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Abstract This paper addresses the impact of car-
bonation on the chloride diffusivity in concrete
through experimental and theoretical analysis. Chlo-
ride ingress tests were performed on concretes with
OPC and complex binders (SZC) with/without car-
bonation, and the apparent chloride diffusivity was
regressed with an enhanced diffusion model. Then, the
impact of surface carbonation on the chloride ingress
was investigated in terms of such influential factors as
the pore structure, the chloride sorption, and the pore
solution chemistry. Finally the results are applied to a
design case of composite slabs exposed to marine
atmosphere. The study shows that: (1) after carbon-
ation, chloride sorption of OPC concretes is more
affected than SZC concretes with complex binders and
about 50% of sorption capacity is left for SZC
concretes after carbonation; (2) the carbonation pro-
motes the chloride diffusion, increasing the apparent
chloride diffusivity by up to 80%, highlighting the
impact of pore structure change on chloride diffusiv-
ity; (3) the durability requirements should consider the
influence of surface carbonation for concrete exposed
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to marine air-borne salts but sheltered from natural
precipitation.
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1 Introduction

The carbonation of concrete is caused by the CO; in
atmosphere, around 380 ppm in concentration [1], its
diffusion into pores and the subsequent reactions with
the cement hydrates [2]. All structural concretes in
atmosphere are exposed to CO, actions, so the
carbonation is the background for other durability
processes [3]. The combined action of CO, and
chlorides is rather frequent as structural concretes
are exposed to aerosol chlorides or de-icing salts. The
aerosol chlorides, in form of chloride-contained liquid
droplets, originate from sea water or in-land salt lakes,
depositing on concrete surface while carbonation
occurs simultaneously [4]. The action of de-icing salts
refers to the intermittent, or seasonal, application of
chloride-contained salts on concrete structures while
the carbonation develops all along [5]. Recently, some
laboratory studies highlighted the consequence of this
action through accelerated tests using alternating
schemes of carbonation-chloride ingress and found
the chlorides transport further into concrete [6-9].
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This combined action has been investigated exten-
sively in the literature [9-12]. From the state-of-art
knowledge, the carbonation impacts on chloride
ingress through the change of concrete microstructure
[13—15], pore chemistry [16], pore moisture state [17],
and chloride sorption properties [17, 18]. For concrete
microstructure, the precipitation of calcite (CaCOj3) in
pores from carbonation decreases the porosity
[13, 14]. However, the change of related transport
properties presents complex patterns: Page et al. [13]
observed higher oxygen and chloride diffusivity for
carbonated cement pastes; Jaafar [14] obtained
decreased electrical conductivity but increased gas
permeability, which is explained through the change
of pore percolation by carbonation [15, 20]. For the
chloride sorption, the carbonation is believed to
destroy the chloride sorption capacity by consuming
the adsorbent hydrates, calcium silicate hydrates
(CSH) and Friedel’s salt (AFm) [18], releasing bound
chlorides into pores to promote the chloride ingress
[19]. Cement pastes incorporating different binders
were observed to lose completely the chloride sorption
capacity after total carbonation [18]. After carbona-
tion, the pore saturation of concrete surface was
observed to increase from 0.2 to 0.5 [21], and the ion
strength was observed to decreased substantially, in
addition to the drop of pH from 13.0 or higher to
around 9.0 [22].

Despite the available knowledge, the quantification
of the impact of carbonation on chloride diffusivity,
key parameter for engineering use, is far from enough,
and the different mechanisms of carbonation impact
on chloride diffusivity have never been quantified
systematically. Aiming at this lack, the study con-
ceives a set of chloride ingress tests on carbonated and
non-carbonated concrete specimens, and quantifies the
chloride diffusivity in carbonated concretes from both
experimental and theoretical aspects. Accordingly,
this paper is organized as follows: the experiments are
presented in Sect. 2 with analysis on the chloride
ingress data; the main influential factors are investi-
gated theoretically for the impact of carbonation on
chloride diffusivity in Sect. 3; the results are applied
to a design case of composite slab and the durability
requirements are quantified considering the surface
carbonation in Sect. 4; the concluding remarks are
given in the end.

2 Experiments
2.1 Materials and experiments

Concrete specimens were prepared with two water-to-
binder (w/b) ratios, 0.50 and 0.60, and two binders,
OPC and OPC-FA-SG (noted as “SZC”), cf. Table 1.
The OPC cement used is of Type PO42.5 according to
Chinese classification, corresponding to CEM-II/A-M
type [23]. Relatively large water to binder ratios, 0.50
and 0.60, were adopted to obtain measurable carbon-
ation depth within reasonable experimental duration.
The raw materials were mixed and cubic specimens of
100 mm were made. The specimens were cured to
28d/90d for the tests of compressive strength,
gravimetry porosity, accelerated carbonation and
chloride immersion. The concrete proportioning is
given in Table 1.

Twelve cube specimens were prepared for each
concrete and moisture-cured (RH > 95%) at 20 °C,
three specimens were taken out at 28d to measure the
compressive strength, and the other specimens were
moisture-cured to 90d. Six specimens of each concrete
were subject to accelerated carbonation with RH =
65% and CO, concentration of 20% during 90d [24];
the other three specimens were kept at RH = 65%
without carbonation.

After accelerated carbonation, three carbonated
specimens were split and the carbonation depth was
determined by spraying with 2% phenolphthalein
solution. Afterwards, one carbonated and one non-
carbonated specimens were subject to porosity mea-
surement through gravimetry method. Meanwhile, the
remaining two carbonated and two non-carbonated
specimens of each concrete were immersed into
165 g/l NaCl solution for 35d [25], then powder
samples were ground from the specimen surface to
different depths, the chloride content was measured
for the acid-solvable and water-solvable chlorides
following [26]. Also from the powder samples, the
apparent pH values were measured through the
immersion method [27]. Table 2 recapitulates the
treatment procedure of concrete specimens for differ-
ent tests.

2.2 Chloride ingress into carbonated concretes

Table 1 presents the compressive strength, the
gravimetry porosity before/after carbonation, and the
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Table 1 Proportioning and Proportioning/properties OPC OPC-FA-SG (SZC)

properties of concretes
wi/b ratio (-) 0.50 0.60 0.50 0.60
Water (kg/m®) 206 220 206 220
Cement PO 42.5 (kg/m?) 411 366 321 286
Fly ash (kg/m®) - - 33 58
Slag (GGBS) (kg/m®) - - 29 51
Fine aggregates (kg/m®) 739 739 739 739
Coarse aggregates (kg/m’) 1020 1020 1020 1020
28d compressive strength/average (MPa) 46.5 42.8 46.9 40.6
Gravimetry porosity/before carbonation (=)  0.122 0.112 0.129 0.133
Gravimetry porosity/after carbonation (-) 0.109 0.101 0.114 0.123
Carbonation depth (mm) 534+29 141+£33 62431 154+£35

Table 2 Treatment and test methods of concrete specimens for different tests

Test Specimens (OPC, SZC/ Treatment/method
0.50,0.60)
Geometry Number
Compressive Cube 100 mm 3 Moisture cured to 28d (95% RH/20 °C)
strength
Accelerated Cube 100 mm 6 Moisture cured to 90d (95% RH/20 °C), pretreated by epoxy-coating on four
Carbonation lateral sides with two opposite surfaces exposed, accelerated carbonation for

90d (65% RH and 20% CO, concentration)

Chloride immersion Cube 100 mm 2 (C),

2 (NC)
Gravimetry porosity Slice of 5 mm 3 (C),
thickness 3 (NC)
Chloride and Powder 3
hydroxide samples of
contents 10 g

Immersion into 165 g/L NaCl solution for 35d with ambient temperature of 20 °C

Sawed from the cube specimens, vacuum saturated (1-5 kPa) by water during
48 h, mass/volume measured and 60 °C oven-dry to constant weight

Powder ground from the cube surface of 3 mm thickness, subject to measurement
of water soluble chlorides, acid soluble chlorides and hydroxide content

C for carbonated specimens, NC for non-carbonated specimens

carbonation depth. The concretes achieve strength
grade of C30-C35 and the porosity ranges between
11.2% and 13.3%. The carbonated depth was mea-
sured on the split surfaces of three cube specimens at
30 points of each surface, with average and standard
deviation given in Table 1. The carbonation depths
correlate strongly with w/b ratios. After carbonation,
slices were taken within the carbonation depth, and the
measured porosity decreases systematically by about
1%.

After the 35d immersion in NaCl solution, the
ground concrete powder was collected for every 3 mm
thickness from the surface to the depth of 30 mm. For
each grinding depth, the obtained samples were

divided into three portions, about 10 g each portion,
and subject to acid-soluble chlorides (solid liquid ratio
1:10), water-soluble chlorides (solid liquid ratio 1:20)
and apparent pH value measurements (solid liquid
ratio 1:20). Note that such choice of solid to liquid
ratio agrees with the international standards [28, 29]
and practice [27]. For each material, two cubes were
ground whilst the pH value was just measured on one
cube. Conventionally, the acid-soluble chlorides are
regarded as total chlorides in concrete and the water-
soluble values as the free chlorides in pore solution.
The difference between the acid/water soluble chlo-
rides and total/free chlorides will be elaborated later
while the two sets of chloride values are regarded as
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such in the following. Figure 1 illustrates the total
chlorides, giving also the total chloride inflow during
35d immersion, Fig. 2 presents the free chlorides and
the OH content, and the carbonation depth is also
noted on both figures.

From Fig. 1, the impact of carbonation on the
chloride ingress follows rather complex patterns: the
total chlorides in carbonated zones seem to be higher
than the non-carbonated case for the first measurement
within 3 mm depth, then the two values are compa-
rable in the remaining carbonation zone; beyond the
carbonation zone, the profile is higher, expect for
SZC-50 cases, for carbonated cases. However, the
total chloride inflow quantity during 35d immersion is
a more direct indicator: again except SZC-50, the
chloride inflow is clearly higher in carbonated spec-
imens than NC specimens. In other terms, except SZC-
50, the carbonation, though to different depths,
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increases the chloride ingress globally. The underlying
reason of SZC-50 will be discussed later.

From Fig. 2, the free chloride concentration is
generally higher in carbonated zones than NC cases,
due to the low chloride sorption capacity in the
carbonation zone. For OPC-60 and SZC-60 speci-
mens, the free chloride profiles are clearly higher than
the NC specimens. On the same figure are noted the
measured OH content. Due to the particular measure-
ment procedure of OH, i.e. immersing the powder
samples of 10 g into 200 ml de-ionized water to
equilibrium and measuring the OH concentration from
20 ml extracted solution, the OH content, in mass to
mass ratio, cannot be taken directly as the true value in
pore solution because by such solid to liquid ratio
more CH is to be dissolved into aqueous state
compared to the intact pore solution [30]. Thus, the
OH values bear only comparative sense. First obser-
vation is that the OH content decreases from the
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Fig. 1 Total chloride content of concrete specimens from acid-soluble measurement
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Fig. 2 Water-soluble chlorides and OH content of concrete specimens

internal part to the surface for both NC/C cases. This is
due to the OH transport towards the NaCl solution
during the 35d immersion. Second, the OH content is
at a very low level, if not zero, in carbonation zone,
and gradually rises to normal level after the carbon-
ation depth. The SZC-50 specimens show no system-
atic difference between NC/C cases in terms of OH
content.

2.3 Chloride sorption analysis

From the total and free chlorides, one important
quantity can be determined: the chloride sorptivity.
Actually, the total chlorides, the free chlorides can be
related through the mass density and the chloride
sorptivity,

(1)

M,
Ca=—2 (s1¢ccar + sar)
Pc

Here the total chlorides content Cc takes the unit of
mass ratio with respect to concrete (—), the term cc
refers to the chloride concentration in pore solution
(mol/m3), ¢c is the concrete porosity (—), s; is the
liquid (water) volumetric saturation in pores (—), sy is
the chloride sorptivity of concrete (mol/m> concrete),
M is the molar mass of chloride (0.0355 kg/mol) and
pc is the concrete mass density (kg/m>). In this study
the concrete specimens are totally saturated, thus
s; = 1.0. The chloride sorptivity sc; has been exten-
sively studied in the literature, and its value has been
found dependent on the aqueous chloride concentra-
tion in pore solution [31]. The most used sorption law
is a linearized one,

(2)

with of; as the linearized sorption coefficient and s2,
the initial sorption coefficient. The first term at the
right side of Eq. (2) describes a linear physical
sorption of chlorides by concrete matrix, and the

L 0
Sci1 = ogical + 8¢
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second term refers to the chemical sorption of
chloride, e.g. by formation of Friedel’s salts [32].

In the literature, the relation between the water
soluble and free chlorides has been studied systemat-
ically, and such preparation details during the liquid
extraction as the stirring time, temperature treatment
and the solid to solution ratio are found to play an
important role [33-35]. Due to lack of calibrated
relationship for the concretes in this study, the water
soluble chlorides are directly taken as the free
chlorides in pore solution in this study. Certainly such
treatment will introduce errors, and this inherent
uncertainty is taken into account in the following
analysis. Moreover, it can be seen from Fig. 2 that the
non-carbonated specimens of OPC/SZC-60 show
important leaching effect from the OH™ ion profile.
Since the pH value has influence on the chloride
sorption [36], the points with very low OH content,
e.g. the 1.5 mm/4.5 mm points, are left out in the
sorption analysis. Using these assumptions, the lin-
earized sorption law, in Egs. (1) and (2), is regressed
between the total and water soluble chlorides for NC/C
concretes in Fig. 3, with the regressed parameters and
sorption coefficients given in Table 3.

For the non-carbonated specimens, the total and
free chlorides observe quite well the linear relation-
ship except for the small value range for free chlorides
(< 0.05%). This range can involve the dissolution of
the Friedel’s salts, different from the physical sorption
of chlorides by solid matrix [37]. As for the linearized
sorption coefficient oclc‘l, no systematic difference is
observed for OPC/SZC concretes, and the initial
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sorption capacity s2, is consistent with the literature
values [5]. For the carbonated specimens, the intercept
of linear regression is set to zero in Fig. 3, on the basis
of assumption that the Friedel’s salts cannot form in
the carbonation zone under low pH values. Comparing
the sorption coefficient o before and after carbona-
tion, the OPC specimens lose 60% (OPC-50) to 75%
(OPC-50) of sorption capacity by carbonation while
the SZC-50/60 specimens lose about 50% of sorption
capacity. Thus, a qualitative judgement is that con-
siderable amount of chloride adsorbent, CSH, still
remains in the specimens after accelerated
carbonation.

3 Impact of carbonation on chloride ingress
3.1 Interpretation of chloride diffusivities

To address the impact of the carbonated depth on the
chloride ingress, this paper uses the analytical solution
to a diffusion problem in a composite semi-infinite
domain: a semi-infinite domain plus a surface layer of
thickness L¢ subject to a constant concentration cg on
the surface (x = 0), cf. Figure 4. The chloride con-
centration c(x,f) refers to the concentration in pore
solution, taking the unit mol/m> or mol/L.

The above diffusion problem has a surface layer
with a constant diffusivity D;, different from the
diffusivity D, in the semi-infinite domain, and the
mass conservation of chlorides writes,
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Fig. 3 Linearized analysis of chloride sorption for non-carbonated and carbonated concretes: OPC (left) and SZC (right)
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Table 3 Regression of the chloride sorption parameters for OPC/SZC concretes

Case  Material Content regression

Linearized sorption law

Slope (-) Intercept (% concrete) Regression coefficient R?

Coefficient of (=) Coefficient s, (mol/m®)

NC OPC-50 1.235 0.032% 0.903 0.028 21.6
OPC-60 1.159 0.039% 0.930 0.018 26.3
SZC-50 1.225 0.022% 0.958 0.029 14.9
SZC-60 1.185 0.024% 0.970 0.024 16.2
Carb. OPC-50/60 1.067 0.0 0.955 0.007 —
SZC-50/60 1.105 0.0 0.891 0.012 —
L o0
CCl Carban(tition Semi-infinite domain E(X 2 ) = ki_—kl Z o"erfc [%] forx > LC
layer Non carbonated concrete n=0 it
Cq with
. diffusion s
Cr &(x,1) = M7 k= &7 a:ﬂ (7)
cs — Co D, 1+k
0 Dy, x Here the term ¢y refers to the initial chloride
concentration in the pore solution. Using Egs. (5-6),
Fig. 4 Illustration of composite semi-infinite diffusion the values of chloride diffusivity can be regressed
problem directly from the profiles of free (water soluble)
chlorides in Fig. 2. Note thatas D; = D, and k = 1, the
@ _ oca 0<x<L carbonation is actually cancelled and the chloride
o ! ax22 = (3) profile is reduced to the classical solution of Fick’s
@ _ m second law with constant cg at the surface,
o Drge Yl

with the initial and boundary conditions as

CCl(l‘ = 0) = Co, Cc](x =0, > O) =cCs > Cp

6cc1

aCCl
Cc1|x:LE= CC1|x:Léa D, e =

=D,——
_ Ox
LC

_ g+
x= x=L¢

(4)
As the diffusivity D, , and the carbonation depth Lc

are constant, the solution is due to Crank [38] and the
normalized chloride profile takes the following form,

c(x,1) = ; o {erfc {7(2" ;\/ID)_ILIJF X} — oerfc {7(2” 2+\/]I_i_|L17 x] } for0<x<Lc
(5)

X
G, 1) = erfe | — 8
( 2/Dyyt )

The regression of chloride diffusivity values, in
non-carbonated and carbonated concretes, is per-
formed through two steps: first, the profiles of NC
specimens are used to regress the apparent chloride
diffusivity D, using Eq. (8); second, for each carbon-
ated concrete the diffusivity for carbonated concrete
D, is regressed using the obtained diffusivity for NC
case as D,, and the measured carbonation depth as L¢
in Egs. (3—4). This two-step regression is illustrated in
Fig. 5. The obtained values of chloride diffusivity are
given in Table 4. Considering the intrinsic dispersion
of chloride concentration determined by the grinding
method, the fit is regarded as satisfactory.

Note that the chloride diffusivity in Eq. (3) and
regressed in Table 4 refers to the apparent chloride
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Fig. 5 Regression of apparent chloride diffusivity: non-carbonated specimens (left) and carbonated specimens (right)

Table 4 Regressed chloride diffusivity values for carbonated and non-carbonated concretes

Material Case Porosity ¢ (-) Sorptivity o (-) Apparent diffusivity Effective diffusivity
DEP (10~ m’/s) DI (107 "*m?s)
OPC-50 NC 0.122 0.028 9.4 1.4
C 0.109 0.007 14.9 1.7
OPC-60 NC 0.112 0.018 19.3 2.5
C 0.101 0.007 354 3.8
SZC-50 NC 0.129 0.029 9.3 1.5
C 0.114 0.012 9.9 1.3
SZC-60 NC 0.133 0.024 34.4 5.4
C 0.123 0.012 52.8 7.1

a]

diffusivity D&P, including both the chloride diffusivity
in the aqueous pore solution, namely the effective
chloride diffusivity DE, and the chloride sorption s¢;
by the solid matrix of concrete [5],

eff

DZ(‘:I;P _ D Cl
- L
o5 + ey

©)

where ¢, s; stand for the porosity and pore saturation,
and of, for the linearized chloride soprtivity, cf.
Section 2.3. From the regressed DEP values, the
chloride diffusivity in the carbonated zone is larger
than the NC value. Since the chloride ingress test was
performed in immersion condition, the pore saturation
s1 = 1.0. Using this value, the porosity in Table 1 and
a&, in Table 3, the effective chloride diffusivity is also
calculated in Table 4.

3.2 Theoretical model for impact of carbonation

The different values, DZF or DT, of a same concrete
before and after carbonation reflect the impact of
carbonation on chloride diffusivity. The carbonation is
believed to change the chloride diffusivity through the
following mechanisms: (1) the precipitation of calcite,
CaCO;, from the carbonation reactions, between
dissolved CO,, and Portlandite (CH) and calcium
silicate hydrates (CSH), can fill up the pore space,
decrease the porosity and change the pore structure;
(2) the change of pore chemistry is to change the ionic
environment for chloride transport thus the aqueous
diffusivity; (3) the consumption of CSH/AFm by
carbonation releases the adsorbed chlorides back to
the pore solution, thus changes the apparent chloride
diffusivity. In this study, both the effective and
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apparent chloride diffusivities were regressed for
immersion state, i.e. s; = 1.0, so the change of pore
saturation from the free water release by carbonation is
neglected. Conceptually, Eq. (9) can be rewritten to
take into account of these three factors explicitly,

_ D& (¢, @)

D¥P — with s; = 1.0 10
Cle d)c + O((le,c l ( )

Here the terms with subscript “c” refer to the
quantities after carbonation and @ signifies the ionic
environment after carbonation. We intend to quantify
the impact of these three factors in the following. The
impact of pore structure change can be expressed
through the following form [39],

1 — ZeaVea

DeCtif(chv (D) Vpastefp,c (d)c)D%?re (43) ( 1 l)

1 — JfaVta
in which /., s, are the coefficients for coarse and fine
aggregates, V., are the volumetric ratios of coarse
and fine aggregates, f,. is the pore percolation
function after carbonation, ¢, is the concrete porosity
after carbonation, and D&}™ the chloride diffusivity in
pore solution.

Then, let us focus on the change of the ionic
environment ® and its impact on the chloride diffu-
sivity. After carbonation, the OH™ ions are greatly
reduced by precipitation reactions and the alkaline
ions, K™ and Na™, are also greatly decreased due to the
ion sorption mechanisms by CSH with lowered Ca/Si
ratio [40]. The chloride diffusion in multi-species
ionic aqueous environment writes (Nernst-Planck
equation),

F
Jo = Dgl (VCCl +caVinyq + ﬁZClCCIV‘//>
(12)

where D, refers to the chloride diffusivity in dilute
solution, yc stands for the activity of chloride ions in
multi-species environments, 1/ signifies the local
electrical potential existing in the multi-species pore
solution, and F,R,T for the Faraday’s constant (96
485.33 C/mol), ideal gas constant (8.314 J/K/mol) and
absolute temperature (K) respectively. While this
equation applies to a mass point of aqueous solution
containing chlorides, here we apply this expression, at
the macroscopic level, across the whole carbonation
depth Lc in Fig. 4: different ionic environments are
given for concrete surface (x = 0) and the carbonation

front (x = Lc). To put into evidence the respective
contribution of ion activity and local electrical poten-
tial, Eq. (12) is re-arranged as,

Jar = D Veafa (@) with fo
Alnyo F Ay

RTZC1 Aln CqCl

Aln CCl (13)

The literature data are used to represent the ion
species and their concentrations for intact pore solu-
tion [41] with pH = 13.4. For the carbonated pore
solution, the value pH = 9.0 is adopted, and the main
ion species are evaluated from the dissolution con-
stants for CO, (K = 0.94), HCO;™ (logK, = — 7.66)
and CO5>~ (logK, = — 3.66). The ion concentrations
are given in Table 5, together with the diffusivity
values from literature [42].

From the water soluble chlorides profiles in Fig. 2,
the ion environment is set as carbonated pore solution
with 3 M NaCl solution at the surface and NC pore
solution with 1 M NaCl at the carbonation front. For
comparison, the case of NC pore solution with 3 M
NaCl at concrete surface and NC pore solution with
1 M NaCl at carbonation front is also analyzed, cf.
Table 6. To quantify the contribution of activity of
chloride ions, the experimental results of y¢ for 1 M
and 3 M NaCl solutions in [43] are adopted directly,
considering that the ions Nat, CI~ dominate over
other species in all cases. For the local electrical
potential, the Henderson equation is employed for
multi-species analysis [44],

_RT Sy zDileia = cia) In S g Dicin
F Yyl 2Di(cin—cin) S0, 22Dicia
(14)

AY =

Table 6 compares the respective contribution of the
ion activity and the electrical potential to function f¢,
in Eq. (13). The lower concentration of Cl~ on the
carbonation front, 1 M versus 3 M, makes a negative
contribution to the diffusivity due to the larger ion
activity on the carbonation front against the diffusion.
This effect is the same for NC/C cases. For the local
electrical potential, both cases have negative potential
against the chloride diffusion while the NC case has
higher potential value, meaning the carbonation tends
to relax this negative potential against the chloride.
This potential effect contributes to the increase of
effective chloride diffusivity by 11.1%.
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Table 5 Composition of pore solutions and diffusivity of ions

Ion species Pore solution NC (mol/m?) [41] Pore solution/C (mol/m>) Diffusivity at 25 °C (1072 m%s) [42)
Ca®* 1.0 0.0 0.793

Na* 70.0 2.4 1.33

K* 162.0 5.6 1.96

HF 4 107" 110°° 9.31

OH™ 233.0 0.01 5.27

CO;>~ 0 0.33 0.955

HCO;™ 0 73 1.18

Cl™ 0 0 2.03

Table 6 Ion activity and local electrical potential analysis for chlorides

Quantity NC case Carbonation case
NC + 3 M Na(Cl NC + 1 M NaCl NC + 3 M Na(Cl C + 1 M NaCl
ey (@) H )

Activity yc; (=) 0.463 0.521 0.463 0.521

Aln(yc))/Aln(ccy) — 6.2% — 6.2%

AY (mV) — 4.57 - 212

zer*FI(RT)*AW/Aln(cc) - 16.1% - 7.5%

Jaclfeine + 11.1%

The last point goes to the decrease of chloride
sorption capacity of concrete solid matrix by carbon-
ation. Conceptually, the carbonation decreases the
chloride sorption through two mechanisms: consump-
tion of CSH, the main adsorbent of chlorides, and the
carbonation of the Friedel’s salt. Hence, both the
physical-bound and chemical-bound chlorides can be
released by carbonation. The free chloride and the
total chloride in carbonated zone of concrete speci-
mens have been illustrated in Fig. 3 with regressed
sorption coefficients given in Table 3. After carbon-
ation, the chloride sorption capacity of OPC is
substantially decreased to below 30% of its original
capacity while SZC concretes keep about 50% of
chlorides sorption capacity, meaning that after accel-
erated carbonation there remains still a considerable
quantity of CSH in both OPC/SZC specimens.

PIEM

3.3 Summary on contribution from different
factors

After this factor analysis of carbonation impact on the
chloride diffusivity in saturated case, the experimental
results in Table 4 and simulation results in Table 6 are
used to quantify the respective contribution of each
factor to the alteration of apparent chloride diffusivity
by carbonation. On this basis, the relative change of
DEP in Eq. (10) by each factor is calculated and given
in Table 7. Globally, the apparent chloride diffusivity
increases by 7-83% by carbonation, the sorption
change contributes to increase of 9—16%, the pore
chemistry change contributes to 11%, and the contri-
bution of pore structure change ranges from — 14 to
52%. Note that the impact of pore structure change is
described by ¢ in Eq. (10) and f, c in Eq. (11), and its
impact is quantified from the total change and
contributions of other factors.

The results in Table 7 confirm the impact of pore
structure alteration by carbonation on the diffusivity
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Table 7 Analysis on the impact of carbonation on chloride diffusivity from different factors

Materials ngpNC /DEIIPC Total Sorption Pore chemistry Pore structure Ratio f,, c/fpne (-) (%)
(10712m2/s) change (%) change (%) change (%) change (-) (%)

OPC-50 9.4/14.9 + 59 + 16 + 11 + 32 + 28

OPC-60 19.3/35.4 + 83 +9 + 11 + 63 + 52

SZC-50 9.3/9.9 +7 + 12 + 11 — 16 — 14

SZC-60 34.4/52.8 + 54 + 8 + 11 + 35 + 32

follows complex patterns: the carbonation promotes
the pore percolation but decreases the global porosity,
the percolation effect dominates over pore filling for
OPC-50, OPC-60 and SZC-60 concretes, but the
inverse is observed for SZC-50 concrete. However, the
magnitude of the pore structure change should be
taken with precaution because several strong assump-
tions were made during the regression and analysis,
including the front-like carbonation boundary, the
linearized chloride sorption law, and the approximate
nature of the pore chemistry analysis as well. Never-
theless, the qualitative observation is clear: carbona-
tion does promote chloride diffusion.

4 Application to design

The results obtained so far bear clear evidence that
surface carbonation accelerates the external chloride
ingress. This could constitute a real concern for
durability of reinforced concrete (RC) as the structure
is exposed simultaneously to carbonation and chloride
ingress during a long service life. A real design case is
retained here to illustrate this impact.

4.1 Design case: composite slabs for 150 years

The chosen case is the composite slabs of an ongoing
sea-link project on the south-eastern coast of China.
These composite slabs are exposed to marine atmo-
spheric environments and have a design working life
of more than 100 years. Figure 6 illustrates a typical
cross section of composite slabs and the exposure
conditions in different positions. The composite slabs
are composed of RC top slabs and steel girders as
supports. The RC top slabs and the steel girders are
connected by extruding steel studs. Here the focus is

Marine air-borne Cl- *

Atmospheric CO, ‘ i:; ?.:k

Zone 1: top of RC slab

3

Zone 2:
slab flange

slab bottom slab bottom

slab ﬂange

Ventilation
(air-borne Cl)

Steel girders
111

Fig. 6 Cross section of composite slabs and different exposure
conditions

on the RC top slabs exposed to the combined actions of
surface carbonation by atmospheric CO, and chloride
ingress from the marine air-borne chlorides.

From Fig. 6, different exposure conditions can be
identified: (1) the top side of RC slab (Zone 1) collects
the air-borne chlorides, it is also exposed heavily to the
atmospheric precipitation (1200 mm/year); thus the
carbonation will be limited by the high water satura-
tion, and qualitatively the impact of carbonation
cannot be very important; (2) the flange of RC slab
(Zone 2) is partially sheltered from natural precipita-
tion and favours more the surface carbonation; as the
chloride deposition can have the same order as Zone 1,
the impact of carbonation can be more important than
Zone 1; (3) the bottom side of concrete slab (Zone 3) is
exposed to an enclosed space by the RC slab and steel
girders, sheltered from precipitation; but this space is
normally ventilated during service so the deposition of
marine chlorides can still occur through ventilation;
and the carbonation can develop faster than Zones 1,2.

4.2 Design for combined action of carbonation
and chloride ingress

First the carbonation depth is estimated for the three
zones for 150 years. To this purpose, the carbonation
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Table 8 Parameters for durability design of composite slabs considering surface carbonation

Parameter (unit)

Value/sources

Design working life tg; (year)

Surface chloride concentration Cg (%binder)
Critical chloride content Ccr (%binder)
Carbonation depths Lc (mm)

Concrete cover thickness d (mm)

Apparent Cl diffusivity at 28d, Dgne (1072 m%s)

150

1.98 [47]

0.94 [47]

0.93, 6.28, 12.56 (Zone 1, 2, 3)
Design value

Design value (0.1-10)

Diffusivity ratio between carbonated and NC concrete Dé?i;arb/D%ﬁ\fc -) 2.0
Ageing duration of chloride diffusivity ¢, (year) 30
Ageing exponent of chloride diffusivity n (-) 0.53
Design age for chloride diffusivity #, (d) 28
60— 10+ .
—m—Zone 1, C-NC
- — —@— Zone 2, C-NC
E 50 E 8 —A—Zone 3, C-NC
\‘;; T,; A AAAAAAAAAAAAAAAAAAAAAAAAL AAAAAAA/
3 40 & A
c C 64A
X X
3] ©
£ £
« 30 5
4 g 4
8 8 Je®
% 20 —m— Zone 1, Carbonation ~ g
5 —@— Zone 2, Carbonation S 2
s —A— Zone 3, Carbonation 5
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o1 Zone 1-3, NC < e e
| | 0
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0 2 4 6 8 10 0 2 4 6 8 10

Chloride diffusivity at 28d (10"°m?/s)

Chloride diffusivity at 28d (10"°m?/s)

Fig. 7 Concrete cover thickness (left) and additional cover thickness in terms of NC chloride diffusivity for Zone 1-3 (right)

model from fib model code 2006 [45] is used to
calculate the carbonation depth. The main parameters
are retained as follows: design life 75y = 150 years,
humidity factor k. = 0.618, curing factor for 24d
curing k. = 0.675, carbonation resistance
Racco ! = 3.1 107" (m%s)/(kg/m?), CO, concentra-
tion 0.00082 kg/m3, weather factor W(zg) = 0.0738,
0.50, 1.0 for Zone 1, 2, 3 respectively. The carbonation
depth is evaluated as 0.93, 6.28 and 12.56 mm for
Zone 1, 2, 3 respectively. However, the surface
carbonation and the chloride ingress occur simultane-
ously, different from the foregoing experimental
study. To make use of the available results, a limit
analysis is performed: the extended Fick’s model in
Egs. (5) and (6) is applied to the three zones with the
final carbonation depth. In such a way, the impact of

carbonation is certainly overestimated, but directs the
design results to the safe (conservative) side. So this
limit analysis still makes sense for durability design.

The design equation is described by the corrosion
initiation of reinforcement steel by the external
chloride ingress,

Cal(x = d;t = tsL)], < Ccr

(15)

Here the chloride content is noted in terms of mass
ratio with respect to binder, C¢; cr denote the chloride
content and the critical chloride concentration to
initiate the steel corrosion (g/g), d is the thickness of
concrete cover to steel reinforcement (mm). Using the
experimental results in Table 3, the chloride diffusiv-
ity in carbonated concrete is conservatively retained as
two times the value of its NC diffusivity. The concrete

=const.
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cover thickness and required chloride diffusivity for
NC concrete are retained as design parameters, and the
main parameters are given in Table 8. In order to
obtained realistic design values, the time-dependence
of chloride diffusivity is considered, the same way as
for design for HZM project [46],

n
DCl,app(tSL> = ng (?) (16)
a

Using the parameters in Table 8, the required
concrete cover thickness and the corresponding chlo-
ride diffusivity are solved via the extended model, and
then the long-term diffusivity is converted to its 28d
value via Eq. (16).

Figure 7 gives the needed chloride diffusivity and
concrete cover thickness against the corrosion initia-
tion of the reinforcement steel in composite slab for
design life of 150 years in Zone 1-3. For comparison,
the design values without considering the surface
carbonation (NC) are also presented. The carbonation
depth is very small in Zone 1 and nearly no difference
is found for design with/without surface carbonation.

From the above results, some important conclu-
sions can be obtained for this design case. The impact
of carbonation on the chloride ingress depends
strongly on the extent of surface carbonation. This
impact can be negligible for concrete surface exposed
to heavy natural precipitation because the carbonation
is greatly limited in this case. However, the overall risk
of steel corrosion is not low due to the high saturation
of concrete, and thus the higher ingress rate of air-
borne chlorides, which is the case of Zone 1 of the
composite slabs. For the partially sheltered structural
parts (Zone 2), the carbonation develops faster thus the
chloride ingress can be accelerated to a notable extent,
such that the durability requirements should be
changed: for the same chloride diffusivity, the
required concrete cover thickness increases by
3—4 mm for the flange of composite slabs. For the
totally sheltered parts (Zone 3), surface carbonation
shows the most important impact and the required
concrete cover can increase by 68 mm, which should
be taken into account in durability design.

5 Conclusions

1. From the immersion tests on the carbonated
concrete specimens, the chloride profiles, total or
water soluble, show different patterns in the
carbonated and non-carbonated zones, and the
integral chloride flow is a reliable quantity to
represent the effect of carbonation. The sorption
analysis shows that after carbonation OPC con-
cretes lose 60—75% of the sorption capacity while
the SZC concretes keep about 50% of their
original sorption capacity. Except for the very
small concentration range, the chloride sorption
observes well the linear law.

2. An extended diffusion model is used to interpret

the chloride diffusion during the immersion tests.
The values of chloride diffusivity are regressed
respectively for NC and carbonated specimens.
The regressed diffusivity shows that carbonation
accelerates the chloride diffusion and the apparent
diffusivity in the carbonated zone is usually 60%
higher. Then the respective contribution of the
impact of carbonation is quantified for the sorption
change, the pore chemistry change and the pore
structure change. The pore structure change by
carbonation seems to be the first influential factor
for the chloride diffusivity change.

3. The extended model and results are applied to a
design case of composite slab exposed to both
marine air-borne chlorides and atmospheric CO,.
For the design cases, limit analysis is performed
for the combined action with the final carbonation
depth as constant carbonation layer. The design
results show that, for the exposed top side of RC
slab the carbonation has little impact on the design
results while for the completely sheltered parts the
additional thickness of concrete cover due to the
impact of carbonation can reach 8§ mm.
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