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ABSTRACT

Corrosion of reinforcement in concrete can initiate when chloride ion con-
centration in contact with steel bars exceeds a threshold value. It is then of
crucial importance to describe CI~ penetration through models based on
fundamental physico-chemical relationships avoiding the use of empirical
parameters. Here, the multicomponent diffusional process was simulated by
means of the percolation concepts. Furthermore, the adsorption of chloride
within hardened cement paste was also considered. General relationships were
derived to calculate binding coefficients and effective diffusivity of ions as a
function of technological concrete parameters. The model explains experi-
mental trends in a wide range of operating conditions (e.g., with and without
superimposed current) both for cement paste and concrete. © 1997 Elsevier
Science Ltd

Introduction

About 20% of reinforced concrete structures are exposed to deicing salt or to marine
environment. Chloride ions, which are present in those environmental conditions, diffuse
within the pores of the concrete cover up to reach reinforcing steel bars. When chloride ion
concentration exceeds a certain threshold value, steel bars can depassivate also in the alkaline
environment provided by concrete, leading to the onset of pitting corrosion (c.f., 1,2).
Accordingly, a substantial interest in understanding the mechanism and the rate of chloride
ion penetration in porous concrete exists (i.e., to design, protect, and prevent degradation of
structures). Despite the economical relevance of the considered problem, the development of
rigorous models for chloride ion penetration within concrete in different experimental
conditions is still lacking in the literature. Most of the reported models refer to the empirical
effective diffusion coefficients or neglect chloride interaction with the solid phase (3-5).
Furthermore, in most of these works the model parameters where not estimated indepen-
dently one from the others (6), leading to an unsuitable extrapolation to conditions different
from those originally considered for the parameter fitting. Recently, some models more
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adherent to the physics of the phenomena (i.e., considering also the chloride adsorption) were
presented (7-9), but still some incongruous approximations remain. For example, all the
models reported in the literature consider only chloride diffusion even if the considered
phenomenon is dependent on the pore solution composition (e.g., in particular by hydroxyls
and cations).

The aim of this work was then to develop a mechanistic model of multicomponent ion
diffusion in cement-based materials, constituted only by fundamental physico-chemical
equations, to be used in different conditions and whose parameters were estimated indepen-
dently one from the others. The model was developed in the framework of wetted concrete
(e.g., considering all the pores filled by water), in which the ion penetration is due only to
diffusion. If the concrete structures are not submerged, other phenomena can contribute to the
material transport into the concrete pores, such as the capillary suction. Their influence is yet
limited to the sections nearest to the surface and is negligible inside the structures. It is then
possible to predict the chloride ion penetration also in these cases knowing their concentra-
tion or their total content close to the surface.

The model was developed on the basis of transient material balances for the ionic species
within the cement matrix considering both the cases with and without superimposed electric
current. The relevant model parameters are the effective diffusion coefficients of the species
present in solution and the interaction parameters of ions with the pore structure. The former
parameter was evaluated by means of percolation concepts under the framework of multi-
component diffusion. The latter parameters were estimated by measuring the adsorption
isotherms of chloride ions in the cement paste. Furthermore the model parameters were
correlated to the technological properties of the material (porosity, aggregates, cement
content, hydration, and curing).

Modeling Aspects

The chloride ion migration in cement-based materials is the result of several phenomena: the
diffusion of many ionic species in the concrete pores solution; the interactions between these
ions and the concrete constituents because chlorides react with aluminates (10,11) and bind
with the CSH gel (12); and finally, the hydration reactions that alter the pore structure during
time (13). All these aspects were considered by the model presented here. The model was
then based on conservation equations written for all the species migrating within the porous
matrix (e.g., C17, OH™, and cations). The material balance considers both the diffusion
(8J/0x) and the adsorption (8I'/ar) processes (14,15):

3C, FY A
g— = ———p,—  k=1,NC—1 (1)
ot 3, ot

where Cy, Jy, and [y, are the local values of the kth species concentration, its molar flux
within the porous matrix, and its adsorbed amount, respectively, whereas p, and € are the
apparent density and porosity of the solid. Given concentration values were adopted as the
initial and first boundary condition together with a completely developed concentration
profile at the end section as the second boundary condition:

Ci (x,1=0)=C’ (x) (2)
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Cix=0,0=C"" (@ (3a)
aC,
——1=.=0 (3b)
ox

It is important to note that the first boundary condition is a function of time to consider the
possibility of transient external conditions for the wetting solution. In a solution containing
NC ions, the independent species are only NC — 1 due to the electroneutrality constraint (15):

NC
> 2nCn =0 (4)
m=1

The molar flux of one species was then evaluated as follows (15):

NC—1 °
= - > D uk““’cdeﬁ (5)

el 0x
where D, ., u,*", F and ¢ are the effective diffusion coefficient of the kth ion due to the
mth concentration gradient, the effective mobility of the kth ion, the Faraday constant, and the
local electric potential value, respectively. Stefan-Maxwell equations were adopted to de-
scribe multicomponent diffusion within the concrete matrix because in an ionic multicom-
ponent system the diffusion of one species is influenced by all the others (16). The use of Eq.
5 is one of the qualifying points of the model presented here, being the only rigorous way to
describe multicomponent diffusion. The effective diffusion coefficients were estimated from
the molecular ones through the percolation theory as described in (17,18), whereas the
molecular diffusion coefficients D, ,, were evaluated using the irreversible thermodynamics
as described in (19). Those important points will be addressed in detail below.

When an electrical current is superimposed, such as in the cases of cathodic protection and
prevention, the chloride penetration can be inhibited by the electrostatic field and the
migration of each ion depends also on its mobility within the field. The mobility coefficients
were related to the diffusion coefficients by the Nernst-Planck theory (1" = D, *"/RT)
(15,16,20,21). Obviously, when an electrical current is superimposed the net charge flux has
to be proportional to the superimposed current density i:

NC l
i = 6
gz B (6)

where z; is the ionic valence. As a consequence of the rigorous evaluation of the diffusion
coefficients matrix, the following equation is always satisfied (19):

Ne [ X . 9C; =
2 2ap ] =0 (7
=1\ j=1 bodx

and then the electrostatic potential gradient can be calculated from Eqs. 5-7 leading to the
following relationship where the electrostatic potential ¢ is related to the ionic concentrations
and to the diffusion coefficients:

F Bcp NC
F->.2D*"C ) 8
RT ax ( ; k k.k k ( )
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Chloride adsorption within the cement matrix (81'/3f) in Eq. | was described by means of a
Langmuir isotherm (6-9) whose parameters were fitted on experimental adsorption data.
Those parameters were estimated using the procedure described in (7) to evaluate the
adsorption effects independently from the diffusion processes. The adsorption of all the ions
present in pore solution, except Cl, was neglected. In order to keep the electroneutrality
constraint, the binding of chloride ions was balanced by the dissolution of hydroxyl ions from
the solid phase (8,22):

ot ot ©)

The hydration reactions affect the concrete capillary porosity because the hydration products
occupy a volume about twice that of the silicates and aluminates. The main consequence is
that the chloride penetration rate decreases until the porosity reaches a threshold value. After
that point, the diffusion rate is about constant because it takes place in the gel pores (23).

The hydration degree (i.e., the fraction of silicates reacted) was evaluated by the relation-
ships reported in (24) describing calcium silicates (e.g., C,S and C;S) conversions into their
hydrated products. An approximation of the hydration degree o can be obtained from an
average of the conversions as reported below:

a=1=05[1+1.671) "+ (1 + 0.297) %] (10)

where T is the time passed since the hydration started. Also, the system porosity depends on
the hydration degree, being its value calculated through the following relationship (13):

Eep(00) = (w/e — 0.360)p, (11)

where p_, and w/c are the cement paste density and the water/cement ratio, respectively. The
concrete porosity, neglecting aggregates porosity, can be calculated by the following rela-
tionship:

€)= €,(3.175:107* + w/c-107)-P, (12)

where €, and P, are the porosity of the cement paste within the concrete and the cement
content (kg of cement/m* of concrete), respectively. The cement paste density was obtained
by a weighted average between cement and water densities:

1 + w/c

= —————-1000 (13)
(0.3175 + w/c)

pcp

Finally, the concrete density was obtained directly from its cement content (P.):
p. = P~(1 + w/c + a/c) (14)

where a/c is the aggregates/cement ratio.

The partial differential equation system (Egs. 1, 5, and 8) was solved numerically using the
finite differences method for the spatial dimension and a 4th order Runge-Kutta method for
the time integration (25). In summary, the important model parameters are the diffusion
coefficients and the adsorption isotherm parameters. Their estimation is addressed in detail
in the following sections.
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Z=6
Z=3

FIG. 1.
Schematic of a bidimensional Bethe lattice (coordination number Z = 3) and tridimensional
one (coordination number Z = 6)

Diffusion Coefficients

Initially, molecular diffusion coefficients were calculated using irreversible thermodynamics
(19) applied to a multicomponent ionic system. Given NC ionic species, the result of the
calculation is a (NC — 1) X (NC — 1) matrix of diffusion coefficients. Considering that the
molecular diffusion coefficients d| ., are not influenced by electrostatic field, the NCth value
{due to the NCth concentration gradient) can be obtained imposing the electroneutrality
constraint in the form of Eq. 7 to the same system with no superimposed current, being Dy
= O forj # NC. As described in (19), the values of the molecular diffusion coefficients were
calculated as a function of solution concentration.

The effective diffusion coefficients were then calculated from the molecular ones in the
framework of the percolation theory (17), where the topology of the solid was described
using a network representation of the pore space, called Bethe lattice. This network is
characterized by a coordination number Z that represents the number of bonds connected to
a given site of the network. The coordination number Z fully describes the transport
properties within the lattice. An example of Bethe network is skectched in Figure 1. Porous
structures are usually represented by Z ranging in the interval 4-12, with Z = 6 and Z = 12
correspondent to the cubic and to the Voronoi lattices, respectively (18).

Accordingly to percolation theory, long-distance transport is possible only if the system
porosity exceeds a threshold value related to the coordination number (g, = 1/z — 1) (26).
In the case where €, > &, diffusion almost exclusively occurs in capillary pores and the
effective diffusion coefficients can be calculated as follows (18):

. 1

Dk,m "= Dkim. m (gpc - EIh) (] 5)
When system porosity decay below the percolation threshold (g, << €,), transport takes place
in gel pores and the effective diffusion coefficients can be calculated as follows (23):

D" = (0.001 + 0.004)D, . (16)

When the diffusion in concrete is examined, a continuous path along the slab due to the
interfacial zone around aggregates can be always found (27). Therefore, in such a case, the
percolation threshold cannot be reached and effective diffusion coefficients are always
calculated by Eg. 15.
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FIG. 2.

Chloride adsorptivity in Portland 1 cement paste as a function of their conceniration in
solution. Experimental data and Langmuir fitting. Isotherms measured at room temperature
for different curing time and w/c ratio.

Chloride Adsorption

As already pointed out, chloride ions strongly interact with the hardened cement constituents.
Here, such complex phenomena were assimilated to an adsorption over the solid matrix,
whose behavior can be described by a Langmuir-type adsorption isotherm (6-9,28):

kT Cey -

Mo =—— 17
O+ kCor- (7

where C (mol/L) and T (mmol/g) are the liquid and solid-phase concentrations of chloride
ions. The isotherm parameters & and I'™ were obtained from adsorption experiments here
performed with a Portland CEM I 42.5 cement. Particularly, cement pastes with different
water/cement ratios (i.e., w/c = 0.3, 0.5, and 0.7) and curing times (28 and 60 days) were
grounded to a fine powder (diameter <0.18 mm). A measured amount of these powders was
then immersed into NaCl solutions with different concentrations (i.e., 0.02, 0.05, 0.1, 0.25,
0.5, and 1 mol/L). Two different cases were considered. The former deals with cement pastes
cured for 28 days, whereas the latter deals with pastes cured for 60 days. Besides the
experimental verification that the system transitory ends within 4 h after the immersion, the
28 days cured pastes were submerged for 12 h while those cured for 60 days were submerged
for another 60 days in order to reach the complete hydration. Liquid-phase concentrations
were measured by titration with a Cl™-ion-sensitive electrode and the CI~ amount in the
solid-phase was determined by the difference between the initial and final solution concen-
trations. The evaporable water content was measured for all the cement pastes used, and,
finally, the CI~ amount in the solid phase was expressed as a function of the dry weight of
cement paste in the measuring unit. All the experiments above were performed at room
temperature.

The aim was to evaluate the effects of hydration and water/cement ratio on the chloride
adsorption independently from the estimation of the diffusion parameters. An example of the
measured adsorption isotherms is illustrated in Figure 2, where the effect of hydration degree
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TABLE 1
Summary of Porosity and Coordination Number Values Used in Simulations
Cement based material £ (30 days) e(a=1) z min D_,/D,, max
submerged cement pastes (w/c = 0.5) 0.4 0.28 3.8-4 0.004 0.06
submerged cement pastes (w/c = 0.7) 0.65 0.5 3-3.2 0.004 0.2
submerged concrete 0.09-0.13 0.09-0.13 9-11 0.004 0.02
concrete in air 0.09-0.13 0.09-0.13 9-11 0.001 0.02

and water/cement ratio is reported. An increase of the chloride adsorption with the considered
parameters can be clearly observed.

General relationships for adsorption parameters were then obtained by fitting the experi-
mental data by regression:

o (rw/e) = 0.145 + — 0.51(w/c + 0. > 28 days
{FW (rw/c) = 0.145 + [a(r) = 05F(w/e +001) .~ 7> 28 days (18)

k(w/c) =19 — 20w/c 03=wk=07

The above parameters, obtained for cement pastes, can be generalized to concretes assuming
that aggregates do not contribute to chlorides adsorption:

1.2
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free [CI-] (mol/l) 0.7¢
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FIG. 3.
Comparison between calculations and experimental data of ref. (8). C1 ", OH ", and cations
concentration vs. depth.
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Comparison between the calculated and the experimental free CI™ and OH™ concentrations
vs. depth and time in condition of ref. (29).
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Results and Discussion

(19)

Many simulations were performed to test the model reliability in predicting chloride pene-
tration in hardened cement pastes and concretes as a function of time. The basic idea was to
simulate as many as possible experimental trends without the use of adjustable parameters on
the particular experimental conditions considered in each simulation. All the simulations
reported below were performed considering a ternary system constituted by Na™, Cl~, and
OH™. The role of different cations than Na* was also tested, showing an almost negligible
difference in behavior with respect to the basic case. Moreover, cations are less mobile than
OH"™ in the systems here examined, OH™ being the ion in charge to keep the solution

a) total [CI-] (% concr)
0.4

wic=0.7 alc=5

Concrete low grade

a 0.4

b) total [Ci-] (% concr)
Concrete low grade

20 weeks O

0.3 Concrete standard grade  + 0.3 40 weeks +

wic =0.45 alc=4 60 weeks a

0.2 0.2 80 weeks X
0.1 0.1
0 0

0 20 40 60 80 100 120 0 20 40 60 BO 100 120
depth (mm) depth (mm)
FIG. 5.

Comparison between the calculated and the experimental total C1~ content vs. depth and time
in condition of ref. (30): a) low grade and standard grade concrete (80 weeks); b) low grade

concrete at four different times.
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FIG. 6.

Comparison between the calculated and the experimental total Cl™ content vs. depth: a)
condition of ref. (7); b) condition of ref. (5), concrete exposed to splash and tide.

electroneutrality due to its larger diffusivity value. For all the simulations, the coordination
number Z of the Bethe lattice was estimated from the porosity value. The former value was
estimated about 4 for cement pastes and about 10 for concretes, whereas the latter was
ranging about 0.5 for cement pastes and about 0.10 for concretes as summarized in Table 1.

One of the most comprehensive sets of experimental data was reported in (8) where free
and total chloride, free OH™, and cations concentrations were measured as a function of
depth for a 28-days cured cement paste (w/c = 0.5) submerged for 100 days in 1M NaCl
solution. The comparison between the calculated values and the experimental ones is
illustrated in Figure 3. A good agreement between simulation and experiments is evidenced
considering that no adjustment of the model parameter was performed.

Another interesting case is that reported in (29) where a 28-days cured cement paste was
initially submerged in a 3% NaCl solution for 161 days and then in pure water for 365 days.
Also in this case, illustrated in Figure 4, satisfactory agreement between the calculated and
the experimental data can be observed.

Considering concretes instead of cement pastes, two different types of concrete were

a) free [CI-] on surface (molfl) b) total [CI-1(% concr)
2.5 0.8tx [anode cathode
Y
20 . i=
0613\ [, 1=0
15 0.4 X 7 months O
14 months +
10 0.2 \s 21 months o
\ o) 28 months X
0.5 0
0 200 400 600 800 0 20 40 60 80 100
time (days) depth (mm)
FIG. 7.

Comparison between calculations and experiments of ref. (31); a) external CI™ concentration
vs. time (estimated value); b) total C1™ content vs. depth and time, case without superim-
posed electric current.
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FIG. 8.

Comparison between calculations and experiments of ref, (31): a), b), ¢) cases with 1, 5, and
10 mA/m?2 current density, respectively; d) total C1™ content at cathode vs. current density.

examined in (30). Also in this case, the simulations illustrated in Figure 5 show a good agreement
with the experimental data. Similar experiments are illustrated in Figure 6a, where the experi-
mental conditions reported in (7) were simulated. Also, transient boundary conditions were
examined simulating the experiments reported in (5), where concrete exposed to both tide and
splashes was studied inside a spray chamber. The transient boundary conditions were here
obtained interpolating the experimental values reported in the quoted reference. The comparison
between experiments and calculation for the considered example is shown in Figure 6b.

The effect of current flowing in the concrete cover was studied with regard to the cathodic
prevention conditions and were examined by simulating the experiments reported in (31),
where the penetration of chloride as a function of time and of depth was measured for
different applied current density values. The concrete was subjected to drying/wetting cycles
with a NaCl solution. The superficial content of chloride ions changed during time due to
evaporation and wetting cycles as illustrated in Figure 7a. As shown in Figure 8, the electric
current inhibits the chloride ion penetration within the concrete with respect to the case
without superimposed current density illustrated in Figure 7b.

Concluding Remarks

The simulations reported above demonstrate that the chloride ion penetration in cement
pastes and concretes can be predicted “a priori” if the proper parameters are correctly
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estimated. In particular, various types of concretes can be studied, because the only properties
needed for the simulations can be easily measured: the adsorption parameters and the system
porosity. The model proposed can be useful for the estimation of the service life of reinforced
concrete structures after the beginning of the design procedure, avoiding costly on site
experimentation.
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