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ABSTRACT: Leaching of concrete by water may severely damage structures like radioactive waste
depositories or water supply stations. This paper presents the influence of water leaching on the mechanical
properties of cement pastes. The NIST microstructure model CEMHYD3D and elastic model ELAS3D
were used to quantify the effect of the dissolution of cement hydrates like calcium hydroxide (CH),
monosulphoaluminate (AFm) and ettringite (AFt), on the Young’s modulus. The results clearly indicate the
important impact of calcium hydroxide dissolution on the decrease of this parameter. Calcium hydroxide
leaching can reduce the Young’s modulus by more than 50 %, depending on the initial calcium hydroxide
content. Different cement pastes were simulated to investigate the effect of two parameters: water to

cement ratio and silica fume addition. An empirical equation relating the capillary porosity to the Young’s
modulus was developed.
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1 INTRODUCTION

Leaching by water is a degradation mechanism for
concrete structures such as dams and tunnels. This
phenomenon becomes more alarming for structures
designed to last several hundred of years, which is
the case for radioactive waste depositories. Several
investigations on old concrete structures have
shown that water deteriorates concrete (Badouix
2000) and increases its porosity (Fujiwara et al.
1992). The phenomenon of leaching has been
studied in several laboratories to identify its
consequences on the physical and mechanical
properties of cement-based materials. In contact
with a reservoir of water with an ionic composition
different from that of the cement paste pore
solution (typically lower), various ions, and
particularly calcium and hydroxyl ions, diffuse
from the pore solution towards the water reservoir.
These transfers involve a chemical disequilibrium
and consequently a dissolution or precipitation of
solid phases (Adenot & Buil 1992). Following the
ranking of their solubility products, portlandite
(CH) is the first hydrate to be dissolved followed

by monosulphoaluminate (AFm) and then ettringite
(AFt). Lastly, C-S-H is decalcified and transformed
into a silica gel with minimal mechanical
properties. Thus, the leached zone is characterized
by a succession of dissolution-precipitation fronts
between zones in chemical equilibrium, as shown
in Fig. 1. The dissolution of the hydrates in
cement-based materials involves an increase in
porosity (Tognazzi 1998, Matte & Moranville
1999), a decrease in the elastic modulus and in the
compressive strength (Carde 1996, Gérard 1998,
Kamali 1999 & Le Bellégo 2001), an increase in
material ductility (Carde 1996), a reduction in the
fracture energy (Le Bellégo 2001), and a reduction
in the friction coefficient as obtained by a triaxial
compression test under drained conditions
(Heukamp 2001).

The elastic or Young’s modulus is one of the
most important and critical properties of concrete
material and structural mechanical design. The
quantification of the reduction in this property due
to the dissolution of one or more hydrates is not
easy to measure. However, the NIST 3D
microstructure models are well adapted for this



type of study. These models have been used to
quantify the dissolution effect of portlandite (CH),
ettringite (AFt) and monosulfoaluminate (AFm),
on the elastic modulus. The modelling has then
been validated using one experimental result.
Different cement pastes were simulated to study
effect of the water-to-cement ratio, w/c, and silica
fume addition. Empirical formulas were developed
to relate the decrease of the elastic modulus to the
increase in capillary porosity during leaching.
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Figure 1. Leaching zones in a portland cement paste(w/c=0.4)
leached by pure water at pH=7 and T=20 °C, according to
Adenot (1992) ; C-S-Hy = decalcified C-S-H.

2. MODELLING THE LEACHING EFFECT ON
THE YOUNG' SMODULUS

2.1. Methodology

To evaluate the consequences of the leaching of
CH, AFm and AFt on the cement paste elastic
modulus, we used two NIST models: CEMHYD3D
and ELAS3D. The first one is a three-dimensional
cement hydration and microstructure development
modelling package. The second one is a finite
element linear elastic program developed for
computing the linear elastic properties of random
materials whose microstructure has been stored in a
2D or 3D digital image. Several steps were
followed:

1. The first step consisted in building the three-
dimensional microstructure of the unleached paste
by using the CEMHYD3D program. This program
has been previously described in detail (Bentz
1997). The cubic hydration volume is 100° pm® or
10° voxel elements. Among other results, this
program computes the hydrate volume fractions
and capillary porosity.

2. The second step consisted in simulating the
leaching of CH, AFt and AFm by replacing the
pixels representing these phases by those of water.
The hydrate volume fractions and the capillary
porosity of the unleached and leached material
were provided by the program. This simulated

leaching was done globally, in order to see material
response, and so would not set up leached zones, as
in Fig. 1, since there was not a surface where
leaching started. The CEMHYD3D model has
periodic boundary conditions (Bentz 1997).

3. The third step consisted in computing the
Young’s modulus of the unleached and leached
microstructures using the ELAS3D program. This
code is described in detail elsewhere (Garboczi
1998). The microstructures obtained in steps 1
and/or 2 were used as input data for the program
(Garboczi 1998). The elastic moduli of each voxel
were defined by its corresponding phase.

2.2. Application and validation of the modelling

In order to check the relevance of this modelling, a
comparison with an experimental result is
necessary. Based on physico—chemical
characterization and compression test results,
Carde (1996) found that total dissolution of CH
caused a reduction of 55 % in the Young’s
modulus of portland cement paste with w/c=0.5.
The different modelling steps described in section
2.1 were applied to Carde’s cement paste and the
simulated value of the elastic modulus reduction
after CH leaching was compared to the
experimental one. The mineralogical composition
of the cements studied is presented in Table 1.
These values were used in the CEMHYD3D
model. Table 2 gives the elastic modulus and
Poisson’s ratio values of the principal phases used
in the ELAS3D code (1 % to 2 % uncertainty in all
values). The used water phase properties are the
bulk modulus (K) equal to 2.2 GPa and shear
modulus (G) equal to 0.0 GPa (Lide 1997).

Table 1. Mineralogical composition of Carde’s

Portland cement using Bogue method (% weight

content) (Carde 1996).
C}S Czs C3A
57.4 % 14.7 % 8.2 %

C,AF
9.2 %

Gypsum
5.4 %

Table 2. Young’s modulus, E, and Poisson's ratio
values of the principal phases used in modelling.

Phases E (GPa) v References

CsS 117.6 0.314 Boumiz et al. 1997

C,S 117.6 0.314

CA 117.6 0.314

C4AF 117.6 0.314

Gypsum 457 033 (ljghgz et al. 1979, Bhalla
Portlandite 423 0.324 Monteiro & Chang 1995
C-S-H 22.4 0.25 Damidot et al. 2003
C-S-Hpore 22.4 0.25

Afm 423 0.324

Aft 224 0.25

Empty porosity 0 0




The model values of the Young’s modulus of
unleached and leached cement pastes are given in
Table 3. If the random hydration and leaching
simulations were run several times, there would
only be about a 1 % or lower value of the standard
deviation in these moduli. The results show the
important effect of CH dissolution on the decrease
of the elastic modulus. The effect of the dissolution
of the sulfoaluminates, AFm and AFt, appears less
important than does dissolution of CH, with the
dissolution of AFm being the least important in
reduction of the Young’s modulus. A reduction of
49 % was found after only CH leaching. This
model value is in good agreement with the
experimental value of 51 %.

Table 3. Hydrate dissolution effect on the Young’s
modulus — numerical results using ELAS3D.

Young’s Modulus

Gpa % of unleached
cement paste
Unleached 19.0 100
CH dissolution 9.8 51
CH and AFm dissolution 9.8 51
CH, AFm and AFt dissolution 8.3 43

3. INFLUENCE OF WATER-TO-CEMENT
RATIO AND SILICA FUME ADDITION ON
LEACHED MATERIAL PROPERTIES

To investigate the effects of water-to-cement ratio
(w/c) and silica fume addition on the decrease of
the Young’s modulus due to leaching, six cement
pastes were simulated: three w/c ratios (0.5, 0.4,
0.25) for two industrial cements, ordinary portland
cement (CEM I) and blended portland cement with
7.7 % silica fume content (CEM II/A). Cement
CEMII/A is made by adding silica fume at the
cement plant to CEM I as a mass replacement for
CEM 1. So therefore the “c” in “w/c” represents the
weight of the cement CEM II, a mixture of
Portland cement and silica fume. These cement
pastes were previously studied by Kamali (2003).
Their formulations are given in Table 4.

Table 4. Composition of the six cement pastes.
Paste n°

Cement type w/c Silica fume content %

1 Portland (CEM 1) 0.5 0%
2 Portland (CEM 1) 0.4 0%
3 Portland (CEM I) 0.25 0%
4 CEM II/A 0.5 7.7 %
5 CEM II/A 0.4 7.7 %
6 CEM IVA 0.25 7.7 %

3.1. Numerical simulation

The microstructures of the six cement pastes were
simulated using the CEMHYD3D program. This
model operates by a sequence of steps : dissolution,
random-walker diffusion of the mobile agents, and
reaction between colliding pixels. One complete
sequence is called a cycle of hydration. The
simulated microstructures were representative of
the real microstructures, in that the hydration cycle
number was fixed in such a way that the simulated
CH volume fraction was chosen to be as close as
possible to that found in experiment (Kamali
2003). First, simulations of 5000 hydration cycles
were performed. Then, as shown in Figure 2, a
cycle number was chosen so that the numerical CH
content evolution agreed within two or three
significant figures with the experimental CH
content value. Table 5 presents the number of
cycles identified for each cement paste and a
comparison between simulated CH content values
and those measured experimentally. In paste
number 6, the 5000 cycles of hydration used, as
well as model inaccuracies in simulating the effect
of silica fume, made it not possible to obtain such
close agreement with the CH content. A unit cell
100 pum in size was used for all the simulations.
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Figure 2: Evolution of the principal hydrate volume fractions
with the number of hydration cycles (for portland cement paste
at w/c=0.4).

Once the 3D microstructures of unleached
hydrated cement pastes were built, the leaching of
CH, AFm and AFt were simulated. Figure 3
presents 2D images obtained from 3D numerical
microstructures of Portland cement paste with w/c
= 0.4, before hydration, after hydration and after
CH dissolution. It is clearly shown that the
dissolution of CH (shown in white) increases the
porosity (shown in black).
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Figure 3. 2D images obtained from 3D microstructures of
portland cement paste with w/c=0.4 before hydration, after
hydration and after CH dissolution. The images are 100 pm in
width.

Table 5. Cycle number and numerical and
measured CH content.

Paste  Cement w/c  Cycle CH mass content (%)
n° type number  Model Experiment
1 CEM I 0.5 2351 20 20

2 CEM I 04 1378 20 20

3 CEM 1 0.25 1319 16 16

4 CEMIVA 0.5 1947 13 13

5 CEMIVA 04 1378 13 13

6 CEMIVA 025 5000 9 10

3.2. Leaching influence on capillary porosity

The volume fractions of the main phases and the
capillary porosity given by the model for the six
cement pastes are presented in Table 6. The results
are in good agreement with what is already known
concerning the increase of capillary porosity with
the water-to-cement ratio and the reduction in CH
content with silica fume addition (Huang &
Feldman 1985, Regourd 1987).

Table 6. Volume fractions of principal hydrates
and capillary porosity model value.
Volume fractions in %

CEM I paste CEM II/A paste
w/c = 0.5 0.4 025 05 0.4 0.25
CH 164 169 157 105 10.8 85
C-S-H 473 474 421 38,6 388 327
C-S-Hpouzz - - - 108 109 124
AFt 2.4 2.8 2.9 2.7 2.3 29
AFm 0.16 0.14 03 0.4 0.4 1

Porosity (%) 23.7 183 11.0 24.0 184 1I.1

Previously, Bentz et al. (1992) have shown the
important effect of CH dissolution on the porous
network percolation of tricalcium silicate cement
pastes. We studied the influence of the total
dissolution of CH and also of AFm and AFt on the
increase in the capillary porosity for the six cement
pastes. The model values of capillary porosity of
the unleached, and the CH, AFm and Aft-leached
cement pastes are given in Table 7. The results
show an important capillary porosity increase after
total CH dissolution for the different pastes. To
evaluate the effect of the CH, AFm and AFt
dissolution, we calculated the capillary porosity
ratios after and before leaching. As shown in Fig.
4, the total CH dissolution has a very important
effect on the increase in the capillary porosity and
particularly for pastes with lower water-to-cement
ratios. The total dissolution of AFm and AFt also
contributes to the increase in capillary porosity, but
in a much smaller way, due to the fact that their
volume fractions in the unleached cement paste are



much lower, i.e. 0.16 % AFm and 2.4 % AFt
compared to 16.4 % CH in the CEMI at w/c = 0.5.
For the different systems, with and without silica
fume, the capillary porosity due to hydrate
dissolution increases with water-to-cement ratio.

Table 7: Capillary porosity values for the different
cement pastes before and after CH, AFm and AFt
dissolution - CEMHYD?3D results.
Capillary porosity peay, %0

CEM I paste CEM II/A paste
w/c = 0.5 0.4 025 0.5 0.4 0.25
unleached 237 183 11.0 240 184 11.1
without CH 40.1 351 267 345 292 19.6
without CH 403 353 27.0 349 295 206
and AFm
without CH, 42.7 381 300 370 306 215
AFm and AFt
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Figure 4. Leaching effect of CH, AFm and AFt on the increase
of capillary porosity.

In the study of transfer phenomena, the
connected capillary porosity is an important and
critical parameter to be taken into account. It is
known that the entire capillary porosity system is
not totally connected. The connectivity depends on
the capillary porosity value. For high values,
beyond 0.4, the capillary porosity is almost fully
connected. Thus, the dissolution of hydrates can
strongly increase the connected capillary porosity
fraction (fraction of total sample volume). It is

important to remember that this study can predict
properties of fully leached areas in the cement
paste, but it is not made to simulate the progression
of the leaching front. The connected capillary
porosity fraction was computed for the six cement
pastes before and after leaching of hydrates, using
CEMHYD3D. The model values are given in Fig.
5. The results indicate that CH dissolution
significantly increases the connected porosity
fraction, connecting previously isolated pores. This
effect is highlighted in the cement pastes with w/c
= 0.25. The AFm and AFt dissolution contributed
slightly to the connectivity of the porous network
because their original volume fraction in unleached
cement pastes was lower.
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Figure 5: Leaching effect of CH, AFm and AFt on the increase
of the connected capillary porosity fraction (expressed as a
fraction of total sample volume).

3.3. Influence of leaching on the Young’s modulus

The two main goals of the modelling study on the
six leached cement pastes were to quantify the
dissolution effect of CH, AFm and AFt on the
value of the elastic modulus, and develop a simple
equation to relate the reduction in the Young’s
modulus to the increase in the capillary porosity.
Table 8 summarizes the model values of Young’s
modulus for the unleached and leached cement
pastes. Results clearly show an important decrease
of this parameter in the leached cement pastes. The



reduction rate depends on the water-to-cement ratio
and silica fume addition.

Table 8. Young’s modulus, E, value for the various
cement pastes according to the rate of degradation
— numerical results obtained by ELAS3D program.

the pozzolanic reaction of the silica fume. Much
less CH originally means that much less CH could
be leached. In all the cases, the value of Young’s
modulus found after leaching decreases as wi/c
increases.

4. EMPIRICAL FORMULA RELATING THE
DECREASE IN THE YOUNG MODULUS TO
THE INCREASE OF THE CAPILLARY
POROSITY

Different empirical equations relating Young’s
modulus to porosity exist in the literature.
However, the porosity considered depends on the
experimental methods used to determine it. In this
paper, we propose a new formula adapted for
capillary porosity given by the CEMHYD3D
model. A plot of the Young’s modulus model
values obtained from the different simulations,
versus total capillary porosity, is provided in Fig. 7.
The following equation relating Young’s modulus
to capillary porosity is fitted to the different model
values.

E=4603-(1-p,,, ' (1)

where £ = cement paste Young’s modulus (GPa);
Peqp= cement paste capillary porosity.

40
35

E (GPa)
CEM I paste CEM 1II/A paste
wlc = 0.5 0.4 025 0.5 0.4 0.25
unleached 18.6 230 327 17.8 219 308
without CH 8.7 119 190 11.6 149 239
without CH 8.6 119 187 115 147 23.1
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Figure 6. Dissolution effect of CH, AFm and AFt on the
Young’s modulus decrease of the six cement pastes.

To further quantify the effect of the hydrate
dissolution on the reduction in the Young’s
modulus, we calculated the leached-to-unleached
cement paste elastic modulus ratios, as shown in
Fig. 6. The results clearly indicate the important
effect of portlandite dissolution in the decrease of
this parameter value. This reduction increases with
the water-to-cement ratio.

For the two other hydrates, AFm and AFt, whose
original volume fraction was low (see Table 6),
their dissolution caused a much lower decrease in
the Young’s modulus of the different cement
pastes. The system with silica fume has a higher
residual elastic modulus value. It is due to the
lower initial content of CH, which in turn is due to
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Figure 7. Numerical simulations results for the different cement
pastes, leached and non-leached.

Based on Equation 1, the reduction of the
Young’s modulus due to leaching can be expressed
as a function of unleached and leached cement
paste capillary porosity as shown in Equation 2:

3.16
E _ l_pcap

= = 2
Eo l_pcapO ( )



where E = leached cement paste Young’s modulus
(GPa); Eo= unleached cement paste Young’s
modulus (GPa); pc.,= unleached cement paste
capillary porosity; p.,,= leached cement paste
capillary porosity.

5. CONCLUSION

Using the CEMHYD3D and ELAS3D
microstructure and property models, the leaching
from cement paste of the phases CH, AFm, and
AFt was numerically simulated. Leaching effects
on capillary porosity, connected capillary porosity
fraction, and Young’s modulus were computed and
analysed for six cements, at three different water-
to-cement ratios and with and without 7.7 % silica
fume addition. The results clearly show that CH
dissolution strongly increases capillary porosity
and its connected fraction and significantly
decreases the Young’s modulus value. A reduction
of more than 50 % in Young’s modulus was found,
in good agreement with experiment. These increase
and reduction rates depend on the initial CH
content and consequently on water-to-cement ratio
and silica fume addition. The system with silica
fume had a higher residual elastic modulus value
due to the lower initial CH content. For the six
cement pastes, the fractional reduction in elastic
modulus increases with the water-to-cement ratio.
As far as the two other hydrates, AFm and Aft, are
concerned, their dissolution causes a much lower
increase in capillary porosity and decrease in
Young’s modulus because their initial volume
fraction is much lower than that of CH. Finally, an
empirical equation relating elastic modulus to
capillary porosity was developed using the
numerical results.
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