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Abstract

In recent years, self-compacting concrete (SCC) has gained wide application in the construction industry. As for high performance
concrete (HPC) and traditional concrete (TC), the microstructural properties of SCC are the main factors, which determine the material
properties, i.e. the mechanical properties, transport properties and the durability behaviour.

In order to investigate the development of the microstructure of SCC, the microstructural parameters of the paste including porosity,
pore size distribution and phase distribution are determined by means of mercury intrusion porosimetry (MIP) and scanning electron
microscopy (SEM). The thermogravimetric analysis (TGA) and the derivative thermogravimetric analysis (DTG) are used to identify
the phase constituents. These parameters as studied for self-compacting concrete are compared with high performance concrete and
traditional concrete. The specimens of self-compacting cement paste (SCCP) are made with water/binder ratio 0.41 and 0.48, the high
performance cement paste (HPCP) with w/c 0.33 and traditional cement paste (TCP) with w/c 0.48. The measurements are performed at
different hydration stages, i.e. at 1, 3, 7, 14, 28 and 56 days.

The result of this research shows that the pore structure, including the total pore volume, pore size distribution and critical pore
diameter, in the SCCP is very similar to that of HPCP. The fact that limestone powder does not participate in the chemical reaction
was confirmed both from thermal analysis and BSE image analysis.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Self-compacting concrete (SCC) is defined as a highly
flowable, yet stable concrete that can spread readily into
place and fill the formwork without any consolidation
and without undergoing any significant segregation [1,2].
It was developed about 15 years ago [3,4] in Japan and
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since then it has received wide use in the construction
industry [5].

Since the birth of SCC, most investigations have mainly
concentrated on the influence of various admixtures [6,7]
on hydration, on mix design [8-10] and on workability
[11-14]. In general, self-compacting concrete consists basi-
cally of the same components as traditional concrete (TC)
and as high performance concrete (HPC). However, due to
the high filler content, i.e. limestone powder or fly ash, the
microstructural aspects may be different.

From previous studies on high performance concrete
and traditional concrete, it appears that the microstruc-
tural properties are the main factors which determine the
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material characteristics, i.e. the mechanical properties,
transport properties and the durability behaviour. In this
context the aim of this study is to verify whether the prop-
erties of hardening/hardened self-compacting concrete,
high performance and traditional concrete are influenced
in a different way by the microstructural properties, espe-
cially, when the high content of limestone powder was
added as filler.

It has to be mentioned that, in order to avoid the influ-
ence of aggregates on the microstructure, in this study only
the cement pastes of SCC, HPC and TC were investigated.
All specimens were made with the same mix proportion as
for the concrete, however without any aggregate.

For clarification of these questions, various pastes were
evaluated regarding the microstructural properties, i.e.
porosity, pore size distribution and phase distribution. To
this end, mercury intrusion porosimetry measurements
(MIP) have been performed on self-compacting cement
paste (SCCP), high performance cement pastes (HPCP)
and traditional cement pastes (TCP) at different curing
ages. And scanning electron microscopy (SEM) was
employed to examine the phase distribution (CSH,
Ca(OH),, unhydrated cement core and filler). The thermo-
gravimetric analysis (TGA) and the derivative thermo-
gravimetric analysis (DTG) were used to identify the
phase constituents. The results were compared with each
other.

2. Materials and methods
2.1. Materials

The mixtures used in this study were prepared with Port-
land cement CEM 1 52.5. Limestone powder, produced
from carboniferous limestone of a very high purity (98%
of CaCO; content), was added as filler. The density of lime-
stone powder was 2650 kg/m>. The chemical properties of
the cement and limestone powder used are presented in
Table 1.

Table 1
The chemical and physical properties of cement and limestone powder

CEM I 52.5 (%)

Limestone filler (%)

CaO 63.95 -
Si0, 20.29 0.80
ALO; 4.52 0.17
Fe,0; 2.35 0.10
MgO 2.22 0.50
K,0 0.94 -
Na,O 0.20 -
SO, 3.35 -
cr- 0.015 0.002
CaCoO; - 98.00
CsS 59.0 -
CsS 12.60 -
CA 8.01 -
C,AF 9.40 -
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Fig. 1. Particle size distribution of cement and limestone.

In Fig. 1, the particle size distribution of Portland
cement and limestone powder measured by laser diffraction
are shown. The Blaine values of the limestone powder and
CEM 1 52.5 are 526 m%*/kg and 420 m°/kg, respectively.
The average particle size of the limestone filler is slightly
smaller than that of the Portland cement CEM 1 52.5.

2.2. Mixture design and specimen casting

The mix proportions of SCCP, HPCP and TCP are
listed in Table 2.

First, the cement was mixed with water for 2 min at low
speed. Afterwards, the superplasticizer was added and the
paste was mixed for another 3 min at high speed. After
mixing, the cement pastes were immediately cast into
1000 ml plastic bottles. The HPCP and TC samples were
compacted with a shaking table in 2 min. The bottles were
full filled paste before sealed. After shaking, the plastic bot-
tles were rotated at a speed of 5 rpm in a room at a temper-
ature of 20 °C. After 24 h of rotation, the samples were still
kept in the plastic bottle and stored in the curing room at a
temperature of 20 °C and relative humility 60% until the
age of testing. These rotational procedures avoid the influ-
ence of bleeding on the pore structure in cement paste [15].
At different ages, the samples were split from the plastic
bottle and were dried in an oven at 105 °C for 24 h till
constant weight.

Table 2
Mix properties of cement paste (in kg, unless stated otherwise)

TCP SCCP1 SCCP2 HPCP
Portland cement 1 52.5 350 400 400 400
Water 165 165 192 132
Limestone powder - 200 300 -
Glenium 51 (1) - 32 2.7 -
Superplasticizer Rheobuild - - - 8.45
Total powder content 600 700 400
Water/cement ratio 0.48 0.41 0.48 0.33

Water/powder ratio 0.48 0.28 0.27 0.33
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2.3. Thermometric isothermal calorimeter measurements

The rates of heat evolution of all pastes were measured
in a thermometric isothermal conduction calorimeter
(TEM Air 314), using 10 g samples. All measurements were
performed at a temperature of 20 °C.

2.4. Mercury intrusion porosimetry measurements

MIP is used to determine the pore size distribution of
pastes. Although numerous researchers have reported the
limitations of MIP for the determination of the pore struc-
ture of cementitious materials [16], however MIP is so far
the most widely used method for this. As pointed out by
Diamond [16], this is not because it “fits” the system best,
but because it is the only available procedure that purports
to cover nearly the whole range of sizes that must be tallied.

The measurements were made with a PMI automated
porosimeter with a maximum pressure of 420 MPa. In
order to avoid damage of the CSH gel structure at high
pressures, the highest pressure used in the experiments
was 212 MPa. According to the Washburn equation [17],
with this pressure a minimum pore diameter of
0.0069 pm can be accessed.

2.5. BSE image acquisition and analysis

Scanning electron microscopy was used to determine the
microstructure and the phase distribution of the samples.
In order to obtain high quality images using a backscatter-
ing scanning electron detector, the samples have to be
prepared carefully, including epoxy impregnation, cutting,
grinding and polishing. The procedure has been described
in [15].

The images were obtained in water vapour mode. In
order to get a high contrast image for image analysis, an
acceleration voltage around 20 kV was used. The physical
size of the region in each image is 263 um in length and
186 um in width when a magnification factor of 500 was
used. The image size is 1728 x 1027 pixels, so the resolution
is 0.152 pm per pixel.

With the help of image analysis techniques, the grey-
scale histogram of the original image was used to distin-
guish the different phases. Within the grey-scale from 0
(black) to 256 (white), the pores, CSH gel, CH, limestone
and unhydrated cement are identified respectively.

In order to make a quantitative comparison of the pore
size distributions of the different samples a 2D backscatter
image analysis technique was developed [15] and used in
this study. The area of the feature (each individual subject)
on the image of the polished surface was assessed by
multiplying the number of pixels contained in the feature
by the area per pixel. The diameter of an equivalent circle,
equal in area to that of the feature, was calculated from
which the cumulative pore area fraction against the equiv-
alent pore diameter was obtained. In order to quantify the
phases and the phase distribution, image analysis was per-

formed on 10 samples of each mixture in order to obtain a
95% confidence interval for the true value [15].

2.6. Thermal analysis

Thermogravimetric analysis and derivative thermog-
ravimetric analysis were performed on the samples at the
age of 28 days, at atmospheric pressure in nitrogen (TA
Instruments 2960 SDT V3.0 F, 10°C/min, up to
1200 °C). Such techniques can be used to determine the
phase composition in the cement paste.

3. Results and discussion
3.1. Rate of heat evolution during hydration
The heat evolution and the rate of heat evolution of the

four mixtures are plotted in Fig. 2. Only the first 50 h of the
rate of heat evolution are shown.
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Fig. 2. (a) Heat release of pastes at 20 °C in the first 250 h and (b) rate of
heat evolution of four different mixtures in the first 50 h at 20 °C.
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The results clearly show that hydration is influenced by
the presence of the limestone filler in the SCCP mixes. The
differential curves of the heat production rate show three
phenomena, namely a considerable shortening of the
dormant stage, an acceleration of the hydration reactions
during the acceleration period and the appearance of a
third peak in the heat production rate at about 12 h.

To explain these phenomena two different hypotheses
can be proposed. The first hypothesis states that the lime-
stone filler is inert and therefore does not take part in the
reactions during the hydration. On the one hand, it will fig-
ure as a nucleation core for the hydration of the C3S and C,S
and shorten the dormant stage and accelerate the hydration
reactions. On the other hand the presence of the filler will
activate reactions that are not or less prominent present in
a traditional concrete without limestone filler which results
in the third peak in the curve of the heat production rate.

The second hypothesis does not consider the limestone
filler to be inert, but sees it as an active partner in the
hydration reactions. The appearance of a hydration peak
after 12 h might then be explained by a conversion of
ettringite to monocarbonate instead of monosulphate,
which is a more stable compound and therefore results into
a higher heat release.

Debates about these phenomena and the possible expla-
nations are still going on [7,18,19].

Due to the faster heat release of SCCP containing lime-
stone powder, the risk on early age thermal cracking might
be somewhat higher. However, this has to be further inves-
tigated taking into account the development of mechanical
properties during hydration.

3.2. Thermal analysis

The TGA curve can quantitatively provide the weight
loss of each individual phase. Results on the thermal
decomposition of four cement pastes are shown in Fig. 3.

For the interpretation of TGA and DTG results, most
researchers [20-22] point out that:

(1) An extremum at 100-130 °C (TGA) corresponds with
the evaporation of adsorbed water.

(2) Between 160 and 185 °C (DTG) a mass loss occurs
defined here as hydrate water.

(3) Two or three low and broad maxima are on the DTG
curve between 220 and 400 °C, corresponding to gel
water release.

(4) A narrow and high trough occurs on both DTG and
TGA curves at 450 °C, representing the decomposi-
tion of portlandite, Ca(OH), — CaO + H,O [20,23].

(5) Between 500 and 700 °C (TGA) a further dehydra-
tion and/or dehydroxylation occurs.

(6) Around 750 °C, a trough is found in the DTG curve.
Correspondingly, a dramatic loss of mass was also
observed from TGA, representing to the decomposi-
tion of calcite, CaCO; — CaO + CO,, with CO,
escaping.
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Fig. 3. (a) Thermal decomposition of pastes by thermogravimetric
analysis (TGA) and (b) derivative thermogravimetric analysis (DTG).

When comparing the mass loss in the different mixtures,
two main differences can be observed. Firstly, a much
higher mass loss is found in TCP compared to SCCP and
HPCP at 100-200 °C. This is due to the higher water con-
tent in the traditional concrete. Secondly, a bigger mass
loss at 750 °C is observed only on the samples of SCCP1
and SCCP2.

The amount of CO, escaping from the cement paste can
be calculated exactly from the TGA tests and compared
with theoretical calculations. From Fig. 3, 10.29% and
13.25% of mass loss can be calculated for SCCP1 and

Table 3
Weight loss SCCP mixtures from TGA and theoretical calculations

Weight loss from Weight loss from theoretical

TGA (mg) calculation (mg)
SCCP1 2.98 2.86
SCCP2 3.78 3.63
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Fig. 4. BSE images of the pastes at age of 7 days (a) and 28 days (b).
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Table 4
Phases distribution (in volume percentage) of mixtures at 3, 7 and 28 days
Porosity CSH CH CaCO;  Unhydrated
(%) (%) %) (%) cement (%)
TCP 3 days 21.73 35.55 2456 - 18.26
SCCPI1 3 13.00 36.74 19.40 15.65 15.30
days
SCCP2 3 15.39 32.44 22.61 16.37 13.19
days
HPCP 3 13.7 4775  21.74 - 16.82
days
TCP 7 days 17.36 37.28 31.19 - 14.17
SCCP1 7 12.47 42.10  15.65 17.06 12.73
days
SCCP2 7 13.79 39.67 2094 1741 8.19
days
HPCP 7 11.44 50.04 2642 - 12.10
days
TCP 28 14.26 4840 2732 - 10.02
days
SCCP1 28 9.32 46.07 21.20 16.94 6.47
days
SCCP228 11.96 42,13 2236 17.37 6.18
days
HPCP 28 8.53 56.32 2570 - 9.45
days
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Fig. 5. (a) Development of the C-S-H phase and (b) CH phase.

SCCP2 respectively. The total weight of the SCCP1 and
SCCP2 samples was 28.9948 mg and 28.5063 mg respec-
tively. The total amount of CO, escaping from the TG
analysis is then 2.98 mg and 3.78 mg, respectively. Theoret-
ically, according to the mass percentage of limestone in
the mixture (Table 3), there is 7.54 mg and 9.56 mg
CaCOj; present in the sample of SCCP1 (28.9948 mg) and
SCCP2 (28.5063 mg). The initial amount of CO, escaping
from decomposition of carboniferous, CaCO; — CaO +
CO,, should be 2.86 mg for SCCPl and 3.63mg for
SCCP2.

Comparing the TGA analysis and the theoretical calcu-
lations, the weight loss measured with TGA is slightly
higher than the weight loss from the theoretical calcula-
tions. If one takes into account that a small part of the
weight losses is due to the decomposition of the calcium
silicate hydrates in the cement paste, the main part of the
weight loss at this temperature is due to decarbonation of
the limestone. According to the mass balance law, it can
be found that almost no limestone powder participated in
the chemical reaction during cement hydration. The lime-
stone powder acts only as inert filler in the SCCP (see also
Section 3.1).
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Fig. 6. Pore size distribution at curing ages of 3 days and 28 days.
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3.3. Development of the microstructure

3.3.1. BSE observation

One of the BSE images from each mixture at the ages of
7 days and 28 days is shown in Fig. 4. Big pores can be
found in both samples SCCP1 and SCCP2 at 7 days. These
big pores are mainly situated around big limestone parti-
cles. It can also be seen that even very small limestone par-
ticles still exist in the pastes even after 28 days of hydration.
Average results of 10 samples of each mixture at 3, 7 and 28
days on the phase distribution are listed in Table 4.

3.3.1.1. Solid phases. It is obvious that the unhydrated
cement particles decrease with the increasing of curing
age, which is shown in Table 4 for all mixtures. As can be
seen in Fig. 5a, the development of CSH in the SCCP
mixtures is similar in spite of their different w/c ratios. The
HPCP shows higher CSH content due to the low w/c ratio.
However, the development of CH is much different if SCCP
is compared with HPCP and TCP. The CH content in SCCP
decreases between 3 and 7 days and slightly increases after-
wards. In HPCP and TCP, the CH content first increases
until 7 days and decreases afterwards. This is consistent with
the observations in [15]. The more water and ettringite are
present, the more CH is converted into garnets.
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3.3.1.2. Limestone powder. In SCCP samples, considering
the accuracy obtained with the image analysis, the total
amount of limestone powder is almost not changing during
28 days hydration (see Table 4). From the image analysis it
is found that the interface between limestone and hydrates
is quite porous, even in the samples having an age of 28
days. However, within the HPCP samples, the interface
around the unhydrated cement is much denser.

3.3.1.3. Pore size distribution. The porosity decreases with
the development of curing age for all mixtures. However,
pore size and pore shape are significantly influenced by
mix design. Fig. 6 shows the comparison of the four
samples at 3 days (a) and 28 days (b). Significant differences
are evident both in size and in shape of the pores. The
3-days old samples show higher porosity than the 28-days
old samples. SCCP2 shows a very similar pore size distribu-
tion as HPCP. Of course the traditional cement paste has a
much higher porosity than SCCP and HPCP both at the
age of 3 days and 8 days.

3.3.2. Mercury intrusion porosimetry measurements

The pore size distribution measurements by MIP of two
SCCP mixtures are shown in Fig. 7. The results at 3, 7, 28
and 56 days are plotted. Obviously, with the increase of the
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Fig. 7. Pore size distribution of the SCCP mixtures at different ages.
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Fig. 8. Comparison of pore size distributions at 7 days and 28 days.

hydration time, the total porosity is decreasing, especially
in the early hydration step. In the later stage, the changes
in the total porosity are much slower than in the early ages.
The critical pore diameters, defined as the peaks in the
curves, giving the rate of mercury intrusion per change in
pressure (differential curves) [12], did not show a significant
change.

The comparison of the pore size distributions and the
differential curves of pore size distribution of four mixtures
at 7 days and 28 days are presented in Fig. 8. As expected,
the total pore volume in traditional concrete is much higher
than in SCCP and HPCP. However, there is only a slight
difference of the total pore volume of SCCP and HPCP.
This is consistent with BSE image analysis. The critical
pore diameters of SCCP and HPCP samples are also
almost the same as can be seen from Fig. 8.

4. Conclusions

In this study, the microstructure of self-compacting
cement pastes is investigated in comparison to high perfor-
mance cement paste and traditional cement paste. The
following conclusions can be drawn:

1. The results of the heat evolution show that hydration is
influenced by the presence of the limestone filler in the
SCCP mixes The cumulative heat release in SCCP con-
taining limestone powder is higher and the rate of heat
release is also higher than for TCP and HPCP.

2. The development of the relative CH phases in SCCP is
different from HPCP and TCP. The CH content in
SCCP decreases till the curing age of 7 days and then
increases.

3. Analysis both from BSE image analysis and MIP shows
that the pore structure, including the total pore volume,
pore size distribution and critical pore diameter, in the
SCCP is very similar to that of HPCP.

4. The fact that limestone powder does not participate in
the chemical reaction can be confirmed both from
thermal analysis and BSE image analysis. However,
limestone powder acts as an accelerator during early
cement hydration.
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