CEMENT anp
CONCRETE
RESEARCH

Pergamon

Cement and Concrete Research 29 (1999) 3-8

Microscopic and laser granulometric analyses of hydrating
cement suspensions

Vili Lilkov & Ekaterina Dimitrova®, Stoyan Gaidardzhiev 2

aUniversity of Mining and Geology, Department of Physics, Darvenitsa 1100, Sofia, Bulgaria
bCentral Laboratory of Physico-Chemical Mechanics, Bulgarian Academy of Sciences, Sofia, Bulgaria

Manuscript received 26 January 1998; accepted manuscript 23 September 1998

Abstract

The results from microscopic and laser granulometric analyses of hydrating cement suspensions, containing active mineral additives (sil-
icafume, fly ash, and a mixture of both called Pozzolit) are presented. Conclusions are drawn about the specific hydration processes of the
cements investigated, aswell as the applicability of the laser granulometry method for the study of cement and its hydration products. Thein-
vestigation is part of a program studying the combined effect of silica fume and fly ash on the hydration process and the physical and me-

chanical properties of cement mortars and concretes.  © 1999 Elsevier Science Ltd. All rights reserved.
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Laser granulometric analysis has been used in cement re-
search for the study of particle size distribution of unhy-
drated cements and the assessment of their quality. The
scope of the method has been extended to the study of ce-
ment clinker mineral activity in contact with water. It has
been evaluated according to the variation of particle con-
centration with time [1], the time dependence of particle
sizevariation for suspensions and cement pastes with differ-
ent inorganic admixtures [2,3], as well as the specific sur-
face determination of various pozzolanic additives [4] and
the effect of chemical admixtures on the dispersity and spe-
cific surface of cement particles[5].

The microscopic methods used in their different versions
have proved to be universal for the study of various micro-
scopic objects. They provide extremely valuable informa-
tion based on direct observation of the investigated objects.

Thiswork presents the results obtained from microscopic
and laser granulometric research of cements containing ac-
tive mineral additives (silicafume, fly ash, and a mixture of
both) hydrating in the form of suspensions.

1. Materials and methods

Portland cement PC45 (C), silica fume (SF) (a by-prod-
uct material of the production of ferro-silicon steel in the
“Kremikovtsi” Metallurgical Plant, Bulgaria, with a content
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of about 93% of amorphous silica), classified fly ash (FA)
from the “Bobov Dol” Thermal Power Generation Plant,
Bulgaria, and a Pozzolit (Pz) mineral additive [6] based on a
50:50 mixture of silica fume and fly ash were used in the
present investigation. Four different cement compositions,
without and with mineral additives, were studied. In three
the cement was replaced by 10% silica fume, fly ash, or
Pozzalit.

The microscopic analysis was performed using an Image
Analyzer developed at the Technical University, Sofia. The
device is used to determine the disperse composition of
emulsions and suspensions. It includes a Jena 2—Carl Zeiss
optica microscope equipped with a CCTV-SSC-8001 video
camera and a computer. The average dimension L, and the
o = L4/L, ratio between the maximal (L,) and the minimal
(L) linear dimensions of each of the observed particles had
been determined. The program provides the graphic image and
calculation of the effective diameter Dy; for the whole group
of analyzed particles. The advantage of the method is that
the sizes of the particles are obtained directly and that it is
possible to work individually with the objects. The suspen-
sions of the cement and minera particles are investigated in
0.5-mm high glass cells. Adjustment of the device and the
recording time for each measurement do not exceed 3 min.

The laser granulometer (Laser Particle Sizer Analysette-
22, Fritsch) is based on an He-Ne laser wavelength of 632
nm, power of 5 MW, and a multielement 31-channel detec-
tor. The apparatus is capable of measuring particle size dis-
tribution over the range from 0.3 to 1100 wm, based on the
presumption of a spherical particle. The software offers the
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Tablel
Particle size distribution (%) of the additives and of the cements depending
onthea = L,/L, ratio.

ainthe
interval 1-1.16 1.16-1.5 152 >2
Additives
SF 54.2 18 175 10.3
FA 46.4 26.4 20 7.2
Pz 45.1 25.6 19.3 10
Cements
C 46.5 27 145 12
C+ SF 495 219 18.6 10
C+FA 47.7 229 20.2 9.1
C+Pz 475 26 15.7 10.8

L,, maximal and L,, minimal linear dimension of the particles.

possibility of obtaining both frequency size distribution and
cumulative size distribution. At the beginning of each test
the distance between the cell and the detector had been ad-
justed, and in all measurements beam obscuration was kept
within the limits of 8% to 10%. The duration of one mea-
surement was about 1 min.

Cement suspensions were prepared with 400 mg of ce-
ment and 100 mL of distilled water mixed in a magnetic
stirrer (5 min) and subsequently stored until the moment of
measurement. The suspensions were ultrasonically dis-
persed for 1 min immediately before measurement. The wa-
ter-to-solid ratio of the suspensions investigated was deter-
mined experimentally in the range of maximum sensitivity
of the laser granulometer.

The differential particle size distribution of the materials
used and of the cementswasinvestigated in aliquid medium of
pure ethyl alcohol to avoid the dissociation and agglomera-
tion of cement particles that occur upon contact with water.

2. Results and discussion

The microscopic analysis proved that about 54% of the
SF particles and more than 45% of the FA, Pz, and initia
cement particles are of a close to spherical form, with the o
ratio being less than 1.16. Addition of the additives to the
initial cement does not change significantly the form of the
particles (Table 1).

The results from the microscopic and laser granulometric
analyses of the initial materials (Fig. 1) are very close be-
cause the materials investigated are characterized by a
greater share of the spherical particles.

When mixing fly ash and silica fume the share of parti-
cles smaller than 2 wm is decreased whereas the share of
particles with an average size larger than 5 pm isincreased.
The effective diameters of the SF, FA, and Pz particles are
1.9, 7.9, and 9.5 pm, respectively. The graphic images and
the SEM micrographs of the mineral additives particles are
shown in Figs. 2 and 3, respectively.

The graphic images of the particles of the cements inves-
tigated are shown in Fig. 4. The effective diameter of the

particles is 5.4 pm for the initial cement and 5.0, 7.1, and
7.7 wm for the cements with silica fume, fly ash, and Poz-
zolit, respectively.

The results confirm that the silicafume and fly ash parti-
cles, as well as the cement and additive particles, are sus-
ceptible to sticking to one another, forming complexes of
heterogeneous particles that exist in the mixtures together
with the particles of the initial materials.

The graphic images of the particles of the cement sus-
pensions investigated at the fourth hour of hydration are
presented in Fig. 5.

In the process of hydration of all the cement suspensions,
the number of particles with a close to spherical shape de-
creases. Thisisespecially well expressed for the silicafume
and Pozzolit containing cement suspensions (Table 2). The
silica fume particles obviously serve as links between the
single hydrating particles, uniting them in complexes of par-
ticles of irregular shape.

During the first hour of hydration, the average dimension
of the particles in the pure cement suspensions decreases as
aresult of the dissolution of particles larger than 5 pm, thus
increasing the share of particles with average dimension
lessthan 1 pm (Fig. 6a). In the case of cement suspensions
with mineral additives, the share of the finest and the most
coarse particles is diminished during the same period,
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Fig. 1. Differential particle size distribution of the SF, FA, and Pz particles:
(—), microscopic study; (- - - -), laser granulometric study.
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Fig. 2. Graphic images of the SF (a), FA (b), and Pz (c) particles.

whereas the share of the middle-size particles (2-10 um) is
increased (Figs. 6b—6d).

At the fourth hour of hydration of pure cement suspen-
sions, the share of particles with an average size less than 2
pm is decreased and the share of particles larger than 5 um
isincreased (Fig. 6a), whereas in the silica fume and Poz-
zolit containing cement suspensions the share of particles
larger than 10 wm is increased more than twice at the ex-
pense of the decreased share of particlesin the range from 1
to 10 pm (Figs. 6b and d).

At this stage of hydration, strong growth of the share of
particles larger than 20 wm is observed for the fly ash con-
taining cement suspensions (Fig. 6¢).

Compared to the results from microscopic investigations,
the average particle sizes obtained from laser granulometric
analysis are shifted in the direction of larger particle diame-
ters (Fig. 7). The reason for this difference is in the object
recording principle of laser granulometry, as well asin the
alterations of particle shape that occur during the course of
hydration. The unequal friction forces on the surface of
solid particles of irregular shape suspended in a viscous
fluid result in pressure fluctuations leading to vortex drag
(turbulence resistance) [7], thus causing oscillatory and ro-
tary movement of the particles in the stream that is super-
posed on their oriented flow in the suspension. The record-

Table2
Particle size distribution (%) of the hydrating cement suspensions
depending onthe e = L4/L, ratio

ainthe
Cements interval (h) 1-1.16 1.16-1.5 152 >2
Cc 0 46.5 27 145 12
1 36.4 36.4 181 9.1
4 36.0 31.2 195 133
C+SF 0 49.5 219 18.6 10
1 25 355 22.1 174
4 30.1 28.5 23 184
C+FA 0 47.7 229 20.2 9.2
1 35.7 30.9 22.6 10.8
4 34.8 29.8 232 122
C+Pz 0 475 26 15.7 10.8
1 30.0 34.7 20.2 151
4 29 30.1 231 17.8

L4, maximal and L,, minimal linear dimensions of the particles.

Fig. 3. SEM micrographs of the FA (a) and Pz (b,c) particles.
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Fig. 4. Graphic images of the particles of the (a) initial cement (C) and cements with (b) SF (C + SF), (c) FA (C + FA), and (d) Pz (C + Pz).

ing principle of operation of the laser granulometer is based
on the Frauenhoffer diffraction of the laser beam by the sus-
pended particles [8], when the differently oriented particles
in the bulk of the suspension, varying in shape and size, can
be “seen” by the detector as identical and vice versa. On the
other hand, the larger particle sizes established by laser
granulometry, in comparison with the real ones obtained
from microscopic investigations, result from their oscilla-
tory and rotary movement during the measuring process
when they are “seen” by the detector as spheres with a di-

ameter equal to their maximal linear dimension, because the
recording timeis considerably longer than the period of par-
ticle oscillation in the range of the laser beam.

3. Conclusions

1. Inthefly ash/silicafume mixtures the silicafume par-
ticles cover mainly the fine fly ash grains, forming
stable Pozzolit grain complexes.
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Fig. 5. Graphic images of the particles of (a) the plain cement suspension (C) and cement suspensions with (b) SF (C + SF), (¢) FA (C + FA), and (d) Pz (C +

Pz) at the fourth hour of hydration.
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2. The first hours of hydration of the cements investi-
gated are characterized by variations in the effective
particle size and particle size distribution. Severa
concurrent processes proceed simultaneously: the dis-
solution of cement particles and diminution of their
size on the one hand and aggregation of small parti-
cles on the other.

. Approximately half of the particles of the mineral ad-
ditives and of the investigated cements have a closeto
spherical shape. The relative share of these particles
diminishes during the course of hydration of the ce-
ment suspensions at the expense of the irregularly
shaped particles, this being expressed most strongly

for the silica fume and Pozzolit containing cements.
The fine silica fume particles possessing a great spe-
cific surface serve as links between the single hydrat-
ing particles.

. Laser granulometric analysis is applicable to investi-
gation of materials with particles of nearly equal shape,
which can be defined unambiguously by the so-called
shape parameter of the particles. The most accurate
results are obtained for materials with a spherical par-
ticle shape in an inert, for them, medium. The method
is not applicable to hydrating cement suspensions, be-
cause the shape of the particles becomesirregular and
is changed greatly during the hydration process.
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Fig. 6. Differential particle size distribution during hydration of the plain cement suspension (a) and cement suspensions with SF (b), FA (c), and Pz (d) by
microscopic investigation.
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Fig. 7. Differential particle size distribution during hydration of the plain cement suspension (a) and cement suspensions with SF (b), FA (c) and Pz (d) by

laser granulometric study.
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