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The effects of different particle size distributions on the real-time hydration of
tricalcium silicate cement paste were studied in situ by quasi-elastic neutron scattering.
The changing state of water in the cement system was followed as a function both of
cement hydration time and of temperature for different initial particle size distributions.
It was found that the length of the initial, dormant, induction period, together with the
kinetics of hydration product nucleation and growth, depends on the hydration
temperature but not on the particle size distribution. However, initial particle size does
affect the total amount of cement hydrated, with finer particle size producing more
hydrated cement. Furthermore, the diffusion-limited rate of hydration at later hydration
time is largely determined by the initial tricalcium silicate particle size distribution.

I. INTRODUCTION

Although Le Chetalier1 discovered the basic process of
Portland cement hydration over a century ago, many de-
tails of the cement hydration reaction kinetics remain
uncertain. However, for the principal reaction respon-
sible for setting and hardening Portland cement—
between tricalcium silicate and water—it is generally
recognized that it can be split into three steps.

First, after the end of an initial dormant induction pe-
riod, tricalcium silicate dissolves in an irreversible exo-
thermic reaction2

Ca3SiO5�s� + 3H2O → 3Ca2+�aq� + 4OH−�aq�

+ H2SiO4
2−�aq� , (1)

where the third reaction product term represents a col-
lection of silicate species. Second, when ion concentra-
tions are sufficient, calcium-silicate-hydrate gel is pre-
cipitated from the solution through the reaction

H2SiO4
2−�aq� + xCa2+�aq� + �2x − 2�OH−�aq� +

�y − x�H2O�1� → �CaO�x�SiO2���H2O�y . (2)

The CaO/SiO2 ratio x varies with both hydration time
and temperature, usually between one and two but al-
ways less than three.2–4 Thus, excess Ca2+ ions result

from this reaction.5 Since the pore solution reaches satu-
ration relatively rapidly, calcium hydroxide precipitates
out in a third reaction

Ca2+�aq� + 2OH−�aq� → Ca�OH�2�s� . (3)

Equations (1)–(3) can be combined to write a single
(idealized) hydration reaction

Ca3SiO5 + �3 + y − x�H2O → �CaO�x�SiO2��H2O�y

+ �3 − x�Ca�OH�2 ,
(4a)

or in cement notation6

C3S + �3 + y − x�H → CxSHy + �3 − x�CH .
(4b)

However, it should be noted that Eq. (1) is largely
controlled by diffusion-limited (DL) kinetics while Eqs.
(2) and (3) are controlled by nucleation and growth (NG)
kinetics. This suggests that the overall hydration process
might have a complex dependence both on the hydration
conditions and on cement powder morphology. In this
paper, we present a study of the effects of the particle
size distribution on the hydration of tricalcium silicate
C3S.6

Kondo and Ueda7 presented the first experimental
data, derived from x-ray diffraction, for the hydration of
monodispersed C3S particles. In the same conference
proceedings, Taplin8 pointed out the need to consider the
cement powder particle size distribution in models of
cement hydration. Pommersheim et al.9,10 attempted to
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parameterize the hydration process, including the induc-
tion period, in a model incorporating both an “accelera-
tory” hydration regime and a later DL regime. However,
most of the processes considered were effectively diffu-
sion-limited. Knudsen11 developed a theoretical hydra-
tion model for Portland cement that allows for dispersion
in cement particle size. The hydration kinetics is divided
into two distinct regimes governed by “linear” kinetics
and by “parabolic” kinetics. The model was tested pri-
marily against cement shrinkage12 measurements made
as a function of hydration time, and it was concluded that
dispersion in cement particle size does indeed affect the
shape of the hydration curve versus time. However, good
agreement was not obtained for the early stages of hy-
dration. Brown et al.13 developed a hydration model for
C3S based on interface-process-controlled C–S–H for-
mation until the end of the peak hydration period, and DL
C–S–H formation thereafter. This approach has formed
the basis of many subsequent models, but variability in
the cement particle size distribution has remained an ob-
stacle to applying such models in reliably predicting the
cement property evolution during hydration.

In recent years, several approaches have been taken to
address cement particle size variability in cement hydra-
tion studies. Bentz et al.14,15 have incorporated the meas-
ured cement particle size distribution into a hydrating
microstructure model that has been validated against ce-
ment shrinkage measurements16 and which considers the
largely DL consumption of cement particles in the hy-
dration reactions. Parrott et al.17 have compared the vari-
ous “conventional” methods of measuring the degree of
hydration: shrinkage, quantitative x-ray diffraction, non-
evaporable water measurement, and conduction calorim-
etry. Broad agreement is found among these techniques
with respect to variations in particle size distribution but
not always with respect to compositional variation. The
development of the C–S–H gel phase has also been fol-
lowed as hydration proceeds, both by nuclear magnetic
resonance18,19 and by small-angle neutron scattering
(SANS).20–23 These studies have shown that the C–S–H
gel development, together with associated changes in the
cement morphology and pore water ion concentrations,
should not be neglected if the hydration kinetics are to be
understood.

Perhaps the most direct measure of the degree of ce-
ment hydration is that provided by quasi-elastic neutron
scattering (QENS) studies.24–26 In QENS the character-
istics of the neutron recoil due to interactions with hy-
drogen (protons) are exploited to quantify the propor-
tions of free water, surface-adsorbed water, and bound
water of hydration present within a representative cement
sample volume as a function of hydration time. QENS
studies can explore in situ the undisturbed hydration re-
actions to determine the nature of the water in hydrating
cement, or they can use the same information to explore

the properties of the overall cement. Fratini et al.27–29

have focused on the former (establishing a master curve
for the development of “glassy” semi-bound water) while
other authors have focused on the hydrating cement sys-
tem, itself.24–26,30–32

QENS studies of hydrating cement permit quantitative
analyses to be made both of the NG-controlled peak-
reaction-rate hydration regime and of the subsequent DL-
reaction hydration regime. However, separation of these
two regimes can present challenges when there is a sig-
nificant period of overlap. This is partly due to a nonin-
tegral rate exponent encountered for the NG-controlled
regime. Recently, Livingston34 has pointed out that the
nonintegral rate exponent may be associated with the
fractal nature of the C–S–H gel hydration product.20

Thomas and Jennings35 have shown that conduction
calorimetry can provide an accurate determination of the
rate exponent, independently from QENS and have es-
tablished that the exponent takes a constant value for a
wide range of cement systems. In this paper, we build on
this research to present in situ QENS studies that quan-
tify the effects of cement particle size distribution on the
hydration of C3S. We also explore how the particle size
distribution affects the DL reaction rate at later hydration
times relative to the NG reaction rate at earlier times for
hydration at three different temperatures: 20, 30, and
40 °C.

II. THEORETICAL MODEL FOR
CEMENT HYDRATION

QENS measurements of hydrating cement sys-
tems24–36 can distinguish three water components: free,
fixed or completely-bound (CB), and pseudo-bound.
Comparison of QENS and SANS37,38 suggests that the
pseudo-bound component is associated with water ad-
sorbed on the surface of the solid hydration product,
particularly the high surface area form of C–S–H gel.
Experimentally, it is the sum of the CB and pseudo-
bound component fractions that approximates to the
“bound” water fraction. Here, we continue to define the
bound water index (BWI) as the sum of the CB and
pseudo-bound water fractions. However, we also con-
sider the development during hydration of the CB water
fraction, alone, since this is more closely associated (than
is BWI) with the hydration reactions of Eqs. (1)–(4). Our
hydration model is summarized below for the time
dependence of BWI, but analogous equations can be
written for the time dependence of CB.

Following FitzGerald et al.,25 as amended by Thomas
and Jennings,35 it is assumed that cement hydration can
be divided into the initial dormant induction period, a
period of rapid hydration controlled by NG reaction ki-
netics and a subsequent slower hydration regime con-
trolled by DL kinetics. We define a general hydration
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time t, the hydration time after which the induction pe-
riod ends ti, and the hydration time after which DL re-
action kinetics apply td. We also define the free water
index (FWI) by FWI � 1 − BWI. It can be shown that
the FWI time dependence in the NG regime is given
by25,35

FWI�t� = FWI�ti� − AO�1 − exp�−�k�t − ti��
n�� ,

(5)

where AO is the BWI after infinite time in the absence of
other diffusion-limited reaction, k is the NG reaction rate
constant, and the exponent n is determined by the dimen-
sionality of the system. Writing Eq. (5) in terms of BWI
and assuming BWI(t) � 0 for all t < ti gives

BWI�t��t�ti
= AO�1 − exp�−�k�t − ti��n�� , (6)

and describes the increase of BWI with time during the
NG regime. The reaction rate, d(BWI)/dt, peaks (below)
with a maximum approximately proportional to the prod-
uct, {nAOk}.

After hydration time td, it is assumed that the calcium
and silicate ion concentrations in the pore water solution
immediately available for C–S–H formation become ex-
hausted, and the rate of increase of BWI(t) by NG kinet-
ics becomes negligible compared with the DL rate of
increase. The main diffusion process envisaged is that for
water transport through C–S–H gel to reach the as-yet-
unreacted cores of the original cement clinker particles.
For a monodispersed population of cement clinker par-
ticles with an initial unreacted radius R a radius r after
hydration time t and a water-to-cement mass ratio such
that the free water is just consumed when the system is
fully hydrated, FWI(t) is proportional to (r/R)3. Follow-
ing FitzGerald et al.,30–32 it can be shown that at a hy-
dration time t > td

�FWI�t��1�3 = �FWI�td��1�3 − R−1�2D*�1�2�t − td�1�2 ,
(7)

where D* is an effective diffusion constant controlling
water migration to sites where it can combine with un-
reacted cement.33

Whereas in previous work30–32 the NG and DL re-
gimes have been modeled separately, a single contiguous
time-dependent hydration model is needed to quantify
the effects of different initial particle size distributions on
cement hydration over the full hydration time. For poly-
dispersed initial cement particle sizes, the R−1 term in
Eq. (7) must be averaged over the size distribution. On
rewriting in terms of BWI and combining with the NG
hydration regime described by Eq. (6), a full time-
dependent model hydration curve can be obtained

BWI(t) = BWI(0)
t > 0

+ AO�1 − exp�−�k�t − ti��n��
�ti�t�td�

+ �1 − ��1 − BWI�td��1�3 − 	R−1
�2D1*�1�2 �t − td�1�2�3�
�t � td�

,

(8)

where D1* is an amended effective diffusion coefficient
taking into account the particle size distribution, 〈R−1〉 is
the mean inverse radius averaged over the unhydrated
cement clinker particle size distribution, and BWI(td) is
the bound water index predicted by nucleation at time td.
A nonzero bound water content BWI(0) is assumed even
at zero hydration time to ensure that BWI(t) is every-
where positive. The model described by Eq. (8) explicitly
assumes that only one of NG or DL kinetics is operative
at a given hydration time. Such an assumption is neces-
sary for fit convergence because of the total number of
parameters required. While this implies a discontinuity,
at least in the gradient of the fitted curve at t � td, no
significant discontinuity is found for the higher hydration
temperatures (30 and 40 °C), indicating that the two
processes overlap for only a brief period. For hydration at
20 °C, a slight discontinuity is observed in some of the
fitted hydration curves around time td, suggesting a more
significant time overlap between the slower NG and DL
regimes at this lower hydration temperature.

In principle, BWI(0), AO, k, n, ti, td, and D1* can be
used as model fit parameters. However, the exponent n is
more reliably evaluated from conduction calorimetry35

than by QENS, and convergence is improved for the
present fits with n held constant at 2.65. Good estimates
for BWI(0) and ti usually can be derived from the ex-
perimental QENS hydration curves. Furthermore, only a
narrow range of td provides a smooth transition from NG
to DL hydration kinetics. Thus, only AO, k, and D1* are
allowed to vary in the initial fitting, but final results
are based on 6-parameter fits to the hydration curves.
For a given C3S particle size distribution and hydration
temperature, the model can be applied separately to
the BWI(t) and CB(t) hydration curves. To treat the CB
water fraction, this can be used in place of BWI in Eq. (8).

From the Arrhenius temperature variations, activation
energies can be derived for hydration based on either
BWI or CB by assuming that the NG reaction rate con-
stant k depends on the absolute temperature T and is
given by

k�T� = kO exp�−
Ea

RmT�
and

ln�k� = ln�kO� −
Ea

RmT
, (9)

where Ea is the activation energy, Rm is the gas constant,
and kO is the rate constant in the limit of infinite tem-
perature or zero Ea. Thus, a plot of {ln(k)} versus {−1/T}
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offers a straight-line fit of gradient {+ Ea/Rm}. Finally, in
the present analysis, two other hydration parameters are
of interest. One is the hydration time tPK at which the
peak NG reaction rate (equal to 1.044AOk for n � 2.65)
occurs

tPK = ti + ��n − 1

n �1�n� 1

k
. (10)

The other is the ratio of the effective DL rate reaction
constant effective at later hydration times to the NG re-
action rate constant effective at early times.

This kinetic ratio is given by

Kinetic Ratio =
Diffusion

Nucleation
=

2D1* 	R−1
2

k
.

(11)
While it might seem that the inverse of this ratio re-

lates to the Thiele modulus discussed in the literature,39

the Thiele modulus characterizes the relative importance
of NG versus DL reaction processes occurring simulta-
neously within the same volume. Here, a DL reaction
(mainly within unreacted cement particles) follows a NG
reaction (mainly in the pore solution). This makes the
(inverse) ratio of the DL to NG-controlled reaction con-
stants the parameter of interest for comparing NG and
DL reaction rates.

III. TRICALCIUM SILICATE POWDER
PREPARATION AND SIZE ANALYSIS

The hydration experiments were performed on C3S
powder obtained from Construction Technology Labora-
tories (CTL, Skokie, IL). From the as-received C3S, four
chemically identical powders with different particle size
distributions were prepared by grinding or milling for
different times. Gross size distributions were confirmed
by differential sieving, and the powders denoted as A, B,
C, all ground with mortar and pestle, and D, puck-milled
for 20 min.

Each anhydrous sample powder was suspended in
ethanol and the C3S particle size distribution measured
by laser particle size analysis using a Beckman-Coulter
LS-230 Particle Size Analyzer (Coulter Corporation, Mi-
ami, FL). The light source was a helium–neon laser with
a wavelength of 632 nm. The Fraunhofer diffraction ap-
proximation40 was used to determine the particle size
distributions given in Fig. 1. For each sample, Fig. 1
presents the first differential of the integrated relative
volume fraction of powder particles below a given diam-
eter versus the sphere-equivalent particle diameter.
While there is evidence in the size distributions for com-
ponent sub-distributions that approximate to the shape
expected for Weibull or Rossin–Rammler particle statis-
tics,41 it is clear that the overall distributions are more
complex in nature. From the size distribution data, the

mean particle diameter and the mean inverse particle
radius 〈R−1〉 can be deduced for use in Eqs. (7), (8), and
(11). By sampling several independent particle size
analyses for each C3S sample, estimated standard devia-
tions were computed which are presented with the mean
values in Table I. For clarity one representative size dis-
tribution is presented for each sample (A, B, C, and D) in
Fig. 1.

Repeated particle size analysis of equivalent powder
batches provides a good means for determining the sta-
tistical uncertainties. It also aids rejection of erroneous
results due to variable agglomerate or bubble formation
in the ethanol suspensions. However, use of the Fraun-
hofer diffraction approximation is only strictly valid for
particle diameters greater than about one micrometer. For
finer sizes, either the full Mie scattering theory42 is re-
quired or different approximations should be used (i.e.,
Rayleigh or Rayleigh–Gans scattering theory). Accurate
knowledge of both the real and imaginary parts of the
refractive index, not available here, is required for these
corrections. As a result, particles smaller than 1 �m have
been neglected for C3S samples A, B, and C. For sample
D, the milling results in a particle size distribution where
submicrometer particles cannot be neglected. While use
of the Fraunhofer diffraction approximation may lead to

FIG. 1. Relative volume-weighted particle size distributions for the
four C3S samples, expressed as first-differentials of the integrated
particle volumes smaller than a given diameter versus the sphere-
equivalent particle diameter.

TABLE I. C3S particle size distribution parameters.

Sample
Volume-weighted mean
particle diameter (�m)

Volume-weighted mean
inverse radius (�m−1)

A 9.72 (58) 0.289 (18)
B 17.65 (16) 0.187 (17)
C 39.90 (40) 0.145 (10)
D (milled) 3.53 (10) 1.243 (38)

Numbers in parentheses are estimated standard deviations in least signifi-
cant digits.

A.J. Allen et al.: In situ quasi-elastic scattering characterization of particle size effects on the hydration of tricalcium silicate

J. Mater. Res., Vol. 19, No. 11, Nov 2004 3245



systematic uncertainty in the value of 〈R−1〉 obtained, it is
clear from Fig. 1 that sample D contains significantly
finer particles than A, B, and C, thus justifying D’s in-
clusion in the present study of particle size effects on
hydration.

IV. IN SITU QENS ANALYSIS OF DEGREE
OF HYDRATION

For the in situ QENS hydration studies, the C3S was
mixed at ambient temperature with de-ionized water to
produce a cement paste with a 0.4 water-to-cement ratio
by mass (0.4 w/c). After mixing by hand for 3 min, the
paste was spread into a 0.5-mm-thick layer in an Al
sample holder that was lined with Teflon to prevent the
C3S from reacting with the Al. By constraining the
sample to this thickness (and a volume of area 40 × 60
mm), multiple scattering issues could be minimized in
the QENS analysis. Finally, the sample holder was sealed
using an indium gasket, thus ensuring that the total
sample composition remained constant throughout the
QENS measurements.

For each C3S particle morphology separate QENS
measurements were carried out using the NIST Fermi
chopper time-of-flight (TOF) neutron spectrometer with
samples maintained at set (continuously monitored) hy-
dration temperatures of 20, 30, and 40 °C. QENS meas-
urements commenced some 10 min after initial mixing,
and the results were time-averaged in 30-min slices with
data taken continuously for hydration times of up to 60 h,
depending on the hydration temperature used.

QENS studies of C3S hydration utilize three prin-
ciples: (i) the scattering is dominated by that from the H
atoms in the water and hydroxide groups present; (ii) the
neutron can lose or gain energy in the neutron-proton
interaction when the H (proton) is free to recoil; and (iii)
the energy-transfer spectra for neutrons scattered by H in
the free, pseudo-bound, and CB components are measur-
ably different from each other. The overall energy-
transfer spectrum is derived from measurement of the
TOF distribution for scattered neutrons arriving at the
instrument detectors after each Fermi chopper incident
neutron pulse. Full details of the experimental configu-
ration are given elsewhere.31 With an incident neutron
wavelength of 4.8 Å and sample-to-detector distance of
2.29 m, the calculated elastic scattering energy resolution
�E is 0.146 meV.43 The QENS energy-transfer spectrum
obtained depends in general on the magnitude of the
scattering vector Q for the elastic peak (no energy
change) where Q � (4�/�)sin(	/2) and 	 is the scat-
tering angle for a given instrument detector bank. To
obtain sufficient statistics for accurate analysis of the
energy spectrum, the data from several detector banks,
corresponding to a range of Q, need to be summed to-
gether. Fortunately, at sufficiently high Q, the energy-
transfer spectrum does not depend strongly on Q. For

these studies, results were averaged over a Q range from
1.9 to 2.4 Å−1.

In the case of cement hydration, it can be shown32 that
the QENS energy-transfer spectrum, S(Q,
), where en-
ergy � �
, � � h/2�, and h is Planck’s constant, can be
modeled in terms of 4 components comprising a back-
ground term, an elastic peak delta function (zero energy
transfer for CB H atoms), and two Lorentzian compo-
nents for H atoms in the free and pseudo-bound water
components

S�Q,
� = CO + �PO���
 = 0�� + B1� 
1

��
1
2 + 
2��

+ B2� 
2

��
2
2 + 
2��� � �e−
2�2�2

��2�	 . (12)

Here, CO is a fixed intensity baseline (background), P0

is the number density of CB H atoms, B1 is the number
density of free H atoms (in bulk water), 
1 is a Lorentz-
ian half-width at half-maximum for the bulk water com-
ponent, B2 is the number density of H atoms in the form
of constrained or pseudo-bound water, 
2 is a variable
half-width-at-half-maximum fitting parameter, and � is
the Gaussian standard deviation of the measured resolu-
tion function of the spectrometer, which is convoluted
with the three non-background components.

The QENS spectrum is analyzed over an energy-
transfer range from −2 to +2 meV while CO is deter-
mined from the flat data in the energy range at around
−10 meV. The value of 
1 is determined from QENS
measurements of pure water at the hydration temperature
used.31 In energy units, the full widths at half maximum
(2�
1) for bulk water at 20, 30, and 40 °C are, respec-
tively, 1.49, 1.87, and 2.23 meV. (The experimental stan-
dard deviations on these values are less than 0.16 meV.)
Since � is known from the instrument resolution func-
tion, this leaves only 4 free parameters for fitting Eq. (11)
to each individual QENS spectrum: PO, B1, B2, and 
2. In
principle, for mean hydration time t, associated with a
given 30-min QENS measurement, BWI(t) in Eq. (8) is
given experimentally by the ratio (PO + B2)/(PO + B1 +
B2), and the CB component CB(t), by the ratio PO/(PO +
B1 + B2). In practice, some elastic scattering occurs even
at t � 0, and even the scattering from free water is not
quite a pure Lorentzian.27–29 Best results are obtained by
measuring the changes in these ratios from their initial
values at t � 0.31 Thus, BWI(t) and CB(t) have been
deduced from the changes with time in the associated
ratios derived from a fit of Eq. (12) to the measured
QENS spectrum.

V. RESULTS AND DISCUSSION
For the in situ QENS studies here, satisfactory hydra-

tion model fits were generally obtained using Eq. (8) for
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both BWI(t) and CB(t). This supports our assumption of
nucleation and growth without significant diffusion, fol-
lowed by a DL hydration regime without significant NG.
Only for some of the 20 °C curves do small discontinui-
ties appear at the transition, suggesting a period of over-
lap between the NG and DL regimes. Furthermore, Eq.
(2) is consistent with a NG regime description, also sup-
ported by SANS,20–22 for C–S–H production occurring
under high super-saturation conditions,44,45 with ion con-
centration gradients in the pore solution both caused by
and causing fluctuations in the reaction flux. In the sub-
sequent DL regime, it is implicitly assumed that the gra-
dients associated with nucleation and growth are no
longer strong enough to overcome diffusion gradients
that smooth out fluctuations in ion concentration, remov-
ing ions from locations where NG kinetics might other-
wise continue.

Figure 2 presents typical variations of BWI(t) and
CB(t) versus t at 30 °C for the four C3S samples studied
with model fits based on Eq. (8), or its equivalent for
CB(t). Two observations can be made immediately. First,
the finest C3S particle distribution (sample D) gives sig-
nificantly the largest amount of hydrated product, as
measured by the greatest proportion of bound water de-
velopment. Second, the statistical fluctuation of CB(t) is
significantly less than that of BWI(t), despite BWI(t)
being the larger quantity. This is because the elastic peak
in the energy spectrum giving CB(t) is readily distin-
guishable from the two Lorentzian components whereas
the two Lorentzians are not so easily distinguished from
each other. This results in greater statistical overall un-
certainty for BWI(t). Nevertheless, for all of the cases
plotted in Fig. 2, excellent fits using the combined NG
and DL model are obtained.

The QENS data obtained from actual hydration experi-
ments can be compared with the predictions of theoreti-
cal models in the literature. For example, Fig. 3
presents the hydration curves predicted using the
NIST CEMHYD3D14,15 hydration model for the four
samples with 0.4 w/c at 30 °C. This model is a cellular
automaton-based code with lumped parameter kinetics
yet distributed parameter phase definition. It is also
based on shrinkage measurements and DL kinetics.16

CEMHYD3D is of considerable engineering utility and
many of the hydration characteristics predicted are
qualitatively correct. However, the marked effect of
fine C3S particle size is underestimated, and other as-
pects of the hydration kinetics, as evidenced in the
shape of the hydration curves in Fig. 2, are not fully
captured. This underlines the need to include the process
of cement hydration during the NG regime if a full un-
derstanding of the cement hydration kinetics is to be
achieved.

Table II presents the fit results associated with BWI(t).
Results are presented for the four different C3S systems

hydrated at the three different hydration temperatures.
Where QENS studies were carried out on replicate
samples, the QENS spectrum parameter values obtained
by fitting Eq. (12) to the data sometimes show some
variability, as observed for hydrating cement systems in
general. Table II indicates how this variability affects
the hydration parameters characteristic of the material
chemistry, as given by Eq. (8). Table III presents the fit
results associated with CB(t). The fit parameters obtained

FIG. 2. (a) BWI(t) and (b) CB(t) versus hydration time for C3S
samples studied (0.4 w/c at 30 °C), together with model fits using the
combined NG and DL hydration model of Eq. (8). Vertical bars are
standard deviations derived from the QENS spectrum analysis using
Eq. (12).
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from CB(t) are close in value to those for BWI(t), except
where further discussed below, and they follow the same
general trends. This is not surprising because both com-
ponents are determined by the same C3S hydration ki-
netics. CB(t) represents all hydration reactions that con-
sume free water, i.e., Eqs. (1)–(4), in which C–S–H and
CH formation kinetics are superimposed on each other.
BWI(t) includes the pseudo-bound component that is as-
sociated with the available surface area, which is domi-
nated by the C–S–H gel relative to the coarse CH crys-
tals. Thus, in the NG regime, BWI(t) is more heavily
weighted in favor of C–S–H formation than is CB(t).
However, a combination of previous SANS20–22 and
QENS30–32 studies have shown that the pseudo-bound
water is associated mainly with “outer-product” C–S–H
formation between the C3S particles, and may be absent
from the subsequent dense “inner-product” C–S–H for-
mation within the original boundaries of the un-hydrated
C3S particles. Particularly in the DL reaction regime, this
means that BWI(t) is more heavily weighted towards
outer-product formation than is CB(t). Given these dif-
ferent influences on the BWI and CB components, some
differences in their time dependence are to be expected,
especially at later hydration times.

The hydration reaction kinetics of C3S hydration can
be characterized by exploring the time-dependences of
BWI(t) and CB(t) as a function both of hydration tem-
perature T and of C3S particle size. In this connection, it
has been shown elsewhere35 that the NG reaction rate
exponent n is close to 2.65 for the hydration of a large
range of cement systems. Here, a free fit of n, using Eq.
(8) with the other parameters fixed, produces values be-
tween n � 2.60 and n � 2.73 over the entire range of
C3S samples and hydration temperatures studied. The
value of 2.65 is close to the mass-fractal exponent found
in SANS studies of the C–S–H outer-product microstruc-
ture.46 For n fixed and the other parameters fitted in the

NG regime, Tables II and III, and Fig. 4 indicate a mod-
est reduction in AO (less than 30% for the finest particles
and smaller for coarser particles) with increasing T for
both BWI and CB. However, there is a pronounced in-
crease in AO for fine C3S mean particle size at all T.
Since AO is effectively a measure of the final C–S–H
product volume resulting from NG processes, and SANS
shows this hydration regime to be dominated by outer-
product C–S–H formation,20–22 these observations sug-
gest that the final NG product volume is determined pri-
marily by the surface area of the un-hydrated C3S par-
ticles and the morphology of the available space between
them. Fine C3S particles lead to more uniform hydration
(with some particles completely consumed) and a larger
value of AO. To a lesser extent, higher T gives more rapid
but less uniform hydration, leading to a smaller overall
value of AO before hydration processes become diffu-
sion-limited.

With reference to Eq. (12), it should be noted that,
experimentally, the final values of BWI and CB under
NG conditions are not given by their respective values of
AO, but are given by BWI(td) and CB(td). Measured as a
fraction of AO and as a function of either T or particle
size, it might be assumed that BWI(td) and CB(td) would
correlate with the relative prominence of the DL reaction
kinetics at later hydration times. No such correlation was
observed. Regardless of T or particle size, BWI(td) and
CB(td) are found consistently to be 0.87 of the respective
value of AO, with an individual standard deviation of
±0.04. This lack of dependence may result from an in-
sensitivity in the model fitting due to the large number of
fit parameters that are significant around hydration time
td, or it may arise from some other reason. However,
this issue is not explored further here, and AO is used
to indicate the theoretical extent of the NG reaction
kinetics.

For the NG reaction rate constant k, Tables II and III
show that the main dependence is that of increasing k
with T and no significant dependence on the C3S particle
size, except for a slight decrease with size at the highest
hydration temperature 40 °C. The reaction constant k
exhibits the expected Arrhenius variation with T for all of
the C3S systems studied, as is shown in Fig. 5 for sample
D (milled). The activation energies Ea obtained on fitting
Eq. (9) are given in Table IV. Calculations of Ea were
carried out using both BWI(t) and CB(t) for each hydrat-
ing C3S system. The values of Ea derived from the Ar-
rhenius plots range between 30.4 and 44.4 kJ mol−1 K−1

with a mean of 37.1 ± 1.6 kJ mol−1 K−1. This is consis-
tent with recently reported values of Ea for the hydration
of C3S.35 However, the variation of these derived values
is somewhat greater than the computed standard devia-
tions given in k. This is because of individual sample
variability and also because the k-values, themselves, are
obtained from the combined NG / DL hydration model

FIG. 3. Predicted hydration curves (0.4 w/c at 30 °C) using NIST
CEMHYD3D14,15 hydration model for the C3S samples studied. The
QENS data and fit for C3S Sample D are also shown for comparison.
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described by Eq. (8), rather than by separate modeling of
the two hydration regimes.

For C3S sample D, Fig. 6 presents the variation versus
T of the three previously defined hydration times, ti, td,

and tPK for both BWI(t) and CB(t). Similar trends are
found for samples A, B, and C. All three times decrease
significantly with increasing T, but Tables II and III in-
dicate little variation with the mean C3S particle size

TABLE II. Fitted and derived hydration model parameters from BWI(t).

Sample AO k (h−1)
D1*

(10−15 m2 h−1) ti (h) tPK (h) td (h)
{(2D1*) < R−1 > 2}

(10−5 h−1)
Kinetic ratio

(10−5)

A
20 °C (a) 0.332 (13) 0.097 (4) 1.1 (3) 4.2 (2) 12.8 (4) 17.3 (13) 18 (6) 183 (60)
20 °C (b) 0.338 (17) 0.076 (4) 1.3 (2) 3.2 (2) 14.2 (7) 18.9 (3) 22 (3) 292 (44)
30 °C (a) 0.336 (24) 0.144 (7) 0.9 (4) 1.5 (2) 7.3 (3) 11.7 (15) 15 (7) 101 (49)
30 °C (b) 0.367 (7) 0.125 (11) 1.0 (2) 2.6 (2) 9.3 (6) 11.3 (4) 16 (3) 126 (23)
40 °C (a) 0.270 (18) 0.206 (13) 0.6 (3) 2.2 (1) 6.3 (3) 8.9 (9) 10 (4) 46 (22)
40 °C (b) 0.271 (20) 0.217 (19) 0.9 (3) 1.4 (2) 5.3 (4) 7.6 (9) 15 (4) 67 (21)

B
20 °C 0.207 (9) 0.086 (5) 1.1 (2) 5.8 (3) 15.5 (7) 20.3 (10) 7 (2) 86 (19)
30 °C (a) 0.246 (19) 0.132 (11) 1.1 (3) 1.4 (3) 7.8 (6) 10.5 (8) 8 (2) 58 (19)
30 °C (b) 0.177 (6) 0.253 (15) 1.8 (2) 4.2 (1) 7.5 (3) 10.0 (7) 12 (1) 49 (6)
40 °C 0.193 (10) 0.206 (15) 0.9 (1) 1.9 (2) 5.9 (4) 7.7 (3) 6 (1) 31 (4)

C
20 °C 0.303 (12) 0.068 (3) 1.7 (6) 2.3 (4) 14.6 (7) 21.5 (15) 7 (2) 101 (36)
30 °C (a) 0.339 (30) 0.091 (6) 3.0 (6) 1.1 (3) 10.2 (7) 13.3 (17) 12 (2) 134 (28)
30 °C (b) 0.256 (6) 0.181 (10) 3.7 (6) 2.2 (1) 6.8 (3) 11.6 (10) 15 (2) 83 (14)
30 °C (c) 0.281 (13) 0.151 (10) 2.1 (9) 1.7 (2) 7.3 (4) 11.6 (10) 9 (5) 58 (31)
40 °C 0.256 (21) 0.175 (17) 2.6 (5) 1.4 (2) 6.1 (5) 10.3 (11) 11 (2) 61 (14)

D
20 °C 0.673 (12) 0.071 (2) 0.10 (5) 6.8 (1) 18.6 (4) 24.5 (4) 32 (17) 454 (234)
30 °C (a) 0.612 (15) 0.127 (3) 0.05 (1) 4.1 (1) 10.7 (2) 14.4 (4) 16 (3) 123 (23)
30 °C (b) 0.742 (35) 0.122 (4) 0.34 (7) 2.4 (1) 9.2 (3) 11.3 (4) 105 (21) 865 (178)
40 °C 0.618 (14) 0.179 (3) 0.05 (1) 2.3 (1) 7.0 (1) 10.4 (4) 16 (4) 87 (22)

Numbers in parentheses are estimated standard deviations in least significant digits.

TABLE III. Fitted and derived combined hydration model parameters from CB(t).

Sample AO k (h−1)
D1*

(10−15 m2 h−1) ti (h) tPK (h) td (h)
{(2 D1*) < R−1 > 2}

(10−5 h−1)
Kinetic ratio

(10−5)

A
20 °C (a) 0.230 (3) 0.093 (2) 0.61 (4) 3.6 (1) 12.6 (3) 18.9 (1) 10 (1) 109 (7)
20 °C (b) 0.244 (5) 0.090 (2) 0.84 (4) 4.3 (1) 13.6 (3) 18.9 (1) 14 (1) 155 (8)
30 °C (a) 0.228 (3) 0.169 (4) 0.57 (4) 2.3 (1) 7.2 (2) 11.0 (1) 10 (1) 56 (4)
30 °C (b) 0.189 (3) 0.181 (2) 0.61 (15) 3.2 (1) 7.8 (1) 11.5 (2) 10 (3) 56 (14)
40 °C (a) 0.168 (3) 0.223 (6) 0.46 (8) 2.1 (1) 5.8 (1) 8.9 (5) 8 (1) 34 (6)
40 °C (b) 0.183 (3) 0.234 (5) 0.53 (4) 1.6 (1) 5.1 (1) 8.0 (2) 9 (1) 38 (3)

B
20 °C 0.180 (2) 0.078 (2) 0.45 (4) 4.4 (2) 15.1 (3) 22.0 (2) 3 (1) 41 (4)
30 °C (a) 0.152 (3) 0.172 (5) 0.56 (8) 2.6 (1) 7.4 (2) 10.7 (4) 4 (1) 23 (3)
30 °C (b) 0.147 (2) 0.171 (4) 0.83 (4) 3.2 (1) 8.1 (1) 10.6 (1) 6 (1) 34 (2)
40 °C 0.160 (4) 0.188 (7) 0.53 (4) 1.6 (1) 6.0 (2) 8.0 (1) 4 (1) 20 (2)

C
20 °C 0.323 (4) 0.067 (1) 1.24 (11) 2.9 (4) 15.4 (3) 20.0 (1) 5 (1) 77 (7)
30 °C (a) 0.178 (4) 0.078 (2) 1.10 (12) 4.4 (3) 15.1 (4) 19.9 (5) 5 (1) 59 (7)
30 °C (b) 0.205 (4) 0.135 (4) 1.60 (12) 1.1 (1) 7.3 (2) 11.0 (1) 7 (1) 49 (4)
30 °C (c) 0.202 (6) 0.138 (5) 1.41 (17) 0.8 (1) 6.8 (3) 10.9 (3) 6 (1) 42 (5)
40 °C 0.211 (4) 0.143 (4) 1.35 (9) 0.6 (1) 6.4 (2) 10.0 (2) 6 (1) 39 (3)

D
20 °C 0.618 (9) 0.066 (1) 0.09 (1) 7.1 (1) 19.7 (3) 24.5 (4) 26 (4) 400 (60)
30 °C (a) 0.506 (9) 0.131 (2) 0.06 (1) 4.2 (1) 10.5 (1) 15.2 (4) 19 (3) 142 (22)
30 °C (b) 0.464 (4) 0.161 (2) 0.08 (1) 3.4 (1) 8.6 (1) 12.9 (3) 24 (3) 152 (18)
40 °C 0.491 (4) 0.196 (3) 0.03 (1) 2.7 (1) 7.0 (1) 9.8 (2) 9 (1) 45 (5)

Numbers in parentheses are estimated standard deviations in least significant digits.
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(except for a slight decrease in ti). Values obtained from
BWI(t) and CB(t) are not significantly different, again
indicating there is little difference in the dominant reac-
tion kinetics underpinning BWI(t) and CB(t) in the NG
regime. Indeed, a comparison of all the fit parameters
that determine BWI(t) and CB(t) in the NG regime re-
veals a remarkable similarity between BWI(t) and CB(t)

for the entire range of samples and temperatures studied.
With little or no correlation with C3S particle size or T,
the ratios of equivalent BWI(t) parameters to CB(t) pa-
rameters, together with their standard deviations (all de-
rived from the data in Tables II and III), are given by:
1.39 ± 0.06 for AO, 1.01 ± 0.05 for k, 1.11 ± 0.13 for ti,
1.00 ± 0.02 for tPK, and 0.97 ± 0.02 for td. This implies
that only AO is significantly different between BWI and
CB. The difference is about 40% of the CB(t) compo-
nent. Since BWI(t) differs from CB(t) only in that BWI(t)
includes the surface-adsorbed water associated with
C–S–H outer product, this is consistent with a NG regime
dominated by outer-product formation. However, the
subsequent formation of dense inner product C–S–H dur-
ing the DL reaction regime causes some divergence be-
tween BWI(t) and CB(t) at later times.

Figure 7 presents the variation of the effective diffu-
sion constant D1* versus the mean C3S particle size,
derived from each of BWI(t) and CB(t) at each hydration
temperature T. The value of D1* can be associated with
a representative average of the ion mobility within the
pore solution and the water mobility through the C–S–H
to access unhydrated C3S. A significant increase in D1*

TABLE IV. Activation energies for hydration during the NG regime.

C3S system A B C D

Ea (kJ mol−1 K−1)
from BWI(t) 33.0 (22) 37.2 (35) 44.4 (33) 34.0 (12)

Ea (kJ mol−1 K−1)
from CB(t) 36.1 (9) 39.5 (16) 30.4 (11) 42.0 (8)

Numbers in parentheses are computed standard deviations in least signifi-
cant digits from Arrhenius straight-line fits.

FIG. 4. Hydration reaction parameter AO derived from fitting Eq. (8)
to the measured BWI(t) and CB(t) versus un-hydrated mean C3S par-
ticle diameter for all samples studied. Individual curves are plotted for
BWI(t) and CB(t) at T � 20, 30, and 40 °C. Vertical bars are the
computed standard deviations in AO given by fits of Eq. (8).

FIG. 5. Arrhenius plots of ln(k) versus {−1/T} determined from the
BWI(t) and CB(t) NG hydration regime for C3S system D (milled)
using Eq. (9). Vertical bars are computed standard deviations in ln(k)
derived from fits of Eq. (8).

FIG. 6. Hydration times ti, td, and tPK versus hydration temperature T
for C3S sample D. Lines are guides to the eye. Vertical bars are
computed standard deviations given by fits of Eq. (8), or derived from
Eq. (10) in the case of tPK.
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occurs with increasing particle diameter at all T. Large
inter-particle pores associated with coarse C3S particles,
together with reduced hydration product formation AO in
the NG regime, offer reduced impedance to the ion mo-
bility in the DL regime, and this results in the increased
D1*. Tables II and III indicate that D1* is not signifi-
cantly T-dependent for coarse particle size but some de-
crease occurs with T for fine particles. This is consistent
with earlier studies,32 suggesting more rapid nucleation
at higher T produces a microstructure that more greatly
impedes later diffusion-driven transport, particularly for
a fine pore/particle morphology. In all cases, D1* is
larger for BWI(t) than it is for CB(t), and the particle size
dependence is also stronger for BWI(t).

The diffusion constant, D1*, is not itself a measure of
the DL hydration rate but the term, {2D1*〈R−1〉2}, is an
effective DL reaction rate constant, analogous to k for the
NG hydration regime. (The exponents n or 1/2 must be
taken into account to obtain the actual NG or DL reaction
rates, respectively.) Using this definition, Fig. 8 shows
that (following the trend for D1*) the effective diffusion
rate constant is not significantly T-dependent for coarse
C3S particles [Fig. 8(a)], but it decreases with T for fine
particles [Fig. 8(b)]. However, the C3S particle morphol-
ogy (represented by the 〈R−1〉2 factor) does affect the rate
constant dependence on particle size. Tables II and III
show a significantly-increased DL reaction rate constant
for the finest C3S particles hydrating at 20 °C, but only a
slight increase for fine particles hydrating at 30 or 40 °C.
This is a different variation with C3S particle size than
found for D1*, and is reflected in the corresponding

variations, shown in Fig. 9, for the kinetic ratio of the
DL/NG reaction constants defined by Eq. (11). Tables II
and III indicate that the T dependence of the kinetic ratio
is significantly stronger than for D1* or for the DL re-
action rate constant, but this is due mainly to the T
dependence of the NG reaction constant k, discussed pre-
viously. The major result here is that of Fig. 9, which
clearly associates enhanced DL C–S–H formation with
fine C3S particle size, particle size having already en-
hanced C–S–H formation by nucleation (where, recall,
the peak NG reaction rate � 1.044kAO). Fine particles
enhance the DL reaction rate because the diffusion dis-
tance over which water must migrate from the surface to
reach un-hydrated material is significantly less than for
coarse particles. It appears that this geometric effect
more than compensates for the increased impedance of
the fine morphology for the particle size dependence
of D1*.

FIG. 7. Effective diffusion constant D1* derived from fitting Eq. (8) to
the measured BWI(t) and CB(t), versus un-hydrated C3S mean particle
diameter for all samples studied. Individual straight line fits are plotted
for BWI(t) and CB(t) at T � 20, 30, and 40 °C. Vertical bars are
computed standard deviations on D1* given by the fits of Eq. (8).

FIG. 8. Effective DL reaction rate constant, {2D1*〈R−1〉2} versus hy-
dration temperature for (a) C3S Sample C and (b) C3S Sample D.
Individual straight line fits are plotted for BWI(t) and CB(t). Vertical
bars are the computed standard deviations given by the fits of Eq. (8).
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The above discussion should be related to the previous
literature on the effects of particle size on the hydration
reactions in the DL hydration regime.7–17 The Kondo
model7 uses a particle of fixed radius with a shrinking
core of unreacted C3S and a corresponding growing shell
of C3S. Pommersheim et al.9,10 add a layer of deposited
C–S–H so that the overall radius increases. The Knudsen
model11,12 concerns only the shrinking unreacted C3S. It
is not clear from the present results whether overall C3S
particle size increases, decreases, or remains constant
during hydration. The unreacted composite C3S particle
cores must shrink as water diffuses into the particles, and
the different behaviors for coarse [Fig. 8(a)] and fine
[Fig. 8(b)] particles may indicate the ultimate dissolution
of fine particles, though not coarse particles, in the DL
regime. With the SANS results that show outer product
C–S–H between cement particles to have a morphology
quite separate from that of the particles themselves,20–22

this could be taken as supportive of the Kondo model for
cement hydration.7

Having made the distinction between BWI(t) and
CB(t), their comparison in the two time regimes allows
one to infer differences in the C–S–H morphology pro-
duced. The ratios of equivalent BWI(t) parameters to
CB(t) parameters, together with their standard devia-
tions, are given by: 1.86 ± 0.17 for both D1* and the
effective DL reaction constant, {2D1*〈R−1〉}23, and 1.91
± 0.23 for the kinetic ratio defined in Eq. (11). At an
arbitrarily long hydration time t � 2td, Eq. (8) indicates
the ratio of the actual DL increments in the BWI and CB
components (compared to their NG values at t � td) is
1.21 ± 0.05. The reduction from the value of 1.39 ± 0.06
for the ratio of BWI to CB formation in the NG regime

(see above) is strongly indicative of a different C–S–H
morphology developing from the hydration reactions in
the DL regime. At least some of the C–S–H contains
significantly less pseudo-bound water, compared to the
earlier NG-controlled outer-product C–S–H formation.

VI. SUMMARY AND CONCLUSIONS

Several important conclusions can be drawn from
these in situ QENS studies of real-time C3S hydration.
C3S particle size, not temperature, controls the size of the
NG reaction volume; with fine C3S particles giving a
larger reaction volume (large AO). Hydration temperature
T, not particle size, controls the NG reaction rate con-
stant, k, which increases with T, and the hydration time
parameters, which decrease with T. The latter include the
onset time for the DL regime. Nevertheless, fine C3S
particle size appears to increase the induction time ti. If it
is assumed that the induction period ends once signifi-
cant hydration is apparent, then only a limited number of
coarse particles need to commence hydration early to
realize this condition. Conversely, a large number of fine
particles must commence hydration early before the
same condition is met, since far less material is available
for hydration within each particle. Thus, a somewhat
longer induction period is observed before significant
hydration is apparent for finer particles.

The close relationship between BWI(t) and CB(t)
throughout the NG regime strongly suggests that BWI(t)
and CB(t) are associated with nucleation and growth of
the same product structure. The only significant differ-
ence is that BWI(t) includes 40% more water than does
CB(t). The additional water is in a pseudo-bound state
and presumably is adsorbed on the surface of the C–S–H
outer-product structure.20–22

In the DL hydration regime, the effective DL constant
increases with increasing C3S particle size for both
BWI(t) and CB(t), with BWI(t) having both the stronger
size dependence and larger absolute value for D1*. How-
ever, due to the different particle morphology, the effec-
tive DL hydration reaction rate constant decreases with
increasing C3S particle size particularly for hydration at
20 °C, less so for hydration at 30 and 40 °C. These
effects are consistent with greater diffusion-limited water
and ion mobility for large C3S particles where there is
less C–S–H formation during the NG regime, but greater
DL hydration for small particles due to the short diffu-
sion distances associated with the fine particle size. The
decrease with increased hydration temperature in both
the diffusion constant and the DL reaction rate constant
for fine particles can be attributed to more rapid NG at
higher T producing a microstructure that more effec-
tively impedes later diffusion-driven transport.

Also in the DL hydration regime, the fit parameters for
BWI(t) and CB(t), over the entire range of samples and

FIG. 9. Kinetic ratio of effective DL reaction rate constant to effective
NG reaction rate constant versus un-hydrated C3S mean particle diam-
eter for all samples studied. Lines are guides to the eye. Vertical bars
are the computed standard deviations given by the fits of Eq. (8).
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temperatures studied, reveal a reasonably constant rela-
tionship between BWI(t) and CB(t). However, this rela-
tionship is different from that found in the NG regime, as
may be quantified by use of the fit parameters in Eq. (8).
With reference to our earlier discussion, the roughly con-
stant ratios across the range of C3S systems and hydra-
tion temperatures studied suggest that similar proportions
of water may be associated with inner-product C–S–H,
outer-product C–S–H and CH formation as the DL hy-
dration regime progresses.

Perhaps the most important conclusions to be drawn
from these studies are that fine C3S particle size gives the
most C–S–H formation for a given water-to-solids mass
ratio, and that some aspects of the cement hydration ki-
netics exhibit behavior that may be universal in nature
and related to fractal aspects of the microstructures
formed. It will be of interest to determine in future stud-
ies to what extent these effects are applicable for w/c
ratios other than 0.4, and to other cement systems such as
C2S and C3S/C2S mixes and to ordinary Portland cement.
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