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Abstract

Portland cement systems are often exposed to severe environments, and their long-term performance is of concern. The main results of a

comprehensive investigation of deterioration processes that may affect the behavior of Portland cement systems exposed to chemically

aggressive environments is presented. As part of this investigation, well-cured cement paste discs were fully characterized and exposed to

deionized water and sodium sulfate solutions. Degradation experiments were conducted under saturated and unsaturated conditions. At the

end of the exposure period, microstructural alterations were investigated by microprobe analyses, scanning electron microscope observations

and energy-dispersive X-ray analyses. Test results provide information on the basic aspects of various degradation phenomena, such as

decalcification and external sulfate attack. Experimental results were also compared with results obtained by a numerical model. The analysis

reveals that the intricate microstructural features of the degraded samples could be accurately reproduced by the model.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the significant efforts deployed to improve the

design, production and placement of concrete mixtures, the

premature decay of infrastructures remains one of the main

challenges facing the construction industry at the beginning

of this 21st century [1]. As a result, the durability of

concrete and its constituent phases continues to receive

significant international attention from both scientists and

engineers.

Chemical reactions that alter the cement paste micro-

structure are among the primary causes of concrete degra-

dation. Hydrated cement systems exposed to aggressive

environments, such as aqueous chloride, magnesium or

sulfate solutions, often sustain irreversible damage as a

result of paste softening and excessive volume change [2–

4]. If the mixture is properly designed and produced for the

environment it has to serve, concrete is an extremely durable

material. However, over the past decades, unfortunate
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examples of premature degradation of poor-quality concrete

mixtures in contact with seawater and so-called alkaline

soils have been repeatedly reported in the literature [4–7].

In some cases, deterioration is so severe that the structure

(or portions of the structure) has to be repaired or replaced.

As emphasized by Taylor [2], the concept of a design life

for concrete structures is becoming increasingly recognized.

Over the past decade, engineers have increasingly relied on

numerical models to predict the service life of concrete

structures exposed to aggressive solutions. The use of these

tools (which are often available on compact discs or through

the Internet) allows design engineers and project managers

to rapidly evaluate the impact of various factors (such as

mixture characteristics, concrete cover and protective sur-

face treatments) on the long-term performance of new or

existing concrete structures.

This article summarizes the first phase of a comprehen-

sive investigation on the behavior of hydrated cement

systems exposed to aggressive ionic solutions. A test

program was designed to generate quantitative information

on the influence of water/cement (W/C) ratio, type of

cement and type of solution on the kinetics of degradation.

The initial phase of the program was focused on the

detrimental effects of exposure of neat cement paste samples



Table 2

Mixture characteristics

Material W/C Cement (kg/m3) Water (kg/m3)

Paste 0.40 1394 558

Paste 0.60 1090 655
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to deionized water and sodium sulfate solutions. Micro-

structural alterations were investigated by means of scan-

ning electron microscopy (SEM) and microprobe analyses.

One of the key objectives of this investigation was to

generate reliable data for the validation of a numerical model

called STADIUM. This software was developed to predict

the service life of concrete structures in aggressive environ-

ments. Accordingly, experimental data were systematically

compared with the numerical results yielded by the model.
2. Material and mixture characteristics

Neat cement pastes (W/C = 0.40 and 0.60) were prepared

using an ordinary Portland cement (Canadian CSAType 10)

and a sulfate-resisting Portland cement (Canadian CSAType

50). The chemical and mineralogical compositions of the

two cements are given in Table 1. Both cements are

commercially available on the Canadian market.

All mixtures were prepared using deionized water and

without any chemical admixture. Mixtures were batched

under vacuum (at 10 mbar) to prevent the formation of air

void during mixing. Mixtures were cast in plastic cylinders

(diameter = 7.0 cm, height = 20 cm). Molds were sealed and

rotated for the first 24 h to prevent bleeding. Cylinders were

then demolded and sealed with an adhesive aluminum foil

for at least 12 months at room temperature. The character-

istics of all mixtures are given in Table 2.
Table 3

Properties of the different neat cement paste mixtures

Properties CSA Type 10a CSA Type 50b

W/C= 0.40 W/C= 0.60 W/C= 0.40 W/C= 0.60

Total porosity (%) 36.6 52.0 36.8 53.1

Initial pore solution (mmol/l)

OH� 737.2 429.3 563.9 327.4

Na + 192.0 111.1 168.0 110.0
3. Experimental procedures

3.1. Characterization of the initial state of the mixtures

To assess the properties of the various mixtures and

generate the input data required to run the model, all samples

were fully characterized using various test procedures. The

porosity of each mixture was determined in accordance with

ASTM C642 (Standard Test Method for Density, Absorption,
Table 1

Chemical and mineralogical composition of cements

Oxide Cement (%) Compound Cement (%)

CSA

Type 10

CSA

Type 50

CSA

Type 10

CSA

Type 50

SiO2 19.78 21.45 C3S 59 62

Al2O3 4.39 3.58 C2S 12 16

TiO2 0.22 0.21 C3A 7 2

Fe2O3 3.00 4.38 C4AF 9 13

CaO 62.04 63.93

SrO 0.26 0.07

MgO 2.84 1.81

Mn2O3 0.04 0.05

Na2O 0.32 0.24

K2O 0.91 0.70

SO3 3.20 2.28

LOI 2.41 0.86
and Voids in Hardened Concrete). Porosity values were

calculated according to the following equation:

/ ¼ msaturated � mdry

v
ð1Þ

where mdry is the mass of the sample after a drying period of

7 days in an oven at 105 jC and msaturated is the mass of the

sample after an immersion period of nearly 2 months in a

300-mmol/l NaOH solution (pH = 13.0–13.5) and v is the

sample volume. Porosity values are summarized in Table 3.

To provide information on the chemical composition of

the pore solution, extraction measurements were performed

on all mixtures. All experiments were carried out according

to the technique proposed by Barneyback and Diamond [8].

To perform the extraction, neat paste samples were broken

in small pieces and placed in a cell to be subsequently

crushed at a pressure of approximately 300 MPa. Typically,

2–5 ml of pore solution was extracted from each sample.

During the extraction, the solution was delivered through a

drain ring and channel and recovered with a syringe to limit

exposure to the atmosphere. Pore solution analyses were

carried out shortly after the extraction test by means of
K + 592.0 327.0 417.0 220.0

SO4
2� 24.3 5.6 11.6 2.8

Ca2 + 1.06 1.29 1.13 1.54

Al(OH)4
� 0.36 0.21 0.27 0.16

Diffusion coefficients (m2/s)

OH� 2.9E� 11 8.4E� 11 5.1E� 11 13.3E� 11

Na + 7.4E� 12 2.1E� 11 1.3E� 11 3.4E� 11

K + 1.1E� 11 3.1E� 11 1.9E� 11 4.9E� 11

SO4
2� 5.9E� 12 1.7E� 11 1.0E� 11 2.7E� 11

Ca2 + 4.4E� 12 1.3E� 11 7.7E� 12 2.0E� 11

Al(OH)4
� 3.0E� 12 8.6E� 12 5.2E� 12 1.4E� 11

Initial solid phase content (g/kg)

Portlandite 211.8 179.4 219.2 191.8

C-S-H (Ca(OH)2 part) 98.7 88.2 106.7 93.3

Monosulfate 100.6 83.0 30.3 26.5

Ettringite 49.7 46.9 63.2 55.2

a Equivalent to ASTM Type I.
b Equivalent to ASTM Type V.



Table 4

Degradation test program

No. Code Duration

(months)

Moisture

condition

Concentration

(mmol/l)

1 T10-0.40-3M-S-H2O 3 saturated 0

2 T10-0.60-3M-S-H2O 3 saturated 0

3 T10-0.60-3M-US-H2O 3 unsaturated 0

4 T50-0.40-3M-S-H2O 3 saturated 0

5 T10-0.60-3M-S-10

mmol/l Na2SO4

3 saturated 10

6 T10-0.40-3M-S-50

mmol/l Na2SO4

3 saturated 50

7 T10-0.60-3M-S-50

mmol/l Na2SO4

3 saturated 50

8 T10-0.60-6M-S-50

mmol/l Na2SO4

6 saturated 50

9 T10-0.60-12M-S-50

mmol/l Na2SO4

12 saturated 50

10 T10-0.60-3M-US-50

mmol/l Na2SO4

3 unsaturated 50

11 T10-0.60-3M-US-50

mmol/l Na2SO4

6 unsaturated 50

12 T10-0.60-3M-US-50

mmol/l Na2SO4

12 unsaturated 50

13 T50-0.40-3M-S-50

mmol/l Na2SO4

3 saturated 50

14 T50-0.60-3M-S-50

mmol/l Na2SO4

3 saturated 50
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atomic adsorption spectroscopy and potentiometric titration.

Test results are given in Table 3.

To provide information on the ionic transport properties

of the various mixtures, all samples were subjected to an ion

migration test [9]. This procedure is a modified (and

improved) version of ASTM C1202 (Electrical Indication

of Concrete’s Ability to Resist Chloride Ion Penetration).

The operating principle of the two tests is similar. In both

cases, the transport of ions through a saturated concrete

sample is accelerated by the application of an electrical

potential to the cell.

All samples for the ion migration test were first immersed

in a 300-mmol/l NaOH solution and vacuum-saturated for

approximately 24 h. After the saturation period, the lateral

surface of the discs was coated with a silicone gel. Test sam-

ples were then mounted on the migration cells. The cell/disc

interface was also coated with silicone to ensure a watertight

joint. Both compartments of the cells were filled with 3 l of

solution. The solution of the upstream compartment

contained 300 mmol/l of NaOH and 500 mmol/l of NaCl.

The downstream compartment of the cell was filled with a

300-mmol/l NaOH solution. The high pH of the test solutions

contributes to preserve the microstructure of the material.

During the test, the potential across the two surfaces of the

sample was maintained at 10 V. The current passing through

the sample and the chloride ion concentration of the down-

stream compartment were regularly measured over a 7-day

period. Knowing the initial composition of the concrete pore

solution, the potential applied across the sample, the porosity

of the sample and the concentrations in both compartments of

the cells, the diffusion coefficients of the various mixtures

were calculated using the procedure described by Samson et

al. [9]. Diffusion coefficients are summarized in Table 3.

To obtain information on the ability of the hydrated

mixtures to retain moisture, desorption isotherms were

determined using the procedure described by Feldman and

Sereda [10]. Paste samples were crushed to pass a 2-mm

sieve. Grinding was carried out in a moist room to avoid any

drying of the samples. Wet powdered samples (approxi-

mately 10 g each) were then weighted and placed in nine

different test chambers, each of them being conditioned at a

different relative humidity using a saturated salt solution.

All chambers were kept at 23 jC and flushed every week

with high-purity nitrogen gas to avoid carbonation of

samples. The equilibrium moisture content of the specimens

was measured on an analytical balance (F 0.05 mg) after a

120-day exposure period.

In addition, the moisture transport properties of the

mixtures were determined using a procedure similar to

ASTM E 96 (Standard Test Method for Water Vapor Trans-

mission of Materials). All results were compared with data

obtained by nuclear magnetic resonance imaging [11]. Based

on these results, the following expression was deduced:

DðhwÞ ¼ 5:2E� 11expð2:1hwÞ þ 2:4E� 20expð42:0hwÞ
ð2Þ
where Dw(hw) stands for the moisture diffusion coefficient

of the mixture (expressed in m2/s) and hw is the volumetric

water content of the material (expressed in m3/m3).

Finally, the initial distribution in solid phases within the

various mixtures was calculated using the equations pro-

posed by Taylor [2]. Results of the calculations are given in

Table 3.

3.2. Degradation tests

At the end of the curing period, cylinders were sawn in

15- to 20-mm-thick discs. Samples were then vacuum

saturated in a 300-mmol/l NaOH solution for a 24-h period.

Experiments were performed during 3 months, in saturated

and unsaturated conditions, using the following solutions:

deionized water and sodium sulfate solutions (prepared at

10 and 50 mmol/l). During the experiments, test solutions

were systematically renewed on a weekly basis to maintain

the exposure conditions constant and the pH below 10.5.

The detailed test program is given Table 4. The experimen-

tal setup for the degradation tests is shown in Fig. 1.

Before their immersion in the aggressive solutions, series

1 samples (saturated conditions) were first coated (on all

their faces except one) and then immersed in the test

solutions. The sides of series 2 samples (unsaturated con-

ditions) were coated. A relative humidity gradient was

created between the two faces of the discs of series 2.

One face was directly placed in contact with the solution

and the other was placed in contact with a CO2-free

environment maintained at a relative humidity of 65%. To



Fig. 1. Schematic representation of the experimental setup used to perform the chemical degradation experiments under saturated and unsaturated conditions.
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avoid carbonation, nitrogen was added on a regular basis in

the compartment. All experiments were conducted at 23 jC.
At the end of the degradation experiments, samples were

broken in small pieces and then immersed in isopropyl

alcohol for a minimum period of 14 days. After this period,

samples were dried under vacuum for 7 days. Once the

drying process over, samples were impregnated with an

epoxy resin, polished and coated with carbon.

Microstructural alterations were investigated by means of

microprobe analyses using a Cameca SX-100 operating at

15 kV and 20 nA. For each sample, measurements were

performed at intervals varying from 4 to 16 Am on four

distinct imaginary lines extending from the external surface

in contact with the aggressive solution toward the internal

part of the material. A 2� 2-mm (or 4-mm2) elemental

mapping was also performed for a few selected samples. At

each point, the total content of calcium, sulfur, sodium,

silicon and aluminum was determined. The degradation of

selected samples was also investigated by SEM observa-

tions carried out on polished sections. X-ray energy disper-

sion analyses were performed to establish the chemical

composition of the phases observed. All measurements were

carried out at 15 kV.
4. Numerical simulations

4.1. Description of the numerical model

The behavior of the various mixtures was evaluated

using a numerical model called STADIUM. This finite-

element software accounts for the coupled transport of

moisture and eight ionic species in concrete [12,13]. Be-

cause it also takes into account the chemical equilibrium of

nine different solid phases, this model can be used to predict

the durability of hydrated cement systems subjected to

multiple degradation phenomena, such as chloride penetra-

tion, external sulfate and magnesium attack and decalcifi-

cation of the hydrated cement paste matrix.

In the model, ionic species are considered to be either

free to move in the liquid phase or chemically bound in a

solid phase. The transport of ions in the liquid phase at
pore scale is described by the extended Nernst–Planck

equation to which an advection term is added. Once

averaged over a representative element volume, the advec-

tion–diffusion transport equation is given by the following

equation:

ð1� /Þ @cis
@t

þ @ðhwciÞ
@t

¼ @

@x
hwDi

@ci
@x

þ ziF

RT
ci
@V

@x
þ ci

@lnci
@x

� ��

þci Dw

@hw
@x

� ��
ð3Þ

where / is the total porosity of the material, ci is the

concentration of the species i in the aqueous phase, cis is

the concentration of the solid phase, hw is the volumetric

water content, Di is the diffusion coefficient, zi is the

valence number of the species, F is the Faraday constant,

R is the ideal gas constant, T is the temperature of the

liquid, V is the electrical potential, ci is the chemical

activity coefficient and Dw is the liquid water diffusivity

coefficient.

Eq. (3) has to be solved for all the ionic species con-

sidered in a particular system. The following eight species

are usually sufficient to describe most degradation prob-

lems: K +, Na +, Mg2 +, Ca2 +, SO4
2�, OH �, Al(OH)4

� and

Cl �.

To calculate the chemical activity coefficients, several

approaches are available. A modification of the Davies

equation was found to yield good results [14]:

lnci ¼ � Az2i
ffiffi
I

p

1þ aiB
ffiffi
I

p þ ð0:2� 4:17� 10�5ÞAz2i Iffiffiffiffiffiffiffiffiffiffi
1000

p ð4Þ

where I is the ionic strength of the solution

I ¼ 1

2

XN
i¼1

z2i ci ð5Þ

The constants A and B appearing in Eq. (4) are temper-

ature-dependent parameters while ai varies with the ionic

species [14].



Table 5

Solubility constants of solid phases found in hydrated cement systems

Name Chemical formula Expression for

equilibrium (Ksp)

� log Ksp

Portlandite Ca(OH)2 {Ca}{OH}2 5.2

C-S-H 0.65Ca(OH)2+

CaH2SiO4

{Ca}{OH}2 6.2

Ettringite 3CaO�Al2O3�
3CaSO4�32H2O

{Ca}6{OH}4

{SO4}
3{Al(OH)4}

2

44.0

Monosulfate 3CaO�Al2O3�
CaSO4�12H2O

{Ca}4{OH}4

{SO4}{Al(OH)4}
2

29.4

Gypsum CaSO4�2H2O {Ca}{SO4} 4.6

Mirabilite Na2SO4�10H2O {Na}2{SO4} 1.2
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A last relation is required to complete the system of

equations and to calculate the electrical potential V appear-

ing in Eq. (3). It is the Poisson equation, which relates the

electrical potential to the concentration of each ionic species

[15,16]:

@

@x
hws

@V

@x

� �
þ hw

F

e

XN
i¼1

zici ¼ 0 ð6Þ

where N is the total number of ionic species, e is the

dielectric permittivity of the medium, in this case water,

and s is the tortuosity of the porous network. The physical

meaning of the tortuosity coefficient is discussed in Samson

et al. [15] and Marchand et al. [16].

To complete the model, the transport of moisture can be

taken into consideration using the following equation:

@hw
@t

¼ @

@x
Dm

@hw
@x

� �
ð7Þ

This equation is used to describe the evolution of the liquid

water content field (i.e., hw) within the material. As can be
Fig. 2. Calcium and sulfur profiles after 3 months of exposure to deionized water: (

unsaturated.
seen, the transport of moisture within the material is

described in terms of the variation of the liquid water

content of the material. It should be emphasized that the

choice of using the material water content as the state

variable for the description of the problem has an important

implication on the treatment of the boundary conditions.

Since the latter are usually expressed in terms of relative

humidity, a conversion has to be made. This can be done

using a desorption isotherm (see previous section).

The set of Eqs. (3), (6) and (7) is solved with a sequential

noniterative approach algorithm [17,18]. During a time step,

the calculation is divided in two parts. The first part is solely

concerned with the resolution of the transport equations,

without any chemical reaction. This means that the first term

on the left-hand side of Eq. (3), which accounts for the ionic

exchange between the solution and the solid (like dissolu-

tion/precipitation reactions), is eliminated from the equation.

The output of this step, the ionic concentrations, are then

corrected in a second step that enforces the chemical

equilibrium algebraic relationships between the ions in the

pore solution and the different solid phases of the hydrated

cement paste. The solid phases are adjusted accordingly. A

separate chemical code is used in this part of the calculation.

After this chemistry step, the model starts the next time step.

The equilibrium relationships and constants considered in

the calculations are summarized in Table 5.

The poorly crystallized C-S-H is assumed to be a

combination of Ca(OH)2 and CaH2SiO4. The decalcification

of C-S-H is assumed to proceed by the dissolution of the

Ca(OH)2 part, leaving behind the CaH2SiO4 with a C/S ratio

of 1.0. This approach is in good agreement with the

experimental observations made by Faucon et al. [19].

In addition to their influence on the concentration of the

various ionic species, chemical reactions can also modify

the transport properties of the material by affecting its pore

structure. For instance, the dissolution of calcium hydroxide
left) W/C = 0.60, CSAType 10, saturated; (right) W/C = 0.60, CSAType 10,



Table 6

Thickness of the calcium-depleted zone after exposure to deionized water

(measured from the exposed surface)

No. Code Duration Calcium-depleted zone (Am)

(months)
Experimental Predicted

1 T10-0.40-3M-S-H2O 3 1000 700

2 T10-0.60-3M-S-H2O 3 1900 1600

3 T10-0.60-3M-US-H2O 3 1760 1600

4 T50-0.40-3M-S-H2O 3 1600 1000
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may contribute to locally increase the porosity of the paste,

thus increasing the area across which ions are able to

diffuse. This may have an effect on the diffusion coefficient

of the material. This effect is taken into account by calcu-

lating the local variation of porosity:

/ ¼ /init þ
XM
s¼1

ðV init
s � VsÞ ð8Þ

where Vs is the volume of a given solid phase per unit

volume of cement paste and M is the total number of solid

phases. A correction factor G is then calculated as a function

of porosity to modify the local diffusion coefficient:

Di ¼ GDinit
i ð9Þ

This approach neglects the influence of microcracks that

may be induced by the precipitation/dissolution reactions.

4.2. Information on the numerical simulations

Input data used to run the numerical simulations are

summarized in Table 3. In all cases, boundary conditions

and ionic diffusion coefficients were kept constant during the
Fig. 3. Calcium profiles after 3 months of exposure to dei
entire investigated period. Two types of exposure conditions

were taken into consideration. In the first case (referred to as

saturated degradation experiments), the bottom surface of

the (initially saturated) cement paste samples was assumed to

be in direct contact with the aggressive solution. The top part

of the sample was sealed (no ionic exchange was consid-

ered). In this first case, ions were only transported by

diffusion, the flux of moisture being equal to 0.

In the second series of simulations (referred to as

unsaturated degradation experiments), the bottom portion

of the (initially saturated) sample was also assumed to be in

direct contact with an aggressive solution. However, it this

case, the top face of the sample was free of any barrier and

the air above the samples was kept at 65% relative humidity.

In this second case, ions were transported by diffusion and

advection (moisture transport). To account for the effect of

advection, the transport of moisture was modeled using Eq.

(2). The predicted steady-state moisture flux (for the 0.60

W/C ratio mixture prepared with the CSA Type 10 cement)

was essentially similar to the one measured during the

experiment (i.e., around 150 ml/day/m2).

Simulations were performed for period ranging from 3 to

12 months depending of the case considered. The concen-

tration of all ions (except Na + and SO4
2�) was assumed to

be equal to 0.
5. Test results and discussion

5.1. Exposure to deionized water

Fig. 2 presents typical calcium and sulfur profiles (de-

termined by the microprobe analyses and expressed in
onized water: W/C = 0.60, CSA Type 10, saturated.



Fig. 4. Calcium profiles after 3 months of exposure to deionized water: W/C= 0.60, CSA Type 10, unsaturated.
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counts per second) for samples exposed for 3 months to the

deionized water. For all samples, the location of the calci-

um-depleted zone(s) was determined based on the calcium,

aluminum, silicon and sulfur microprobe profiles measured

from the exposed surface (in contact with the aggressive

solution) up to the opposite face of the discs.

Test results indicate that all samples were altered (to

various degrees) by the exposure to deionized water. The

thickness of calcium depleted zone is given in Table 6 for all

samples. Data clearly show the significant influence of W/C

ratio. A reduction of the porosity of the system readily

contributes to decrease the transport properties of the mate-

rial and therefore limit the extent of degradation. In this case,

test results indicate that a reduction of the W/C ratio from

0.60 to 0.40 tends to reduce the kinetics of leaching by nearly
Fig. 5. Calcium and sulfur profiles for the 0.60 W/C ratio sample
a factor of 2. These results emphasize, once more, the

importance of using lowW/C ratios to increase the durability

of cement-based materials to chemical attack [2,4,20].

As can be seen in Table 6, the use of a sulfate-resisting

cement (Type 50) had a detrimental influence on the kinetics

of degradation; the thickness of the calcium-depleted zone

increases by nearly 60% for both saturated and unsaturated

test conditions. These observations on the influence of the

sulfate-resisting cement on the diffusion properties of the

cement paste mixtures are in good agreement with migration

test results (see Table 3), which clearly show that the use of

a sulfate-resisting cement has a detrimental influence on the

ionic diffusion properties of the hydrated cement pastes.

Similar results were also observed on concrete mixtures

prepared with the same cements [21].
s immersed for 3 months in a 10-mmol/l Na2SO4 solution.



Fig. 6. Sulfur content mapping (2� 2 mm) for the 0.60 W/C ratio CSA

Type 10 sample exposed for 3 months to a 50-mmol/l Na2SO4 solution in

unsaturated conditions.
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Figs. 3 and 4 compare measured and predicted calcium

contents. As can be seen, the numerical results closely

reproduce the progressive decalcification of the paste ob-

served for all mixtures. Indeed, numerical results indicate

that the calcium content is progressively reduced from the

inner part of the material up to the surface in contact with

the aggressive solution. The model even reproduces the step

in the calcium profile that can be observed between 1000

and 2000 Am.

A summary of all the results obtained for the samples

exposed to deionized water is given in Table 6. The

comparison between the two series of data clearly illustrates
Fig. 7. Sulfur profiles after 3 months of exposure to a 50-mmol
the ability of the model to reliably predict the depth of

decalcification observed for the various neat cement paste

systems.

As can be seen in Figs. 3 and 4 and in Table 6, the model

not only reproduces correctly the shape of the calcium

profile for the samples constantly immersed in deionized

water (series 1) but also correctly describes the behavior of

the mixture tested in unsaturated conditions. In good agree-

ment with the experimental results, the model predicts that

the transport of moisture from the bottom portion of the

sample to the top surface has little influence on the depth of

decalcification of the material after 3 months of exposure.

The weak influence of the moisture gradient can be

explained by the fact that, during the first few months of

testing, degradation is limited to the first millimeters of the

material at the vicinity of the exposed surface. This portion

of the paste is in direct contact with the solution and remains

near full saturation.

The microprobe analyses, SEM observations and the

output of the model confirm that calcium hydroxide is the

first calcium-bearing phase to be influenced by the exposure

to deionized water. This conclusion is in good agreement

with the observations made by Delagrave et al. [20] and

Vernet [22]. The microprobe analyses also demonstrate that

C-S-H is not stable in presence of deionized water. In fact,

as pointed out by Revertégat et al. [23], C-S-H decalcifica-

tion begins when the amount of available calcium hydroxide

is no longer sufficient to restore the pore solution equilib-

rium. When all the calcium hydroxide has been dissolved,

the equilibrium of the system is controlled by the C-S-H that

undergo partial decalcification. The decalcification of C-S-

H leaves a residual skeleton of ‘‘silica gel’’ with almost no

residual mechanical strength [24,25].
/l Na2SO4 solution, W/C= 0.60, CSA Type 10, saturated.



Fig. 8. Sulfur profiles after 3 months of exposure to a 50-mmol/l Na2SO4 solution, W/C= 0.60, CSA Type 50, saturated.

Table 7

Thickness of the calcium-depleted zone after exposure to sodium sulfate

solutions (measured from the exposed surface)

No. Code Duration Calcium-depleted zone (Am)

(months)
Experimental Predicted

5 T10-0.60-3M-S-10

mmol/l Na2SO4

3 2200 1800

6 T10-0.40-3M-S-50

mmol/l Na2SO4

3 1000 800

7 T10-0.60-3M-S-50

mmol/l Na2SO4

3 1700 1600

8 T10-0.60-6M-S-50

mmol/l Na2SO4

6 2300 2600

9 T10-0.60-12M-S-50

mmol/l Na2SO4

12 3500 3800

10 T10-0.60-3M-US-50

mmol/l Na2SO4

3 1500 1600

11 T10-0.60-3M-US-50

mmol/l Na2SO4

6 2500 2600

12 T10-0.60-3M-US-50

mmol/l Na2SO4

12 3100 3800

13 T50-0.40-3M-S-50

mmol/l Na2SO4

3 1200 1200

14 T50-0.60-3M-S-50

mmol/l Na2SO4

3 2700 2200
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5.2. Chemical degradation by sodium sulfate solutions

Fig. 5 presents the calcium and sulfur profiles for the

0.60 W/C ratio (CSA Type 10) samples immersed for 3

months in a sodium sulfate solutions prepared at 10 mmol/l.

These profiles are typical of the degradation observed for

the other samples exposed to the sodium sulfate solutions.

Microprobe analysis reveal the presence of a narrow

band of high sulfur content near the external surface of all

samples exposed to the sodium sulfate solutions, whatever

the concentration (10 or 50 mmol/l). Analyses also indicate

that the sulfur content in this band increases with the sulfate

concentration of the external solution. EDS analyses showed

that the sulfur band is made of a mixture of gypsum and

ettringite crystals. It could be observed during the SEM

observations that gypsum was mainly located in long veins

parallel to the exposed surface (see Fig. 6).

These observations are in good agreement with the

conclusions of Gollop and Taylor [26], who investigated

the sulfate resistance of ordinary Portland cement systems in

the laboratory, and with those of Brown and Badger [27]

and Brown Doerr [28], who observed zonal formation of

various compounds in field concrete samples exposed to

sulfate-contaminated soils. In all cases, the presence of

layers of gypsum and ettringite was found to be indicative

of the transport of aggressive ions in the microstructure of

concrete.

The presence of a band of gypsum in the samples

exposed to the 10-mmol/l Na2SO4 solution is noteworthy.

It is often erroneously assumed that gypsum formation is

only possible for exposure to very high sulfate concentra-

tions. This result is also in good agreement with petrograph-

ic examinations of field samples that often reveal the
presence of gypsum near the surface of concrete in contact

with the soil [5,27,28].

Figs. 7 and 8 show the correlation between the sulfur

profiles predicted by the model and those measured exper-

imentally for two mixtures prepared at a W/C ratio of 0.60

and exposed in saturated conditions to a 50-mmol/l Na2SO4

solution for 3 months. Fig. 7 presents the results obtained

for the paste prepared with the CSA Type 10 cement while



Table 8

Thickness of the gypsum layer after exposure to sodium sulfate solutions (measured from the exposed surface)

No. Code Duration Bottom of gypsum layer (Am) Top of gypsum layer (Am)

(months)
Experimental Predicted Experimental Predicted

5 T10-0.60-3M-S-10 mmol/l Na2SO4 3 1400 600 2100 2200

6 T10-0.40-3M-S-50 mmol/l Na2SO4 3 700 300 1000 1000

7 T10-0.60-3M-S-50 mmol/l Na2SO4 3 1000 600 1800 2000

8 T10-0.60-6M-S-50 mmol/l Na2SO4 6 1100 1000 2400 3200

9 T10-0.60-12M-S-50 mmol/l Na2SO4 12 1700 1600 3600 4400

10 T10-0.60-3M-US-50 mmol/l Na2SO4 3 1000 600 1600 2200

11 T10-0.60-3M-US-50 mmol/l Na2SO4 6 1700 1000 2800 3200

12 T10-0.60-3M-US-50 mmol/l Na2SO4 12 2100 1800 3200 4400

13 T50-0.40-3M-S-50 mmol/l Na2SO4 3 950 400 1500 1600

14 T50-0.60-3M-S-50 mmol/l Na2SO4 3 1000 800 2700 3000
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those obtained for the CSA Type 50 mixture are given in

Fig. 8. As can be seen, the model tends to correctly

reproduce the shape of the sulfur profile by correctly

predicting the location of the gypsum peak (that goes from

1000 to roughly 2500 Am on Fig. 7) and the thickness of the

ettringite layer (that ranges from roughly 2500 to 5000 Am
on Fig. 7). The correlation between the two sulfur profiles is

even better in Fig. 8.

A summary of all the experimental and numerical

results is given in Tables 7 and 8. The analysis of the

data shows that the difference between the depth of

decalcification predicted by the model and that determined

by the microprobe measurements varies from 4% to a little

above 20% depending on the mixture. Good correlation is

also observed for the location of the gypsum layer (see

Table 8).

The microprobe analyses and the numerical results em-

phasize the marked influence of W/C ratio on the kinetics of

degradation. For the experiments carried out at 50 mmol/

l under saturated condition and for a 3-months exposure, the

thickness of the calcium-depleted zone ranges from 1000

Am for the 0.40 W/C ratio (CSA Type 10) samples to 1700

Am for the 0.60 W/C ratio (CSA Type 10) samples (i.e., an

increase of roughly 60%).

The experimental and numerical test results also con-

firm the significant influence of cement type on the

kinetics of degradation. After 3 months, the depth of

calcium leaching for the 0.40 W/C ratio samples exposed

to the 50 mmol/l Na2SO4 solution ranges from 1000 (for

ordinary Portland cement, CSA Type 10) to 1200 Am (for

the sulfate-resistant Portland cement, CSA Type 50). These

results are in good agreement with those obtained for the

samples exposed to deionized water (see previous section)

and confirm the sensitivity of the CSA Type 50 mixtures to

chemical attack.

Results presented in Tables 7 and 8 confirm the relatively

low influence of moisture transport on the mechanisms of

degradation. This is even the case for the samples exposed

to the sodium sulfate solution for 12 months. The limited

influence of the moisture gradient has been previously

attributed to the fact that degradation was initially limited
to the bottom portion of the samples (that remain saturated).

Simulations made with the numerical model also show no

major influence of the moisture transport on the degradation

for the conditions tested.
6. Conclusions

Microprobe analyses and SEM observations carried out

in this investigation confirm that the type of solution has

a dominant influence on the nature and the kinetics of

alteration of hydrated cement systems. Samples exposed

to deionized water were all affected, to various degrees,

by Ca(OH)2 dissolution and C-S-H decalcification. Ettrin-

gite and gypsum formation was observed in all samples

exposed to sodium sulfate solutions.

W/C ratio was found to have a major influence on the

kinetics of degradation. These results emphasize, once

more, the importance of using low W/C ratios to increase

the durability of cement-based materials to chemical attack.

Results also emphasize the significant effect of the type of

cement and the relatively weak influence of moisture

transport on the extent of degradation.

A good correlation was observed between the numerical

simulations and the microprobe measurements. The model

was able to reproduce the main features of the degradation

tests: the presence of a calcium depleted zone for the

materials exposed to pure water and sodium sulfate solu-

tions, the presence of a sulfur peak for samples exposed to

sodium sulfate solutions, even at low concentration, and the

effects of the W/C ratio and cement type on the degradation

kinetic.
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