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With the increasing use of self-compacting concrete (SCC) its durability has come into focus. Concerning
the microstructure of concrete, the porosity in the interfacial transition zone (ITZ) is regarded as a key
feature for permeability and durability. Generally, a combination of cement and mineral admixtures is
used for the production of SCC. In the present study, ITZ porosity of four SCC mixtures produced with

ordinary Portland cement, Portland limestone cement, slag cement and ordinary Portland cement com-
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bined with fly ash is analyzed. Additionally, the chloride migration coefficient is determined. ITZ porosity
and width of the SCC mixtures are similar. The substantial differences in the chloride migration coeffi-
cients show that the binder type has a stronger influence on permeability than the pore volume in the ITZ.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The porosity in the interfacial transition zone (ITZ) is recognized
as a key feature with regard to the properties of mortar and con-
crete as it is larger than the porosity of the bulk paste [1-5]. Apart
from the “wall effect” caused by poor particle packing leading to a
locally increased water content, there are additional parameters
affecting ITZ porosity such as water-to-binder ratio (w/b) of the
concrete, binder composition or duration of mixing [6-8]. With
the worldwide increasing use of self-compacting concrete (SCC),
the question of its durability is of interest [9]. On the macroscopic
scale, the durability of structures is improved because SCC poten-
tially leads to more homogeneous concrete properties due to the
lack of vibration induced segregation [10,11]. On the microscopic
scale, the absence of vibration reduces the volume of water accu-
mulating around aggregates and leads to lower ITZ porosity and
lower permeability [12]. In the production of SCC, cement is often
partly substituted by mineral admixtures in order to decrease heat
of hydration and material cost or to improve flow properties [13-
16]. So far, no quantitative data exist about the influence of differ-
ent mineral admixtures or cement types on ITZ porosity of SCC.
This topic is of increasing importance for conventionally vibrated
concrete (CVC) as well, as more mineral admixtures and blended
cements are used due to the problems related with CO, emission
in cement production.
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In this project, a possible connection between binder, ITZ poros-
ity, bleeding and permeability is investigated. ITZ porosity of SCC
mixtures produced with four different binders is analysed. The
macroscopic properties of the concrete are characterized by deter-
mining compressive strength and chloride migration coefficients.
Additionally, the bleeding of self-compacting mortars produced
with the same binders as the SCC mixtures is measured.

2. Materials and methods
2.1. Materials and mix design

Table 1 shows the mix designs of the SCC mixtures and their
workability. The self-compacting mortars (SCM) contain the same
components as the concrete while omitting the gravel and reduc-
ing the w/b by 0.03. Four different binders were used for mortar
and concrete (Tables 1-3): ordinary Portland cement (OPC, CEM I
42.5 N), Portland limestone cement (CEM II/A-LL 42.5 N), Portland
slag cement (CEM III/A) and ordinary Portland cement in combina-
tion with low CaO fly ash (CEM I 42.5 N + V). The grain size distri-
bution of the binders is shown in Fig. 1. Natural sand and gravel
with a grain size distribution of 0-16 mm were used as aggregates
(Fig. 2). The added superplasticizer was based on polycarboxylate
ether.

SCC prisms with a size of 120 x 120 x 360 mm were produced
and stored at 20°C and 90% relative humidity for 24 h. After
demolding they were put in saturated calcium hydroxide solution
for 62 days. The long curing period was chosen because of the rel-
atively slow hydration of fly ash and slag.
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Table 1

Composition and workability of the SCC mixtures.
Concrete SCC1 SCC Il SCC Il SCC FA
Aggregates 0-16 mm (kg/m>) 1735 1735 1735 1734
Sand/gravel-ratio 1 1 1 1
CEM 1425 N (kg/m3) 455 = = 353
CEM II/A-LL 42.5 N (kg/m3) = 451 = =
CEM III/A 32.5 R (kg/m?) = = 446 =
Low CaoO fly ash (kg/m?) = = = 88
Superplasticizer (kg/m?) 7.28 6.32 4.46 6.18
Water (kg/m?) 178 177 175 173
Water-to-binder-ratio 0.4 0.4 0.4 04
Volume of paste (1/m?) 330 330 330 331
Flow (cm) 62 64 68 64
Flow time L-box (s) 4.2 2.2 34 34

Table 2

Types of binders.
Type of binder Abbreviation Density Blaine Median
according to EN 197-1 (g/cm?) (cm?/g) (nm)
CEM1425N CEM I 3.13 2970 19.6
CEM II/A-LL 42.5 N CEM I 3.07 4320 17.5
CEM III/A 32.5N CEM 111 2.99 4134 144
Fly ash FA 2.13 2370 40.8

Table 3
Composition of binders.

Binder Ca0o Si0,  AlLO3;  Fe,03 MgO K0 Na,0O  SOs

CEMI 638 198 47 27 19 102 018 3.1
CEMI 624 177 42 25 17 091 012 3.1
CEMII 508 273 71 17 40 100 013 28
FA 19 560 250 87 31 33 02 00
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Fig. 1. Grain size distribution of the binders.

2.2. Methods for analysis

After production, the SCM mixtures were filled in upright prism
formworks with dimensions of 40 x 40 x 160 mm and their top
was covered with a sealed glass plate. Three prisms were produced
per mixture. The water accumulating at the top was collected at
the time of 15, 30, 60, 120 and 240 min after production. The
experiment was conducted at 20 °C and 90% relative humidity.

Compressive strength of SCC was measured on the prisms at a
sample age of 63 days according to [17]. The chloride resistance
was determined on five cores (diameter and height of 50 mm)
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Fig. 2. Grain size distribution of the aggregates.

per mixture. In the rapid chloride migration test according to Swiss
standard SIA 262/1 [18], chloride ingress in the water saturated
samples is accelerated by applying a voltage of 20 mV during
24 h. From the depth of chloride ingress, a chloride migration coef-
ficient D,, (non-steady state) was calculated.

In order to analyse the microstructure, cores with a diameter of
50 mm were taken in vertical direction, cut along the length axis,
dried at 50 °C for three days, impregnated with epoxy resin con-
taining a fluorescent dye and polished. Aggregates with a diameter
>4 mm were randomly selected and examined with an optical
microscope in order to assess the angle of intersection between
aggregate surface and polished plane as described in [12]. Only
aggregates which were cut more or less equatorially were selected
for analysis in order to avoid an overestimation of ITZ thickness.
Afterwards, the samples were coated with carbon and studied with
a Philips ESEM-FEG XL30. The operating conditions of the ESEM
were 15 kV in the high vacuum mode using a back-scatter detector.
Ten aggregates were analysed per concrete mixture. Three images
at the top of each aggregate, three at the side and three at the bot-
tom were taken resulting in 90 images per SCC mixture (e.g. Fig. 3).
The pictures had a resolution of 1420 x 968 pixels (pixel size:
0.22 x 0.24 um) and a base length of 315 pm. A software for seg-
mentation of the phases and subsequent evaluation of their distri-
bution as a function of the distance to the aggregate has been
developed in Matlab. The pictures were segmented to three differ-
ent classes based on their grey scale values: main aggregates, pores
and background (cracks and air voids). Due to the magnification
used, the resolution was not sufficient to resolve capillary pores.
Hence, the segmented “pores” represent porous zones. In SCC I,
portlandite (Ca(OH),) and anhydrous cement were analysed in

Fig. 3. SEM image in backscattering mode of the top of the aggregate in SCC L. The
white bar has a length of 50 pm.
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addition to the pores. In SCC III, an analysis of anhydrous cement
including slag was added. In order to compare ITZ thickness of
the different SCC mixtures, the boundary separating bulk paste
and ITZ had to be defined. Paste in a distance of the aggregate
>70 um was defined as “bulk paste” and its average porosity was
calculated. The ITZ was defined as the zone close to the aggregates
where the current porosity exceeds the average of the bulk paste
by 15%.

3. Results
3.1. Bleeding

The SCM mixtures show the highest bleeding rate within the
first hour after production (Fig. 4). The differences between the dif-
ferent SCM are relatively small with SCM I showing the highest and
SCM FA the lowest amount of bleeding water.

3.2. Macroscopic properties

The different SCC mixtures show a similar compressive strength
(Fig. 5). However, chloride migration coefficients are significantly
different. In order to show a typical relationship between chloride
migration coefficient and compressive strength, values of three
conventionally vibrated concrete mixtures (CVC FA: w/c of 0.35,
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Fig. 4. Cumulative bleeding of SCM in relation to the total amount of mixing water
versus time.
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Fig. 5. Chloride migration coefficient versus compressive strength at the age of
64 days.

0.45 and 0.60) produced with the same binder as SCC FA have been
added to Fig. 5 (published in [19]).

3.3. Microstructure

Pores are distributed inhomogeneously in the ITZ. As an exam-
ple, pore distribution of SCC I (at the top of the aggregates) is
shown in Fig. 6. The standard deviation gives an impression of
the variation among the 30 different images (from 10 aggregates)
analyzed. Average ITZ thickness of the various SCC mixtures is
not substantially different (Fig. 7). The porosity increase towards
the aggregates is interrupted in a distance between 5 and 20 pm
in case of SCC I, SCC II and SCC FA. It is only slightly increasing in
this area and forms a kind of plateau. However, porosity of SCC
Ill is increasing continuously. The highest pore volume of all SCC
mixtures is reached directly at the boundary to the aggregate. All
SCC mixtures show a difference in ITZ porosity at the top, the side
and the bottom of the aggregates (Fig. 8). The lowest porosity and
the smallest ITZ thickness always occur at the top of the aggre-
gates. The difference between top and side/bottom is substantial,
while the one between side and bottom is relatively small. SCC I
and SCC III show slightly larger differences between ITZ porosity
at the top and the bottom of aggregates than SCC FA and SCC II
(Fig. 9).

The concentration of portlandite in SCC I increases as the aggre-
gates are approached (Fig. 10). The increase at the top, the side and
the bottom of the aggregates is almost identical. In contrast, the
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Fig. 6. Volume distribution of pores and its standard deviation in the ITZ at the top
of aggregates in SCC I. 30 Images analysed.

ZSW
—SCCI1
| SCC1I
20 SCC FA
SCC III
= 15
£ 10- ‘H\
= -,
5 (00 - NPTNINSS— |
0 T T T T
0 20 40 60 80 100

distance [pm]

Fig. 7. Volume distribution of pores in the ITZ of the different SCC mixtures. The
dots mark the boundary between bulk paste and ITZ. 90 Images analysed per SCC.
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Fig. 8. Volume distribution of pores in the ITZ of SCC I. 90 Images analysed.
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Fig. 9. Ratio between ITZ porosity at the top and the bottom of the aggregates. 90
Images analysed per SCC.
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Fig. 10. Volume distribution of pores, portlandite and anhydrous cement in the ITZ
of SCC I. 90 Images analysed.

volume of anhydrous cement is decreasing towards the aggregates.
The decrease at the top starts closer to the aggregates compared to
the side and the bottom. The same applies to anhydrous cement
and slag in SCC III (Fig. 11). However, the amount of anhydrous
binder in SCC III is larger in the bulk paste and the decrease starts
closer to the aggregates compared to SCC 1.

4. Discussion
The investigated cements show no differences in bleeding

behaviour. Consequently, no relation between the amount of
bleeding water and the ITZ porosity at the bottom and the side
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Fig. 11. Volume distribution of pores and anhydrous cement (including slag) in the
ITZ of SCC III. 90 Images analysed.

of the aggregates can be observed. Anhydrous cement and slag oc-
cur closer to the aggregates at the top compared to the side and the
bottom. This indicates sedimentation of cement particles at the
top. Accumulation of pore water and sedimentation are the reason
for the substantial differences in ITZ porosity between the side/
bottom and the top of aggregates.

The decrease of anhydrous binder appearing in a larger distance
from the aggregates in SCC I than in SCC Il is mainly caused by a
combined effect between particle packing and degree of hydration.
Firstly, the amount of fine-grained particles is increased close to
the aggregate. Secondly, the fine-grained OPC particles close to
the aggregates are already fully hydrated in SCC I, while the slow
reacting slag particles in SCC III are still anhydrous.

The differences in ITZ thickness of the SCC mixtures are small.
However, SCC I and SCC III being produced with finer-grained
binders than SCC I and SCC FA have a slightly lower ITZ thickness.
This can be interpreted as an effect of grain-size dependent particle
packing.

When approaching the aggregates, the plateau that interrupts
the porosity increase in SCC I is due to the increased precipitation
of portlandite in this relatively porous area. This applies as well for
SCC II and SCC FA. SCC III contains the lowest amount of cement
clinker leading to the smallest amount of portlandite. Therefore
it lacks this plateau. The relatively high concentration of portlan-
dite in the ITZ has been reported by various authors [e.g. 7,20].

The influence of ITZ porosity on permeability is apparent when
the same type of binder is used [12]. On the one hand, the differ-
ences in ITZ porosity of the four SCC mixtures are small, and total
porosity is the same, since the same amount of water has been
used for their production. On the other hand, the chloride migra-
tion coefficients are significantly different. Grain size distribution
and composition of the binders determine the pore characteristics
and accordingly, the permeability as well. As an example, the addi-
tion of slag to cement increases the volume of small pores together
with the chloride binding capacity and likewise lowers the perme-
ability [21-23]. In contrast, the addition of limestone powder to ce-
ment can increase porosity and permeability [24-26]. These effects
are apparent in the measured chloride migration coefficients. Con-
sequently, in SCC the effect of binder type and the resulting pore
characteristics are significantly more important for permeability
than the pore volume in the ITZ.

5. Conclusions

In this paper, the porosity in the interfacial transition zone of
SCC mixtures produced with four different binders is analysed
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and compared with their bleeding behaviour and their chloride
resistance.

It is found that the porosity in the ITZ of all four SCC is higher
compared to the porosity of the bulk paste, while all SCC mixtures
show a similar width of the ITZ. It is also observed that the pores in
the ITZ and in the bulk paste are distributed inhomogeneously.

The precipitation of portlandite at the aggregate surface pro-
duces a less porous area within the ITZ in the SCC I, SCC Il and
SCC FA mixtures. Due to a low amount of cement clinker, less port-
landite precipitates at the aggregate surface in the SCC IIl mixture
and as a consequence this area of reduced porosity is missing.

ITZ porosity at the top of aggregates is always substantially low-
er compared to the side and the bottom of the aggregates. This is
due to the sedimentation of particles and the accumulation of pore
water respectively.

As there is no significant difference in bleeding behaviour of the
different cements, no relation between bleeding and ITZ porosity
can be retrieved.

The substantial differences in the chloride migration coefficient
of the different SCC mixtures show that in these mixtures the bin-
der type and the associated specific pore characteristics of the bulk
cement paste have a significantly stronger impact on permeability
than the pore volume in the ITZ.
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