : gy, (24)

EW,to

wheret istimet; t; is the time at onset of the corrosion pro-
Cess, Vq, is the volume fraction of the solid phases (result of
the thermodynamic/kinetic module); and €, is the total open
porosity (0. .. 1).

The free-water content and the open porosity at the be-
ginning of the corrosion process must be estimated or ex-
perimentally determined. e,g;, the total porosity by mercury
intrusion, and €, are actualized in the same way. €,, the air
content, is assumed to be constant. The simulation uses the
following equations presented by Gaber [14] to calculate
actualized water absorption coefficients w and diffusion co-
efficients D of the solved species g. The free-water content
u; and the water absorption coefficient w are used to calcu-
late the transport coefficient FKU; as described by KieBl
[13] [Egs. (25), (26), (27), and (28); &l € arein vol%):

-0.25 8

w = a, &, D,y = ap [k (25)
with:
w, D

8w = T3 eXEozs ap = % (26)

e Lk, €

1/4 1/4 - 1/4 1/4
€ = ey Heyg—€)” &, UHe,—¢) (27
Dg, maximum — Dg,infreeliquid DEW/].OO (28)

The factors a are assumed to be constant and cal culated
with the estimated or experimentally determined coeffi-
cients of water absorption and diffusion of the uncorroded
material. At present, the simulation model is unable to actu-
alize the transport coefficient FDP as a function of porosity
and pore structure. For the actualization of transport param-
eters we do not use equations that imply information be-
longing to the pore radius distribution because it is not yet
possible to simulate the change of distribution of pore radii
by a corrosion process.

2.6. Diffusion of solved species through the inner surface
of cracks

Some corrosion processes result in therise of cracks. Inthis
case, it is possible to calculate an additional diffusion process
viathe inner surface of cracks, into the porous material.
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3. Actualization of the material strength

The simulation program actualizes the material strength
B for each volume element and each time step. It uses a
modified form of the equation of Balshin [15], Eq. (29):

B=YvB,;1-p) (29)

where v, is the volume fraction of speciesi (result of the
thermodynamic/kinetic calculation); B; is the characteristic
strength (theoretical strength at zero porosity) of speciesi;
and p is the total porosity of binder (0. . . 1, result of the
thermodynamic/kinetic calculation). b is determined at the
beginning of the simulation for the strength of the uncor-
roded material; it is assumed to be a constant.

4. Simulation of additional corrosive effects
4.1. Expansion model

For the determination of expansion in case of sulphate at-
tack, a model was developed. This model presupposes that
expansion and cracking in case of sulphate attack are caused
by the formation of ettringite. The formation of ettringite
consumes AFm and Ca(OH),. The rate of this heterogenous
reaction is proportional to the surface of the pores divided
by their volume. In the simulation model, the quantity of the
newly generated ettringite is distributed in the pores accord-
ingly. The ettringite volume that exceeds the existing pore
volume of the respective pore classis added and interpreted
as actual expansion of the volume element. The detailed
derivation of this model is presented in a previous work [1].
It is not contradictory to the Riecke principle and it is able
to explain why thereis not necessarily a correlation between
the amount of newly generated ettringite and the magnitude
of expansion. The pore radius distribution is a decisive pa-
rameter for expansion.

4.2. Examination of limiting values

During simulation, several material properties are peri-
odically checked. For example: If the materia strength
within a volume element decreases below a limiting value,
the volume element is removed from the structure. If the ex-
pansion within a volume element increases up to a limiting
value, the onset of cracks is assumed. Then the strength of
the element is set to zero and an additional diffusion process
through the cracksis calculated.

5. Discussion

An agorithm for the simulation of the corrosion of min-
eral-building materialsis described. It combines the calcula-
tion of transport processes with the quantitative simulation
of chemical reactions. The experimental verification of the
model is discussed in the second part of this paper. At the

present, from the mathematical point of view, the model is
not capable to deal with the following items:

It is not possible to calculate the sorption isotherms
and the transport coefficients FDP as a function of the
porosity and pore structure. For the actualization of
these transport parameters, it is necessary to simulate
the change of distribution of pore radii by the various
COrrosion Processes.

» The simulation of transport processes caused by pres-
sure gradients (permeation) is not possible.

» The effect of cracks on transport processesis only con-
sidered in the case of the diffusion of solved species.
During a sulphate attack, the formation of cracks and
the crack volume is ssmulated by the algorithm, but the
number of cracks per area must be estimated by the op-
erator.

¢ Only species with known thermodynamic data of high
guality can be considered within the simulation. The
simulation of corrosion processes at elevated pressure
isrestricted to hydrostatic pressure.

» The dispersion of the onset data cannot be considered
within the model. It is deterministic.

« At present, the algorithm is extended, so that the calcu-
lation of two-dimensional transport processes, the sim-
ulation of heat transport-processes, and the calculation
of transport processes caused by thermal gradients be-
come possible.
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