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ABSTRACT

The development of a ionic diffusivity-porosity relation for cement paste, soundly
based on microstructure, along with future developments in this area, are discussed.
The importance of such relations for sulfate attack and other mechanisms of

deterioration in concrete, as well as for models of the chloride diffusivity of concrete,
are outlined.

INTRODUCTION

The dependence of ionic diffusivity on cement paste pore space characteristics is an
important quantity in modelling and understanding ionic transport through concrete.
An equation for water-saturated cement paste, based on microstructural modelling,
was developed several years ago [1]. This equation has since been used as the heart
of a multi-scale model for concrete diffusivity [2,3], and as a key component in a
sulfate attack model described in the paper by J. Marchand et al. [4] in this
proceedings. The present paper serves as a supplement to Marchand's paper, and

discusses the development of this equation, and present work being done to refine
and extend this equation.

DEVELOPMENT OF DIFFUSIVITY-POROSITY EQUATION
The equation to be discussed is the following:
D/D, = H(¢-0.18) 1.8 (¢ - 0.18)* + 0.07 ¢* +0.001 H

where D is the water-saturated bulk or effective ionic diffusivity measured by a
barrier experiment, in which a slab of cement paste is used as the barrier through
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which ions can diffuse. D, is the diffusivity of the ion in question in unconfined
water, ¢ is the capillary porosity, and H(x) (H(x > 0) = 1, H(x < 0) = Q) is the
Heaviside function. The three terms will be discussed in detail below, once the
microstructural model used to generate this equation is introduced.

The microstructure mode] used to generate this equation is no longer used by us in
that form, although it has been incorporated into improved models [5,6]. It was a
model for CiS hydration, where the C;S particles formed specified amounts of CH
and C-S-H [1,7]. No other phases were considered. It was a cellular automaton
model, as are the present models. In this model, material first dissolved from the
cement grains to form diffusing species. These species diffused through the pore
space, and reacted and formed C-S-H material and CH crystals. Only after every
diffusing species was reacted would a new dissolution cycle begin.

After a specified amount of hydration was carried out, as determined by the degree
of hydration or by the capillary porosity reached, the resulting microstructure was
saved in a computer file and read into a 3-D conjugate gradient program that would
solve for the effective diffusivity, D/D,, of the structure. The capillary porosity was
given a diffusivity of D,. The C-S-H phase was considered as a solid phase that had
small but finite diffusivity, which was chosen so as to roughly match experimental
data. The ultimate value of the C-S-H diffusivity was taken to be 0.0025 D, Since
only the ratio D/D, was being determined, the results were of course independent of
the value of D,. Many computations were carried out for w/c ratios ranging from 0.4
to 0.6, and degree of hydrations ranging up to 1. These data were all collected
together on one graph, and showed that a universal curve could be obtained,
depending only on capillary porosity, and not w/c ratio. Fitting this curve was done
in steps, analyzing each part of the curve and its dependence on microstructural
parameters. The three terms in eq. (1) were the result,

The first term, H(¢ - 0.18) 1.8 (¢ - 0.18)? , came from percolation considerations.
This model was found to have a critical porosity of about 18%, below which the
capillary porosity became disconnected [8]. If the C-S-H diffusivity was turned off,
which can be easily done in this model, then it was found that the overall diffusivity
also went to zero at this percolation threshold in a power law of the difference of the
porosity from 0.18, with a power of 2, in agreement with percolation theory [9]. The
prefactor of 1.8 was found by fitting this data. This term was then included in the fit
of the overall data, with the Heaviside function added in order to turn off this
percolation term when the capillary porosity was disconnected.

The third term was determined by considering fully hydrated systems, where the main
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diffusion was through the C-S-H phase. Using effective medium theory (1}, it was
determined that there was only a small dependence on w/c ratio at late stages of
hydration, so a best-fit constant of 0.001 was used, which of course depends on the
value chosen for the C-S-H diffusivity, 0.0025.

The second term, 0.07 ¢>, was chosen to connect the percolation behavior, which
tends to dominate in early hydration, with the nearly constant diffusivity, which
dominates the late hydration behavior. The form of this term was chosen to reflect
an Archie's law-type form [1]. The value of the exponent and the prefactor were
chosen from a fit to the master curve generated by simulation.

Further simulations of the C-S-H nanostructure have given values of diffusivity
relative to D, around the value of 0.0025, lending support to this choice [10], and
comparisons with careful experiments on white cements (used because of similarities
to pure C;S cements) showed that eq. (1) was indeed reasonable. This equation has
since been used for predicting portland cement paste diffusivity, with reasonable

results [2,4], although in principle, the simulations that supplied the data for eq. (1)
were only for C3S cement pastes.

AREAS OF IMPROYEMENT NEEDED

Over the last six years, changes in computer memory and speed, and new knowledge,
have forced us to begin re-evaluating eq. (1). These reasons are discussed below.

The original microstructure model based its volume stoichiometry for the C;S-water
reaction on work by Young and Hansen [12]. It has since been realized, by those
investigators and by us, that the volume of C-S-H produced per volume of C;S
reacted, 1.7, did not properly take into account chemical shrinkage. A more correct
value of this number is 1.52 [5]. Also, the original model had the dissolution and
diffusion/reaction cycles occurring separately. The latest version of the cement paste

hydration model has these cycles occurring simultaneously, more in accord with the
real experimental situation.

In Refs. [1] and [8], a cement particle size distribution was used that we have come
to realize is quite unrealistic. This was four sizes of particles, with equal numbers of
all four sizes. It is much more realistic to have approximately equal masses of
different size particles, so that the number of small particles is enormously larger than
the number of large particles. Recent results have shown that the capillary
percolation threshold depends somewhat on the particle size distribution used,
ranging from about (.18, for the unrealistic particle size distribution described above,
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to 0.22 for more realistic size distributions [13,14]. The exact value of the capillary
porosity percolation threshold will affect the form of eq. (1) to some extent.

Experimental evidence has shown that there are some differences, on the order of a
factor of two, between white cement and portland cement pastes for the value of
D/D,, especially at late degrees of hydration [15]. The microstructural model can
now do portland cement hydration, so this difference needs to be checked carefully.
Also, at late degrees of hydration, the value of D/D, obtained in the model is
dominated by the value of diffusivity assigned to the C-S-H phase. This value needs

to be re-evaluated as well in light of the experimental evidence and the changes in the
model.

All the percolation and diffusivity work that has been done with the old
microstructural model, on which eq. (1) is based, used 100’ size systems, where each
pixel had an edge length of one micrometer. Therefore the smallest capillary pore was
of necessity one micrometer. This choice reflected the computing power of the
computers available to us at that time. Computers have changed enormously over
the past 6-8 years, in memory and computing speed, and so we are now able to test
the percolation and diffusivity results obtained from the model at different choices of

resolution, probably up to 1000" size models or a smallest pore size of 0.1
micrometers.

DiscussioN

All of the improvement needs listed in the last section are being carried out at present.
We would like to emphasize that we do not expect huge qualitative changes in eq.
(1). In fact, the early hydration parts of eq. (1) will probably change very little. It is
in the late hydration stages that improvements are needed and hopefully will be seen.

At the very least, the new version of eq. (1) obtained will be on a sounder scientific
footing than the old version.

Qualitatively, the present form of eq. (1) is to be expected. This is because the
percolation behavior of the capillary porosity must dominate the early hydration
diffusivity. The competition between the well-percolated but low diffusivity C-S-H
sets the scale for the intermediate hydration stage, and the increasing C-S-H phase
and decreasing, disconnected capillary porosity phase must determine the late

hydration diffusivity. We hope to correct and improve the quantitative details of
these stages represented in eq. (1).

Finally, a possibility should be mentioned that is at present beyond the capabilities of
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our model, but may have to be dealt with in the future. That is the possibility of two
kinds of C-S-H, present in different amounts and locations at different hydration
times [16]. This would of course affect the diffusivity. The difficulty would be in
determining the kind of C-S-H a particular pixel should be, as the diffusivities to be
assigned would probably be very different. At present, since further specific
information is not available, all the C-S-H in the microstructural model is given the
same diffusivity. However, the model is easily capable of handling several different
kinds of C-S-H, due to its cellular automaton, digital-image-based structure.

One main use of eq. (1) is as a key step in predicting the difusivity of concrete in a
multi-scale model [2,3]. In Marchand's sulfate attack model, changes in the porosity
of a cement paste due to consumption or growth of various compounds change the
overall diffusivity of the microstructure viaeq. (1). CH leaching has a similar effect
on diffusivity via changes in porosity amount and topology [17,18]. The proposed
re-evaluation of eq. (1) almost certainly will not qualitatively change these results, but
should introduce some quantitative changes, on the order of a factor of two, at the
later stages of hydration. We have also carried out some work on modifying eq. (1)
for partially-saturated cement pastes, but this work is only preliminary for now [19].
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