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Abstract

Experimental and computer modeling studies are applied in determining the influence of silica fume on the microstructure and diffusivity
of cement paste. It is suggested that silica fume modifies the inherent nanostructure of the calcium silicate hydrate (C-S-H) gel, reducing its
porosity and thus increasing its resistance to diffusion of both tritiated water and chloride ions. Because the pores in the C-S-H are extremely
fine, the relative reduction in diffusion depends on the specific diffusing species. Based on the NIST cement hydration and microstructural
model, for tritiated water diffusion, the reduction in the diffusivity of the gel caused by silica fume is about a factor of five. For chloride ions,
when a diffusivity value 25 times lower than that used for conventional high Ca/Si ratio C-S-H is assigned to the pozzolanic lower Ca/Si ratio
C-S-H, excellent agreement is obtained between experimental chloride ion diffusivity data and results generated based on the NIST model,
for silica fume additions ranging from 0% to 10%. For higher addition rates, the experimentally observed reduction in diffusivity is
significantly greater than that predicted from the computer models, suggesting that at these very high dosages, the nanostructure of the
pozzolanic C-S-H may be even further modified. Based on the hydration model, a percolation-based explanation of the influence of silica
fume on diffusivity is proposed and a set of equations relating diffusivity to capillary porosity and silica fume addition rate is developed. A
10% addition of silica fume may result in a factor of 15 or more reduction in chloride ion diffusion and could potentially lead to a substantial
increase in the service life of steel-reinforced concrete exposed to a severe environment. © 2000 Elsevier Science Lid. All rights reserved.
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1. Introduction By careful attention to mixture proportions and curing

conditions, cracking can be avoided or at least minimized.
This implies that further advances in increasing the dur-
ability of concrete may be obtained by engineering the

The engineering of more durable concrete has been a
major goal of the 1990s. Reducing the water-to-cement (w/

c) ratio significantly below 0.4 has resulted in the produc-
tion of dense concretes with very little water-filled capillary
porosity. In these high-performance concretes, some empty
capillary porosity will be generated due to the chemical
shrinkage and self-desiccation that occurs during cement
hydration [1,2]. For the most part, their transport properties
will be dominated by two cnteria: the volume fraction,
width, and percolation of cracks, and the transport proper-
tics of the nanoporous calcium silicate hydrate (C-S-H) gel.

* Corresponding author. Tel.: +1-301-975-5865; fax: +1-301-990-
6891,

F-mail address: dale.bentz@nist gov (D.P. Bentz).

nanostructure of the C-S-H, as has been proposed pre-
viously {3]. _
The ability of silica fume to reduce the diffusivity and
permeability of concrete is well documented [4-6], but still
controversial. The center of the controversy results from the
prevalent usage of the rapid chloride permeability test
(RCPT) to assess the resistance of concrete to chloride ion
diffusion [7]. Unfortunately, a reduction in the RCPT-mea-
sured value can be due to several factors, including a change
in the conductivity of the pore solution as well as a “‘real”
change in the pore volume and tortuosity. Silica fume (CSF)
affects both the pore structure and the [OH ] concentration
of the pore solution [6], so a clear delineation of its effects is
still somewhat lacking. Recently, Jensen et al. [8] have

D00R-8846/00/%  scc front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: SO008-8846(00)00264-7



954 D.P. Bent: et al. / Cement and Concrete Research 30 (2000) 953-962

Table 1

Bogue potential phase composttion of cement

Phase Mass %
C;S 66.1
C,S 21.2
CiA 43
CaAF 1]

cS 35
Free CaO 1.96
Na, O equivalent .17

performed a series of high resolution electron probe micro-
analysis (EPMA) measurements to directly determine the
effects of silica fume addition on the penetration of chlonde
ions into cement pastes. In this paper, the NIST cement
hydration and microstructural development model will be
used to interpret the experimental measurements and devel-
op a more consistent view of the mechanisms by which silica
fume reduces the diffusivity of cement-based materials.

2. Structure of the pozzolanic C-S-H gel

To correctly model the influence of silica fume on cement
paste diffusivity, one must begin with the nanostructure of
the C-S-H. Only when an appropriate value(s) is used for the
diffusivity of the gel can the cement paste diffusivity be
predicted accurately. It has been known for many years that

Cl— concentration

the pozzolanic C-S-H formed from the reaction of silica
fume and calcium hydroxide (CH) has a different Ca/Si
molar ratio and a different water content than the gel formed
from conventional cement hydration [9-11]. However, until
recently, the question remained open as to whether the
underlying nanostructure of the pozzolanic C-S-H differed
from that of conventional C-S-H. Based on a series of
adsorption/desorption measurements on cement pastes with
10% and without silica fume, Baroghel-Bouny [12] has
deduced that the pozzolanic C-S-H has a porosity of only
19%, in comparison with the value of 28% for the conven-
tional C-S-H estimated by Powers and Brownyard [13,14].

Previously, a two-level structural model for the C-S-H
has been developed based on partially overlapping spheres
[15]. At the macro level, the model consists of partially
overlapping spheres 40 nm in overall diameter, with an
interparticle porosity of 7.6%. The remainder of the 28%
porosity is present at the micro level, where the model
consists of partially overlapping spheres 5 nm in diameter,
in accordance with small angle neutron scattering measure-
ments [16]. For the macro level, based on an electrical
analogy [15], a formation factor of about 230 is computed.
Here, the formation factor is defined as the ratio of the
diffusivity of an ion in bulk water to that in the water-filled
porous composite material. This value of 230 compares
reasonably well with a value of 400 used previously to
provide agreement between cement hydration model and
experimental diffusivity data {17]. If one maintains the
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Fig. 1. Influence of silica fume addition on chloride ingress. Chloride profiles for five different pastes are shown. Except for silica fume addition, marked on the
curves, the pastes are identical. The pastes have a w/c ratio (mass basis) of 0.3 and have been exposed to a 3% NaCl solution for 1 month at 20°C. Leaching
was minimized throughout the chloride exposure. The smooth curves are calculated profiles with diffusion coefficients as given in the table inset within the

plot. The fluctuating curves are based on the FPMA mapping (22}
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Table 2

Reaction of silica fume with Portland cement

% SF Global model Local model
0% 20-25% CH 20-25% CH

Increasing up to about 15% to 20%

15% to 20%

>15% to 20%

CH declines. C-S-H Ca/Si ratio remains at 1.7.

All CH gone. C-S-H Ca/Si ratio is 1.7.

All CH gone. Ca/Si ratio of C-S-H decreases.

CH reaction is quantitatively less than theoretical, locally.
Some C-S-H has Ca/Si ratio less than 1.7 but some high
ratio material persists.

A few % CH persists.

C-S-H has variable Ca/Si ratio but mean value is <1.7.

A little CH persists.

Ca/Si ratio of C-S-H decreased but considerable “spread”
of ratios occurs locatly within material.

sphere diameter at 40 nm, but decreases the porosity to
about 5.1% (5.1 = 7.6 x 19/28), the model formation factor
increases to about 1080, approximately a factor of five times
higher than the original gel value. A more direct and
quantitative elucidation of the differences in nanostructure
between the pozzolanic and conventional C-S-H may be
possible in the future using either NMR spectroscopy
[18,19] or low temperature calorimetry [19]. -

3. Materials and experimental methods

A full description of the sample preparation, measuring
technique, and method for calculation of the diffusion
coefficients for the cement pastes is given elsewhere
[8,22]. Only a brief description is given here.

The cement used was a white Portland cement with a
Blaine fineness of 420 m%/kg, whose Bogue calculated
potential phase composition is provided in Table 1. Silica
fume was added as a dry powder. The silica fume employed
in these experiments had a specific surface of 20.5 m*/g and
a chemical composition of (mass fraction, %): SiO,: 90.8,
Fe,03: 0.94, ALO;: 0.54, MgO: 1.32, and SO;: 0.57.
Superplasticizer was added at a rate of 1.0% by mass of
cement + silica fume. The superplasticizer was a naptha-
lene-based dry powder. Demineralized, freshly boiled water
was used for all mixes.

Mixing was performed for 5 min in a 5 1 epicyclic
laboratory mixer. The water was added in two steps during
mixing. This procedure ensures the homogeneity of the
paste and the proper dispersion of the silica fume.

After mixing, cylindrical samples 44 mm in diameter and
21 mm in length were cast from the cement paste. These
samples were then stored in lime-saturated water for ap-
proximately 100 days for prehardening and water saturation.
Before the chloride exposure, approximately 1 mm was
ground off of each sample base. The bottom and cylindrical
surfaces of the sample were then sealed with a 1-mm layer
of polyurethane, with the newly ground surface being
subsequently exposed to chlorides. For this, the samples
were exposed to a simulated pore solution also containing
3% NaCl (as in typical seawater) for 1 month at 20°C. In
this way, leaching of the cement pastes during the chloride
exposure was avoided. Leaching can have a serious influ-
ence on the ingress of chlorides, with calculated diffusion
coefficients being up to 2.5 times greater under leaching
than under non-leaching conditions [22].

After chloride exposure, the samples were vacuum dried
and the chloride profiles were measured by EPMA. Detailed
studies of various drying regimes have indicated that the
chloride profiles are unaffected by the vacuum drying
process [22]. Typical profiles are provided in Fig. 1. The
modeled chloride profiles have been calculated with a
computer program that assumes chloride transport to follow
Fick’s law and takes into account chloride binding by the
cement paste components [8,22].

4. Computer modeling of cement paste microstructure
The NIST three-dimensional (3-D) cement hydration and

microstructure development model has been described in
detail previously [1]. For this study, initial 3-D cement

Table 3
Data for tritiated water diffusion in cement pastes Table 4
o, CSF Exp. Model Data for chloride ion diffusion in w/c = 0.3 cement pastes
wie [Ref ] replacement D x 107" m¥s D x 10 2 m¥s % CSF addition Exp. D x 1072 m¥%s Model D x 10 ' m%s
0.45 [20] 0 99 78 + 0.3° 0 1.4 144 + 0017
0.45 [20] 6 38 1.98 + 0.02 3 0.7 0.80 = 0.01
0.25 (20] 0 0.63 0.76 % 0.01 6 0.15 0.182 + 0.001
0.25 [20] 6 0.16 0.338 4 0.002 10 0.05 (.0805 + 0.0005
0.20 {23] 0 2.0 1.11 + 0.01 20 0.008 0.0769 4 0.0002

* SD for model diffusivity computed in each of the three principal
directions.

? SD for model diffusivity computed in each of the three principal
directions.
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Fig. 2. Model results for relative diffusivity of cement pastes with silica fume vs. total capillary porosity. Top dashed line indicates a previously developed
equation [17]. Lower four solid and dashed lines from top to bottom indicate fits for 0%, 3%, 6% and 10% silica fume additions, respectively. Fitting

coefficients are provided in Table 5.

images were created matching either the Bogue composition
of the cement provided above (for chloride diffusion pre-
dictions) or those provided by Delagrave et al. [20] (for
tritiated water diffusion). While the exact particle size
distributions of the cements were unavailable, particle size
distributions from a previous study [21] that most closely
matched the measured Blaine surface areas [8,20] were
utilized. Silica fume was modeled as 1 pixel (I pm?)
particles and the overall hydration volume was 100 x 100
»x 100 pm or 1,000,000 pixel elements. Initial microstruc-
tures were created for the following conditions: water-to-
solids ratios of 0.45 and 0.25 (with 0% and 6% silica fume
replacement of cement by mass), a w/c ratio of 0.3 (with
0%, 3%, 6%, 10% and 20% silica fume additions to cement
by mass), and a w/c ratio of 0.2 (with no silica fume).
Hydration of the initial microstructures was then simulated
at 20°C unti] matching the measured degree of hydration for
comparison to the chloride ion diffusivity data [22] and to
one set of tritiated water diffusivity data {23], and for 1000
cycles of hydration at 23°C for comparison to the tritiated
water diffusivity data obtained from specimens which were
cured for 3 months [20]. Relative diffusivities were then
computed using an electrical analogy [17] and a previously
developed and documented finite difference computer code
[24]. Relative diffusivity is the ratio of the diffusivity of the
diffusing species in the cement paste relative to its value

when diffusing in bulk water (i.e., the inverse of the
previously defined formation factor).

Two schools of thought exist conceming the pozzolanic
reaction of silica fume within cement-based materials. If a
global equilibrium is maintained, the silica fume should first
react with all of the CH, and only when all of the CH is
consumed, will the Ca/Si ratio of the C-S-H be reduced from
its “average” value of 1.5-1.7 [25]. In the “local equili-
brium” model, formation of a low Ca/Si ratio (e.g., 1.1)
pozzolanic C-S-H occurs near the silica fume particles,
while some CH may persist (albeit metastably) in locations
“far”” from any of the silica fume. The differences between
these two models are summarized in Table 2. Based on the
results of Sellevold et al. {9] and Lu et al. [10], we have
chosen to implement the latter model in the NIST cement
hydration and microstructure development model. Specifi-
cally, for the reaction of silica fume with CH and conven-

tional C, ;SHy4 y gel, the following reactions are assumed in
the model:

1.ICH b S +2.8H — C] |SHV;_()
C|A7SH4_0 -+ OSH - C]JSH}Q + 06CH

with an assumed molar volume of 101.8 cm®/mol for the
pozzolanic C, ;SH; 4 gel [26]. Lu et al. [10] have observed
that for a w/c = 0.21 (18% silica fume addition) cement
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Fig. 3. Model percolation results for capillary porosity phase.

paste, the H/S molar ratio of the C-S-H decreases from 3.9
at 3 days to 2.1 at 28 days, but as a simplification, we shall
here assume a constant ratio of 3.9 in the hydration model.
This model with a constant H/S ratio has previously been
successfully applied to predicting the adiabatic temperature
rise in concretes containing silica fume [26].

It should be noted that both of these pozzolanic reactions
will contribute to a further reduction in the capillary porosity
of cement pastes containing silica fume due to their con-
sumption of capillary pore water. In the NIST model, the
first reaction is assumed to occur at the silica fume particle
surfaces when a diffusing CH species collides with a silica
fume pixel [26]. Further, the conversion of conventional C-
S-H to pozzolanic C-S-H shown in the second reaction is
prohibited when the unreacted silica fume content falls
below 1.3% of the overall system volume. This cutoff value
was selected to provide the best agreement with the experi-
mentally measured chloride ion diffusivity for the w/c = 0.3
system with a 3% silica fume addition. For the 6% and
higher silica fume additions, this criterion is never reached
as the silica fume remaining after “complete” hydration
always exceeds the 1.3% volume fraction. For the 0.3 w/c
ratio simulated systems, and for all four different silica fume
addition ievels, approximately 50% of the initial silica fume
reacted during the first 976 mode] cycles of hydration
(corresponding to the measured degree of cement hydration
for the w/c = 0.3, 0% silica fume specimen, 0.71). This is in

general agreement with the experimental results of Lu et al.
[10], who measured degrees of reaction of silica fume on the
order of 45% for w/c = (0.18-0.3) cement pastes with silica
fume additions between 6% and 48% hydrated for 60 days,
and also observed the degree of reaction of the silica fume to
be independent of silica fume content.

5. Results and discussion
5.1. Comparison of experimental and computer model data

For the tritiated water diffusion studies, the conventional
C-S-H was assigned a relative diffusivity of 0.0025 (as used
previously [17]) and the pozzolanic C-S-H a value of 0.0005
(five times lower, as suggested by the nanostructural mod-
¢ls). In all simulations, the capillary porosity was assigned a
relative diffusivity of 1.0. All model relative diffusivity
values were then converted to absolute values by multi-
plying by the diffusivity of tritiated water in bulk water at
23°C, Dyrro, taken to be 2.24 x 107 m?/s [27]. In this
series of tests [20], silica fume replaced 6% of the cement on
a mass basis, and diffusion coefficients were determined
from a steady-state experiment.

A comparison of the simulated values and those mea-
sured experimentaily is provided in Table 3. For the systems
without silica fume, the model values are within 25% of the
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Fig. 4. Model percolation results for the conventional C-5-H phase. Note that for the 6% and 10% CSF additions, none of the data points lie to the right of the

0.3 volume fraction line.

experimental ones measured by Delagrave et al. [20], a good
agreement. The model value for the 0.2 w/c ratio cement
paste of Matte and Moranville [23] is about half of the
measured value. Two possible reasons for this discrepancy
are the 2-day 90°C curing regime applied to the experi-
mental specimen and that the tritiated water diffusion test
may have been conducted using solutions that were not
saturated with respect to calcium hydroxide [23] (so that
some leaching may have occurred during the measurement)
unlike the tests performed by Delagrave et al. [20]. Both of
these effects would tend to coarsen the pore structure,
increasing the relative diffusivity of the specimen in accor-
dance with the observed value relative to the model predic-
tion. For the systems with 6% silica fume replacement {20},
the model values are within a factor of two of the experi-
mental ones, a reasonable agreement.

For chloride ion diffusion (assuming a diffusivity of 1.81
x 107 m%s for chloride ions in bulk water at 20°C [8)),
good agreement with the experimental unleached diffusion
data of Jensen [22] determined under unsteady-state condi-
tions could only be obtained when the pozzolanic C-S-H
was assigned a relative diffusivity of 0.0001 (25 times less
than that of the conventional C-S-H). Once this value was
used, however, as can be seen in Table 4, excellent agree-
ment was observed between the experimental and computer
model values for silica fume additions up to 10%. For the
20% silica fume addition, however, the experimental value

was still far below the model value, perhaps suggesting
further modification (densification) of the C-S-H nanostruc-
ture at very high levels of silica fume addition. An alter-
native possibility would be a further reduction in the
diffusion coefficient due to the presence of unsaturated
capillary porosity, despite the efforts to maintain saturation
of the sample. The fact that the hydrated model system in
this case has a capillary porosity of less than 2%, however,
would suggest that this possibility is quite remote.

5.2. Model-based interpretation of the influence of silica
Sfume on diffusivity

Previously, Garboczi and Bentz [17] have shown that the
relative diffusivity of cement paste should be mainly a
function of capillary porosity. At higher porosities
(>20%), transport is dominated by the percolated pathways
through the capillary porosity phase. At lower porosities
(<20%), the capillary porosity becomes discontinuous and
transport is controlled by the properties of the nanoporous
C-S-H phase. Plotting relative diffusivity vs. total capillary
porosity resulted in a single universal curve for a variety of
w/c ratios and degrees of hydration [17], albeit with abrupt
changes in slope at the percolation threshold porosity, for
model tricalcium silicate cement pastes.

Accepting that the NIST cement hydration and micro-
structure development model is producing reasonable mi-
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crostructures and chloride ion diffusivities for systems
containing silica fume, one can proceed to investigate the
effects of w/c ratio, silica fume addition, and degree of
hydration on relative diffusivity. For this study, approxi-
mately 70 different microstructures were simulated with w/c
ratios ranging from 0.2 to 0.7 and silica fume additions from
0% to 20%. The results are summarized in Fig. 2, which
provides a plot of the model relative diffusivities vs. total
capillary porosity. It should be noted that the general trends
of these curves are in good agreement with the experimental
data for chloride ion diffusivity under leaching conditions
presented by Jensen et al. [8], and the relative electrical
conductivity data presented by Christensen [28] for wic =
0.4 cement pastes with (20%) and without silica fume.

At high porosities, the data collapse onto a single
curve as the capillary porosity and its connectivity reg-
ulates the ease of transport. As the capillary porosity de-
percolates at about 20% porosity, however, the curves
diverge into individual curves for the different silica fume
contents. Once the capiilary pore space is disconnected,
transport will be regulated by the percolation of the
conventional C-S-H and the pozzolanic C-S-H. The per-
colation properties of each of these three phases, assessed
using a pixel-based buming algorithm [29], are provided
in Figs. 3-5. Each phase is observed to exhibit a
percolation threshold somewhere between 20% and 30%

volume fraction, the connectivity of the capillary porosity
strictly decreasing and that of the pozzolanic C-S-H
strictly increasing with advancing hydration (when suffi-
cient pozzolan is present). The progress of the percolation
of the conventional C-S-H with advancing hydration is
more complicated, as discussed below.

In the systems with low (0% and 3%) silica fume
additions, from Fig. 4, the conventional C-S-H is seen to
be highly percolated for C-S-H volume fractions greater
than 0.30 and its relative diffusivity (0.0025) will control the
overall diffusivity once the capillary porosity becomes
discontinuous. For the systems with higher (6% and 10%)
silica fume additions, the conventional C-S-H begins to
percolate somewhat, but never exceeds a volume fraction of
0.3 due to the “slow™ ongoing conversion of conventional
C-S-H into pozzolanic C-S-H via the second chemical
reaction presented earlier. This behavior can be seen more
clearly in Fig. 6, which plots the conventional C-S-H
volume fraction vs. the capillary porosity fraction for
various w/c ratios and CSF addition rates. The plot is
conveniently divided into four quadrants indicated by the
two solid lines parallel to the x and y axes. In the lower right
quadrant, the capillary porosity is percolated and the con-
ventional C-S-H is discontinuous. In the upper right quad-
rani, both phases are percolated. In the upper left quadrant,
the capillary porosity is discontinuous while the conven-



960

D.P. Bentz et al. / Cement and Concrete Research 30 (2000) 953-962

A

| 1 |

0%
e 35
6%

CSF O-w/

EBF 0w

' CSF A-w

B L O% g

Conventional CSH fraction

1
0.2

] 1 |
0.3 0.4 0.5

Capillary porosity fraction

Fig. 6. Conventional C-S-H volume fraction vs. capillary porosity for various w/c ratios and CSF additions rates. As time increases, capillary porosity strictly
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tional C-S-H is percolated. Finally, in the lower left quad-
rant, both the capillary porosity and the conventional C-S-H
are discontinuous and transport would be controlled by the
remaining porous and percolated phase, the pozzolanic C-S-
H. In Fig. 6, in every case, as the hydration proceeds, the
capillary porosity is strictly decreasing, so that each curve in
Fig. 6 proceeds from right to left as time advances. For the
0% and 3% silica fume additions, the conventional C-S-H
fraction is basically linearly increasing with a decrease in
porosity. Thus, as hydration proceeds, the capillary porosity
disconnects, while the C-S-H becomes highly percolated.
However, for the 6% and 10% additions, the curves are seen
to first increase, but plateau around 15% to 25% conven-
tional C-S-H volume fraction and end up in the lower left
quadrant of the plot, due to the conversion of the conven-
tional C-S-H to pozzolanic C-S-H. Thus, for these systems,
it is the pozzolanic C-S-H that becomes highly connected at
long hydration times (Fig. 5) and will dominate the overall
transport rates,

Previously, Garboczi and Bentz [17] developed an equa-
tion to relate relative diffusivity, D/Dy, to capillary porosity,
@, of the form Eq. (1):

D

s (d) = Ky + K20* + K3(db — ) H{(d — b,)
0

(1)

where K|, K», and K are fitting coefficients, ¢, represents

the capillary porosity percolation threshold, and H is the
Heaviside function (H(x) = 1 when x > 0 and 0 otherwise).
This equation was fitted to the data available for each silica
fume addition and the resulting coefficients are provided in
Table 5. In agreement with the above discussion, one finds
that K3 is independent of silica fume addition, as this
coefficient represents the contribution of the percolated
capillary porosity to the overall diffusivity. K, and K, are
seen to vary with silica fume content, but in a similar
fashion. Thus, one may write Eq. (2):

D _ K Ky
D, CSF) = 5Esm * e

x (& — 0.17)°H(b — 0.17) 2)

where K, = 0.0004, K, = 0.03, Ky = 1.7, and B is a
function of silica fume addition, according to the values
provided in Table 5.

The value for 3 for a 10% silica fume addition in Table
5 predicts an eight-fold reduction in chloride ion diffusiv-
ity for mature specimens hydrated to equal porositics.
However, the actual experimental and model data provided
in Table 4 indicate a 17-28-fold reduction in diffusivity.
The apparent difference in these two reduction factors is
due to the fact that the data values in Table 4 were
obtained at equal hydration times and not at equivalent
capillary porosities. Because the pozzolanic reactions con-

2 :
o + K,
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Table §

Coefficients for fitting Eq. (1) to model data with . = 0.17

% CSF addition 1 ¢ K K; §)
0 0.0004 0.03 1.7 1.0
3 0.0003 0.0225 1.7 1.33
6 0.0001 0.0075 1.7 4.0
10 0.00005 0.00375 1.7 8.0

tribute to a more efficient reduction of capillary porosity
than cement hydration by itself (as can be witnessed by the
additional water consumed in the presented pozzolanic
reactions), at equal ages, the reduction in diffusivity in
samples containing silica fume additions is due both to a
reduction in capillary porosity and to a reduction in the
inherent diffusivity of the C-S-H. The reduction in capil-
lary porosity at equal hydration times (cycles) can also be
observed by comparing the leftmost data points for each
curve in Fig. 6. For the w/c = 0.3 systems, for example,
the “final” (2000 cycles of hydration) capillary porosity
fractions are approximately 0.044 and 0.014 for the 0%
and 10% CSF additions, respectively. For the cormrespond-
ing w/c = 0.5 systems, the reduction after 2400 cycles of
hydration is from 0.235 to 0.156.

Silica fume is also known to accelerate the early hydra-
tion reactions, but this is likely not a major factor for mature
specimens of the lower w/c ratios generally characterizing
high performance concretes, as the ultimate degree of
hydration of the cement will be less in the systems contain-
ing silica fume due to space (capillary porosity) limitations.
A further consideration in concrete is the improvement in
the microstructure of the interfacial transition zone provided
by the addition of silica fume [30]. In part 11 of this paper, a
suite of multi-scale models incorporating all of these various
influences will be applied in developing an equation to
predict the chloride ion diffusivity of a concrete as a
function of w/c ratio, silica fume addition, degree of hydra-
tion and volume fraction of aggregates. However, suffice it
to say that the addition of silica fume may (when cracking
due to self-desiccation and thermal gradients is avoided or
minimized) dramatically increase the service life of a steel-
reinforced concrete cxposed to chloride ions, resulting in
substantial cost savings when a life cycle costing approach
[31] is applied to concrete construction.

6. Conclusions

Experimental and computer simulation studies have
provided a clearer understanding of the role of silica
tume in reducing the diffusivity of cement-based materi-
als. The results are consistent with an inherent reduction
in the diffusivity of the pozzolanic C-S-H relative to that
of the conventional C-S-H. The reduction appears to be
on the order of a factor of five for the diffusion of
tritiated water and a factor of 25 for the diffusion of

chloride ions. The microstructural models suggest that in
systems containing silica fume, at high (>20%) capillary
porosities, the diffusivity is regulated by the percolated
capillary pore network, while at low (<20%) capillary
porosities, it is controlled by the volume fractions and
percolation characteristics of the two types of C-8-H.

Considering the reduced capillary porosity present at
equal degrees of cement hydration in the systems containing
silica fume, along with the change in the nanostructure and
diffusivity of the C-S-H, after equal hydration times, a 10%
addition of silica fume could result in a chloride ion
diffusivity more than 15 times less than that in a comparable
concrete made without silica fume. While the tendency of
silica fume to detrimentally reduce the chloride threshold
necessary to initiate corrosion must also be considered, in
certain circumstances, this reduction in diffusivity should
translate directly into a 15-fold increase in the service life of
the exposed concrete, resulting in substantial life cycle cost
savings for concrete construction.
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