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Abstract: The main cause of premature deterioration of reinforced concrete structures is the corrosion of
steel bars, induced by chloride ions (for example in marine environment) or by carbonation. At the same
time, environmental-induced degradations of concrete can also affect the structure, such as external
sulphate attack leading to the formation of ettringite, inducing expansion inside the materials and finally
degradation. In this paper, concrete blocks, exposed to real environments, are studied and compared to
laboratory experiments. In particular for these last ones, chloride ingress are studied for concretes and
cement pastes or/and in presence of sulphate in chloride contact solution. The mixtures contain OPC alone
or with SCM. SCMs are here pozzolanic materials (Fly Ash, silica fume, Metakaolin) or alkali-activated
materials such as ground granulated blast furnace slag (GGBS). Various aspects of the microstructure and
of the pore structure are investigated, by using Mercury Intrusion Porosimetry and ICP-AES, XRD, TGA and
27TAI NMR, in order to better understand the results obtained relatively to the apparent chloride diffusion
coefficients and to the chloride binding for example in marine environment. Results show the difference
between the various materials and their consequences on the ingress of aggressive agents. In addition,
chloride ingress increases when sulphates are present in the contact solution for all cement materials tested.
It appears that presence of sulphate decrease chloride binding, thus explaining the results.
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1. Introduction

Corrosion of steels bar is one of the main causes of reinforced concrete degradation (1-3). This corrosion
can be induced by chloride ingress in marine environments or in the presence of deicing salts. In addition,
local environment can contain sulphate which may react with the cementitious matrix leading to the
formation of ettringite. Thus, this can induce expansion and finally degradation inside the materials (4).
Numerous studies describe these two phenomena separately but a few studies state a possible coupling
(5-6).

There are few parameters which influence these ingress and in particular, the porous network. In addition,
chloride ingress is delayed by interactions between chlorides and the cementitious matrix (7-9) and the
same for sulphate ingress. Consequently, both sulphate and chloride react with the same cementitious
phases (C-S-H or aluminates phases) and a competition between these two ions can occur in marine
environment (5-7).

These coupled phenomena should be taken into account particularly when the concrete mixture contains
supplementary cementitious materials (SCMs). Binders which contain, for example, ground granulated blast
furnace slag (GGBS) are used in marine environment since the chloride diffusion coefficient of GGBS-
mixtures is significantly reduced which is mainly due to the modification of the porous network (2) as also
expected for binder with fly ash (FA) and métakaolin (MK) (8-9). However, in general, these concrete need
a longer water curing time to reach their full performances. In addition, the phase assemblage is quite
different as function of the SCM used in the concrete. Competition between chlorides and sulphates are not
very well known in these binders (10). With regard to chemical binding, since the aluminates phase content
is different in the mixture, the reactions between ions and these phases should be different. The type of C-
S-H produced during hydration is a function of the composition of the mixture (C/S, substitution to Si by
Al,...). Consequently, physical binding should also be different between cementitious materials with or
without SCMs.



The aim of this research is first to investigate the porous network of cement pastes (OPC alone or with
SCMs) in order to then, understand the chloride ingress in presence of sulphate in NaCl contact solutions.
In particular, chloride diffusion tests were performed in presence or not of sulphate in contact solution. The
microstructure is investigated here by Mercury Intrusion Porosimetry (MIP), thermogravimetry (TGA-DTG),
and 2’Al NMR spectroscopy. In addition, an experimental campaign has been carried out on concretes with
SCM, which are exposed during 20 years at marine conditions.

2. Experimental

Various concretes were designed with the same clinker and granular squeleton using siliceous aggregates.
The main constituents of the clinker are given in table 1. The water-to-binder ratio (w/binder) was equal to
0.50 for all cement paste. Studied binders are CEM | (OPC with 97% clinker), CEM IlI/A (with 62% GGBS)
denoted CEM Il GGBS(62%), CEM III/C (with 82% GGBS) denoted CEM IIl GGBS(82%), CEM | + 20% FA
denoted CEM | FA(20%), CEM | + 30% FA denoted CEM | FA(30%), CEM | + 40% FA denoted CEM |
FA(40%), CEM | + 10% MK denoted CEM | MK(10%) and CEM | + 25% MK denoted CEM | MK(25%).
Various water-curing times were chosen (7 days to 1 year) in order to take into account the evolution of the
microstructure as a function of the age.

After water curing, slices of materials were covered with aluminum sheets except one face (unidirectional
tests). They were put in contact with various NaCl solutions. Contact solutions were denoted P1 (0.5 M NaCl
+ 0.1 M NaOH) , P2 (2.8 M NaCl) and P3 (0.5 M NaCl + 0.06 M Na,SO,). The profile method is used in
order to obtain the apparent chloride diffusion coefficients (Dapp,Cl) and the chloride binding isotherms
(CBIs) [9,11].

In addition, “real” concretes were exposed to marine environment (La Rochelle) during 20 years in order to
compare natural exposure and accelerated procedure. Here, we just present and compare with one of these
concretes, denoted M30CV (with CEM | and fly ash, W/B=0.52 and limestone aggregates)

The microstructure of the cement pastes and the concrete were characterized by MIP, TGA-DTA and 27Al
nuclear magnetic resonance magical angle spinning spectroscopy (NMR MAS technique) (8-10).

Table 1. Chemical composition of the cement and SCM tested (%).

CaO | SiO, | Fe,O3 | ALOs | TiO, | MgO | Na,O | K,O MnO SO;
CEM | 625 | 19.5 29 4.9 0.3 0.8 0.3 0.8 0.0 2.9
CEM II/A 49.7 | 29.8 1.2 8.1 0.4 4.6 0.4 0.5 0.1 2.2
CEM lll/C 457 | 32.0 1.0 9.9 0.5 5.8 0.6 0.5 0.2 2.0
MK 2.00 | 66.2 4.2 21.3 1.1 0.2 0.8 0.4 0.0 0.1
FA 430 | 51.5 6.5 23.7 1.0 0.4 1.0 3.0 0.1 3.1
3. Experimental

Figure 1 shows the pore size distribution (S) of various cement pastes after 365 days of water curing. The
main peak of this distribution observed for CEM | is reduced and/or shifted to smaller pore when cement
pastes contain SCM as also observed on the average porous diameters (Dp). Filler effect, slag activation
and pozzolanic reactions are responsible of these results (12-13). In addition, figure 1 and figure 2 indicate
a strong effect of water curing time on S, Dp and the porosity (PHg) for all cement paste. The main peak of
S is reduced and/or shifted to smaller pores and both Dp and PHg values decrease. However, this effect
depend on the SCM. For CEM I, stabilization occurs between 7 and 28 days. For the other cement pastes,
it continues to evolve until 365 days. In general, it is considered that slag activation and pozzolanic reactions
have slower kinetics than clinker hydration explaining the results (12-14). The effect on S and Dp is more
marked for cement paste with fly ash than the other materials meaning that hydration of fly ash has a slower
kinetic in comparison to slag or metakaolin ones.

These results are interesting since they show that concretes with SCM need a long water curing to reach
their full potential of durability. However, in real case, concrete are exposed to air, generally 48H after they
cast. Then, their surface begin to dry and hydration process slow down. As the results, porous networks are
expected to be different between surface and the core of the concrete and so the ingress of aggressive
agents (e.g. CO,). In addition, in case of concretes exposed to marine environment, hydration process
occurs as the same time of the ingress of aggressive agents (e.g. chloride and sulphate).
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Figure 1. Pore size distribution, average pore diameter and porosity obtained by MIP. *: aberrant
values.

Fig. 3 shows Dggp i results obtained by the profile method without or with sulphate in the contact solution.
Without sulphate (P1 and P2), D,y ci decreases when materials contain SCM as already observed (2).
These observations can be directly link to the results obtained by MIP. In fact, a filler effect and a lower Dp
mean that the connectivity decreases and the tortuosity increases, explaining why D, i of cement paste
with SCM are lower than these of CEM |. However, the results presented here are obtained on materials
after 365 days of water curing. Since the porous network continues to evolve until 365 days for cement
pastes with SCM, D,y c1 evolve too depending of the state of hydration. This can be observed by rapid
chloride migration test (see Fig. 4). In addition, some cementitious matrices with SCM can bind more
chloride than CEM | which also decreases the Dy i (8).

Comparing P1 with P3, Dgpp i increases in presence of sulphate. In addition, comparing P3 with P2, the
Dapp,ci Values obtained are generally superior to those obtained for a contact solution with a very higher
chloride content (except for cement paste with GGBS where the values are equal). This means that the
presence of sulphate is highly detrimental regarding the durability against chloride ingress. There is no
visible crack at the surfaces of the cylindrical samples, after contact with P3 solution but previous studies
(4,6) reported possible microcraks which can explain the increase of chloride ingress. In addition, the
cementitious matrix binds more chloride in the case of P1 than in presence of sulphate in the NaCl contact
solution as shown by CBls (see Fig. 3). There is a higher binding capacity of cementitious matrix for sulphate
than for chloride (7) explaining the results of the present study. In addition, 2’Al NMR profiles of the exposed
materials were obtained and especially on the surface of the sample in contact with P1 and P3 solutions
(see Fig. 5). These samples are assumed to be at the equilibrium between the cementitious matrix and the
contact solution. Samples in contact of P3 exhibit more AFt phases (ettringite) than samples in contact of
P1. This increase affects all other aluminates phases (but depending on the SCM type) and especially,
these aluminates phases are needed to form Friedel’s salt. Chloride chemical binding is thus limited with
the presence of sulphate in the contact solution. Chloride physical binding decreases too as shown in other
studies (5,7).
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Figure 2. Pore size distribution as a function of water curing time obtained by MIP.
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Figure 3. Chloride apparent coefficients (Dapp,Cl) (in left) and CBls obtained by profile method on

cement pastes after 365 days of water curing and contact with solutions.
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Figure 4. Chloride apparent coefficients (Dapp,ci) (in left) obtained by migration tests on concrete

after various times of water curing.
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Figure 5. Proportion of Al species obtained by 2’Al MAS NMR after exposition to contact solution
P1 and P3. Al(IV) and Al(V): aluminum substituted in C-S-H chains. TAH: amorphous/disordered
aluminate phase.

This competition between these two ions can explain the good result for CEM | MK(25%). In fact, this
cementitious material has the highest binding capacity as reported in the literature (8) and consequently
more chloride can be bound despite the presence of sulphate. The increase of chloride ingress is thus
limited in this last case. In addition, CEM IIl GGBS(82%) have one of the best performance in this diffusion
test. A lower porous connectivity (due to filler effect and slag activation) can explain these results for these
materials.

Finally, profiles of concretes, which are exposed during 20 year to natural sea environment, are
characterized by various techniques. Here, we just present one example denoted M30CV (with FA) (see
Fig. 6). The evolutions observed give similar results for all techniques used. Close to the surface (0-11mm),
there is of course ettringite but also the presence of Friedel’s salt, however the ratio free Chloride on bound
chloride is the highest measured of all depth and moreover, SO; concentration is the highest. This means
a competition between chloride and sulphate to bind to cementitious matrix and consequently cementitious
matrix bind less chloride in presence of sulphate. Deeper inside the concrete (13-23mm), ettringite amount
is considerably reduced (as well as SO3; concentration) and amount of Friedel's salt seem to be higher
confirmed by elementary analysis showing the highest amount of bound chloride. At 34-44mm, ettringite
amount is equal to its surface amount and it seems there is solid solution between Friedel’s salt and
hemicarboaluminate. At 55-60mm, there is still traces of Friedel’s salt, which is in accordance with chloride
front measured at 93mm, but the main AFm phases are hemicarboaluminate and monocarboaluminate. The
presence of these two phases deep inside is due to aggregates used (CaCQO3) in concrete which can react
with the aluminates of the cement during hydration and form these type of AFm phases. At 117-132mm,
there is no sign of Fridel’s salt.

In resume, most of the results on these concrete are in accordance with results obtained by accelerated
tests. However, there are differences (e.g. aluminates equilibrium for the point at the surface) which is due
to variable exposure conditions in sea comparing to controlled conditions in lab. In fact, in sea, there is other
ions such Mg?*, which can react with cementitious matrix and influence the transport of chloride and sulphate
inside the materials.
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Figure 6. DTG, XRD, 2’Al NMR and elementary profiles (mm) of a concrete exposed to sea during
20 years. E: ettringite, FS: Friedel’s salt, Mc: monocarboaluminate and Hc: hemicarboaluminate.
Chloride front (measured by AgNQO;) is equal to 93mm.

2. Conclusions

This research aimed to investigate the effect of the porous network on diffusion properties and the combined
effects of sulphate on chloride ingress for various concretes and cement pastes.

The experimental results demonstrate that the porous network is different as SCM is used in the mixture.
At long term, using SCM in cement paste upgrades the porous network (Average diameter decreases and
tortuosity probably increases), despite the increases of the global porosity for some materials. In addition,
the water curing time is fundamental for the development of the porous network in order to obtain the best
performance of the materials, in particular for concrete with SCM.

Consequently, Chloride ingress is less marked in cement pastes with SCM. In addition, chloride ingress is
accelerated by the presence of sulphate in contact solution. This increase is explained by a change in the
microstructure and the pore solution but also by a lower chloride binding. With regard to chloride ingress,
there are differences between the various cementitious matrices. Cementitious matrixes with high metakolin
or slag content are more resistant to the effect of the presence of sulphate in the contact solution.

Finally, comparison of these results with concretes in real sea conditions is quite difficult since the presence
of other parameters such pH, temperature, contact solution with other ions (Mg?*, ...). However, it is quite
promising because the different techniques used (XRD, TGA and 2’Al NMR) in order to establish a profile,
show the same results.
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