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Monitoring the early hydration mechanisms of

hydraulic cement

W. J. McCARTER, A. B. AFSHAR~”

Department of Civil Engineering, Heriot-Watt University, Edinburgh, UK

Cement is one of the most widely used construction materials with one billion tonnes used
annually. From an engineering point of view, it is essential that cement sets and hardens in
a correct manner, indeed, modification of the setting and hardening characteristics of cement
by the use of admixtures is becoming widespread in the construction industry. The reaction
between cement clinker and water is a complicated chemical process which results in a rigid
matrix capable of sustaining load. The increase in strength of the cement matrix is the conse-
guence of hydration and crystal formation within the paste. Understanding the mechanisms of
hydration and how they can be modified could result in new cement blends and admixtures
tailor-made to suit any particular set of design criteria. In this paper it is shown that the tem-
poral change in electrical response can be used to monitor the progress of hydration, and give
an insight into mechanisms of hydration. Data are presented for several cement paste consist-
encies over the frequency range 20 Hz to 300kHz.

1. Introduction

The reaction between cement clinker' and water is an
exothermic reaction which takes place in a number
of stages. Traditionally, conduction calorimetry
has been used to follow the sequence of hydration
by monitoring the rate of heat liberation of the
cement paste. A typical calorimetric curve for ordinary
Portland cement is shown in Fig. 1, with the stages of
hydration indicated I to I'V.

The four stages in the hydration of cement paste
(over the initial 24 h) can be summarized as:

(I) an initial period of rapid chemical activity and
saturation of the gauging water with Ca** and OH~
ions, and other minor ions leached from the cement
grains. Tricalcium silicate (C;S) and tricalcium alu-
minate (C;A) hydration predominate over this period:

(II) an induction, or dormant, period of apparent
chemical inactivity and reduction in reaction rate;

(I11) a period of renewed chemical activity, primarily
on the C,S phase, which results in an increase in
internal temperature of the paste;

(IV) the beginning of the hardening period which is
characterized by much slower reaction rates. Renewed
activity on the C; A phase can occur at the beginning
of stage IV.

According to other investigators [1-4], peak 1 is the
result of the first hydration products forming around
the grain surfaces, primarily amorphous calcium-
silicate-hydrates (C-S-H) on the C,S phase and
ettringite on the C;A phase; peak 2 is due to the
secondary hydration of C,;S forming more crystalline
hydrates and precipitation of calcium hydroxide
(CH). The shoulder in the curve at 3 is associated with

C; A reaction with large-scale formation of ettringite
and monosulpho-aluminate and that occurring at 4
is the result of tetracalcium-alumino-ferrite (C,AF)
hydration.

Although heat of hydration methods relate hydra-
tion to the amount of heat evolved, the small sample
size, together with the normally high water/cement
ratios used in the test do not represent typical
conditions occurring in practice. It should also be
emphasized that in practice, concrete, hence cement, is
mixed in large volumes. Moreover, because the heat-
evolution curve represents a dynamic balance between
the heat evolved by the hydrating paste to its sur-
roundings, the exact shape and position of the peaks
depend on the particular instrument used.

Setting and hardening of cement paste is the direct
result of chemical reactions and phase transition
occurring within the paste both on the grain surface
and in the aqueous phase outwith the grain. Monitoring
these chemical processes (rather than heat evolution
which is a consequence of these reactions) would give
a better insight into the understanding of the mech-
anisms of hydration and microstructural development
within the paste.

2. Electrical response

When cement grains are added to water an exchange
of ionic species initiates between the solids and the
liquid phase. In such a system, charges will be elec-
trostatically held onto the grain surface. The amount
of charge and the strength by which they are held
being dependent upon such factors as particle surface
texture and net electrical charge on the particle itself.

* Present address: A.M.A. Construction Ltd, 57 Dick Place, Edinburgh, UK.
*Ordinary Portland cement (OPC) comprises four main compounds which are written in shorthand form as: C;8 = 3CaO - $i0,,
C,S = 2Ca0 - Si0,, C;A = 3Ca0 : AL O;, C,AF = 4Ca0 - AL O, - Fe,0;.
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Figure I A typical conduction calorimetric curve for OPC.

The polarizability of these charges in an alternating
electrical field will depend on, for example, types of
charges, the degree of association of these charges
with the particle surface, particle orientation and
temperature of the system. Unbound charges in the
aqueous phase will give rise to an ionic conduction
effect on application of an electrical field. As the
cement hydrates and the grains segment, the contri-
bution to the electrical response from bound and
unbound charges will change and will be reflected in
the capacitance (hence, dielectric constant) and resis-
tance (hence, resistivity) of the paste.

Much work has been undertaken on the electrical
resistivity of cement paste in the hardened state [5-9]
and during the initial (24h) period of setting and
hardening [10-13]. The prime motivation of this
previous work has been to correlate the change in
resistivity with physical characteristics of the paste
(e.g. strength, setting time) and also in certain aspects
of corrosion of steel in concrete. Little attention has
been directed towards relating the change in resistivity
to the mechanisms of hydration and chemical changes
within the paste, although Tamas [14] has produced
conductivity data on cement paste to this end. Detailed
work on the variation of the dielectric constant is
limited, as is the effect of frequency on both par-
ameters, although some data are available [15-18] on
the frequency effect over a limited range. The aims of
this paper are (a) to present data on the electrical
response of cement paste over an extended frequency
spectrum, (b) to investigate if such response data can
be used to identify the various stages of hydration as
proposed from conduction calorimetry work, and (c)
to investigate the mechanisms of hydration from the
response data.

3. Experimental programme
3.1. Materials
Tests were undertaken using ordinary Portland

cement (ASTM Type 1); the water/cement ratio was
varied between 0.25 and 0.35 (by weight), a water/
cement ratio of 0.27 producing a paste of standard
consistency [19]. Distilled water was used and the
cement was mixed using a planetary motion rotary
mixer. Mixing time was kept constant at 2 min.

A chemical analysis of the cement is shown in
Table I. A Bogue calculation of the main components
is also given.

3.2. Data logging
The in-phase and quadrature of the impedance were
measured at 28 spot frequencies over the range 20 Hz
to 300kHz using an impedance analyser (Wayne
Kerr 6425); in addition, the internal temperature
changes within the specimens were monitored using
an HP3456A (Hewlett Packard Co. Ltd) digital volt-
meter with compatible thermistor. The instruments
were controlled and the data were logged, pro-
cessed, and stored on floppy disc using an HP9836U
microcomputer.

Experiments were run over a 24h period with a
reading cycle being initiated every Smin. During
each reading cycle the internal temperature of the

TABLE I Chemical analysis of OPC used in tests

Oxide composition (%) Calculated compounds (%)

SiO, 20.47 C,8 57.6
AL O, 4.79 C,S 15.3
Fe, O, 3.24 CA 72
CaO 64.42 C,AF 9.8
MgO 2.61 CaSO, 4.3
SO, 2.54 Lime saturation factor 96.4
Na, O 0.31

K,0 0.71

Loss on ignition 1.0
Insoluble residue  0.43
Free CaO 1.2
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Figure 2 Variation of electrical parameters and internal temperature for OPC during initial 24 h. Frequency (a) 20 Hz, (b) 200 Hz, (¢) 2kHz,
(d) 20kHz, (e) 200kHz. (——) Dielectric constant, (- - - -} resistivity (——-) temperature.

specimen was taken as was the capacitance (at 28 spot
frequencies) and resistance (at 28 spot frequencies).
For each test, enough material was mixed to obtain
two identical samples. One sample was used for elec-
trical measurements and, in parallel, the other sample
was used for internal temperature measurements.
Both samples were placed in an environmental chamber
to maintain constant ambient air conditions (25°C
and 75% r.h.). For electrical measurements, the sam-
ple was contained in a dielectric cell and measure-
ments were made using a four-terminal technique.

4. Discussion

Data are presented to show the variation in electrical
response over the frequency range 20 Hz to 300 kHz
during the initial 24 h after gauging. The results are
typical of those taken from over 200 tests.

4.1. Variation of electrical parameters over
initial 24 h

Fig. 2 displays the variation of dielectric constant and

resistivity over five decades of frequency (20 Hz to
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200kHz) for a paste of water/cement ratio 0.27. The
internal temperature change within the paste during
hydration has been superimposed on the graphs for
comparative purposes.

When water is added to cement grains, ions are
rapidly leached from the grain surfaces (primarily
Ca*" and OH ") leaving behind a surface layer rich in
hydrosilicate ions (on the C,S phase) giving the grain
a net negative charge (Fig. 3a). Within a few minutes
an amorphous, semi-permeable gel membrane of
calcium-silicate-hydrate forms outside the surface
layer, and, associated with the grain and gel, will be an
electrical double layer (Fig. 3b). There is thus a physi-
cal barrier between the silica-rich surface layer and the
diffuse double layer and bulk aqueous phase. This
barrier will slow down reaction rates. Imbibation of
water through the semi-permeable membrane results
in continuous dissolution of the grains from within the
Ca’* and OH™ ions passing through the membrane
(although many Ca’* ions must remain within the
negatively charged surface layer). The larger sterically
hindered hydrosilicate ions remain within the gel
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Figure 3 Schematic representation of cement grain during early hydrolysis and hydration, (a) immediately on gauging, (b) several minutes

after gauging.

membrane. Thus, at the initial stages of hydration,
there are varying degrees of charge mobility: (a)
mobile unbound charges in the bulk aqueous phase,
and (b) electrostatically bound charges of varying
mobility in the diffuse double layer, gel and grain
surface layer. Polarization of these surface charges can
induce large dipole moments giving large dielectric
constants [20, 21].

Considering the dielectric response curves shown in
Fig. 2a to e, a general feature at any frequency is the
variation of dielectric constant over the 24h test
period which decreases by more than two orders of
magnitude. This, in broad terms, can be attributed to
an irrotational binding of charges as the viscosity of
the paste decreases. The resistivity curve also displays
a marked change, and is a consequence of a reduction
in ionic concentrations in the aqueous phase, and
constriction of the continuous capillary pores due to
grain segmentation and crystallization. Conduction
paths thus become more tortuous as the paste
imcreases in rigidity.

On gauging, the resistivity of the paste attains a
relatively low value and continues to decrease during
the initial 50 min (this feature is obscured by scale) and
indicates that ions are passing into solution as the gel
membrane builds up around the grain. The dielectric
constant, on the other hand, increases as double layer
charges and gel build-up on the grain and is more
apparent as the frequency of applied field increases as
at the higher frequencies only the more mobile charges
can be polarized. Over the period 50 to 150 min, the
resistivity increases only slightly (less than 10% of its
initial value) indicating a slow build-up of gel and
initial contact between grains. The dielectric constant
displays a gradual variation over this period (50 to
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150 min) and ends with a marked increase, reaching a
maximum at 180 min. The prominence of this peak is
dependent upon the frequency of the applied field and
is observed over the range 80 Hz to 60 kHz. This is a
result of the rupturing of the relatively weak gel mem-
brane surrounding the grains caused by, (a) an increase
in the osmotic pressure within the membrane [2], and,
(b) the nucleation and growth of a calcium-silicate-
hydrate “inner product” whose volume exceeds that
of the dissolved anhydrous material.

The rupturing of the membrane allows water to
reach the grains and results in accelerated dissolution
of the grain and subsequent increase in polarizability
of the paste. The renewed activity is associated with
the grain and gel as the resistivity, which is related to
ionic conduction through the continuous interstitial
phase, shows no decrease at this point in time
(180 min). Charges released through the ruptured
surfaces quickly combine with those outside the gel to
further precipitate C-S-H and calcium hydroxide.

Furthermore, the effect of the renewed exothermic
activity is to increase the temperature within the paste
as is highlighted by the temperature/time curve. There
ensues a period of intense chemical activity and the
consequences of the membrane rupture are, (a) grain
segmentation, (b) an irrotational binding of charges
due to crystallization of CSH and CH, and (c) con-
striction and blocking of the continuous capillary
cavities.

In the early stages of hydration, the low-frequency
resistivity of the paste will be dominated by ionic
conduction processes and the measured resistance of
the paste (see Fig. 4) can be expressed as

&L
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Figure 4 Simplified model for conduction through cement.

where g, is the resistivity of the pore fluid (m) in the
continuous water-filled capillaries, A is the total cross-
sectional area (m?) available for ionic conduction
through the continuous capillaries, and L, is the mean
effective path length (m) of the continuous capillaries.

As the resistivity of the pore fluid will be sensitive to
temperature changes (o« ~ 0.022°C~'[5, 9]), then, as
the temperature of the paste increases the resistivity of
the pore fluid will decrease. For the temperature rise
within the samples (25 to 65°C) the resistivity of the
pore fluid, hence the paste, would be expected to fall
by almost 50%. However, at this point in time (250 to
450 min), the rigidity of the paste is increasing due to
grain segmentation. The area, A, available for ionic
conduction decreases and the continuous capillary
paths become more tortuous as L. increases. The
result is an increase in the L,/ A ratio and, as is evident
from the “plateau” region over this period, off-sets
any drop in resistivity of the pore fluid. The influence
of temperature rise within the paste on the electrical
properties will thus depend on the rate of change of
LJA.

The rate of change of resistivity considerably
reduces after 600 min and, at the same time, the dielec-
tric constant increases (although slightly obscured
by scale). This feature is particularly noticeable at
higher frequencies (Fig. 2¢). This could signify further
renewed activity within the paste resulting in a transient
release of charges into the continuous and blocked
capillary pores which will reduce the resistivity and
increase the polarizability of the paste due to inter-
facial effects, respectively. Conversion of ettringite to
monosulphoaluminate and renewed activity on the
C;A phase during which 2mol Ca’* and SO?~ are
formed per 1 mol ettringite could be responsible for
this feature. This would corroborate the work of
Tamas [14] who obtained similar findings from
conductivity data.

The authors have, for comparative purposes, ident-
ified the four stages of hydration from the electrical
response data and are shown in Fig. 2¢c. The rate of

change of the electrical parameters will be indicative
of the rate of which reactions are progressing.

4.2. Dispersion and loss-angle curves over
test period

The fall in dielectric constant with increasing fre-
quency (dielectric dispersion) is shown in Fig. 5a, the
dispersion curves being plotted at 10, 150, 300, 600
and 1200 min after gauging. Over the frequency range
considered, a region of dispersion is apparent. As the
paste increase in rigidity the polarizability of the paste
decreases as charges become irrotationally bound and
results in a displacement of the dispersion curves with
time. One interesting feature is the dispersion curve
plotted at 150 min (peak in dielectric constant) which
shows an increase in polarizability of the paste above
the initial curve (i.e. at 10 min) and a resulting increase
in dielectric constant over the frequency range 80 Hz
to 60kHz. This is due to an increase in number of
charges and/or an increase in charge mobility caused
by the rupturing of the gel membrane surrounding the
grain.

Fig. 5b displays the loss curve (tan ) at 10, 150, 600
and 1200 min after gauging. The loss peak shifts from
~8kHz at 10 min to ~ 12kHz at 150 min after which
it returns to ~6kHz. In general, the loss angle
decreases with time.

4.3. Effect of frequency on resistivity

Figs 6a to d shows the resistivity variation for a series
of pastes made with water/cement ratios 0.25, 0.27,
0.30 and 0.35. The resistivity curves have been plotted
for frequencies of 20 Hz and 300 kHz and the time at
which the peak in dielectric constant occurs in the
respective paste has been indicated (|).

The resistivity of the paste remains relatively insen-
sitive to frequency up to the time of peak in dielectric
constant, thereafter the effect of increasing frequency
is to reduce the resistivity of the paste. Several features
are apparent from these curves: (i) as the water/
cement ratio increases the absolute values of resistivity
decrease, and is in agreement with previous studies,
(i) as the water/cement ratio increases the time at
which the resistivity begins to rise (and peak in dielec-
tric constant) is progressively delayed, (iii) the 20 Hz
and 300 kHz resistivity curves for each paste begin to
deviate noticeably after the peak in dielectric constant
at which time the cement grains segment and the paste
increases in rigidity. Regarding this latter point, if o,
18 the conductivity at d.c. (or low frequency) level and
0,.. 1s the conductivity at a frequency above d.c. level
then the frequency-dependent polarization conduc-
tivity can be represented by

o'(@w) = O — 04

with the increase in conductivity due to surface ionic
effects on the absorbed layer on the gel surface. The
authors have quantified this effect in terms of resistivity
by the introduction of a percentage frequency effect
term (PFE) defined as

PFE = 100 @ =)o,

g
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where g, is the resistivity at 20 Hz and g, is the resis-
tivity at 300kHz. This curve has been plotted in
Figs 6a to d, which is plotted as the full line.

The PFE term increases with time, but the effect
is more noticeable after grain segmentation and is
apparent at all water/cement ratios. The frequency
effect term could be visualized as a measure of the rate
of constriction of the continuous capillary pores within
the paste, as these pores become constricted due to
crystal growth; the polarization conductivity, and
hence frequency effect, increases. The smaller the
diameter of the pores the greater the influence of the
absorbed layer on the frequency effect term. A high-
frequency effect would indicate a paste with small
diameter pores hence a strong matrix and a low-
frequency effect term would indicate a more open
texture. Thus, as the water/cement ratio increases (and
frequency effect decreases) the structure of the paste
becomes more porous. This term could thus be used to
give a measure of the permeability and rigidity of the
paste.

5. Conclusions
The following conclusions can be drawn from the
present study.

1. Data have been presented on the electrical proper-
ties of cement paste over the frequency range 20 Hz to
300kHz and it has been shown that the dielectric
constant and resistivity are not only functions of time
but also frequency.

2. The electrical response of cement paste can be
used to follow the sequence of hydration and give
indications as to the mechanisms of hydration. Crystal
growth and formation have a marked influence on the
electrical properties of the paste and the electrical
response of the paste could help in corroborating the
various hydration theories, e.g. the osmotic mem-
brane theory postulated by Birchall et al. [2].

3. Four stages of hydration have been identified
over the initial 24 h. The rate of change of electrical
parameters are indicative of the rate at which reac-
tions are progressing.

In the hydration of cement, reactions at interfaces
play a major role in determining the subsequent chem-
istry and strength development. Further development
of electrical response measurements could offer an
additional tool for investigating structure building
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mechanisms and microstructure development in cement
paste. Such measurements could also be used as a
fingerprint for cement hydration and linked to physi-
cal properties such as strength and permeability.
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