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Underground concrete structures may be subjected to external sulfate attack and their long-term perfor-

mance is of concern. A coupled transport/chemical numerical model has been compared to experimental

data obtained on a cement paste exposed to external sulfate attack thanks to recent developments in

experimental analysis such as scanning electron microscopy and image analysis that provided total ion

concentration profiles for a given species in cement paste specimens. As other studies the model suc-

ceeded in calculating the position of the ettringite precipitation front and the position of the first decrease

due to the portlandite dissolution whereas the leaching of portlandite and ettringite was not accurately

assessed in the first millimeters because of the necessity to take into account change of the transport

properties in the degraded zone. Then a numerical parametric study was carried on. The influence of per-

manent solution renewal, pH control, and dissolved CO2 concentration were analyzed. The accelerating

effect of permanently renewing the solution was confirmed. The influence of the pH control was found

dependent of the renewing of solution. The presence of CO2 did not play a significant role.

1. Introduction

The presence of sulfate in groundwater affects the durability of

cement-based materials. Sulfate propagates into the material and

modifies transport and mechanical properties, which is called

External Sulfate Attacks (ESA). Even after the complete hydration

of cement paste the interstitial solution of mortar or concrete is

actually in a metastable thermodynamic equilibrium with the var-

ious solid phases. The ingress of external sulfate changes the chem-

ical composition of the interstitial solution and disturbs the local

thermodynamic equilibrium. Then dissolution and precipitation

reactions might occur. Dissolution of hydration products mainly

affects Portlandite Ca(OH)2. The increase of sulfate concentration

in interstitial solution results in the formation of ettringite

(C3A�3CaSO4�26H2O – AFt). The leaching of portlandite and

ettringite crystallization pressure cause an increase in porosity,

expansion, cracking, and consequently a loss of mechanical proper-

ties and an increase in permeability. The usual way of preventing

ESA is to reduce C3A and C3S contents. Mineral admixtures such

as slag and fly ash are often used to improve the durability of

cement-based materials exposed to sulfate attacks. The mineralog-

ical composition of mineral admixtures is likely to vary, resulting

in different levels of resistance to external sulfate attacks, but com-

mon mechanisms can be observed. Low-calcium fly ash and slag

act at three different levels. As the Portland cement content is

reduced, the C3A content, and the initial Ca(OH)2 content provided

by the hydration of cement, are lower. The hydration of slag and

the pozzolanic reaction consume Ca(OH)2 in cementitious matrix.

Such reactions produce denser hydration products, such as CSH,

thus lower permeability. Our study mainly deals with Portland

cement but other works explain how supplementary cementitious

materials such as fly ash and slag influence the resistance of con-

crete to sulfate attack [1,2]. Other studies have shown that the
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influence of fly ash and slag on sulfate resistance depends on expo-

sure conditions, for instance, the nature of the associated cation

(e.g., Mg2+, Ca2+, Na+) [3] and wetting and drying cycles [4]. As a

consequence it is necessary to understand the influence of expo-

sure conditions on chemical and physical phenomena involved in

sulfate attacks to design reliable tests.

ESA have been studied for a long time. Laboratory testing proce-

dures have been carried out to compare the resistance of cement-

based materials to ESA. It is often assumed that performance and

service life correlate with indicators deduced from short-term

accelerated tests. Acceleration can result from increasing sulfate

concentration, increasing temperature, decreasing pH [5] or apply-

ing an external electrical field [6]. Nevertheless, the representativ-

ity of these tests is still discussed [7]. One reason can be the large

number of factors that can influence not only the degradation rate

but also the mechanism of degradation. Another reason is that fac-

tors can depend on each other. Moreover the indicators deduced

from sulfate attack testing mainly deal with mechanical and phys-

ical behavior, namely: expansion, strength, elastic modulus, and

permeability. However the same physical degradation, for instance

cracking or increase in permeability can be due to several mecha-

nisms of degradation.

There are several number of studies dealing with thermody-

namic modeling coupled with transport models for describing sul-

fate attack and its consequences in terms of precipitation/

dissolution of mineral phases [8,9]. Marchand et al. described the

theory of the coupling procedure [8]. Other studies focused on

comparisons between numerical results and experimental data

[10–12]. Some interested in the choice of the transport equations

and concluded that a Nernst–Planck description for the transport

of the species seems to be a good choice [10,13] or at least a

multi-species fickian approach [10]. Today, it seems to be interest-

ing to propose a parametrical study of such a coupled model in

order to improve its behavior and to show the necessity or not to

take into account several conditions (e.g. renewal of the aggressive

solution, presence of dissolved CO2 in the solution, control of the

solution pH).

This study aims at contributing to understand the complex

mechanisms that drive ESA during sulfate attack testing in con-

trolled exposure conditions [14]. A chemical transport coupling

numerical model has been used on simple procedure [15]. The

model have been modified and intended for ESA problems in this

work. Simulations might also have been performed by other cou-

pling software as Hytec [16] or ToughReact [17]. Nevertheless,

the softwares used in the present coupling procedure and in partic-

ular Comsol gives the possibility to include the material mechani-

cal behavior for further studies.

Numerical results actually show changes in chemical species

concentrations and dissolution/precipitation fronts inside the

material that are difficult to assess experimentally. However recent

developments in SEM-EDX technique and X-ray microtomography

provide useful information dealing with chemical changes in

cement paste. Moreover the sulfate attack testing presented in this

study allows determining the amounts of calcium and sulfate ions

that are leached or ingress in the cement paste specimens.

This paper first presents a comparison between total concentra-

tions of calcium, aluminium and sulfur (Ca, Al and S) profiles

deduced from SEM-EDX and simulated by the model. Then a

numerical parametric study is proposed to quantify the different

factors influencing sulfate ingress, precipitation of phases or disso-

lution rates. Three parameters have been studied. The first one is

the effect of renewing the sulfate solution [9]. The experimental

procedure actually ensures that the solution is renewed at regular

intervals. The numerical model aims to quantify this effect. The

second parameter is the pH, which can be controlled or not by add-

ing nitric acid. This latter quantity is actually assumed to be

directly related to the amount of calcium leached from the cement

paste, as it is the case for calcium leaching in pure deionized water

[18]. Previous study has underlined the importance of controlling

the pH on the degradation rate [9,19]. The third one is the influence

of dissolved CO2 in samples immersing solution. The solution is

generally in equilibrium with atmospheric pressure and air with

CO2.

The simulation is viewed here as another kind of experimental

system and should be analyzed as such. That is to say that, the

model is tested to define its reliability and, if successful, it is con-

sidered to provide understanding of the modeled phenomena. For

this purpose, Section 2 describes the experimental procedure. In

Section 3, the model and hypotheses are exposed, including the

chosen cement paste hydration composition and adopted transport

equations. Results are then compared to experimental data in Sec-

tion 4. Finally, the numerical parametric study is presented.

2. Experimental procedure

2.1. Sulfate attack testing

The test was conducted on Portland cement paste with a water/cement ratio of

0.4. The chemical composition of cement is given in Table 1.

Two cement paste samples were immersed for at least 160 days in a Na2SO4

solution (3 g/L sulfate concentration), as shown in Fig. 1 [20]. The cylindrical spec-

imens were 160 mm high and 20 mm in diameter. They were coated on their both

ends with a water-proof vinylester resin, thus exposed to sulfate attack only on

their circumferential surfaces. They were immersed in 1.7 L sodium sulfate solution

tank after 28 days of water curing.

As pH tended to increase because of the dissolution of portlandite Ca(OH)2,

0.5 mol/L nitric acid was added to control the pH of the sulfate solution at a con-

stant value pH = 7.5. The solution was renewed every 15 mL of added nitric acid.

Its calcium and sulfate concentrations were determined using ionic

chromatography.

2.2. Microtomography

XRadia MicroXCT-400 system was used to observe samples after 160 days of

sulfate attack. The energy used was 110 kVp X-rays. Successive rotations of the

sample, 2000 projections, corresponding to 2000 angular positions ranging between

0 and 360, were acquired by a 4 megapixel (2048 � 2048) CCD-digital camera and

an objective revolver, that can be used to choose the desired magnification. Filters

were used to compensate for beam hardening. The pixel size was 28 lm and the

exposure time was 4 s for each image. The data scanned with the Xradia device

was reconstructed with Xradia’s own software.

2.3. Scanning Electron Microscopy

SEM investigation was used to analyze the micro-structure of the sulfate

attacked specimens. The Jeol JSM-6060 LA microscope was also equipped with an

energy dispersed X-ray analysis and X-ray Mapping. The observations were per-

formed by back-scattered electrons imaging. The pressure in the specimen chamber

was 50 Pa and the accelerating voltage was 15 kV. The specimens used for SEM

observations were 3 cm thick slices from the 2 � 2 � 16 cm3 mortar prisms. They

were dried for two days at 20 C, 50% H.R and then embedded in a low modulus

epoxy resin. The specimens were then polished using progressively finer grids.

Table 1

Chemical composition of CEMI 52,5N CE CP2 NF cement.

Oxide Quantity (wt.%)

SiO2 20.6

Al2O3 5.3

Fe2O3 2.11

CaO 66.3

MgO 1.09

K2O 0.28

Na2O 0.18

SO3 3.3

Other 0.84
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3. Modelling

3.1. Cement paste hydration

The cement paste hydration was modeled using a minimization

method from BRGM (Bureau de Recherches Géologiques et Miniè-

res), the French Geological Survey. Results are presented in Table 2,

for a 0.4 water cement ratio.

The database Thermoddem [21] was used in order to obtain the

hydrated phases. The CSH was assumed to be a single phase gel as

the complex form is still discuss in the literature. The monosulfate

is not present because of a recent paper [22] mentioned that it is

stable only between 65 �C and 121 �C. For the present study, the

database Thermoddem supplied with data from ‘‘cemdata 2007”

[23] was also used thereafter for the geochemical model. Table 3

shows a part of the database where the mineral phases were sup-

posed to react. The choice of these solids were motivated by a

report from Jacques where the solid composition of an OPC con-

crete in the CaO–SiO2–Al2O3–Fe2O3–MgO–SO3–CO2 system during

sulfate attack [24] and previous work where mineral phases that

were dissolved and precipitated were quite similar [12].

BRGM hydration calculation does not give the composition of

the cement paste pore solutio. From the hydration results, the next

step consisted in finding the concentration of elements in the

interstitial solution by calculating the equilibrium with solid

phases (cf. Table 4). This was done with PHREEQC, which is a com-

puter program for speciation, batch-reaction, one dimensional

transport, and inverse geochemical calculations [25]. The calcu-

lated pH was equal to 13.16. The results obtained from equilibrium

showed very few differences in phase contents compared to BRGM

hydration results (<1%). Hence, the hydration calculation was

assumed to be thermodynamically correct.

3.2. Reactive transport modeling

3.2.1. Transport

By considering in this study samples immersed in Na2SO4 solu-

tion, diffusion is supposed to be the main transport phenomena. A

pure multi-species fickian diffusion model is chosen. It is preferred

to a Nernst-Planck approach at least because Samson andMarchand

[10] actually showed that the results with or without an electrical

potential for similar simulation are very closed. The main differ-

ences are the verification or not of the electroneutrality. In our mul-

tispecies fickian approach, the electroneutrality is not verified but

we assumed that it is obtained with the chemical part of the model

(speciation, precipitation/dissolution every 1800 s, see below). The

sorption phenomena is considered to be purely chemical (ie. no

physical adsorption or absorption) and modeled by the geochemi-

cal part of the simulation. The governing equation is then:

@ci
@t

¼ De;iDci ð1Þ

where ci is the concentration of the species i (in mol m�3 of solu-

tion), De,i the effective ionic diffusion coefficient in the porous

media (in m2 s�1) and D the divergence operator.

3.2.2. Transport data

The effective diffusion coefficient of species i in cement paste,

De,i, is considered as a function of tortuosity, s, porosity, h and pure

diffusion coefficient of species i in water, Dw,i:

De;i ¼ shDw;i ð2Þ

In previous works [8,11], several effective diffusion coefficients

were measured for different species on cement paste (OPCs with a

0.4 w/c ratio). The ratios between diffusion coefficients in cement

paste and in water for each species were equal (�6.6 � 10�3 for

hhCSA type 10ii and �11 � 10�3 for hhCSA type 50ii [11]). This ratio

is equal to the product between tortuosity and porosity in the pre-

sent study (see Eq. (2)). It is then possible to deduce diffusion coef-

ficient for each species in cement paste from one measurement.

Nevertheless, no diffusion coefficient measurement was done.

According to previous work [26] that studied several diffusion

coefficient values of chloride as a function of water/cement ratio,

the diffusion coefficient of chloride for the present hydrated

cement pastes was chosen equal to 3.4 � 10�12 m2 s�1, which leads

to a tortuosity value of 9 � 10�3 (see Eq. (2)). The product between

tortuosity and porosity was assumed to be constant. Given the dif-

fusion coefficient values of the different species in water (cf.

Table 5), the diffusion coefficient for all species in cement paste

was deduced from Eq. (2).

3.2.3. Coupling procedure

The authors used a procedure developed by Wissmeier et al.

[15]. The solute transport part is calculated by COMSOL� [28].

The geochemical reactions are calculated by PHREEQC [29]. More

specifically, the geochemical part is solved by IPHREEQC [30]

which is a Microsoft COM (component object model) that has been

implemented and which allows PHREEQC to be used by any soft-

ware that can interface with a COM server, as Matlab� [31]. Hence,

Matlab� is the controlling application and the interface for the

COMSOL and Iphreeqc modules. The PHREEQC one-dimensional

transport capabilities were not used in this work because of their

limits. Although PHREEQC can simulate a multi-species transport

with a diffusion coefficient for each species, it cannot model two

pH meter

Controller
HNO3

0.5 M

20°C

Electrode

Cement paste 
specimens

Magnetic 
stirrer

Burette Jacketed 

beaker

Temperature   
regulator

Nitric acid

Fig. 1. External sulfate attack testing.

Table 2

Hydration results of CEM1 52,5N CE CP2 NF.

Phase Formulation Quantity [mol/dm3 of solid] Species Quantity [mol/l of solution]

C3FH6 Ca3Fe2(OH)12 7.83 � 10�1 Cl 3.3 � 10�2

CSH(1.6) Ca1.6SiO3.6:2.58H2O 1.85 � 101 K 1.2 � 10�1

Ettringite Ca6Al2(SO4)3(OH)12:26H2O 8.14 � 10�1 Na 1.1 � 10�1

Hydrotalcite Mg4Al2O7:10H2O 4.01 � 10�1

KatoiteSi1 Ca3Al2(SiO4)(OH)8 1.87

Portlandite Ca(OH)2 2.77 � 101
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zones with different transport properties (ie. cement paste and

Na2SO4 solution).

At each time step, main species solute transport is computed

and the data from the output of one procedure is passed back to

the other. The coupling procedure is a non-iterative sequential

split-operator approach. The coupling time step is further reduced

within the iterative schemes for solute transport and geochemical

speciation as required by the respective software algorithms. As in

a previous study [10], the homogeneous reactions that are those

occurring solely in the aqueous phase, are neglected in the present

model. Only the heterogeneous reactions (dissolution/precipita-

tion essentially) which allow to eliminate the source/sink terms

of the model are considered.

The geochemical reactions rate was supposed to be large with

respect to the ionic and fluid transport processes. In this particular

case, the local chemical equilibrium was assumed to be preserved

throughout the porous system. This hypothesis is usually valid in

most practical cases involving the diffusion of ions in fluid satu-

rated systems [10,32].

3.3. Parameters of numerical simulations

For symmetry reasons, the problem is considered as one-

dimensional. The dimension of the mesh of volume containing the

Na2SO4 solution perpendicular to the exposed surface was esti-

mated as previous work [12]. Given the experimental liquid/solid

volume ratio of 33.82 to 1, and since the volume of the specimen

was 1.7 L, the ratio of the volume containing the Na2SO4 solution

over specimen surface was 16 cm. This length corresponded

then to the sought dimension of the batchperpendicular to the spec-

imen surface. The sample was modeled numerically by 150 linear

finite elements with a refinement zone within the firsts cement

paste millimeters where precision is needed. Time step was equal

to 1800 s and leads to at least 48 h total computation time. This time

step ensures the convergence of the solution since it is quite small to

preserve thermodynamic equilibrium and large enough to over-

come the kinetics. In order to model the influence of the effect of

the magnetic stirrer on the Na2SO4 solution, the diffusion coeffi-

cients of all species in water are arbitrarily multiplied by 1000.

4. Comparison between experimental data and numerical

results

It is often difficult to compare quantitatively experimental and

simulation results. On the one hand, experimental studies provide

concentrations in the immersing solution or analysis of very local-

ized parts of the sample, from microscopy for example. On the

other hand, numerical results show concentration species or

phases in the sample as a function of depth and time. Now, it is

possible to measure the evolution of the total quantity of chemical

elements such as calcium Ca as a function of depth with the SEM-

EDX technique. Experimental results were deduced from three EDX

analysis on the same section observed in SEM. Fig. 2 shows numer-

ical results after 160 days of sulfate exposure. The results are very

similar to other studies that predicted two dissolution fronts of the

portlandite and a position of the first front of the portlandite that

corresponded to the precipitation front of the ettringite [11,12].

Figs. 3 and 4 show the comparison between experimental data

at 160 days and numerical results. Here, the model chosen had

parameters that were assumed to be the most representative with

regard to the experimental study, namely: the Na2SO4 solution was

in equilibrium with CO2, the pH was constant and equal to 7.5 and

the sulfate concentration in solution was constant.

Table 3

Thermodynamic properties at 25 �C for solids present in cements from Thermoddem [21], supplied with data from ‘‘cemdata2007” [23].

Mineral log(K) Refs.

C2AH8 þ 12Hþ ! 3Ca2þ þ 2Fe3þ þ 12H2O �13.5622 [23]

Calciteþ Hþ ! HCO�
3 þ Ca2þ 1.847 [21]

CSHð1:6Þ þ 3:2Hþ ! 1:6Ca2þ þ H4SiO4 þ 2:18H2O 28.002 [21]

Ettringiteþ 12Hþ ! 2Al
3þ

þ 6Ca2þ þ 3SO2�
4 þ 38H2O 57.009 [21]

Gypsum ! Ca2þ þ SO2�
4 þ 2H2O �4.605 [21]

Hydrotalciteþ 14Hþ ! 2Al3þ þ 4Mg2þ þ 17H2O 73.757 [21]

KatoiteSi1þ 12Hþ ! 2Al3þ þ 3Ca2þ þ H4SiO4 þ 8H2O 71.168 [21]

Monocarboaluminateþ 13Hþ ! 2Al
3þ

þ HCO�
3 þ 4Ca2þ þ 16:68H2O 80.567 [23]

Portlanditeþ 2Hþ ! Ca2þ þ 2H2O 22.812 [21]

Tricarboaluminate ! 6Ca2þ þ 2AlðOHÞ�4 þ 3CO2�
3 þ 4OH� þ 26H2O �46.5085 [23]

Table 4

Equilibrium phases results with PHREEQC.

Phase Formulation Quantity [mol/dm3 of solid] Species Quantity [mol/l of solution]

C3FH6 Ca3Fe2(OH)12 7.83 � 10�1 Al 2.16 � 10�4

CSH(1.6) Ca1.6SiO3.6:2.58H2O 1.85 � 101 Ca 2.06 � 10�3

Ettringite Ca6Al2(SO4)3(OH)12:26H2O 8.14 � 10�1 Cl 3.33 � 10�2

Hydrotalcite Mg4Al2O7:10H2O 4.01 � 10�1 Fe 4.57 � 10�7

KatoiteSi1 Ca3Al2(SiO4)(OH)8 1.87 K 1.21 � 10�1

Portlandite Ca(OH)2 2.77 � 101 Mg 9.73 � 10�10

Na 1.11 � 10�1

S 5.2 � 10�4

Si 1.11 � 10�4

Table 5

Diffusion coefficient values in water [27].

Species Al C Ca Cl Fe H K Mg N Na O S Si

Dw (�10�9) 0.346 0.78 0.673 1.71 0.582 4.49 1.67 0.594 0.594 1.13 4.49 0.89 0.7
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The numerical simulation succeeded in predicting the position of

the total sulfate front in the material which corresponds to the

ettringite precipitation front and the position of the first decrease

due to the portlandite dissolution but failed evaluating the

maximum sulfate content in the first millimeters. Moreover, the

measured depth reached by the leaching of calcium, which corre-

sponds to the second portlandite dissolution front, was deeper than

the model predictions as can be seen in previous study [12]. Finally,

the measured calcium content gradually decreases in the degraded

zone whereas the numerical dissolution curve decreases much

faster.

The results show that the problem essentially comes from the

fact that the dissolution of ettringite in the degraded zone is not

well taken into account in this model and the others [11,12]. In

the degraded zone the dissolution rates are actually faster and lead

to a faster dissolution of the minerals, especially for ettringite cre-

ated earlier [33,34]. Indeed, the fitted values of total S amount in

Fig. 3 (black dashed line) that corresponds to the quantity of ettrin-

gite in the degraded zone leads to a better estimation of Ca content

(see Fig. 2). One way to avoid such a problem in the simulation is to

actualize the transport properties evolutions due to degradation as

can be seen in Fig. 5. The growth of ettringite crystals due to

supersaturation of sulfate generates crystallization pressure. This

results in expansion then cracking of cementitious matrix. Leach-

ing and cracking favor the ingress of sulfate concentrated solution

and accelerates the degradation. Ref. [35] used ultrasonic tests to

determine the evolution of damage in concrete exposed to sulfate

attacks. This coupling between chemical and mechanical damage

and the ingress of sulfate ions has been taken into account in other

models [36]. The ratio of sulfate diffusion coefficient of cracked

concrete to that of sound concrete has actually a significant influ-

ence on the kinetics of degradation and linear expansion [2,37].

Other minor aspects can also explained the differences, namely:

� SEM-EDX analysis and microtomography provide local data that

are likely to depend on the observed section, whereas perfect

symmetry is assumed in numerical simulations. Only one

experimental profile per element is presented in Figs. 2 and 3.

Differences between experimental data and simulation could

come from significant dispersion of experimental data, as

shown on pictures from microtomography (see Fig. 5).

� Accurate assessment of the pore solution pH is difficult for the

numerical model, as previously highlighted [15]. Ettringite is

known to be unstable below a pH around 10.5 [38]. A slightly

lower pH value in the first millimeter would actually increase

the leaching of ettringite and CSH, thus a lower Ca content;

� The numerical model does not actualize the transport proper-

ties due to the porosity evolution and cracks propagation.

Although experimental data and numerical results can be quan-

titatively different in the degradated zone for the reasons exposed

before, the model was used to predict the influence of several

parameters of boundary conditions on the dissolution and precip-

itation of phases. The simulations presented thereafter were used

to discuss the representativeness of laboratory external sulfate

attack testing.

5. Numerical parametric study

5.1. Influence of boundary conditions

Two boundary conditions have been tested: a continuous sul-

fate solution inflow at the edge of the solution and no flux. The first

condition simulates a permanently renewed solution whereas the

second corresponds to a solution which is never renewed.

Fig. 2. Numerical results after 160 days of exposure.

Fig. 3. Comparison between experimental, numerical (solid line) and numerical fit (dashed line) total Ca profile after 160 days of exposure.
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Fig. 6 shows significant differences between the two series of

results. If the solution is not renewed the portlandite dissolution

front ingress is much slower although the pH is not very different.

Moreover, the ettringite precipitation is much lower. This effect

can be explained by plotting the sulfate concentration in the

sodium sulfate solution and in the interstitial solution (negative

Fig. 4. Comparison between experimental, numerical (solid line) and numerical fit (dashed line) total Al and S profiles after 160 days of exposure.

Section A Section B 

A

B

160 mm
A

20 mm

B

20 mm

29 mm

1.6 mm

1.2 mm

Fig. 5. Sections from X-ray microtomography (Left) – Pictures from X-ray microtomography (Right).

Fig. 6. Precipitation and dissolution of cement paste phases as a function of depth after 160 immersion days in a 3 g/l Na2SO4 solution. Comparison with or without boundary

conditions.
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and positive x values, respectively, in Fig. 7). Even for a low sam-

ple/solution volume ratio, the sulfate ions concentration decreases

rapidly if the solution is not renewed.

After 160 days of immersion, the sulfate and sodium concentra-

tions are very low and the degradation rate has significantly

decreased.

5.2. Effect of the control of the sulfate solution pH

If the sulfate solution is permanently renewed, the influence of

pH control is not significant because renewing the solution partic-

ipates in reducing the pH regularly (Fig. 8).

If the sulfate solution is not renewed and the pH is not con-

trolled, numerical results showed that the pH increases rapidly

to a value near 9 due to Ca(OH)2 dissolution of cement paste. The

portlandite dissolution front is also deeper than for a controlled

pH at a value of 7. The dissolution front of CSH is observed in the

first millimeters whereas for a constant pH in the solution the

depth of dissolution is much lower. These results confirm that

the consequences of sulfate attack are different if the pH is not con-

trolled and higher than 9 in the sulfate solution. This remark is of

course valid if the volume of the tank in which samples are

immersed is large compared to the sample volume. Cao et al. actu-

ally noted that expansion of samples decreased when the pH of the

sulfate solution was reduced from 12 to 7 and that the expansion

increased when the pH was reduced from 7 to 3 [19]. These results

are partially confirmed in Fig. 9. If the pH is not controlled a layer

of calcite appears in the firsts tenth of a millimeter.

5.3. Influence of dissolved CO2 in solution

The presence of dissolved CO2 in the solution, corresponding to

a classical quantity of CO2 in the air (0.04%) and an equilibrium

between CO2 in the air and dissolved CO2 in water, in which sam-

ples are immersed does not seem to play a significant role in the

geochemical behavior of the cement paste after 160 exposition

days if the pH of the sulfate solution is maintained at a constant

value pH = 7. Fig. 10 shows that the dissolution of CSH, Portlandite

Fig. 7. Ionic concentration in the solution and in the interstitial solution after 160 immersion days in a 3 g/l Na2SO4 solution. Comparison with or without boundary condition

(dashed line and plain line, respectively).

Fig. 8. Precipitation and dissolution of cement paste phases as a function of depth after 160 immersion days in a 3 g/l Na2SO4 solution. Comparison with or without a

controlled pH in the Na2SO4 solution (solution renewed).
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and KatoiteSi1 are very similar with or without CO2 in the solution.

Even if the pH value is lower when the sulfate solution does con-

tain CO2, the portlandite dissolution rate is not higher.

6. Conclusion

Experimental data and numerical simulations were used to

improve the design of sulfate attack testing of Portland cement

pastes. Sulfate attack testing consisted in exposing cement paste

specimens to a 3 g/L sodium sulfate solution. The pH was con-

trolled and the sulfate solution was frequently renewed and anal-

ysed. SEM-EDX technique and X-ray microtomography were used

to quantify the extent of the degradation of paste samples. A

numerical coupling procedure has been tested to model the chem-

ical degradation of the cement paste exposed to external sulfate

attack. Thus experimental data and numerical simulations could

be compared. Then a numerical parametric study has been exposed

in order to understand the effects of several parameters that need

to be taken into account when designing sulfate attack testing.

Numerical results lead to the following conclusions:

� As previous studies, comparing numerical results with experi-

mental data shows that the numerical model succeeded in pre-

dicting the ettringite precipitation front position and the

position of the first decrease due to the portlandite dissolution

whereas the leaching of portlandite and ettringite was not accu-

rately assessed in the first millimeters, as most of the models

proposed in the literature, because of the necessity to take into

account change of the transport properties in the degraded

zone;

Fig. 9. Precipitation and dissolution of cement paste phases as a function of depth after 160 immersion days in a 3 g/l Na2SO4 solution. Comparison with or without a

controlled pH in the Na2SO4 solution (without solution renewing).

Fig. 10. Precipitation and dissolution of cement paste phases as a function of depth after 160 immersion days in a 3 g/l Na2SO4 solution. Comparison with or without CO2.
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� Aluminate and sulfate bounded into the C–S–H have to be taken

into consideration in order to understand and model the mech-

anism of cracks;

� The numerical parametric study showed the influence of

boundary conditions on the degradation rate and the product

formed:

o The results confirm that the frequent renewing of solution

accelerates the degradation;

o If the sulfate solution is not renewed, the degradation rate

is paradoxically higher when the pH of the solution is not

controlled;

o The presence of CO2 did not play a significant role after

160 days of exposure, except if the solution is not

renewed. Indeed, in this latter case, the model predicted

the precipitation of calcite in the first tenth of a millimeter.

The numerical model succeeded in modeling calcite and

gypsum precipitation during the first days of exposure.

However, the coupling between COMSOL and Phreeqc is very

time-consuming compared to other software such as Toughreact,

Hytec. . .. Nevertheless, one advantage is that COMSOL is finite ele-

ment software that can combine heat and chemical species flow

and mechanical behavior on possible complex geometries.
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