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Abstract

Based on a set of multi-scale computer models, an equation is developed for predicting the chloride ion diffusivity of concrete as a

function of water-to-cement (w/c) ratio, silica fume addition, degree of hydration and aggregate volume fraction. Silica fume influences

concrete diffusivity in several ways: (1) densifying the microstructure of the interfacial transition zone (ITZ) regions, (2) reducing the overall

(bulk and ITZ) capillary porosity for a fixed degree of cement hydration, and (3) producing a pozzolanic C-S-H gel with a relative diffusivity

about 25 times less than that of the C-S-H gel produced from conventional cement hydration. According to the equation and in agreement

with results from the literature, silica fume is most efficient for reducing diffusivity in lower w/c ratio concretes (w/c < 0.4). In these

systems, for moderate additions of silica fume (e.g., 10%), the reduction in concrete diffusivity may be a factor of 15 or more, which may

substantially increase the service life of steel-reinforced concrete exposed in a severe corrosion environment. Published by Elsevier Science

Ltd. All rights reserved.
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1. Introduction

One key parameter influencing the service life of a

concrete structure is the diffusivity of the concrete [1]. In

many cases, the rate of ingress of some deleterious species

such as chloride or sulfate ions regulates the initiation of

deterioration. In the 1990s, much research and development

has been conducted to produce more durable (so-called high

performance) concretes. It has been recognized that strength

and durability are different properties of a concrete, and that

the transport properties of the `̀ covercrete'' (the top exposed

layer of the concrete) are particularly vital in determining its

durability and service life.

In the 1970s, the Nordic countries initiated the incorpora-

tion of condensed silica fume (CSF) into concrete to

produce higher strengths [2]. Silica fume also offers many

potential durability benefits (although its tendency to in-

crease autogenous deformation [3], adiabatic temperature

rise [4], and early-age cracking must be carefully con-

trolled). Measurements of the diffusivity of concrete with

and without silica fume [5±7] based on the rapid chloride

permeability test [8] or on more direct measurements of

chloride ingress have all indicated a substantial reduction in

diffusivity for the concretes containing silica fume. In this

paper, a set of multi-scale computer models is used to

develop an equation for predicting the diffusivity of a

concrete containing silica fume based on four inputs: the

water-to-cement ratio (w/c), the silica fume addition, the

volume fraction of aggregates and the degree of hydration of

the cement. Previously, these techniques have been applied

to ordinary concrete and mortar with no mineral admixtures

[9,10], and here are extended to concretes with silica fume,

based on recent experimental and computer modeling results

on the influence of silica fume on the diffusivity of cement

pastes [11].

2. Computer modeling

The multi-scale modeling approach used here to predict

concrete diffusivity has been outlined previously [9]. It is

based on the combination of a cellular-automaton-based

three-dimensional model for cement paste hydration and

microstructure development [12] and a three-dimensional
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hard core/soft shell (HCSS) model for concrete [13]. The

approach follows these steps.

(1) The `̀ median'' cement particle diameter is used to

establish the thickness of the interfacial transition

zone (tITZ) surrounding each aggregate.

(2) The HCSS model is executed for the volume

fraction and particle size distribution (PSD) of

aggregate and tITZ of interest to determine the

volume fractions of bulk (Vbulk) and ITZ (VITZ)

cement paste (alternately, the analytical equations

of Lu and Torquato [14] and Garboczi and Bentz

[15] can be used for this determination).

(3) These paste fractions are duplicated in the cement

paste microstructural model in a system containing a

single flat plate aggregate with the desired cement

PSD, overall w/c ratio, and silica fume addition.

(4) Hydration of the cement paste microstructure is

simulated for a fixed number of cycles or until a

degree of hydration of interest.

(5) The hydrated microstructure is analyzed to determine

the capillary porosity present in the cement paste as a

function of distance from the aggregate surface.

(6) These local porosities and the initial local silica fume

addition are substituted into a previously developed

equation relating relative diffusivity of cement paste

to capillary porosity and silica fume addition [11].

(7) The local relative diffusivities are averaged into two

subsetsÐthose within the ITZ region and those

within the bulk cement paste.

(8) The ratio of `̀ average'' ITZ diffusivity (DITZ) to

average bulk cement paste diffusivity (Dbulk) is com-

puted and used as input back into the HCSS model to

determine the effective diffusivity of the concrete

composite (Deff) relative to the average value for the

bulk cement paste (using random walker techniques

[16], typically with 10,000 random walkers each

taking on the order of 1,000,000 random steps).

(9) the overall diffusivity of the concrete is computed by

multiplying the result of step (8) by the average bulk

cement paste relative diffusivity determined in step

(7) and by the diffusivity of chloride ions in bulk

water (taken to be 1.81 � 10ÿ9 m2/s at 20°C [17], for

this study).

The cement paste±single aggregate microstructural mod-

el was executed at a resolution of 1 mm/pixel with system

sizes ranging from 170 � 170 � 170 pixels to 234 � 234 �
234 pixels depending on the specific value of VITZ/Vbulk.

The system volume for the concrete microstructural model

was a cube 3-cm on a side. Both models employed periodic

boundary conditions to eliminate artificial edge effects.

The cement used in all of the computer experiments had

the following composition on a volume basis: C3SÐ0.665,

C2SÐ0.1425, C3AÐ0.095, C4AFÐ0.0475, and gyp-

sumÐ0.05. Its PSD corresponded to that of a cement with

a measured Blaine fineness of 387 m2/kg and a Rosin±

Rammler mean particle diameter of approximately 15 mm

[18]. The silica fume (specific gravity of 2.2) is modeled as

1-pixel particles, 1 mm in diameter. To simulate `̀ good''

curing conditions, the cement hydration model was executed

under saturated conditions until the capillary porosity de-

percolated and under sealed conditions thereafter. Under

sealed conditions, the appropriate empty capillary pores are

created to account for the chemical shrinkage occurring

during cement hydration [12,19]. The aggregate PSD corre-

sponded to the midpoint of the upper and lower limits given

in ASTM C33 [20] for coarse (maximum diameter of 19.0

mm) and fine aggregates [9]. This resulted in approximately

500,000 aggregates being present in the 27,000 mm3 con-

crete computational cell.

For the computer experiment, the following variables and

settings were examined in a full factorial experimental design:

The total number of computer experiments was thus 36

(= 3 � 3 � 2 � 2). The hydration model was executed for

fixed numbers of cycles (times) instead of fixed degrees of

hydration because the ultimately obtainable degree of hy-

dration is a function of the w/c ratio. A total of 850 cycles

should be fairly typical of 28 days of room temperature

curing, while 2000 cycles should correspond to approxi-

mately 180 days of curing.

The results were analyzed using ordinary least squares

regression analysis [21]. Including only the interaction

effects (second order cross product terms) that were deter-

mined to be significant, the base 10 logarithm of the

concrete diffusivity, Dconc, was fit to a function of the form:

log10�Dconc� � a0 � a1

w

c

� �
� a2

w

c

� �2�a3CSF

� a4�CSF�2 � a5

w

c

� �
CSF� a6a

� a7

w

c

� �
a� a8�CSF�a� a9Vagg �1�

where CSF is the silica fume addition rate, a is the degree of

hydration of the cement, and a0 to a9 are the fitting

coefficients. For the settings examined in this study, all four

independent variables will have values between 0 and 1.

Viewing this equation, it can be seen that, specifically, the

interaction effects between the volume fraction of aggre-

gates, Vagg, and each of the other three variables were

determined to be insignificant based on the regression

analysis of the results presented below.

3. Results and discussion

Silica fume influences the microstructural development

of hydrating cement paste in concrete through at least three

w/c 0.3 0.4 0.5

CSF addition

(mass fraction of cement basis)

0.00 0.05 0.10

Vagg (volume fraction of aggregates) 0.62 0.70

Cycles of hydration 850 2000
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mechanisms. First, because of its small particle size, silica

fume packs more efficiently in the ITZ region than the larger

cement particles do. This is illustrated in Fig. 1, which plots

the variation in volume fraction of cement and silica fume

(for a unit cement paste basis) with distance from the single

aggregate surface for an initial microstructure, for a concrete

with w/c = 0.4 and a 10% silica fume addition on a mass

basis. When viewing Fig. 1, it should be kept in mind that

the results shown are for packing digitized `̀ spherical''

particles, and that in continuum space, even the volume

Fig. 1. Model results for initial cement and silica fume volume fractions vs. distance from center of aggregate surface for a w/c = 0.4 concrete with 10%

silica fume addition on a mass basis. Note that the ITZ is seen to extend approximately 15 mm into the cement paste, corresponding to the `̀ median''

cement particle diameter.

Fig. 2. Model results for capillary porosity fraction (in the cement paste) vs. distance from center of aggregate surface for w/c = 0.4 concretes hydrated for 2000

cycles using the NIST model. Top two lines indicate initial capillary porosities and the lower two correspond to capillary porosities after hydration.
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fraction of the much smaller silica fume would decrease

within 1 mm or so of the aggregate surface (due to inefficient

packing of spheres against a `̀ flat'' wall).

Due to these packing limitations, the cement volume

fraction is seen to decrease significantly as the aggregate

surface is approached, so that the water volume fraction

naturally increases. The very fine silica fume particles are

more or less evenly distributed within this water phase

and therefore, actually exhibit an increase in volume

fraction in the ITZ relative to the bulk paste. Thus, the

ratio of silica fume to cement is much higher in the ITZ

region than it is in the bulk paste. This `̀ extra'' silica

fume in the ITZ region will participate in pozzolanic

reactions, resulting in a denser, more homogeneous ITZ

microstructure [22].

Second, silica fume reduces the overall porosity in a

concrete. These first two effects of silica fume can be

clearly seen in Fig. 2, which contrasts the variation in

capillary porosity in the cement paste with distance from

the surface of an aggregate particle for w/c = 0.4 systems

with silica fume additions of 0% and 10%. Because we are

considering a silica fume addition, the initial overall

porosity is slightly reduced due to the additional volume

occupied by the silica fume. Still, after hydration, the

overall porosity is further reduced, due to the pozzolanic

reaction. Furthermore, the porosity gradient in the ITZ

region is also significantly reduced. This improvement in

microstructure is achieved despite the fact that after 2000

cycles of hydration, the degree of hydration of the cement

in the 0% silica fume system is 0.843, while that in the

one with 10% silica fume is only 0.775 (due to water

availability/space limitations).

Silica fume has a third extremely significant effect on the

microstructure of hydrating cement paste. The pozzolanic

C-S-H gel produced from silica fume appears to have an

inherent chloride ion diffusivity that is approximately 25

times less than that of C-S-H gel formed from conventional

cement hydration [11]. In part I of this paper [11], the

following equation was developed for estimating the relative

diffusivity of a cement paste with silica fume as a function

of capillary porosity, f, and silica fume content, CSF:

D

D0

�f;CSF� � 0:0004

b�CSF� �
0:03

b�CSF�f
2

�1:7�fÿ fc�2H�fÿ fc� �2�
where D is the diffusivity of chloride ions in the cement

paste, D0 is their corresponding diffusivity in bulk water, fc

is the capillary porosity at which the capillary pore space

depercolates (0.17), H is the Heaviside function (H(x) = 1

when x > 0 and 0 otherwise), and b(CSF) is a function of the

silica fume addition that can be approximated by:

b�CSF� � 1:0 CSF Q 0:025

b�CSF� � 1:0ÿ 48:6 � CSF� 2330 � �CSF�2
ÿ11400 � �CSF�3

0:025 < CSF Q 0:12

�3�

b�CSF� � 9:0 CSF > 0:12:

b represents the reduction in diffusivity of the C-S-H gel

component of the cement paste due to the formation of a

pozzolanic C-S-H gel with an inherent diffusivity lower than

that of primary C-S-H gel formed during conventional cement

hydration [11]. The upper bound value of 9.0 for silica fume

Fig. 3. Ratio of Deff/Dbulk vs. DITZ/Dbulk for aggregate volume fractions of 0.62 and 0.70. Solid and dashed lines are fits of Eq. (4) to the simulation data points.
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additions greater than 12% is a conservative estimate, as the

experimental data of Jensen [17] indicates further significant

improvements in performance for silica fume additions up to

20% (which are not explained by the current versions of the

microstructural models [11]). This is not an issue for the 5%

silica fume additions where the local silica fume content rarely

exceeds 10%, but is an issue for the overall silica fume

additions of 10%, where the average silica fume content in the

ITZregionsmayslightlyexceed16%.Becausewehave takena

conservative approach, our predictions of the improvements

due tosilica fumewillbe lowerboundsonwhatmayactuallybe

experienced in practice.

At the concrete level, it is necessary to determine the

influence of the increased ITZ diffusivity on the overall

diffusivity of the concrete composite. Rather than executing

the concrete level HCSS model for each of the 36-computer

experiment runs, the ratio of DITZ/Dbulk was varied system-

atically for both of the aggregate volume fractions being

considered in this study. Because of the densifying nature of

silica fume on ITZ microstructure, it was necessary to

execute the HCSS model for cases both where the ITZ

region had an enhanced diffusivity relative to that of the

bulk cement paste (DITZ/Dbulk > 1) and vice versa (DITZ/

Dbulk < 1). Fig. 3 shows the values obtained for the ratio of

Deff to Dbulk for the various values of DITZ/Dbulk. Previously,

Garboczi et al. [16] have shown that such data can be

described by a relationship of the form:

Deff

Dbulk

� a� bX � cX 2

1� dX
�4�

where X is the ratio DITZ/Dbulk. This equation was fitted to

the two data sets shown in Fig. 3; the resulting coefficients

are provided in Table 1. It is clear from the coefficients in

Table 1 and the data in Fig. 3 that, all other things being

equal, an increase in aggregate volume fraction will result in

a decrease in concrete diffusivity for the aggregate gradation

and ITZ thickness examined in this study, in agreement with

the experimental results of Buenfeld and Okundi [23] for a

limited set of concretes. Of course, this computer study

neglects the effects of segregation, bleeding, and improper

consolidation, all of which could lead to increased

diffusivities as the volume fraction of aggregates is

increased in `̀ real-world'' concretes.

The diffusivity results obtained for the 36 different

concrete mixtures are summarized in Table 2. The final

values for Dconc are seen to span nearly three orders of

magnitude. When examining the variation of the ratio DITZ/

Dbulk with respect to the independent variables, interest-

ingly, for lower w/c ratios, this ratio generally decreases

with increasing hydration, while for w/c = 0.5, the converse

is true. This is due to the specific nature of the relationship

between capillary porosity and diffusivity (Eq. (2)). For a

given cement paste system, the ratio of DITZ/Dbulk will rise

to a maximum with increasing hydration (as the bulk

capillary porosity depercolates before that contained in the

ITZ regions), and then fall as both the ITZ and bulk paste

capillary porosities become depercolated [10,24].

The values of Dconc given in Table 2 were fitted to the

functional form provided in Eq. (1), resulting in the follow-

ing predictive equation for concrete diffusivity as a function

of mixture proportions and expected degree of hydration:

log10�Dconc� � ÿ13:75ÿ 0:82
w

c

� �
� 32:55

w

c

� �2

� 8:374CSF� 15:36�CSF�2
� 23:15

w

c

� �
CSF� 5:79a

ÿ 21:10
w

c

� �
aÿ 43:15�CSF�aÿ 1:705Vagg

�5�

Table 1

Coefficients from fitting Eq. (4) to simulation data

Vagg a b c d

0.62 0.2195 0.09296 0.00317 0.1709

0.70 0.1483 0.07806 0.00353 0.1686

Table 2

Diffusion coefficients for the 36 concrete mixtures (tITZ=15 mm)

w/c

CSF

(%) a
Vagg

(%) Dbulk/D0

DITZ/

Dbulk

Dconc

�10ÿ12 m2/s

0.3 0 0.686 70 0.000641 1.29 0.243

0.3 0 0.746 70 0.000491 1.15 0.181

0.4 0 0.757 70 0.001580 6.81 1.123

0.4 0 0.843 70 0.000959 4.03 0.537

0.5 0 0.799 70 0.016700 3.02 8.334

0.5 0 0.876 70 0.008230 4.45 4.813

0.3 5 0.644 70 0.000199 0.69 0.066

0.3 5 0.688 70 0.000168 0.65 0.055

0.4 5 0.726 70 0.000387 3.64 0.208

0.4 5 0.799 70 0.000273 1.08 0.099

0.5 5 0.773 70 0.005500 3.49 2.906

0.5 5 0.857 70 0.000971 8.90 0.789

0.3 10 0.615 70 0.000063 0.97 0.022

0.3 10 0.655 70 0.000055 0.86 0.019

0.4 10 0.714 70 0.000112 4.43 0.065

0.4 10 0.775 70 0.000081 1.19 0.030

0.5 10 0.768 70 0.001640 6.79 1.164

0.5 10 0.845 70 0.000145 17.45 0.172

0.3 0 0.686 62 0.000662 1.26 0.337

0.3 0 0.755 62 0.000491 1.16 0.246

0.4 0 0.758 62 0.001850 5.07 1.386

0.4 0 0.844 62 0.001030 3.20 0.662

0.5 0 0.794 62 0.019300 2.23 11.190

0.5 0 0.877 62 0.009620 2.98 6.053

0.3 5 0.647 62 0.000193 0.68 0.089

0.3 5 0.690 62 0.000162 0.63 0.074

0.4 5 0.732 62 0.000378 4.87 0.279

0.4 5 0.809 62 0.000258 0.98 0.126

0.5 5 0.772 62 0.006850 3.13 4.374

0.5 5 0.853 62 0.001250 7.95 1.112

0.3 10 0.632 62 0.000061 0.98 0.030

0.3 10 0.669 62 0.000055 0.89 0.026

0.4 10 0.721 62 0.000114 2.90 0.071

0.4 10 0.785 62 0.000081 1.11 0.040

0.5 10 0.765 62 0.002380 4.90 1.761

0.5 10 0.842 62 0.000153 20.90 0.215
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where D is in units of m2/s. As shown in Fig. 4, which

plots the predicted values vs. those obtained from the

computer experiment, Eq. (5) generally predicts the

simulated results within 25% of the actual value. This is

considered to be a reasonable prediction considering that,

as mentioned earlier, the simulated values span nearly

three orders of magnitude.

Eq. (5) can also be used to predict the relative improve-

ment in diffusion resistance offered by various addition

levels of silica fume. This is most easily formulated as the

Fig. 4. Predicted vs. computed diffusion coefficients for the concretes examined in this computer experiment. Solid line indicates a one to one relation between

predicted and calculated values. Dotted lines indicate a factor of 1.25 (25%) above and below the calculated values.

Fig. 5. Computed multiplicative increase in diffusion resistance due to silica fume addition vs. w/c ratio for an assumed degree of hydration of 0.6. Filled data

points indicate the experimental data of Alexander and Magee [25].
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multiplicative increase in diffusion resistance for a given

silica fume addition (due to the logarithm form of Eq. (5))

and specific values of w/c ratio and degree of hydration. In

this case, the multiplicative increase is given by:

Dconc�CSF � 0�
Dconc�CSF� � 10ÿ 8:374ÿ43:15a�23:15 w

c� �� �CSF�15:36�CSF�2� �:

�6�
Since both w/c and a are variables in Eq. (6), we will fix a
and plot the variation in the dependent variable with w/c

ratio for four different silica fume additions (2.5%, 5%,

7.5% and 10%). Figs. 5 and 6 provide examples of the

results for a = 0.6 and a = 0.675, respectively. In both of

these figures, it is clear that silica fume is more effective in

reducing diffusivity in lower w/c ratio concretes. This is in

agreement with the rapid chloride permeability measure-

ments of Berke and Roberts [5]. For the lower w/c ratios

(e.g., 0.3), the addition of 10% silica fume may decrease the

chloride ion diffusivity by a factor of 15 or more.

A more quantitative evaluation against the experimental

data can be made using the data sets of Hooton et al. [6]

and of Alexander and Magee [25]. Hooton et al. [6]

measured concrete diffusivity by a number of methods

for three different water-to-cementitious materials (w/b)

ratios and three different silica fume replacement levels.

For comparison purposes, we shall consider their diffusion

results generated in the long term, from a modified chloride

ponding test. It is worth noting, however, that the relative

improvement provided by the silica fume is nearly constant

for all of the different `̀ diffusion'' coefficients measured in

Ref. [6]. This, in spite of the fact, that for a given concrete,

the different tests may produce results that vary by up to a

factor of three [6]. Because in the current computer

experiment, the w/c ratio is maintained constant and silica

fume additions are considered, the experimental data re-

ported in Ref. [6] must first be transformed to the same

parameter space. Thus, the w/b = 0.35 mixture with a 12%

silica fume replacement corresponds very closely to a w/c =

0.4 mixture with a 13.8% silica fume addition. Similarly,

the w/b = 0.4 mixture with a 7% silica fume replacement

corresponds to approximately a w/c = 0.44 mixture with a

7.7% silica fume addition. Alexander and Magee [25]

measured the chloride conductivity of 28-day-old concretes

with and without 10% silica fume additions, using a

conductivity cell of their own design.

Of course, an estimate of the degree of hydration of

the actual concretes evaluated is required; this will surely

vary with w/c ratio and silica fume addition. For this

comparison, the simplifying assumption was made that

the degree of hydration of all of the concretes of Hooton

et al. [6] is 0.675. For the 28-day-old specimens of

Alexander and Magee [25], the experimental results are

plotted on both figures as the degree of hydration should

be somewhere between the values of 0.6 and 0.675. The

experimental results were then plotted along with the

simulation data in Figs. 5 and 6. The agreement between

experimental data and simulation results is quite reason-

able for these two limited sets of data. For the experi-

mental systems of Alexander and Magee [25], it would

Fig. 6. Computed multiplicative increase in diffusion resistance due to silica fume addition vs. w/c ratio for an assumed degree of hydration of 0.675. Filled

data points indicate the experimental data of Hooton et al. [6] (7.7% and 13.8%) and of Alexander and Magee [25] (10%).
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be expected that the w/c = 0.49 specimens would have

hydrated to a slightly lesser degree than the w/c = 0.56

specimens, hence, the observed agreement between the

w/c = 0.49, a = 0.6 results and also between the w/c =

0.56, a = 0.675 results.

Several limitations must be kept in mind when consider-

ing the developed equation for predicting diffusivity. First,

it assumes that the concrete is saturated and free from

defects (such as cracking or other local inhomogeneities).

Second, it also assumes that chloride ion transport is the

only phenomenon occurring within the microstructure. The

experimental results of Jensen [17] have indicated that

when leaching (of calcium hydroxide and other compo-

nents from the cement paste) and diffusion of chloride ions

occur simultaneously, the measured diffusion coefficients

are approximately a factor of 2.5 greater than those

obtained under non-leaching conditions. Thus, the exact

experimental conditions used for evaluating a concrete

diffusivity have a major influence on the measured coeffi-

cients. If leaching conditions will be present in the actual

concrete exposure, the coefficients predicted by Eq. (5)

may need to be increased by up to a factor of 2.5, to

provide a conservative estimate of field performance. Given

the highly variable field exposure conditions, etc., it may

be better to use the developed equation in a relative sense

to predict the expected relative improvement in perfor-

mance (service life) by the addition of silica fume to a

base concrete mixture. Of course, Eq. (5) has been devel-

oped for w/c ratios between 0.3 and 0.5, silica fume

additions between 0% and 10%, aggregate volume fractions

between 0.62 and 0.70, and degrees of hydration between

about 0.6 and 0.9. Extrapolation beyond this range of

parameters using the developed equation may yield predic-

tions of limited validity and should be performed only with

extreme caution.

4. Conclusions

An equation has been developed for predicting the

chloride ion diffusivity of high performance concretes

containing silica fume as a function of mixture proportions

and expected degree of hydration. The equation can be

used in an absolute sense to predict the diffusivity of a

specific concrete, or in a relative sense to estimate the

improvement in diffusivity that can be achieved by the

addition of silica fume to a concrete of known diffusivity.

The model-predicted relative improvements appear to be in

good agreement with the experimental data generated in

two recent studies. Silica fume is observed to be particu-

larly efficient in lower w/c ratio systems; for w/c = 0.3, a

10% silica fume addition may reduce diffusivity by a factor

of 15 or more. Thus, properly designed, placed, and cured

silica fume concretes should provide a substantial increase

in the service life of steel-reinforced concretes in severe

corrosion environments.
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