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This article presents a comprehensive modeling of temperature, carbonation, water and chloride ions tran-
sport in cover concrete using the transport model “TransChlor”. The TransChlor transport model employs
weather data and chloride ion concentrations present on the concrete surface to predict the temporal and
spatial evolution of the presence of chloride ion concentrations in the cover concrete pores. The main fea-
tures of the TransChlor model are presented and validated.

The TransChlor model has been calibrated using experimental data on liquid water movement in concrete of
different permeabilities under realistic microclimatic conditions. Chloride ion transport is validated by
means of experimental results obtained from a newly developed chloride ion optical fiber based sensor.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The initiation period of chloride induced steel reinforcement cor-
rosion in reinforced concrete is the time it takes for chloride ions to
penetrate from the concrete surface and migrate into the cover con-
crete until sufficient chloride ion concentration is present at the steel
reinforcement to initiate steel corrosion. This initiation period is char-
acterized by chemical conversions and material interactions between
the various transport modes and ionic movements.

Microscopic and macroscopic models are often used to model the
movement of chloride ions. Microscopic models describe chloride ion
movements in concrete [29,31,51,54] and Schmidt-Déhl [50]. Macro-
scopic models consider the chemical conversions and the thermal,
hydrous and chloride ion variations by simulating overall chemical
effects on transport. Macroscopic models have been proposed by [7,19,
27,32,44,45,53]. Although microscopic models simulate phase changes
more precisely and consider changes of porosity, they often require
extensive testing to calibrate model parameters.

This paper details the modeling of chloride ion ingress into con-
crete by respectively 1) an analytical investigation and 2) predictions
and experimental results. The first part defines all equations and their
parameters employed in the “TransChlor” model and explains and
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compares with physical observations. In the second part, the model is
validated with own experimental results and results from the litera-
ture. These findings demonstrate that the “TransChlor” model reliably
predicts chloride transport in reinforced concrete structural elements
in contact with de-icing salts.

2. Research significance

To our knowledge, no prediction model of chloride ion ingress in
cover concrete under real reconstituted microclimatic conditions cur-
rently exists [10,11]. TransChlor models chloride ion movement via
capillary suction and pulled by liquid water. The liquid water transport
model is based on experimental results at low temperature (— 20 °C to
10 °C). The TransChlor model validation shows the potential of using a
new fiber optic measuring device that permits to reliably record the
ingress of chloride ions into the cover concrete. Precise modeling of
chloride ion ingress into concrete is significant to predict durability of
reinforced concrete structural elements.

3. Analytical investigation

The objective of the TransChlor model is to predict the initiation
of reinforcing steel corrosion considering the actual reconstituted
climatic and environmental actions applied on reinforced concrete
structural elements. In addition to considering chloride ion
diffusion in water, the model simulates aqueous chloride ion.
Thus, this novel model complements the water vapor diffusion in
the concrete with capillary suction of liquid water originating from
precipitations.

0008-8846/$ - see front matter. Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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Before discussing the analytical investigation, general numerical
arrangements will be presented. The time step chosen in the numerical
simulations is set to 1 h. This time step is sufficient to precisely simulate
temperature profiles, precipitations and water contact with the
concrete surface. This time step also takes well into account alternate
precipitation and drying periods which are a significant source of
chloride ion movement in cover concrete. If the time step is increased to
several hours, the precipitation periods will be accentuated, leading to
an overestimation of ionic transport. This time step can be decreased if
the variation of boundary conditions is important. This reduction
prevents divergence of the numerical solution and consequently
boundary conditions are interpolated linearly over this time interval.

The TransChlor transport model takes into account by a numerical
approach the various transport modes (thermal and vapor transfer,
liquid water transport with and without chloride ions, capillary suction,
chloride ion diffusion in water, carbon dioxide diffusion in concrete).

The TransChlor model departs from structural modeling by seg-
menting the structure into distinct components in terms of functional
role and corrosion vulnerability (i.e., cover concrete permeability, degree
of exposure to corrosive agents, local defects, etc.). The model in
particular distinguishes the structural elements exposed to water vapor
and liquid water.

3.1. General equations

The chloride ion movement in the concrete is characterized by two
transport modes: 1) aqueous chloride ion diffusion, and 2) aqueous
chloride ion convection. The second transport mode is rather fast. It is
even faster, when liquid water adsorption is due to capillarity and the
structural element is under severe exposure conditions.

The transport model considers primarily two chemical reactions:
1) carbonation and 2) adsorption of chloride ions by the cement paste,
the latter being a reversible transformation. The diffusion movements
are the transfer of molecules or ions in the interstitial fluid from high
to low concentrations. Diffusion is modeled with a simplified form of
Fick's diffusion law. The liquid water movement by capillary suction is
induced by the surface tension acting in the capillary pores. The liquid
water movement is thus modeled using the kinetics equations. This
equation is then transformed into chloride ion movement by a partic-
ular algorithm (simulating the convection of chloride ions by water).

The general formulation (1) considers all transport modes: thermal
diffusion, carbonation, hydrous transport and chloride ion transport.
The first term of the formulation (1) is modeled according to Fick's law,
while the second term is a model for capillary suction Eq. (1). The
parameter z is only used for the carbonation reaction Eq. (2).
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t time [s],
T temperature [ °C],
[CO,] carbon dioxide molar concentration [mol/m? air],

H relative humidity in the concrete pores [—],

C total chloride ion concentration with respect to the concrete
volume [kg/m?],

B carbonation extent constant,

A matrix composed of the various diffusion and other coefficients,

E matrix composed of the convection and other coefficients,

z a carbonation parameter,

Eini initial porosity prior to hydration and carbonation [—],

fw ratio of pore and film water volume to the pore volume [—],

TcH carbon dioxide reaction rate with portlandite [mol/s m>
concrete],

TcsH mean tricalcium and dicalcium silicate forming calcium
silicate hydrates [mol/s.m> concrete],

Ic3s tricalcium silicate reaction rate [mol/s m> concrete],

Tcas dicalcium silicate reaction rate [mol/s m> concrete].

The matrix A contains the Fick's diffusion law coefficients for ther-
mal, carbon dioxide, vapor and chloride ion diffusion and the inter-
action between vapor and chloride ion diffusion Eq. (3).

Ar(T.f) 0 0 0
cr(w)
Dg (e, Hext)
A= 0 e A=/ 0 0 3)
0 0 Dy, (T,H) 0
0 0 R ¢ (B) - Dp(T)  Dg
At concrete thermal conductivity [W/(m K)],
f water content with respect to the water density [—],
cr unit concrete heat-storage capacity [k]/(m> K)],
w concrete water content per cubic meter of concrete [kg/m?],
Dg carbon dioxide diffusion coefficient in concrete [mmz/s],
€ pore volume with respect to the total concrete volume [—],
Hext average atmospheric relative humidity between the con-
crete fabrication and current simulation time [—],
Dy water vapor diffusion coefficient [mm?/s],
R¢ delay coefficient,
Cr free chloride ion concentration in the concrete interstices
with respect to the solution volume [kg/m?],
D¢y free chloride ion diffusion coefficient [mm?/s].

The matrix E represents the material movement equations, the
liquid water movement and the suction of chloride ions by liquid
water Eq. (4).
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The resolution of the differential equations models space with a
finite element method and time with a finite difference method. The
simulations developed with the TransChlor model are one dimen-
sional as in [44].

3.2. Thermal diffusion process

The rapid thermal transfer velocity facilitates the dissociation of
thermal transfer from all other transport modes. Furthermore, the
thermal inertia and the amount of water are considered. The heat-
storage capacity of each concrete component, i.e., aggregates, cement
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and water, is considered. The water consumption during cement
hydration Eq. (5) is also taken into account following [18]. This leads
to the following formulation:

ccw)=G-¢cg+C-cc +w;-¢,, —02-CP-«-¢, (5)
G mass quantity of aggregates in the concrete volume [kg/m?],
Cs heat-storage capacity of aggregates [k]/(kg K)],

C mass quantity of cement in the concrete volume [kg/m?],
Cc heat-storage capacity of Portland cement [k]/(kg K)],

i position index in the concrete,

Cw heat-storage capacity of water [k]/(kg K)],

o degree of concrete hydration [—].

The heat-storage capacity of water is very important compared to
the aggregates and the cement (Table 1). The water amount varies
very quickly in the cover concrete which justifies a more precise
modeling of the water transport in the cover concrete.

Thermal conductivity takes into account an internal thermal inertia
due to the water temperature. Thus thermal conductivity depends on
the concrete water content and temperature. The model is valid for
temperatures higher than zero and up to 80 °C Egs. (6) and (7). Both
equations are developed by continuous polynomial interpolation. A
Lagrange interpolation using the results from [18] yield the numbers
presented below.

a (6)
ay
as
1.899 3368-107° —1775-107% 3.195.10°° —1.866-10"°
1502-107% —1.085-10"% —4893.10° 3.132.1077 —2.668-10°
=|-1995.10"% 717-107% —2662-10"*% 3.634.-10°° —1745.10"%
9336-10% —8338.10°% 3.1.10°° —4.183.10°7 1.978.10°
—3617-107° 226-10"° —8.087-10"7 1.046-10"% —4725.10""
7
T
X le
T
T
5 i
A(Tof) = D aq(T) - f] (7)
j=1
a; intermediate parameter for calculating thermal conductivity,
i position index in the concrete,
j parameters index.

The TransChlor model reference temperature is maintained at 0 °C.
When the temperature is below 0 °C, the water content does not
influence the cover concrete thermal transfer velocity [8]. Thus the
isothermal curve at 0 °C corresponds to the minimal concrete values.

3.3. Carbonation
The carbonation model proposed in Eq. (1) considers that the

carbonation depth is linear with the root of time. There are more

Table 1
Heat-storage capacity of concrete components [23].

Component Heat-storage capacity [k]/(kg K)]
s aggregates

siliceous 0.73

limestone 0.84

lime + limestone 0.89
Gy 4.2

Cep 0.84

complex models in literature (such as [14,19,47]), but none of these
models have been validated experimentally. In addition, the Trans-
Chlor model shows little correlation between carbonation and the
chloride movement in concrete. This simplified model is justified by
the fact that carbonation influences the cement capacity to capture
the chloride ions. The carbonation velocity varies with the ambient
moisture conditions and exposure (urban, countryside or industrial
environment, Table 2). The carbonation is considered in evaluating
free and bound chloride ion concentration in the concrete. The tem-
perature is also taken into account, but indirectly in the liquid water
and vapor transport models.

The py profile in the cover concrete Eq. (8), used in the TransChlor
model, takes into account the concrete zones not carbonated with a py
value of 12.6 [40], concrete zones completely carbonated with a py
value of 8.7 [40] and a linear transition zone for the partially carbon-
ated zone. This transition zone ends where the concrete is regarded
as carbonated defined by [16] (i.e. py value reaches 10.8). This inter-
face corresponds to the carbonation depth obtained by the TransChlor
model [36].

_ 6.5 1—-65/126
py =126 126 + 14 (1—(x—xc +2.88)/4>4 (8)
- 1-d
PH transition zone py,
bY depth of the cover concrete [mm],
Xc carbonation depth in the cover concrete [mm],
dc model parameter equal 0.5 [—].

The mathematical model suggested by [6,14,41] following [36]
considers:

« carbon dioxide diffusion in porous concrete,

dissolution of carbon dioxide in the interstitial liquid phase,

dissolution of portlandite,

diffusion of aqueous carbon dioxide,

reaction of concrete with dissolved carbon dioxide,

« carbon dioxide reaction on hydrated silicates and the unhydrated

compounds including tricalcium and dicalcium silicates,

reduction of pore volume due to carbonation,

» and water condensation on the pore walls produced during the
carbonation.

The general carbon dioxide transport equation account for the
filling rate of pores with water, the carbon dioxide dissolution in
water, the portlandite formation by tricalcium and dicalcium silicate
consumption [37].

Solving for the carbonation depth leads to Eq. (9), starting from the
carbon dioxide transport Eq. (1). More details on the assumptions and
simplifications in the present formulation are given in [8,38].

_ 1 p w/C-03
1675 p, 1+ (c/pw)- (W/C)

pe W . pc G)
Xy (14 202 2. 2. -t
\/( pw C pG C yCOZ

Table 2
Carbon dioxide concentration in different environments [47].

X (1= Hex) 9)

Environment Carbon dioxide concentration [vol.%]

Land 0.015
Town centre 0.036
Industrial area 0.045
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w amount of mixing water with respect to concrete volume
[kg/m’],

Pc cement density [kg/m?],

PG aggregate density [kg/m?],

Pw water density [kg/m°],

Yco, carbon dioxide concentration in the air [—].

3.4. Hydrous transport of water vapor

Both transport modes of water vapor and liquid water capillary
suction are separated in the TransChlor model following [1,20,44,48].
The TransChlor model uses Fick's law for the water vapor transport as
given in [2,3]. This law simulates the diffusion of water vapor. The
diffusion coefficient according to Eq. (10) utilizes temperature as
determined by the Arrhenius' law [46] and the relative humidity
present in the concrete pores [2]:

1~ % } A1) (10)

Dy(T,H) = Dy, - [010 Tt
1+ (1)

with:

Dy, steady state diffusion coefficient at constant temperature
[mm?/s],

aog, He, n Bazant's model coefficients,

Q Arrhenius' model activation energy [mol/]],

R gas constant (8.314510) [J/mol °C],

To basic concrete temperature to determine Q and DTy [ °C],

T concrete temperature [ °C].

The steady state diffusion coefficient at constant temperature
(Table 3) is obtained from tests on equivalent concretes as documen-
ted in the literature [11,15,17]. The same test results are also used in
the transport models developed by [20,25,44].

The adsorption curve is modeled with the BET model which uses
data obtained from hardened cement paste tests [57]. The TransChlor
model transforms the BET model by adapting it for concretes follow-

ing Eq. (11):

Cpgr-k-V,,-H
H) = BET m 11
Wl = T A0+ (G — Dk H o
with:
CeT water vapour adsorption parameter of the BET model,
BET model parameter,
Vin mono-layer storage capacity,
We water content in the cement paste [g/g].

The parameter Cggr considers the total water vapour adsorption,
the water vapour latent adsorption and the temperature, Eq. (12)
[57]:

Ey —E 855
Cggr =€ M =efl (12)
with:
E; total water vapor adsorption [J/mol],
E. latent water vapor adsorption [J/mol].
Table 3

Water vapor diffusion coefficient [44].

Concrete permeability Diffusion coefficient Dr, [10~ ¢ mm?/s]

Weak, W/C=0.42 60
Medium, W/C=0.52 130
High, W/C=0.73 200

The monolayer capacity is the adsorbed mass required to form a
single layer of water vapour molecules on the cover concrete Eq. (13).
The parameter k takes into account the fact that there could be several
layers of molecules. Initially, Eq. (14) determines the number of layers
n in the saturation state [57].

Vin = Vi) - Vic(W / €) - Ve () - Vi (T) (13)
n = N(t) - Nwc(W / C) - Net(c;) - Np(T) (14)
with:

t concrete curing time [days],

Ve (t) concrete curing time parameter,

Ve (W/C) concrete composition parameter,

Ve (Ct) cement type parameter,

Vr (T) temperature effect parameter (The temperature effect
is negligible compared to the Cger parameter and is thus
one),

n number of layers in the saturated state,

N (t) concrete curing time parameter,

Nwc (W/C) concrete composition parameter,

N (Ct) cement type parameter,

Ny (T) temperature effect parameter (The temperature effect
is negligible compared to the Cggr parameter and is thus
one.)

The effect of curing time is formulated by an empirical relation
deduced from experimental results by [57]. When the curing time is
below or equal to 5 days, its value is considered as constant Eqs. (17)
and (18). If the curing time is above 5 days, it takes the form according
to Egs. (15) and (16):

V,(t) = 0068 — 022/t N/(t)=25—15/t ift>5 (15)(16)
V,(t) = 0.068 — 0.22/5 = 0.024 N,(t) =2.5—15/5=55 if t<5
(17)(18)

The effect of concrete composition is taken into account by the
mass ratio of water to cement according to Egs. (19) and (20) [57]:

Viyc(W/C) = 0.85 + 0.45- (W /C) Nyc(W/C)=033+422-(W/C)

(19)(20)

The type of cement is taken into account by constant values
(Table 4) [57].
Finally, the parameter k is determined by Eq. (21) [57]:

1— 0. G — 1
k=070 G =1 (21)
Coer — 1
The water content of the cement paste considers the water and
cement amount present in the concrete composition, and a correction
accounts for the water saturation in the concrete following Eq. (22):

w.(H)-(CP + CP-E/CP)

w= W, 22
WL‘ («1 ) sat ( )
Table 4
Parameter values V¢, and N, according to the cement type [57].
Cement type Standard use Ve Nce
Type I Portland cement General use 09 1.1
Type II Portland composite Hydration heat and moderate 1 1

cement sulphate resistance
Type III blast furnace slag High initial resistance at early 0.85 1.15
cement concrete age

Type IV pozzolanic cement Low hydration heat 0.6 1.5
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with:

Wsat water content in the saturated state with respect to the
concrete volume [kg/m?].

The temperature effect on the adsorption isotherms remains small.
The mass ratio W/C of water to cement represents the principal vari-
ability in this model.

The desorption curve modelling is carried out with Roelfstra's
desorption model [43] as obtained from experimental results from
samples of W/C ratios of 0.4, 0.45, 0.5 and 0.55, and at various tem-
peratures ranging from 20 °C, 45 °C, 57 °C to 70 °C, Egs. (23), (24),
(25) and (26) [43].

R 1-2-h, h—h, E/CP—c,-cx T

x| | =2-h, 2-h 1—h? (c1+cz-ht+c3-hf)»a
1 —1 h,—1 (¢ +2-¢c3-h) -«
1
xd b b if h<h<t (23)
h2
w,(H .
% = <c] +c-h+c- hz) o if 0.35<h<ht (24)
w =[(—400-¢; /49 4+ c3)-h+40-¢; /7 + ¢;]-a-h if h<0.35
(25)
h, =1-0.161 -« (26)
with:

c1, ¢ and c3 material parameters according to Roelfstra's desorption
model,

he limit of relative humidity when the model passes from
a polynomial of second degree to another polynomial
degree.

The material parameters cy, ¢; and c; ensure desorption curve con-
tinuity at the relative humidity limit point Eqs. (23)-(26) [43].

The experimental test data and the results of the present model
show a very good correlation [8]. Eq. (27) is a correction term consid-
ering the water content with concrete saturation:

_ w(H)
w = W'Wsat

(27)

Sudden changes in water content in the concrete can occur be-
tween two time intervals in the TransChlor simulations. Such cases
frequently do appear when temperature variations are large or when
concrete pore desorption or adsorption completely change with the
most significant problems appearing in the cover concrete at the air-
concrete interface. To advert these variations, a softer transition is
modeled when the third nodes near the air-concrete interface exhibit
a change greater than 5 [kg/m?] over one hour time intervals. Eq. (28)
is applied in this case and softens the water content evolution in time.
This maximum change was defined by assessing the maximum pos-
sible variations and by using adsorption and desorption models iden-
tical to the isothermal state:

t — Wi

w,
Wi final = We—1 + (28)

with:

Wehnal  Water content with respect to the concrete volume in the
transition zone between t and t— 1 [kg/m?],

We—1q simulated water content with respect to the concrete
volume at time t— 1 [kg/m?],

W simulated water content with respect to the concrete
volume at time t [kg/m?],

At time interval [s].

3.5. Hydrous transport of liquid water by capillary suction

Although Fick's law represents the effect of the water vapor dif-
fusion rather well, it does not represent capillary suction values from
experiments by [8,25]. Thus a new model is proposed for modeling
water transport by capillary suction with kinetic equations. This pro-
posed model closely simulates the documented capillary suction values.
The capillarity coefficient was obtained directly from experimental
results and is given in [8,9]. These results show that the capillarity
coefficient depends on temperature. The parameters ay, a, and as are
determined with Eq. (29):

a 2788-10°7 —7355.10" % —2781.-107% —1.231.10°
a, p=|-304-10"7 7975-10°° 3368-10°*% 1.779.-10 2
as 8.002-107% —2262-107% —8978-107° —4.608 10>
T3
T2
T (29)

1

with a,, a; and as; = parameters for computing the capillarity coef-
ficient [—].

Additionally, the concrete composition and the concrete pore
relative humidity are considered with Eq. (30):

-5 _ 104 10-5
Degpro = {100 H 1}- {6.248a~10 1.03;3 10 3.003a 10
1 2 3
w/c)? 30
x¢ W/C (30)
1

Deapro  capillarity coefficient at liquid water contact [mmy/s].

When capillary suction is initiated, the capillarity coefficient
decreases as a function of time following Eq. (31). This reduction is
due to the hydraulic pressure loss as the water front penetration
increases.

1— o

cap — Dcapm C O + (31)

with o, and t.= capillarity model coefficients of 0.09 and 0.97 re-
spectively, as obtained from experimental calibration.

In the TransChlor model, the capillarity coefficient in the first
40 mm of cover concrete is a function of the temperature and average
relative moisture. The capillarity coefficient boundary conditions are
assumed as shown in Fig. 1.

3.6. Chloride ions in concrete pores
The general formulation for chloride ion migration in the cover

concrete considers the movement of aqueous chloride ions by dif-
fusion and by water movement. By considering the total chloride ions
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cap1

cap2

40 mm

Fig. 1. Capillarity coefficient as a function of depth in the case of two activated boundary
conditions.

as the sum of the free and bound chloride ions, the Freundlich's iso-
therm is inserted in Eq. (32):

CBN=CG+G=c¢w+d vy (32)

concentration of free chloride ions in the concrete inter-

stices per unit concrete volume [kg/m?],

Cg concentration of chloride ions bound to the cement paste
per unit concrete volume [kg/m?],

w water content per unit concrete volume [m>?/m?],

B Freundlich isotherm exponent (0.379),

v Freundlich isotherm factor relating the total chloride ion

concentration to the free chloride ion concentration.

The total chloride ion concentration is calculated at the end of
each iteration by considering the local carbonation and temperature
[24,42,52,53] leading to Eq. (33):

y = eon (11077 R G—h) . cp.3.57 /1000 (33)
with:

Qoy model parameter, with a value of 0.56 [ °C],

Ey activation energy in the Arrhenius' model [mol/]],

To reference temperature in the Arrhenius’ model [ °C].

The diffusion of chloride ions in water [12] is modeled with Fick's
law (1). The concrete mix characterized by the mass ratio of water and
cement (Fig. 2) can be represented with the diffusion coefficient. In [8]
the relationship between mass ratio of water and cement and the
diffusion coefficient was deduced from a large number of experiments
documented by [4,5,17,21,28-30,33,39,53]. The results of this study

R*=0.7196

60 T T T T
= Studycoming from several tests | ;
TransChlor |
_ 50 | =0 = Tesis [24]
O --a--Tests 32 i
i 7.899"WIC
40 D =0.0943% S
i ] i

diffusion coefficient D
[10°mm?/s)
a

o L i i
0.3 04 0.5 0.6 0.7 0.8
wic ratio

Fig. 2. Literature results for chloride ion diffusion coefficient as a function of W/C ratio
under marine environment exposure.

have been compared with test results (Fig. 2) by [26,34] and it is ob-
served that the diffusion coefficient is a function of the concrete
composition (Fig. 2) and the temperature according to Arrhenius' law
[56] (Eq. (34)):.

D¢ = 0.0943 - ¢/ 399W/C 2T =To) (34)

w/C mass ratio of water and cement [—],

«a model activation energy, with a value of 0.026 [°C™ 1],

To Arrhenius' model reference temperature, with a value of
20 °C [°C].

The chloride ion convection by water is controlled by water vapor
and liquid water movement. The chloride ion convection in capillary
liquid water suction is the fastest process for propagating the chloride
ion front in the cover concrete [35,49]. Water vapor movement and
the chloride ion convection are respectively modeled with Fick's dif-
fusion equation and with the kinetics Eq. (1).

The chloride ion front exhibits a time delay as compared to the
water front propagation. The delay coefficient, R¢;, with a value rang-
ing from 0.3 to 0.7 Egs. (3) and (4) is thus introduced [25]. The specific
value of this delay coefficient is still not accurately documented and, in
the absence of additional results, a constant value for this coefficient is
uniformly applied to chloride ion convection by liquid water and water
vapor.

The equation for chloride ion convection by water is resolved by
considering the water velocity at each node. Furthermore, the chloride
ion concentration at each node undergoes a translation with respect
to the water velocity and the delay coefficient R¢; [44]. Unfortunately,
when the translation is not uniform over all nodes, the conservation
balance is no longer respected. To solve this problem, a different reso-
lution step is proposed with an original algorithm [10].

4. Predictions and experimental results

The TransChlor model has been validated with experimental re-
sults from recent laboratory tests and findings documented in litera-
ture. Temperature, water absorption and chloride convection (in the
specific case chloride pulled in by liquid water) were determined ex-
perimentally by different tests with moisture transport and carbona-
tion results obtained from [36,57] respectively. Validation of the moisture
transport model is presented in [57], and will not be further developed
within this work. Finally, the aqueous chloride ion diffusion data in
concrete pores is the result of extensive literature study of chloride
diffusion coefficients (see Section 3 “Analytical Investigation” and
Fig. 2).

4.1. Thermal diffusion process

The thermal diffusion was measured by documenting the results of
several cubic samples exposed to an initial ambient temperature of
20 °C and then a constant reduced temperature of 10 °C, 0 °C, —10 °C
and — 20 °C. The thermal diffusion was particularly studied by expos-
ing only one face of each cube to the reduced temperature (Fig. 3).

The laboratory measurements documented an identical thermal
transfer rate for all the concrete specimens regardless their perme-
ability or water content. TransChlor simulations do not exhibit the
same tendency for the concrete permeability nor does water content
influence the thermal transfer velocity. While the material variability
can be important, the thermal transfer does not appear to change
across different concretes or water content (Fig. 3). The water content
evolution does not affect significantly thermal transfer during, for ex-
ample, a drying-wetting process. Thus, the concrete thermal transfer
velocity depends primarily on the concrete skeleton characteristics
created by the cement paste and aggregates.
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Fig. 4. TransChlor model simulations of carbonation depth and comparison with
experimental results: effect of A) relative humidity, and B) concrete type (permeability).

The thermal variation in the cover concrete is a function of the
external temperature variation. For the cover concrete, with a depth
ranging from 25 to 30 mm, equilibrium between the internal and
external temperatures was reached after 4 to 5 h. Thus the assumption
employed by many researchers, to use the environmental atmosphere
temperature as the internal temperature is sufficient given the time
discretization used in the analytical model. The comparison between
the laboratory measurements and the TransChlor simulations high-
lighted that the thermal transfer velocity is slightly more important
for the model than for the experimental tests (Fig. 3).

4.2. Carbonation

The carbonation depths have been measured by [36] after 5 days
of accelerated carbonation on concrete samples having a water to

Fig. 3. TransChlor simulations of thermal diffusion in concrete and comparison with
experimental results for relative humidity of: A) 75%, B) 50% and C) 25%.
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cement ratio of 0.65 and a mass ratio of aggregates to cement of 5.
The carbonation rate has been accelerated by increasing the carbon
dioxide content in the air by 50% but the ambient temperature was
maintained at 25 °C [36]. The carbonation rate was simulated on
different relative air humidities and shows the carbonation rate in-
creased for the concrete specimens stored at a relative humidity of
50%. The experimental results confirm this finding (Fig. 4A). These
results highlight the influence of ambient conditions and, in particular
the relative air humidity and the concrete water content have on the
carbonation rate.

The concrete mix influence has been documented by carbonation
tests conducted on concrete specimens with a cement content of 350
[kg/m?] [55]. These carbonation tests were also accelerated by in-
creasing the ambient carbon dioxide concentration to 20%. The tests
documented that the concrete carbonation rate increases as the water
to cement ratio increases. The TransChlor model simulates well the
carbonation rate for low W/C ratio. The variability is more significant
for specimens with a higher W/C ratio (Fig. 4B). An identical deviation
was earlier identified with the air permeability tests conducted with
the Torrent method [8,13].

4.3. Liquid water transport by capillary suction

A comparison with the test results of [25] was conducted by vary-
ing the characteristic parameters o, and t.. The total water adsorbed
and the water content space profiles were measures for a set of speci-
mens of various concrete mixes (Fig. 5A) and a W/Cratio of 0.5 at 6, 72

A 30 T T T T T
laboratory test from [23] !
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Fig. 5. Comparison of capillarity tests by [25] with the TransChlor simulations:
A) evolution and B) profiles of adsorbed water in concrete.

and 240 h (Fig. 5B). The parameters owc and tc corresponding to water
adsorption (Fig. 5A) were 0.09 and 0.95 respectively and for the water
content space profile (Fig. 5B) 0.05 and 0.97 respectively. Prior to the
capillarity tests the samples were cured during at least two weeks
in relative air humidity of 60% and at a temperature of 20 °C. Stable
hydrous level due to drying was quickly reached after two weeks
because of the small sample dimensions (thickness of about 1 cm).

4.4. Chloride ion concentration in the concrete pores

To validate TransChlor regarding chloride ion transport, experi-
mental results for capillarity tests have been carried out on a speci-
men made of concrete with W/C ratio of 0.52 (average permeability).
This specimen was equipped with a newly developed optical fiber
sensor for chloride detection [22]. This sensor is a chemical detector
using optical fibers exploiting the sensitive fluorescence intensity at-
tenuation principle of a chloride ion indicator. By means of the fluo-
rescence spectroscopy analysis that is often used in biochemistry and
medical domain, free chloride ion concentrations in the pore water
of concrete has been determined. This small size sensor that is easy
to position in various depths in the cover concrete is insensitive to
magnetic fields. Moreover, it offers the advantages of non-destructive
measurement methods.

After 31 days of curing, the specimen was immersed in a 3% brine
solution. The sensor position was at 18 mm from the concrete surface
(Fig. 6A). Measurements and TransChlor results present good corre-
spondence after 8 days which confirm correct model response for
long-term values (Fig. 6B). In the shorter term, the increase in free
chloride ion concentration is qualitatively similar between experi-
mental and simulation results.

The model and measurements highlight well the propagation of
the chloride ion front which is characterized by a fast increase of the
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Fig. 6. Capillarity test on a cubic specimen equipped with a chloride ion sensor [22],
A) test set-up, and B) comparison of TransChlor simulation and experimental results.
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chloride ion concentration at 18 mm depth from the concrete surface
already after several days of brine exposure.

5. Conclusions

1. TransChlor is a numerical model based on the finite element and
finite difference methods. This comprehensive model combines
various transport modes, i.e. thermal transfer, hydrous transfer of
vapor water and liquid water by capillary suction, carbon dioxide
diffusion, chloride ion diffusion and chloride ion convection by the
hydrous movement.

2. TransChlor is made for including real climate. Transchlor converges
when sudden changes appear in the boundary condition, for exam-
ple if a rain period succeeds at a dry period.

3. Liquid water movement by capillary suction is modeled by the
kinematic equations. These equations are transformed to obtain
chloride ion movement, simulating in this way chloride ion con-
vection by water using a particular algorithm. This novel approach
is validated by experimental results.

4. TransChlor model simulations and optical fiber sensors show that
the chloride ion front traverses 18 mm of cover concrete within a
few days when a dry concrete sample is in contact with water. This
finding opens the way to the combined analysis by experimental
results obtained by a newly developed chloride ion sensor with
optical fibers and sophisticate numerical model.
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