
Available online at www.sciencedirect.com

SCIENCE@DIRECTe

CEMENT AND
CONCRETE
RESEARCH

Pergamon
Cement and Concrete Research 34 (2004) 1787-1793

X. Fenga, E.J. Garboczia,*, D.P. Bentza, P.E. Stutzmana, T.O. Masonb

Abstract

A scanning electron microscope (SEM) point-counting technique was employed to study the hydration of plain portland and blended
cement pastes containing fly ash or slag. For plain portland cement pastes, the results for the degree of cement hydration obtained by the SEM
point-counting technique were consistent with the results from the traditional loss-on-ignition (LOI) of nonevaporable water-content
measurements; agreement was within :t 10%. The standard deviation in the determination of the degree of cement hydration via point
counting ranged from :t 1.5% to :t 1.8% (one operator, one sample). For the blended cement pastes, it is the first time that the degree of
hydration of cement in blended systems has been studied directly. The standard deviation for the degree of hydration of cement in the blended
cement pastes ranged from :t 1.4% to :t 2.2%. Additionally, the degrees of reaction of the mineral admixtures (MAs) were also measured.
The standard deviation for the degree of fly ash reaction was :t 4.6% to :t 5.0% and :t 3.6% to :t 4.3% for slag. All of the analyses suggest
that the SEM point-counting technique can be a reliable and effective analysis tool for use in studies of the hydration of blended cement

pastes.
@ 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

There are many experimental techniques used to measure
the degree of hydration of portland cement, such as mea-
suring the heat of hydration, the nonevaporable water
content, and the amount of calcium hydroxide produced in
the hydration reactions. All of these methods are based on
comparisons of the measured parameters with the predicted
or measured parameters for a fully hydrated paste. When
reactive mineral admixtures (MAs) are incorporated into
portland cement, the system becomes more complex. It is
almost impossible to determine the degree of the cemeJlt
hydration by the techniques used for plain cement paste.
Although some researchers [1-5] have measured the degree
of reaction of MAs by a selective dissolution procedure,
little information can be obtained in this manner about the
cement hydration in a blended system. Thus, it would be
valuable to develop a technique that can simultaneously and

directly study the degree of reaction of both MAs and the
portland cement in blended cement pastes.

In recent years, scanning electron microscopy (SEM)
quantitative techniques have been used in cement systems to
directly estimate the degree of hydration of plain portland
cement pastes [6-8]. These researchers collected backscat-
tered electron images (BEl) of cement pastes, and then
quantitatively analyzed them using a system software based
on the different gray levels of the different cement phases.
Fgr example, in Ref. [6], for cement pastes with water-to-
cement mass ratio (w/c) = 0.45 cured at 20 °C, the degree of

hydration was about 70% at I day, and about 80% at 3 days.
These results were much higher than those obtained from
calcium hydroxide measurements and density determina-
tions. The large disagreement may have been caused by the
selection of inappropriate thresholds in the gray scale
images or by limiting the image resolution so as to be able
to discriminate between different gray levels. In blended
cement pastes, discriminating between phases is even harder
due to the similar gray levels of some of the fly-ash, the
slag, and the cement clinker particles. Another SEM imag-
ing technique, X-ray imaging, may be used to estimate the
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degree of hydration of blended cement pastes because it
gives elemental composition infonnation, which makes it
easier to discriminate between phases. However, because
this technique can only examine a very small field of view,
it requires several hours of processing time.

In the current study, a SEM-based point-counting tech-
nique was used to directly study the degree of hydration of
cement and the degree of reaction of the MA in blended
cement pastes containing fly ash or slag. A similar optical~
based point~counting technique is the basis for a number of
ASTM standard test methods [9,10]. The technique accesses
the same field of view as does X-ray imaging, but in a
fraction of the time, so that enough fields of view for
statistical purposes can be examined in a reasonable length
of time. This is an important consideration considering that
the point~counting technique requires a human operator.

Loss-on-ignition (LOI) measurements of nonevaporable
water content for the plain portland cement pastes were
also perfonned to compare with the results from the SEM
point-counting technique. The accuracy oftheLOI measure-
ments is not known, but they could be a precise measure
because they are based on mass measurements, which can
be perfonned with great precision.

Fig. 1. Cumulative particle size distributions for the T-ID and T-IH
portland cements. The minimum particle size measured was 1 JUn. Air
dispersion and laser scattering techniques were used.

cement atw/c=0.4. The slag blended cement (designated as
T-S) was made by mixing 30% (by mass fraction) slag with
70% T-ID portland cement at a 0.4 water-to-solid binder (wi
s) mass ratio. Both the slag and this cement, T-ID, were
supplied by Dyckerhoff. The fly-ash-blended cement (des-
ignated as T-L) was made by mixing 20% (by mass fraction)
fly ash and 80% T-IH cement at a 0.4 wls mass ratio. Both
the fly ash and the T-IH cement were supplied by Holcim.
Overall, four different cement pastes were studied. 1

Fig. 1 shows the measured cumulative particle size
distributions (PSD) for the T-ID and T-IH cements. The
minimum diameter is 1 J.UD. These PSD curves were
measured using a laser-scattering instrument with air dis-
persion (dry dispersion). A standard methodology for PSD
determination, worked out in the context of several ASTM
round robins, was used [11]. Fig. 2 shows similar PSD
curves for the slag and fly-ash materials, with the same
minimum diameter of 1 ftm. Wet dispersion in propanol was
used for these materials. The PSD of the blended cements
used in this study would, of course, be a weighted average
of the relevant curves in Figs. 1 and 2. W Fig. 1, the T-ID
cement was finer than the T-IH cement, and Fig. 2 shows
that the slag material was [mer than the fly ash material.

To eliminate entrapped air bubbles, house vacuum was
employed during the mixing and casting processes, and a
vibration table was used during casting. To prevent
substantial bleeding, the samples were cast in sealed
plastic molds and slowly rotated for 5 h on a roller.
By constantly changing the orientation of the samples
with respect to the direction of gravity, bleeding was
prevented. After this, the pastes were kept in the molds
and put in sealed plastic bags at 20 °C and 100% RH
until the testing age was reached.

2. Experimental procedures

2.1. Materials

Two kinds of Type I portland cements were selected for
the study and were designated as T-IH and T-ID. The
chemical compositions of the two cements, the Class F fly
ash, and the slag are given in Table 1 in terms of oxide
mass percents. The LOI of the fly ash is low compared with
most Class F fly ashes because this fly ash was chosen for
its low carbon content and, hence, negligible effect on air
entrainment.

2.2. Paste preparation

Two plain portland cement pastes were made by mixing
deionized water in a blender with either T-IH or T-ID

Table I

Chemical compositions of cements, fly ash and slag used (mass fraction, %)

Sial
A1z03
FeZ03

CaO

MgO
S03
KzO
NazO
LOI

I Certain commercial equipment and/or materials are identified in this

report to adequately specify the experimental procedure. In no case does
such identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the equipment
and/or materials used are necessarily the best available for the purpose.These are taken directly from the manufacturers' analyses.


