
Relationship Between Differences in
Silica Fume Additives and Fine-Scale
Microstructural Evolution in Cement
Based Materials
Andrew J. Allen* and Richard A. Livingstont
*Materials Science and Engineering Laboratory, National Institut e of Standards and Techn ology,
Gaithersbu rg, Maryland, USA; and tExploratory Research, Federal Highway Administration,
McLean , Virginia, USA

Theeffects on the microstructuraldevelopment ofadding silicafume
to cements and concretes during cement hydration haoe been
studied using small-angle neutron scattering and ulirasmall-angle
X-ray scattering. A previously developed f ractal based microstruc­
tural model has been applied to extract representatioe microstruc­
tural parameters from the small-angle scattering data. A link has
been established between the existence of coarse or aggtomerated
particles in the silica fume particle size distribution and possible
deleterious microstructural evolution during cement hydration.
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S
u pp lementary cementitious materials like sili ca
fume (SF), added to a Portland cement (PC)
mix, react with calcium ions in the pore solu­

tion [1] to enhance the production of calcium-silicat e­
hydrate gel (C-S-H) and also modify the microst ru cture
in other ways. These modifications co unter deteriora­
tion proc esses such as alkali-aggregate reactions or
chloride pen etration and , hence, improve the long-term
durability of concretes into which the ceme nt is incor ­
porated. Wher eas a suitable SF usually is di stinguished
by a high total specific surface area (30-50 X 103 m2

kg- 1
) , the microstructural complexity of hydrating ce­

ments and concretes suggests that th e detailed fume
morphology, over the whole range of particle sizes, is
significan t in determining the fume activ ity . The p roper
use of SF requires a better understanding of its variabil­
ity [2,3] as a byproduct of silicon and si licon steel
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manufacture. The objective of th is research is to in ves­
tigate how thi s influen ces the subsequen t microstruc­
tural evolution during cement or concrete hydration,
and how cementitious microstructures, over the whole
length-scal e range, can be related to the ba sic mecha­
nisms go vern ing concrete performance [4].

Wh ereas the strength and durability of con cretes are
critically dependent on their microstructures [5,6],
method s for fully quantifying the characteristic micro­
s tructures representat ive of undist urbed concrete mor­
phologies have not been a vail able. The need for such
methods becomes more important as the va rie ty of
materials added to concretes increases. Traditional
method s for the microstructural characterization of
con cret es include de sorption studi es, mercury in trusion
porosirnetry, and scanni ng electron microscopy (SEM).
Unfortunately, these methods have had limited success
[7-9], because they cannot access the very fine length­
scales (1 to 100 nm) that define critical aspects of the
microst ructure, the me thods themselves create cha nges
in the microstructure, or they require simplis tic models
regard ing pore shape and mor phology [7]. In contras t,
small-angle scattering (SAS) of neutrons (SANS) or
X-rays (SAXS) is most effective in thi s size range, is
nondestructive, and is amenable to a range of model
assumptions regarding pore shapes and morpholog ies
[8- 17]. Because SAS requires no destructive drying
pretreatments and d oes not modify the microstructure
itself, it can be used repeatedly in the real-time charac­
terizati on of the microstructural evolu tion during ce­
ment hydration. SANS can be used to probe a sam ple
volu me several millimeters in di ameter and = 1 mm
thi ck, enough to probe the undisturbed, statistically
representati ve micro structures in cements. The tech­
nique complements methods such as transmission elec­
tron microscopy (TEM ) [15), w hich gives a detailed but
highl y localized p icture of the microstructure.

ISSN 1065-7355/98/$00.00
PII S1065-7155(98)000 15-7



Advn Cem Bas Mat
1998;8 :118 -1 31

It has been demonstrated [15-22] that the analysis of
SAS data yields several parameters, including particle
size, shape, surface area, and fractal exponents, which
can provide a concise, quantitative description of the
microstructure. The assumption of approximately frac­
tal microstructures over appropriate scale-ranges forms
the basis of a robust mathematical representation for a
variety of disordered porous morphologies, provided
the d ata extend over a great enough high-resolution
angular range to encompass the SAS associated with all
significan t length-scales. Other experimental require­
ments are that the sample thickness must be sufficiently
small to give negligible multiple scattering (for exam­
ple, cement samples should be no more than 1 to 2 mm
thick for SANS), and that the d ata must be absolutely
calibrated so that the relative streng ths of the SAS
arising in different parts of the mi crostructure can be
assessed properly.

Previous SANS studies on hydrating cement systems
have show n that modifications in the microstructural
evolution can be associated with the addition of SF,
pulverized fly ash, or blast furn ace sla g [12,15-17,20].
The present research applies SAS to the microstructural
char acteri zation of different SF additives used at wa­
ter / cement (w / c) ratios typical of high performance
concr etes (H PC). However, in order to avoid com­
pounding effects, the water reducer and superplas ti­
cizer ad mixtures usually present in HPC were not
included . The microstructural evolu tion during hydra­
tion in 0.4 w / c Pc, and in di fferent SFf PC blends at 0.4
water-to-solid (w I s) weight ratios, have been studi ed
by SANS. These data ha ve been related to SAXS and
SANS stud ies of the respective SF particle size distribu ­
tions, and to previous SANS results for the early
real-time hydration of a cement containing one such
fume [20].

Basic Principles and Microstructural
Model
In SAS studi es [23], a small compon ent of the incident
beam is scattered out of the stra igh t-th ro ugh be am
directi on by inhomogeneities in the samp le mi cro struc­
ture . In hydrating cement systems, the SAS component
arises primar ily [15] from the interface between the
C-S-H ge l and the cement pore water . In SF slurries, the
scattering interface occurs between the silica and the
slurry medium (also w ater).

Because there generally are no preferred orientations
in cement or fume microstructures, the scattering is
circularly sy m metric and can be circularly av eraged
about the inc ident beam direction . Thus, the aim of the
SAS dat a reduction is to obtain the absolute-calibrated
sca ttered intensity or scattering cross-section, d2:/ dO,
as a function of the magnitude, Q, of the scattering
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vector, Q . (Q = (4r./A)sin O, where 20 is the scattering
angle and Ais the neutron or X-ray wavelength.) In this
case, d2: / dO is the probability rate, per unit incident
neutron flux (also a rate) and per unit sample volume,
of sca tte ring into unit so lid angle, 0, about any one
direction defined by a given va lue of Q (or 2e). Note
that d2:/dO is a material p roperty depending only on
the microstructure and nature of the scattering radia­
tion, not on the details of th e SAS experiment.

For a given microstructure, th e strength of the SAS
(magnitude of d2:/dO) is prop ortional to the scattering
contrast across the interfaces that define the scattering
features. Although the hydrated cements were studied
under saturated conditions, the C-S-H gel formula
assumed here is that proposed [24] for cements equili­
brated with 11% relative humidity: (CaO)1.7.(SiOz).
(HzOh.v or C1.7SHz.1 in cement notation, with a skeletal
density of 2.18 X 103 kg m - 3. and a SANS contrast, ILl Plz,
between gel and pore water [25], of 6.78 X 1028 m - 4

•

Thi s va lue differs sligh tly fro m that used in earlier work
[15-22], but is justified by some recent SANS calibrati on
stu dies [26] that es tablish the above formula and den­
sity as giving a better scattering contrast than either that
used previously, or that for a proposed C17SH4.0 ge l
formula in saturated cement systems [24]. However, th e
last formula includes all of the so-called gel-pore water,
and, thus, it is not surp rising that some 1.9 of the 4.0
water molecules per C1.7SH 4.n formula-unit are "seen":
by neutrons or X-rays as pa rt of the pore fluid, rather
than as part of the solid C-S-H phase.

In the case of the SF slurr ies, the scattering contrast
for SiOz (assumed skeleta l density 2.32 X 103 kg m - 3) in
water is 16.32 X 1Oz8 m - 4 for SANS, and 80.82 X lOZH

m - -4 for SAXS. For comparison purposes, the SAXS data
were normalized to the SANS data with an empirical
normalization factor th at was found to be close to the
0.2 predicted simply from the ratio of the SANS and
SAXS con trasts .

Whereas some previous SANS and SAXS stud ies
have focused on specific mic rostructural features [8-12,
27-30], other SANS and SAXS stu d ies [13-17,20-22,31­
38], together with porosimetry, TEM [39], and SEM and
stereo logy [40], hav e ind icated th e presence of d isor­
dered heterogeneous po rous micro structures over va r­
ious length-scales . Thi s is a defining characteris tic of an
ap proxi mately scale-invarian t or fractal solid /pore
morpholo gy [41].

Previous SANS stu dies by the present authors [13­
17,20-22] have revealed a mass- or volume-fractal mi­
crostructure with a vo lume-frac ta l scaling exponent 0 "
= 2.5 to 2.7. Emergence of th is structure correlates
approximately with the ma in thermal peak in the heat
outp ut of the hydration reactions, as measured by
thermal calorimetry, and wa s associated with the de­
velopment of the major C-S-H gel "outer-product," or
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"groundmass" phase, in the open spaces between the
original clinker grains. This volume-fractal phase is
characterized, using SANS, by a high surface area per
unit volume of up to ~200 X 106 m -1 (200 m2 ern - 3) . It
also has a fundamental building block or globule size
of -5 nrn, which does not seem to vary with moderate
hydration times or between cement blends. Finally, the
correlation length ~V' which defines the average upper­
limit length-scale for the volume-fractal microstructure,
increases from 5 to 10 nm up to 100 to 200 nm
(depending on the cement mix) as hydration proceeds.
These parameters are consistent with a physical model
of - 5-nm-diameter colloidal particles of C-S-H, aggre­
gating into clusters that grow to 100 to 200 nm in size
before coalescing into one other. The sample volume
fraction of what we assume to be the C-S-H outer­
product phase c:l>CSH was also deduced, and it too
correlates with the hydration reaction heat output, at
least for the first 24 hours of hydration.

At slightly later times, at smaller Q values, and hence
at larger length-scales, a second type of fractal structure
develops in hydrating PC systems: a surface-fractal
microstructure [15-17,20-22] . The apparent surface­
fractal scaling exponent D, is usually in the range from
2.5 to 2.8, depending on cement mix and age, although
it may be as low as 2.3 in SFI PC blends. The surface­
fractal component has been associated with the rough­
ening of the cement clinker grain surfaces by a layer of
C-S-H outer-product. Because the surface-fractal mini­
mum length-scale overlaps the volume-fractal length­
scale range, it is more difficult to extract the surface­
fractal microstructure parameters than for the volume­
fractal component. Also, the average upper-limit
length-scale ~s, possibly related to the cement clinker
grain dimensions, is frequently several hundred nano­
meters and exceeds the practical size range of SANS
instruments.

Fortunately, given the above general description, the
same minimum structural scale-length should apply for
the surface-fractal C-S-H gel component as for the
volume-fractal C-S-H gel component. The volume-frac­
tal minimum scale-length is the correlation-hole radius
Re, which is the minimum center-to-center distance
between gel globules (the globule diameter for perfectly
spherical globules). Because this and the surface-fractal
scattered intensities and power laws are directly mea­
surable, the total (rough) surface area in the surface­
fractal component SSf can be determined by extrapolat­
ing the surface-fractal scaling down to dimensions of
order Re using the parameters ~s' and So' as described
below. The parameter 50 is the "smooth" surface of the
surface-fractal microstructure, obtained by ignoring all
surface roughness on length-scales smaller than L

Microscopic stereology of fracture surfaces [40] has
revealed another volume-fractal microstructure compo-
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nent in the coarser (1 to 10 urn) porelgrain morphol­
ogy, but this is the result of different mechanisms that
are not relevant here. Figure 1 shows schematically the
heterogeneous cement microstructure assumed to be
responsible for the observed SAS from hydrating ce­
ment systems. Figure 2 shows how the microstructural
components of interest in SAS studies appear in the
SANS data as plotted as Q4d2: / d fl versus Q on a
log-log scale. Such plots are useful for revealing clearly
the microstructural variations that occur during cement
hydration.

For the purpose of modeling, the C-5-H gel is as­
sumed to consist of ~5-nm-diameter globular building
blocks. The assumption of solid globules as the repre­
sentative building blocks [13-22], rather than the planar
or foil-like C-S-H structures sometimes seen in TEM
studies [39], is justified by the need to include the
scattering from such individual features when model­
ing the observed SANS data, and by the absence in the
scattering of the main hallmark of foil-like features: a
Q-2 scattering power law. The existence of ~5-nm

features within the gel is supported by some TEM
studies [39], by independent SANS studies [31], by the
application of thermodynamic modeling in nitrogen
desorption studies [6], and by recent selected-area elec­
tron diffraction TEM studies [42).

Rather than spheres of radius Ro' it is mathematically
convenient to assume the building-block globules to be
spheroidal in shape, i.e., with a radius f3Ro along one
axis, where f3 is an aspect ratio close to unity. This leads
to the well-known "single-particle" scattering form
factor, F2(Q), derived for spheroids by Roess and Shull
[43]. The functional model is then given by:

dL _ I 2 {1']~ (£v )Dv
dO - c:l>CSHVp Llpl f3~; .Re

sin [(0" - 1) arctan (Q~v)]
X ~-------'---------=--o=--~=

(D, - 1)Q~v[1 + (Q£v?J Dv
- l)/ 2

+ (1- 1']?}F2(Q )

7T~~ILlpl~of(5 - Os) sin [(3-OS> arctan (Q~)]
+---""-'----'-'-----"-,------""--;;::~=--=-"''----'---...:.=.::::..:

[1 + (Q£sf J5 051/2Q~

+ BACKGROUND (1)

The first term within the large bracket gives both the
volume-fractal scattering (where dL I dO - Q -D, for
QRc « 1 « Q~J and the single-globule scattering
(where Vp = 4[31TRo

3 / 3, and the contrast is softened by
the local packing fraction, 1']). The second term gives the
surface-fractal scattering (where d2:/dfl ~ Q-(6 - 0 ,) for
Q~v « 1 « Q£s' and I'[x] is the Gamma function). The
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FIGURE 1. Micros tructural mod el schematic. Outer C-S-H product between gra ins forms the volume-fractal phase. Decoration
of clinker grains by C-S-H forms the surface-fractal ph ase. The influence of the silica fume morph ology is discussed in the text.

BACKGROUND term allows for adj us tmen ts to be
made in the incoherent flat-background sca ttering sub­
traction, significant in SANS studies of hydrogeneou s
systems such as hyd rating cements.

Many of the modeling concepts disc ussed above have

FIGURE 2. SANS data schematic. Circularly averaged, abso­
lute-calibrated Q4dL / dn data vs. Q for hydrated cement
(28-day SFI r C with 10% wt cement solids replaced by fume
F) showing main features associated w ith the microstructural
model. Incoherent flat-background scattering has been sub­
tracted out. The combined standard uncertainties, computed
during da ta reduction, are shown for each data point.

Despite the gene rally imprecise de termination of ~s

using eq 1 alone, discussed previously, a sa tisfactory
eval uation of 5sf results from eq 2, provided that Rc has
been deduced from the volume-fractal reg ime at high
Q, and tha t there exists sufficient 5AS data in the true
sur face-fractal power-law scattering regi me: QRc « 1
« Q~s' In this Q - (6 - 0 ,) intensity power-law range, the
use of eq 2 to substitute for So in eq 1 eliminates the
dependence, both of the scattering and of S sf' on the
imprecisely determined ~s . Once determined, th e sur-

(2)
_ [ ~s ](0,- 2)

5 s f - 5 0 R
c

now become es tablished in the in terpreta tion of 5A5
da ta from disordered porous materials [44]. However, a
major focus in the present studies was to determine the
relative importance of the surface-fractal component as
a function of the hydration time and fume additive. It
should be recalled that the surface-fractal component
can be associated wi th two surface area valu es: a
smooth surface are a So for the geo metrical boundar y
between solid and pores, and a rough surface area 5sf
that takes into account all of the fractal roughness
present. The surface-fractal rough surface area 5sf could
be extracted by extrapolation of the surface-fractal
scaling down to the assumed minimum applicable
len gth-scale Rc:
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FIGURE 3. SANS experiment schematic.
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DETECTOR

face-fractal rough surface SSf could be compared with
the total surface area per unit sample volume ST as
obtained independently from the Porod scattering law
at high Q (Q > 1.4 nm"):

(3)

It is assumed that both of the fractal microstructure
components are composed of the outer-product C-S-H
gel globules, and that this material dominates the total
cement surface area per unit sample volume (ST)' The
surface areas per unit sample volume within the sur­
face- and volume-fractal components are then, respec­
tively, SSf and Svf = ST - SSf' If, within the C-S-H
outer-product groundmass, the relationship between
the internal surface area and the C-S-H solid volume
fraction is the same for material deposited on clinker
grain surfaces (surface-fractal) and for self-standing
material in the volume between clinker grains (volume­
fractal), then two surface-area ratios become of interest.
The ratio Ssf/ST should be a measure of the C-S-H
outer-product fraction deposited on the grain surfaces,
and the ratio Svf/Ssf should be a measure of the ratio of
free-standing inter-grain material to that deposited on
the clinker grain surfaces. In the studies of SF/PC
blends, the fraction Ssf/ST and the ratio Svf/Ssf were
found to be batch-independent, to be relatively insen­
sitive to uncertainties in some of the model fit param­
eters (e.g., ~s), and to be related to the particle morphol­
ogies in the respective fume additives.

Experimental Details
Figure 3 shows the geometry of a typical SANS exper­
iment. The present experiments on hydrating cement

systems were carried out at the Center for Neutron
Research of the National Institute of Standards and
Technology (NIST), Gaithersburg, Maryland [45], using
the NIST /Exxon/University of Minnesota/Texaco 30 m
SANS instrument. A collimated beam of neutrons of
wavelength A, 0.8 nm and b.A/A resolution 10%, was
passed through thin, parallel-sided samples of 0.5- to
1-mm thickness enclosed within quartz optical sample
cells. The scattered neutrons were registered on the
instrument's two-dimensional detector array. The
SANS data were corrected for empty beam and back­
ground counts, calibrated against a scattering standard,
and circularly averaged to give dL/dO. By changing
the instrument collimation and the sample-to-detector
distance, data were obtained over a Q range of 0.03 to
2.0 nm-1, sufficient to probe length-scales of a few
nanometers up to =200 nm, directly, and to infer some
information on length-scales larger than this.

For the larger length-scales associated with the SF
morphology, ultrasmall-angle X-ray scattering (USAXS)
studies were carried out using the NIST X23A3 beam­
line, National Synchrotron Light Source, Brookhaven
National Laboratory, Upton, New York. This is a Bonse­
Hart double-crystal instrument [46], where, in the
present studies, 0.124-nm wavelength (10-keV energy)
X-rays and germanium (111) crystal optics were used to
provide an ultrahigh SAXS resolution. The experimen­
tal design is shown in Figure 4. The scattered X-ray
intensity was measured with a photodiode detector as
the double-crystal analyzer monolith was rocked away
from the straight-through beam diffraction condition.
Whereas the USAXS configuration intrinsically is line
smeared, the scattering could be geometrically cali­
brated with respect to the incident beam intensity
without the need for a standard scatterer. Knowledge of
the precise instrument geometry also made possible an
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FIGURE 4. USAXS experiment schematic.

accurate desmearing of the data using the well-estab­
lished algorithm by Lake [47], resulting in desmeared,
effectively circularly averaged, absolute-calibrated,
SAXS d2: 1dO data as a function of Q. The effecti ve Q
range was 0.004 to 0.3 nm- ), limited at low Q by the
Darwin width [46] of the Ge (111) optics, and at high Q
by background effects due to air scattering. Some SAN S
expe riments were carried out to extend the maximum Q
achieved and to interrelate the USAXS and SANS data,
but the USAXS Q range was sufficient to determine the
main SF particle size distributions.

The six SFs studied were designated A, B, C, 0, E,
and F, obtained from a range of commercial suppliers.
For USAXS measurements, all were initially studied as
thin (- 0.1 mm) powder deposits sand wiched between
layer s of X-ray compatible tape. In subsequen t mea­
surements, fumes B through F we re diluted in a water
slurry suspension in an approximate 4.0 waterI fume
we ight ratio, whereas fume E wa s already supplied in
slurry form. This weight ratio w as the same as the
water I fum e weight ratio in a 0.4 wi s cement with lO°'{,
of the PC weight replaced by fum e. Each slurry suspe n­
sion was placed in a l-rnm-thick water cell with X-ray
compa tible tape windows. Thi s conc entration of fum e
gave acceptable (10 to 15°;'.) X-ray penetration w ith
negligibl e multiple scattering. For the SANS measure­
ments, all th e fumes were placed as slurry suspensions
in l-rnm-thick quartz optical cells.

The 0.4 wi s cement pa stes were prepared from three
batches of PC powder. The first was used in an earlier
study [20] that involved using fume slurry A. The
second was used in studies with fumes B, C, 0, and E,

each hydrated for 3, 7, 14, 28, and 560 days . The third
was used with fume F, hydrated for 3, 7, 14, and 28
days. All of these stud ies used 10% by weight replace­
ment of the PC by SF. In addition, the third powder was
used in studies at the same ages w ith 6% by weight
fume replacement, and after 28 days with 20% fum e
replacement. All of the samples made using the first
and third cement powders were mixed and then al­
lowed to hydrate in the l-rnm cells (i.e., all were 1 mm
thick) . All of the samples usin g the second powder were
hydrated for close to the specified time intervals as
25-mm cubes, then, just pri or to the experiment, they
were sliced under water to give - O.5-m m-thick SANS
specimens. These slices were stored under lime water
until the experiment, and finally sealed wet in the
qu artz cells.

Results and Discussion
Real-Time Early Hydration
The real-time early hydration of the 0.4 wi s SFI PC
blend with fume A has been di scussed in detail else­
where [20,21]. The main effects of the fume addition
were the emergence of a grea ter su rface-fractal com po­
nent in the hydrated cement pa ste and a more grad ual
development of both typ es of fract al structure during
the period of the peak hydration rate. However, more
total surface area wa s observed prior to the hydration
peak . This is consistent w ith a reported acceleration in
the initial production of C-S-H [48], but may also be due
to the high fume surface area.

In presenting these earli er results here, as well as the
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FIGURE 5. Volume-fractal/surface-fractal ratio vs . hyd ration
time for silica fume /Portl and cement (SF/ PC) with fum e A.
The 0.4 w / s SF/ PC blend wi th 10% wt solids replacement by
silica fume A and 0.4 w / c PC control (A) were both mad e
usin g PC from the first batch. Unr eacted clinker sur face is
included in the surface-fractal compone nt at ea rly time s. The
estimated standa rd un certainty is given by the double arrow.

SANS results discussed below, the microstructural
model of eq I , and the surface-fractal extrapolation of
eq 2, were applied to the SANS data to obtain SSf'
Meanwhile, the total overall surface area Sr was mea­
sured from the Q-4 Porod scattering component at Q >
1.4 nm - I , by subtracting the incoherent flat-b ack­
ground scattering and fitting eq 3. From Ssf and S-r,
values of Svf, Ssf/ Sr , and SvtlSsfcould also be obtained .

For the real-time early hydration study, Figure 5
presents a plot of Svf/Ssf vs. hydration time for both the
SFIPC blend and the PC control. The generally low er
value of Svf/Ssf for the SFI PC blend is due to the higher
value of SSf ass ociated with the greater sur face-fracta l
component in this system. Figur e 5 also shows the more
gradual evo lution towards a final microstructure in the
SFI PC blend (not to be confused w ith the overall
degree of hydration). For both pa stes, there are peaks in
this ratio coincident wi th the period of the peak hydra­
tion rate. The subsequen t drop in Svf/Ssf (before rising
again) suggests a relatively abrupt onset for the eme r­
gence of the surface-fractal components in both sys­
tems, somewhat delayed with respect to the initial
emergence of the volume-fractal components.

The effects of the fume addition are not confined to
early hyd ration times. Figure 5 shows that differences
persist to the end of the ll-day hydration period
studied. This is con firmed further by Figure 6, where
fume SAS data and cement SANS model fits are shown
together. Comparison of Figures 5 and 6, with reference
to Figure 2, shows that , as hydration progresses, the
surface-fractal component in the SFI PC blend remain s
more prominent than for the PC control.

FIGURE 6. Q4 dL / dD vs. Q at l l-day hydration for silica
fum e / Portland cem ent (SF/ PC) wi th fum e A. The 0.4 w/ s
SFf PC blend with 10% wt solids repl acement by silica fume A
and 0.4 w / c PC control (A) were both made with PC from the
first batch. Fitted curves only are given for the hydrated
cements. Combined USAXS data (pow de r deposit) and SANS
data (fume slurry) are shown for fum e A, normalized to the
fume SANS scattering cont ras t, and approximately rescaled to
the volume fraction of fume actually present in the SF/PC
blend.

level of Fume Addition
The effect of vary ing the level of fume add ition is
shown in Figure 7 for 0% (contro l), 6%, 10%, and (at
28-day hydration onl y) 20'}'0 by we igh t, cement solids
replacement w ith silica fume F in 0.4 wi s SFI PC paste.
The SANS intensity increases across the whole Q range
with increasing SF replacement, particularly in the
surface-fractal regime at lower Q va lues.

Figure 8 shows that the total (Porod) surface area ST
is increased significantly by the replacement of some of
the cem ent solids by fume. At 28-day hydration, a 10%
weight repl acement increases Sr , over the PC contro l,
by 50 X 106 m- \ more than 40%. It is deduced below
that the surface area of initially unreacted SF within the
10% SFI PC paste is - 6 X 106 m - 1 . Because the scatter­
ing contrast for the hydrating SFI PC blends was as­
sumed to be bet ween water and C-S-H, not silica, the
apparent contribution to ST is ~14 X 106 m -1 . However,
in the absence of any fume activit y, the ~12% volume
reduction in cement solids could make the net gain in Sr
virtua lly zero. It is clear that the main mechani sm for
increasing the surface area by fume addition must be
through chemical reac tion of the silica to form C-S-H,
rather than through the surface area of the unreacted
fum e itself.

For all the samples studi ed, Figure 8 shows only a
slight increase in STover the 25-days hydration follow­
ing the first ~3 days. (This differs from the case of blast
furnace slag additions in PC, where the surface area
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FIGURE 7. Q4d L/ dfl vs. Q for silica fume / Portland cement (SF/ PC) with fume F after hydrat ion for (a) 3, (b) 7, (c) 14, and (d )
28 days. The 0.4 w / s SFf PC blend with 6% 10% and 20% wt. solids replacement by silica fume F, and 0.4 w / c PC control were
made using PC from the third ba tch. Thin lines follow the da ta and dark lines follow the fits.

was found to increase steadily throughout the first
month [15].) Although differences in S-y, for different SF
loadings, appear to be largely established within the
first 3 days, more significant increases in STover longer
hydration times (months) are not ruled out.

Figure 8a reveals a minimum in the total surface after
7-days hydration, for each of the samples made using
fume F. Similar minima in ST were observed at various
times during the first 28 days for the samples made
with fumes B through E, even though, as discussed
above, the sample preparation differed between these
two sets of samples. In both cases, the temporary
reduction in sur face area might be attribu ted to shrink­
age effects that reduce the space available to the C-S-H
outer-prod uct phase, but more research would be
needed to confirm this.

Figure 8b shows that, after 28-day hydration, while
S-y incr eases almost linearly w ith fume content up to
10%, the linearity does not extend to a 20% fum e
loading. This implies that a saturation level of fume
exists beyond which there is little further increase in
po zzo lanic reaction, as all of the Ca2+ ions are used up.
Furthermore, the curve of Figure 8b suggests that there
can be only a modest (few percent) increase in the
scatte ring contrast, lilpl2, due to a reduction in CH IS
molar ratio within C-S-H formed in the presence of SF

(e.g., C1.6SHI.9, instead of CI.7SH2.1) . Any larger increase
would cause the apparent variation of STin Figure 8b to
curve upwards.

Whereas the main effect of the fume loading on the
total sur face area evolution is to increase ST during the
early stages of hydration, a more complex picture
emerges when the volume- and surface-fractal compo­
nents are compared. Figure 9 shows that, for the PC
control and the 6% SFI PC blend with fume F, the
surface-fractal componen t, as measured by Ssf/S-y, de­
creases fairl y monotonically. Thus, the 6% fume loading
has the net effect of increasing the total hydrated
surface area relative to the PC control (Figure 8),
without significantly changi ng the volume-fractal dom­
inated microstructure that develop s in the absence of
fume (Figure 9). This implies an enhanced microstruc­
ture, with increased am ounts of C-S-H gel binding the
cement together, with the surface reg ions around clin­
ker grains and other particles "bound in" and no more
distinguishable topologically than in the microstructure
of the PC control.

For the 10% SF/PC blend, the surface-fractal compo­
nent does not decrease ove r the 28-day hyd rat ion
period. Indeed, it shows some increase between 7 and
14 days. Thus, in this case, regions of surface-deposited
C-S-H gel close to the surfaces of clinker grains, SF, and
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USAXS and SANS Characterization of Silica
Fume Slurries
Figure 10 presents the combined absolute-calibr ated
USAXS and SANS dL /dfl data vs. Q for the SF slurries
B through F. Unlike the SANS data for the hydrating
cement blends, which show distinct fractal power-law
forms, the fume SAS curves are mainly characteristic of
broad discrete particle size distributions [23]. The
curves are also virtually indistinguishable from each

FIGU RE 10. Absolute-valibrated dI j dO V5. Q for silica fum e
slurries B through F. Comb ined desmeared USAXS and
circularly averaged SANS data with USAXS data normalized
to the SANS calibration. The lines are provided to guide the
eye in the main plot, whereas the inset shows the low -Q data
with the scattering predicted for the max imum entropy size
distributions .
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time for silica fume /Portland cemen t (SF/PC) wi th fume F:
0.4 w / s SF/PC blend with 6°1.. 10%, and 20% wt solids
replacement by silica fume F, and 0.4 w / c PC control. Vertical
bars give estimated uncertaint ies.
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.

other particles remain distinguishable from the volume­
fractal C-S-H gel ou ter-product, and are not so well
bound in to the C-S-H inter-grain microstructure. For
the 20% SFI Pe blend , the result at 28-day hydration lies
between the val ues for the 6% and 10'}'o fume load ings.
This is diffic ul t to in terpret without data from earlier
times, because it is not known whether Ssd5T is increas­
ing or decreasing. If increasing, then a complex time­
dependence is implied as the fume loading is increased .

Overall, the results suggest that the optimum solid
weight replacement by fume F at a 0.4 wi s ratio lies
between 6% an d 10%. Other work [49] ten ds to confirm
tha t the optimum enhancement of many of the proper­
ties of SFIPe blends typically occurs in this ran ge of
fume loading for hydration at ambien t temperatures.
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FIGURE 11. Silica Fume Slurry Particle Size Distributions.
The volume-fraction size distributions, V(D), versus particle
diameter, D, have been obtained from the SAS data using
MaxEnt methods. The inset shows the derived number­
density size distributions, N(D). V(D) and N(D) have been
normalized to unit integral values to compare different fumes.

other at Q > 0.04 nm-- 1
. Below this Q, shown more

clearly in the inset, differences are discernible among
the fumes, with an upturn in the scattering associated
with coarse features. The Porod scattering, which dom­
inates the scattering for Q > 0.1 nm-1, yields surface
areas of ~14 X 106 m -1 for all of the fume slurries.
Because, as discussed below, the average solid silica
volume fraction within each slurry was ~16'/'0, the
specific surface areas of the solid fumes were deduced
to be ~ 40,000 m 2 kg-1, an acceptable value for reason­
ably well-dispersed SFs [49]. These numbers allow
estimates to be made of the unreacted fume surface area
contributions in the SF IPC pastes. In the 100;;, SF IPC
blends, the fume volume fraction in each sample was
~6%, giving an initial sample surface area contribution
of ~6 X 106 m- 1

, with values approximately scaling
with the fume weight loading in other samples.

The scattering particle size distributions, which give
rise to the observed combined USAXS/SANS data for
fume slurries B through F, were obtained using the
entropy maximization method, MaxEnt [50,51]. The
MaxEnt method seeks that volume fraction size distri­
bution V(O), which maximizes the configurational en­
tropy with respect to the particle diameter O. Figure 11
presents the V(O) distributions in fractional form. Apart
from minor spurious oscillations, the different fumes
demonstrate near equivalence. The volume-weighted
mean particle diameters lie in the range from 100 to 120
nm for all of the fumes. The absolute V(O) distributions
show only minor variations, attributable to uncertain­
ties in the exact slurry concentrations studied, and the

absolute total volume fractions average to ~ 16%. The
fractional number size distributions N(O) derived from
the V(O) distributions are shown in the Figure 11 inset.
These show even greater similarity than do the V(O)
distributions and are approximately lognormal in shape
with modal diameters of 20 to 25 nm. The surface areas
calculated from the average diameters of the size dis­
tributions are consistent with those determined inde­
pendently from the Porod scattering and are consistent
with the expected characteristics of reasonably well­
dispersed fumes [49].

The most significant differences between the fume
slurries are at the lowest Q values measured, Figure 10
(inset), where the predicted MaxEnt scattering curves
are shown with the data. The additional (upward
curving) scattering is predicted by MaxEnt to be the
Porod scattering associated with additional volume
fractions of coarse features, not included in the size
distributions shown in Figure 11. These Porod compo­
nents were estimated directly from the scattering at low
Q, and the associated surfaces from coarse features
were deduced as fractions of the total surface (as
measured from the main Porod range at high Q). These
surface fractions, attributable to coarse features, were
used as the differentiating characteristic of fumes B
through F, and were estimated as 0.75'10 for B, 0.55% for
C, 0.85% for 0, 0.30% for E, and 0.70% for F.

The coarse surface components in the fumes could be
attributed either to additional volume fractions of inde­
pendent coarse particles or, more likely, to low density
agglomerates of the particles already characterized in
the MaxEnt size distributions. The particles within the
agglomerates could not be close packed, because, if this
were so, strong interference effects would appear in the
SAS curves of Figure 10 [23]. However, these SAS
curves are slightly suggestive of those obtained in
nanocrystalline-particle consolidation studies where
agglomeration is present [52]. Furthermore, TEM stud­
ies in general [53], and some preliminary laser scatter­
ing particle size analyses of these particular fumes [54],
indicate that the SF particles flocculate into large (sev­
eral urn diameter) loose assemblages, which, neverthe­
less, cannot easily be broken up by sonic agitation.

Of the fumes B, C, 0, and F, supplied as powders, it
was known [55] that the fabrication route of fume 0
resulted in the most silica particle agglomeration, as
well as the inclusion of many oversized impurity par­
ticles. Fume E, supplied as a slurry, was a more
expensive processed form of fume 0, especially puri­
fied and dispersed with colloids to reduce both agglom­
eration and the number of oversized impurities. It is of
interest that the estimated coarse surface components
for fumes 0 and E were, respectively, the most and the
least among fumes B through F, whereas the coarse
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surface components for B, C, and F were intermediate
between those for 0 and E.

Effects of Different Silica Fume Additives
on Hydration
In Figure 12, the SAS data for fume 0 , with the most
coarse sur face component, and for fum e E, with the
least coarse surface, are compared with the SANS data
for their associated SFI PC blends, as hydration
progresses in the cements. The differences in the fum e
slurries are reflected in di fferences in the SANS from
the hydrating cement blends. These differences un­
de rgo a complex evolution, but they persist through the
28-day hydration time . The microstructural effects of
the d ifferent fume s B through F were qu antified using
eqs 1 through 3. Figure 13 shows the development of
the rat io Svf/Ssf through the first 28 days. Whereas at up
to 14 days, the highest ratio occurs for the SFI PC blend
containing the highest coarse fume sur face component,
th is trend has reversed by 28 days. This pattern of
reversal suggests two competing processes, one favor­
ing the development of Ssf and the other Svf' However,

there are not enough data points in time to fit parameter
models. These different time-dependences probably are
linked to independent obse rvations [48] that SF first
reacts with the Ca2+ ions produced in the normal
cement hydration react ions to form more C-S-H, but
later can react with C-S-H itself to produce a modified
form of C-5-H. Other microscopy studies [56] also
suggest that long-term reorga nizations of the C-5-H gel
take place at extended hyd rat ion times.

The differences in the microstructural evo lutio n
among the SFI PC blends persist to long hyd ration
times, as shown in Figure 14a at 560-day hydration. By
this time, the correlation of a high Svd Ssf ratio with a
low coarse fume surface component is well established ,
as is shown in Figure 14b for the SFI PC blends using
fum es B through E. Unfortuna tely, no data we re ava il­
able for a PC control samp le at th is age, but Figure 13
strong ly suggests that the Svf/ Ssf ratio would reach, or
exceed, that for the SFI PC blend with fum e E.

Figures 12 through 14 sho uld be considered in rela­
tion to our earlier discussion of the amount of fum e
added in SFIPC blends, especially with reference to
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Figure 9. At early hydrat ion tim es (up to ~ 14 days),
either a lower SF loading or a lower coarse fume sur face
component gives rise to a higher fraction of surface in
the surface-fractal component and, corresponding ly, a
lower Svf/ Ssf ratio. At later hydration times, thi s situa­
tion reverses.

If the coarse fume surface component is solely due to a
few oversized particles, it is difficult to understand how
variations in this fraction account for all of the microstruc­
tural changes observed during hydration. The time-de­
pendences of the microstructural parameters are more
likely related to the degree that SF particles are initially
present as loose assemblages between the clinker grains,
rather than as d ispersed fine particles more easily bound
in to the C-5-H microstructure. As Figure 1 suggests,
individual SF particles can be deposited on the clinker
grain surfaces or enveloped in the evolving C-5-H gel
outer-product structure during early hydration. However,

if some of the particles already measured in the size
distribu tions of Figure 11 organize into large, diffuse, but
stable assemblies of connected particles, then these are
likely to reside out in the inter-grain pore space, and deny
some of this volume to C-S-H gel formation un til a much
more extended hydration time has elapsed.

The parameter Svf/Ssf is a d istinguishing characteris­
tic of the paste micros tru cture. As yet, no tests have
been done relating th is to the macroscopic properties of
concrete such as streng th . Consequently, it is not
known what an accep tab le value of thi s ratio should be.
However, physica l reasoning suggests that a higher
value is prefe rable in mature cement, and thi s has been
linked wi th a lower coarse fume surface component.
Thus, am on g fumes B through F, E sho uld provide the
most effective fume ad d itive, an d 0 the least effective.
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Concluding Discussion
The SAS studies of ea rly cement hydration, of the
effects of the level of fume replacement, and of the
effects of diffe rent fume ad d itives, lead to a number of
important concl usions. Foremost among these is that
the major factor responsib le for increasing the tota l
surface area (Sr) in a hydratin g SFf PC blend, over that
in a pure PC, is the chemical reaction of SF w ith the PC
hydration products to prod uce an enhanced level of
C-S-H gel ou ter-product. Conversely, the relative ly
high surface area of the fume itself has on ly a secondary
effect. Moreover, up to a solids rep lacement level of
10% by weight, the amount of additional gel is linearly
related to the added SF but, beyond 10%, the effect
levels off.

Another set of importan t conclusions arises from the
use of fractal parameters to characterize the nature of
the C-S-H gel. The fraction of the total surface that is in
the surface-fractal component (Ssf/ST) is gene rally
grea tes t at early times. However, the de ta iled time­
dependence of th is fraction varies nonlinearl y with SF
level. This nonlinear dep endence suggests th at two
competing processes are involved, one affecting ST, an d
the other Ssf/ST'

As hyd ra tion progresses, the tota l surface area and
the fract ion of surface within the surface-fractal com po­
nent can be compared to eva lua te the develop ing mi­
cros truc ture wi thin SF-enric hed ceme nt blends. For a
mature SF/ PC blended cement to have op timally en­
hanced strength and durability properties, a high over­
all surface area CST) of binding C-S-H ou ter-prod uct is
desirable, wi thout the persistence of a large, physically
distinct, sur face-fractal component around the clink er
grains. The optimal SF replacement level for achieving
this, using a typical fume, seems to lie in the 6 to 10%
range.

A second fractal ratio, the ratio of surface area w ithin
the volu me-fractal component to that in the surface­
fractal (Svr/Ssf), also provides some insight in to the
C-S-H ge l/SF relationsh ip . The tim e-dependence of the
ratio can be used to disting uis h the effects of differen t
SFs in the hydration of SF/ PC blends. Amo ng the
fumes themselves, the major difference observed is in
the fracti on of coarse (> 1 urn) aggl omerates. A di rect
connection has been mad e between the existence of
these coarse agglome rates in the SF and possib le de le­
teriou s microstructure development in the hydrat ing
SFI PC cement pastes. On the other hand, unreacted SF
particle agglomerates rema in potentially active, and the
extended time-dependen ce might p rove useful in de ­
veloping tailor-made SFI PC blends, whose properties
(e.g., strength development) evo lve, in certain environ­
ments, in a controlled way with extended hydrat ion
time. Thu s, the processin g of SF to adjus t the level of

Advn Cern Bas Mat
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agglome ra tes might provide a means to achieve specific
perform ance level s.

Finally, SANS and SAXS provide unique capa bili ties
for investigating the microstructural modifications pro­
duced by additives such as SF. This is due to their
ab ility to measu re, non dest ructively, the representat ive
microst ructures over the large ran ge of fine len gth­
scales req uired to quantify fractal systems.
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