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Real time kinetics of hydration of calcium silicates with light and heavy water has been investigated at the
mesoscopic length scale with the ultra small-angle neutron scattering technique. The scattering data could not
be interpreted in terms of a linear theory of phase formation. The predictions of nonlinear theories on the
dynamics of phase formation have been examined. The validity of the dynamical scaling hypothesis for phase
formation has also been explored. For the real time hydration of silicates with light water, reasonable agree-
ment has been observed with a dynamical scaling hypothesis with a different measure of the characteristic
length. The temporal evolution of the characteristic length does not follow a power-law relation with time. It
increases with time and reaches a plateau. The mesoscopic structure of the hydrating pastes could not be
described in terms of a classical porous medium with a well-defined specific inner surface. In the case of
hydration with light water, the hydrating mass exhibits a mass fractal nature throughout hydration, with the
mass fractal dimension increasing with time and reaching a plateau. But, in the case of hydration with heavy
water, no agreement has been observed with the scaling hypothesis. For hydration with heavy water, the
microstructure of the hydrating mass undergoes a transition from mass fractal to surface fractal and
subsequently to mass fractal. The qualitative and quantitative features of the kinetics of hydration, as measured
in scattering experiments, are strikingly different for hydration with light and heavy water.
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I. INTRODUCTION

For several years now, there has been strong interest in the
phenomenon of dynamics of phase formation in condensed
systems of broken symmetry quenched from a continuous-
symmetry phase. Broken-symmetry phases are the topologi-
cal defects in an otherwise homogeneous medium of con-
tinuous symmetry. The field has been receiving considerable
experimental attention due to the relevance of this phenom-
enon in a wide range of materials including metallic
alloys,1–12 polymers,13–18 glasses,19–29 liquid mixtures,30–36

binary gases,37 ceramics,38–40 and xerogels.41 The field has
received significant advancement by numerous theoretical
and computational contributions.42–47 The very early stage of
this phenomenon can be rigorously described by a linear
theory,48 based on the diffusion equation. The linear theory
implies that the Fourier amplitude A�q , t� of the composition
modulation C�r , t� follows a linear temporal relation

dA�q,t�
dt

� A�q,t� or
dA�q,t�

dt
= ��q�A�q,t� �1�

where ��q� is the time- t-independent proportionality con-
stant; r denotes the spatial coordinate of the system with
�r�=r; q is the scattering vector with modulus �q�=q. Accord-
ingly, the time-dependent structure factor S�q , t� should ex-
hibit exponential growth:

S�q,t� = S�q,0�exp�2��q�t� . �2�

In its generality, the phenomenon of phase formation is a
representative example of a first-order transition. It is also
fundamental and of immense interest as an example of a
highly nonlinear process far from equilibrium. The second
phase grows with time and in late stages all domain sizes are
much larger than all microscopic lengths. Most commonly in
the limit t→�, phase-forming systems exhibit a self-similar
growth pattern with dilation symmetry and a scaling
phenomenon,47 i.e., the morphological pattern of the do-
mains at earlier times looks statistically similar to the pattern
at later times apart from the global change of scale implied
by the growth of the characteristic length scale L�t�—a mea-
sure of the time-dependent domain size of the new phase.
The scaling hypothesis assumes the existence of a single
characteristic length scale L�t� such that the domain sizes and
their spatial correlation are time invariant when lengths are
scaled by L�t�. Quantitatively, for isotropic systems, the
equal-time spatiotemporal composition modulation autocor-
relation function g�r , t�, reflecting the way in which the mean
density of the medium varies as a function of r from a given
point, should exhibit a scaling form with time-dependent di-
lation symmetry:

g�r,t� = f„r/L�t�… . �3�

The scaling function f(r /L�t�) is universal in the sense that it
is independent of initial conditions and also of interactions as

PHYSICAL REVIEW B 72, 224208 �2005�

1098-0121/2005/72�22�/224208�10�/$23.00 ©2005 The American Physical Society224208-1

http://dx.doi.org/10.1103/PhysRevB.72.224208


long as they are short ranged.49 However, the form of
f(r /L�t�) depends nontrivially on n, the number of compo-
nents in the vector order-parameter field exhibiting the scal-
ing behavior, and d, the dimensionality of the system. It is
important to note that the scaling hypothesis has not been
proved conclusively except for some model systems.47 The
Fourier transform of g�r , t�, the structure factor or scattering
function S�q , t� for a d-dimensional system, obeys the simple
scaling ansatz47 at late times,

S�q,t� = �L�t��dF„qL�t�… . �4�

For a phase-forming system with a nonconserved
n-component vector order parameter field, the scaling func-
tion F(qL�t�) in Fourier space in the domain of large
q �qL�t��1� asymptotically approaches the form

F�x� � x−�d+n�. �5�

It is noteworthy that the Porod law, applied for systems with
scalar order parameter and recognized as arising from defect
configurations with sharp domain walls, S�q��q−4, is recov-
ered from the asymptotic relation as the special case for
d=3 and n=1 �scalar field�. For n=d, the topological defects
are point defects. For n�d, the defects are spatially ex-
tended, where the field of the order parameter varies only in
n dimensions orthogonal to the defect core and is uniform in
the remaining d−n dimensions parallel to the core. The do-
main walls are the surfaces of dimension d−n. For n=1, the
defects are interfaces or domain boundaries. For n=2, the
defects are vortices and antivortices and for n=3, the defects
are monopoles. There exist substantial differences between
the n=1 and n�1 cases. For n=1, the interfaces are sharp,
while for n�1, the interfaces are smooth because of the
symmetry obeyed by the order parameter.

For systems where the new phase is polydisperse in na-
ture, there is no universal form for L�t�. In cases3,5,12,24,25,41

where a scaling phenomenon has been observed, L�t� has
been taken to be the reciprocal of the first moment of S�q , t�
in q space, i.e.,

L�t� = �� qS�q,t�dq	−1

. �6�

In some other cases,50–52 the phenomenon has been observed
where L�t�= �qm�t��−1 and qm�t� is the value of q at which
S�q , t� has its maximum. For a model system where the
free-energy functional is invariant under global rotation
of the order parameter, defined by an n-component vector
field, with n=� and arbitrary d, it is found53 that the
scaling ansatz �4� breaks down because of the existence of
two marginally different length scales—L�t�� t1/4 and
�qm�t��−1��t / ln�t��1/4. In the scaling regime L�t�� t�, where
� depends on the conservation laws governing the dynamics
and the dimensions54 of n and d.

Investigations on scaling phenomena have been carried
out for Euclidean systems having three3,5,12,24,25,41,50–52 and
two55 dimensions. Investigations have been carried out also
for systems having a new phase for which the number of
components of the order parameter, n	d, the spatial dimen-
sion. The phenomenon has been investigated even for multi-

component alloys.10–12 The validity of the scaling laws for
some systems that do not support stable topological defects,
having n�d, like liquid crystals with complicated order
parameter,56–58 has been established. The question arises
about the validity of the scaling laws for phase formation in
the case of non-Euclidean fractal systems. The present inves-
tigation is a step in that direction. The present work is a
report of an investigation on structure factor scaling in hy-
drating systems.

In this work, real time hydration of tricalcium silicate
�3CaO·SiO2
C3S�, dicalcium silicate �2CaO·SiO2
C2S�,
and anhydrous ordinary portland cement is investigated. Tri-
calcium silicate and dicalcium silicate are the two major
components of ordinary portland cement �OPC�. OPC is ac-
tually a mixture of several calcium silicate and calcium alu-
minate phases. The hydration reactions of C3S and C2S can
be written as

3CaO · SiO2 + �3 + y − x�H2O

→ �CaO�x�SiO2� · �H2O�y + �3 − x�Ca�OH�2 �7�

and

2CaO · SiO2 + �2 + y − x�H2O

→ �CaO�x�SiO2� · �H2O�y + �2 − x�Ca�OH�2, �8�

respectively.
In the above reactions, both x and y vary. The product

�CaO�x�SiO2� · �H2O�y is calcium silicate hydrate, a colloidal
gel-like material having very low crystallinity, usually abbre-
viated as C-S-H in cement literature. The hyphens in C-S-H
indicate variable stoichiometry. The other product is crystal-
line calcium hydroxide Ca�OH�2, usually abbreviated as CH.
The gel fills much space around and between the cement
particles. Because of the gel properties of C-S-H, the hy-
drated cement products are isotropic in nature and so is the
scattering function S�q , t�, unlike in many crystalline sys-
tems. The isotropic nature of S�q , t� of hydrated cement
specimens was an important consideration in the choice of
sample in the present experiment.

II. EXPERIMENT

The calcium silicates were fired, ground, and refired until
only pure silicate phases were detectable with x-ray diffrac-
tion XRD. The chemical composition of the OPC used for
the present experimentation is shown in Table I. Pure powder
specimens of calcium silicates and OPC were mixed with
heavy water �D2O� and double-distilled light water �H2O� at
varying water/cement ratio �w/c�, ranging by mass from 0.3
to 0.5 to obtain a pastelike mass. For scattering measure-
ments approximately 0.08 ml of the freshly prepared paste
was spread in a circular hole of diameter 10 mm punched on
a cadmium sheet of thickness nearly 1.0 mm. The counting
time of one complete scattering curve was about 6 min for
real time measurements on hydrating samples varying with
w/c ratio.

It has been established in the literature38–40 that C-S-H gel
has a fractal microstructure on the length scale of 1–100 nm.
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A preliminary measurement carried out with a medium-
resolution small-angle neutron scattering �SANS� facility,59

based on nondispersive �1,−1� setting of 111 reflection of
silicon single crystals with sample between the two crystals,

indicated the possibility of existence of inhomogeneities
larger than 100 nm. So SANS measurements were carried
out at the ultra small-angle neutron scattering instrument60

S18, based on two triple-bounce channel-cut silicon crystals,
at the 58 MW high-flux reactor at the Institute Laue-
Langevin in Grenoble, France. The neutron flux density at
the sample position of this Bonse-Hart-type61 camera is
about 104 n / �cm2 s� and the signal-to-noise ratio is better
than 105. The wavelength 
 of probing neutrons used is
1.87 Å. The scattered intensities were recorded as a function
of q�=4��sin �� /
, 2� being the scattering angle�. The scat-
tering data were corrected for background and primary beam
geometry.

III. DATA INTERPRETATION AND DISCUSSION

Figure 1 depicts the time evolution of the structure factor
S�q , t� in absolute scale for light water hydrating calcium
trisilicate, calcium disilicate, and OPC with varying w/c
ranging from 0.3 to 0.5, respectively. It is evident from Fig.
1 that with increasing hydration time, the curvature of the

TABLE I. Composition for OPC-53 grade specimen.

Oxide %

SiO2 21.2

Al2O3 4.4

Fe2O3 4.0

CaO 64.5

MgO 1.0

LoI 2.0

Na2O 0.1

K2O 0.4

TiO2 0.07

SO3 2.3

Industrial residue 0.7

FIG. 1. Time evolution of scattering function S�q , t� for light water hydrating calcium trisilicate �C3S�, calcium disilicate �C2S�, and
ordinary portland cement �OPC� with varying w/c ranging from 0.3 to 0.5 by mass. The inset shows the time evolution of S(qmin�t� , t) where
qmin is the lowest attained q value for a particular measurement. qmin varies slightly from one measurement to the other and is represented
as time dependent.
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normalized scattering profiles in the vicinity of q→0 in-
creases, indicating the growth of the pores. The curvature
�t� of normalized S�q , t� at q is given by

�t� =
�d2�S�q,t�/S�0,t��/dq2�

„1 + �d�S�q,t�/S�0,t��/dq�2
…

3/2 . �9�

The curvature62 �t� in the vicinity of q→0 of a scattering
profile S�q , t� is related to

G�t� = − d†ln�S�q,t�/S�0,t��‡/dq2 �10�

where G�t� is the negative gradient of the Guinier plot of the
normalized scattering profile. For a single-scattering profile
from a monodisperse population of spheres of radius R, in
the vicinity of q→0, =2R2 /5 whereas G=R2 /5. In subse-
quent discussions,  is defined in the vicinity of q→0 only
throughout, if not mentioned otherwise. For a polydisperse
population of spherical scatterers, with number density ��R�
for scatterers of radius R, having the same scattering length
density difference, =2R8� /5R6� where Rn� is the nth mo-
ment of the distribution ��R�. To identify a time-dependent
scattering profile from the many shown in Fig. 1, the inset of
the figure shows the time evolution of S(qmin�t� , t) where qmin

is the lowest attained q value for a particular measurement.
qmin varies slightly from one measurement to the other and is
represented as time dependent.

The time evolution of �t� for various light-water hydrat-
ing specimens is depicted in the inset of Fig. 2. Initially �t�
increases with time and reaches a plateau for light-water hy-
drating specimens and no systematics have been observed as
far as the time at which �t� reaches the plateau for different
time-evolving systems. However, a plateau is reached at rela-
tively later time for OPC specimens. The inset of Fig. 2 also
depicts the time evolution of the Porod exponent ��t�, as
estimated from ln�S�q , t�� vs ln�q�, in the q range
0.000 25–0.001 Å−1 for various hydrating specimens. The
Porod exponent ��t� for all the light-water hydrating speci-
mens lies in the range of 2–3 indicating the mass fractal
natureof the hydrating paste.

Objects exhibiting scale invariance are called fractal ob-
jects. Scale invariance implies that the autocorrelation func-
tion of the system remains invariant under change of scale up
to a multiplicative factor when the scale of observation is
changed by some factor b. Hence, g�br��g�r�, indicating
the validity of dilation symmetry. These kinds of objects are
called self-similar under dilation symmetry. This is possible
only when g�r� follows a power-law correlation of the form
g�r��r−�. Mass fractal objects follow a long-range power-
law correlation in density, i.e., the mass M�R� within a
sphere of radius R is represented as M�R��RDm, where Dm

is generally a fractional number and is called the mass fractal
dimension of the object. For ramified structures, embedded
in a three-dimensional space, the value of Dm lies in the
range 1�Dm�3. For a ramified rod and disk, the values of
Dm lie in the ranges 0�Dm�1 and 1�Dm�2, respectively.
The smaller the value of Dm, the more ramified is the object.
Nanoparticles suspended in a liquid, under certain condi-
tions, can aggregate together forming self-similar mass frac-

tal clusters. For example, the structures of porous colloidal
aggregates �gold, silica, latex� formed by Brownian motion
exhibit dilation symmetry and are well described as mass
fractals. For a mass fractal aggregate, the following relation
holds good:

R = � �M�R��1/Dm �11�

where � is termed the lacunarity constant. Lacunarity is a
counterpart to the fractal dimension that describes the texture
of a fractal. A fractal object having large gaps or holes has
high lacunarity; on the other hand, a fractal object having
low lacunarity is almost translationally invariant. Fractal ob-
jects having the same fractal dimensions can look widely
different because of having different lacunarity.

Like mass fractal objects, there are objects with uniform
internal density but outer surface exhibiting self-similar geo-
metric properties. Fractal surfaces represent topographical ir-
regularities of the complex surfaces. For a surface fractal
object, the surface area S�R� within a circle of radius R is
represented as S�R��RDs, where Ds is generally a fractional
number lying in the range 2�Ds�3 and is called the surface
fractal dimension of the object. Many deposited surfaces pro-
duced by a variety of chemical and ballistic procedures are
surface fractal in nature. Further, all mass fractal objects are
surface fractal in nature invariably, but surface fractal objects
need not be mass fractal. In the limit of diffusion-limited
aggregation, particles are more likely to adhere to the outer
branches of the growing agglomerate rather than penetrate to
the core and produce a surface fractal object.

For objects whose volume or mass is fractal such as clus-
ter aggregates, S�q , t� asymptotically approaches the form
S�q , t��q−� where the exponent � reflects63 directly the
mass fractal dimension Dm. For a mass fractal object,
�=Dm with 1���3 and 1�Dm�3. It is evident from the
insets of Fig. 2 that the mass fractal dimension of the light-
water hydrating gels increases with time of hydration and
reaches a plateau after about 150 min with the maximum
attained value less than 3. The expected Porod exponent for
an ideal smooth surface is 4.

It has been noted that the gross qualitative patterns of the
time evolution of  and � are the same for light-water hy-
drating specimens and no systematics have been observed as
far as the time at which �t� and ��t� reach the plateau for
different hydrating specimens with different w/c’s. For hy-
drating OPC specimens, a plateau is reached at relatively
later time. The initial increase of Dm with time reflects the
transition from a ramified and porous structure to a relatively
more compact homogeneous solid matrix by the processes of
interlinking and space filling of the disjoint initial gel net-
work with CSH and CH. This observation also explains the
increasing compressive strength64 of hydrated cement with
time.

To investigate the extent of validity of the linear theory of
phase formation, the time-independent behavior of
��q� �=�1/2�t1− t2��ln�S�q , t1� /S�q , t2�� where t1 and t2 are
the two times of measurements� has been examined. It has
been observed that ��q� does not behave as time independent
for any composition of the hydrating mixture even at the
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FIG. 2. Scaled scattering function F̃(qL�t�) for light water hydrating C3S, C2S, and OPC with varying w/c ranging from 0.3 to 0.5. The
inset shows the time evolution of �t� and ��t�. The solid lines are only guides to the eye.
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initial stages of the measurements, indicating the inadequacy
of the linear theory to comprehend the observations of the
present set of measurements.

The structure factor kinetics in the light of the scaling
phenomenon of phase formation has also been examined in
the present investigation. The normalized scaling function

F̃(qL�t�)=S�q , t��L�t��−Dm /�qDmS�q , t��q has been calcu-
lated, where the characteristic length L�t� has been assumed
to be ��t� and �q is the experimental q increment. It is
pertinent to note that for a mass fractal object, the surface
area also scales65 as rDm for a spherical surface of radius r.

Figure 2 depicts the variation of normalized F̃(qL�t�) with

dimensionless qL�t� for light-water hydrating calcium disili-
cate, calcium trisilicate, and OPC with varying w/c’s. It is
evident from the figures that the normalized scaling func-
tions are time independent, indicating reasonably good
agreement with the dynamical scaling hypothesis. Further,
the validity of the dynamical scaling phenomenon has not
been observed for all the hydrating specimens under investi-
gation for L�t�=q1

−1�t�, where q1�t� is the first moment of the
scattering function S�q , t�. Further, it is pertinent to note that
in the present investigation on hydration of cements, the
characteristic length L�t� does not evolve with time accord-
ing to a power law

FIG. 3. Time evolution of scattering function S�q , t� for heavy water hydrating C3S, C2S, and OPC with varying w/c ranging from 0.3
to 0.5. The inset shows the time evolution of S(qmin�t� , t) where qmin is the lowest attained q value for a particular measurement. qmin varies
slightly from one measurement to the other and is represented as time dependent.
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L�t� � t�. �12�

The exponent � is in general model dependent and a wide
range of values has been predicted for it. It is known that the
elastic effect is responsible for the deviation from the one-
third law of Lifshitz and Slyozov.66 Langer, Bar-on, and
Miller67 obtained �=0.212 from a time-dependent Ginzburg-
Landau model in three dimensions. On the basis of a cluster
reaction model, Binder and Stauffer68 arrived at �=1/ �d
+2� for intermediate temperatures and �=1/ �d+3� for low
temperatures �T�0.6Tc�, where d is the dimensionality. The
value of �=1/ �d+2� at low temperatures has also been pre-
dicted by Furukawa69 from his analysis of the asymptotic
behavior of the kinetic equation. Most of the features pre-
dicted have been corroborated well by scattering experiments
in binary alloys. For a multicomponent alloy, it has been
observed10,11 that � is temperature dependent and at lower
temperature � is not uniform over the entire time range. At

higher temperature, the growth of the second phase is driven
by the diffusion of atoms while at lower temperature the
growth is due to the development of coherence between the
clusters. The investigation hinted at the possibility of a nonu-
nique characteristic length. It is to be noted that the theory of
Binder and Stauffer68 predicted a crossover phenomenon
where the value of � changes from 1/5 to 1/3.

Since a good agreement with the scaling hypothesis for
the case of hydration of silicates with light water has been
observed, it was worth considering repeating the experiments
with heavy water. The time evolution of the structure factor
S�q , t� is depicted in Fig. 3 for heavy water hydrating cal-
cium disilicate, calcium trisilicate, and OPC with varying
w/c’s ranging from 0.3 to 0.5, respectively. The time evolu-
tion of S(qmin�t� , t) is depicted in the inset of Fig. 3. The inset
of Fig. 4 depicts the time evolution of �t� for various heavy
water hydrating specimens. It is evident from the inset of
Fig. 4 that with increasing hydration time, the curvature �t�
of the scattering profiles in the vicinity of q→0 increases

FIG. 4. Scaled scattering function F̃(qL�t�) for heavy water hydrating C3S, C2S, and OPC with varying w/c ranging from 0.3 to 0.5. The
inset shows the time evolution of �t� and ��t�. The solid lines are only guides to the eye.

TEMPORAL EVOLUTION OF MESOSCOPIC STRUCTURE… PHYSICAL REVIEW B 72, 224208 �2005�

224208-7



initially, indicating the growth of the inhomogeneities. Sub-
sequently, �t� and the inhomogeneity size decrease to reach
a plateau. This observation is in sharp contrast with the ob-
servations in the case of the light water hydrating process.
The initial growth of the inhomogeneities persists for about
25 min except for the OPC specimen for which growth con-
tinues for about 200 min. The time evolution of the Porod
exponent ��t�, as estimated from ln�S�q , t�� vs ln�q� for vari-
ous hydrating specimens in the q range 0.000 25–0.001 Å−1,
is depicted in the insets of Fig. 4. The time-dependent Porod
exponents ��t� for all the specimens lie in the range of 2–4
indicating the mass fractal nature of the hydrating paste in
the beginning. Subsequently, the mass fractal dimension in-
creases, indicating decreasing ramification, resulting finally
in a solid core, with increasing hydration time, and a transi-
tion from mass fractal to surface fractal occurs. For objects
whose surface is fractal such as powders with porous irregu-
lar surfaces, the exponent � is related70 to the surface fractal
dimension Ds, where �=6−Ds with 3���4 and
2�Ds�3. ��t� reaches a maximum and subsequently a fur-
ther transition from the surface fractal to the mass fractal
occurs with time. These results are in contrast to those ob-
served in the case of light water hydrating specimens. But as
in hydration of silicates with light water, here too it has been
observed that the linear theory of phase formation is inad-
equate to comprehend the scattering data from hydration of
silicates with heavy water.

The validity of the scaling hypothesis has also been ex-
amined for the case of hydration of silicates with heavy wa-

ter. The normalized scaling function F̃(qL�t�) has been esti-

mated with L�t�=��t�. Variations of F̃(qL�t�) with qL�t� for
heavy water hydrating calcium disilicate, calcium trisilicate,
and OPC with varying w/c’s are depicted in Fig. 4. It is
evident from the figure that the normalized scaling functions
are not time independent in nature, indicating breakdown of
the scaling hypothesis in the case of hydration of silicates
with heavy water. Further, it has also been noted that the

scaling phenomenon does not hold good for all the hydrating
specimens under investigation with L�t�=q1

−1�t� where q1�t�
is the first moment of the structure factor S�q , t�. These re-
sults are in sharp contrast to those observed in the case of
light water hydrating specimens.

The question remains about why scaling is observed in
the hydration with light water and not with heavy water. It
has been established in the present experiment that in the
case of hydration with heavy water, the hydrating mass
changes topographically with time, unlike the case of hydra-
tion with light water. In the beginning, the hydrating mass is
ramified throughout the volume but the degree of ramifica-
tion decreases as a function of time. Then the mass trans-
forms into objects with uniform internal density of the un-
ramified core but outer surface structure exhibiting self-
similar geometric properties and of ramified nature. But
further on, the ramified surface grows into a ramified volume
and the degree of ramification increases with time. This to-
pographical change of the hydrating mass as a function of
time could be one of the plausible reasons why scaling is not
observed in the case of hydration with heavy water. In fact,
we have not come across any scattering experiment where
scaling has been observed despite the topographical change
of the second phase with time. We are unable to put forward
a more conclusive reason at this stage.

A consequence of the scaling hypothesis is that the unnor-
malized nth moment of the structure factor behaves as

Sn�t� =� qnS�q,t�dq = L2−n�t� � �qL�t��nF„qL�t�…d�qL�t��

�13�

and

qn�t� 
 Sn�t�/S0�t� � L−n�t� . �14�

It is prudent to examine the extent of validity of the scaling
hypothesis, manifested through Eqs. �13� and �14�, experi-

FIG. 5. Time evolution of q2 /q1
2 for heavy and

light water hydrating C3S with w/c=0.3. Inset 1
shows the time evolution of S2�t� while inset 2
shows the time evolution of S0�t� /S1

2�t�. The solid
lines are only guides to the eye.
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mentally since accurate measurement of the structure factor
is possible only over a restricted range of wave vector. The
long-wavelength cutoff in the structure factor introduces er-
rors in the lower moments, particularly at later times,
whereas the short-wavelength cutoff affects the higher-order
moments. It has been observed �Fig. 5� that the ratio q2 /q1

2 is
slowly varying with time for light water hydrated specimen
compared with the heavy water hydrated specimen of cal-
cium trisilicate with w/c=0.3. The fact that the measured
integrated intensity S2�t�, proportional to the volume fraction
of the new phase, is time dependent and is therefore respon-
sible for the stronger time dependence of the ratio
S0�t� /S1

2�t�. Figure 5 depicts the variation of S2�t� with time
for the hydrating specimens of C3S with w/c=0.3. The time
dependence of the moment ratios is much stronger, as evi-
dent from Fig. 5, for heavy water hydrating specimens com-
pared to the light water hydrating specimens. Scattering data
for light water and heavy water hydrating C3S with
w/c=0.3 are available in the literature.71

IV. CONCLUSIONS

In the present work, an attempt has been made to establish
the hydration kinetics of silicates with light and heavy water.
It is shown that the kinetics are of nonlinear nature even at
the initial time. The scattering data could not be interpreted
in terms of a linear theory based on the diffusion equation. It
has also been demonstrated that light water hydration of sili-
cates exhibits a scaling phenomenon for a characteristic
length with a different measure. In the present work, obser-
vation of the exhibition of the scaling phenomenon for a
non-Euclidean system has been reported. The temporal be-

havior of the characteristic length has been observed to be far
from a power law. The second phase appears to grow ini-
tially with time in the case of light water hydrated speci-
mens. Subsequently, the domain size of the second phase
saturates. As far as chemistry is concerned, the hydration of
silicates with light and heavy water is expected to be quite
similar except for kinetics. However, some contrasting be-
havior has been observed in the case of hydration of silicates
with heavy water as far as the kinetics of new phase forma-
tion is concerned compared with the behavior in the case of
light water hydration. The domain size grows in the begin-
ning for a very short time and subsequently appears to shrink
with time, reaching saturation ultimately. The scaling phe-
nomenon, with all possible measures of the characteristic
length, has not been established for the hydration kinetics
with heavy water. The topographical change of the hydrating
mass as a function of time could be the plausible reason why
scaling is not observed in the case of hydration with heavy
water. We are unable to put forward a more conclusive rea-
son at this stage. The present experiment indicates that the
phenomenon of dynamical scaling should be brought into
closer scrutiny for many more systems in the future. To the
best of our knowledge, investigations examining behavior of
the scaling laws under confined geometry and under random
field have not been touched upon so far. Investigations on
these lines are strongly recommended in the future.
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