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Abstract

The interfacial transition zone (ITZ) is regarded as a key feature for the transport properties and the durability of concrete. In this study one
self-compacting concrete (SCC) mixture and two conventionally vibrated concrete (CVC) mixtures are studied in order to determine the influence
of compaction on the porosity of the ITZ. Additionally oxygen permeability and water conductivity were measured in vertical and horizontal
direction. The quantitative analysis of images made with an optical microscope and an environmental scanning electron microscope shows a
significantly increased porosity and width of the ITZ in CVC compared to SCC. At the same time oxygen permeability and water conductivity of
CVC are increased in comparison to SCC. Moreover, considerable differences in the porosity of the lower, lateral and upper ITZ are observed in
both types of concrete. The anisotropic distribution of pores in the ITZ does not necessarily cause anisotropy in oxygen permeability and water
conductivity though.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The porosity in the interfacial transition zone (ITZ) of mortar
and concrete is increased compared to the bulk of the hardened
paste [1,2]. This is mainly attributed to the “wall effect” leading
to a relatively low concentration of large cement particles in the
ITZ and consequently to an increased porosity [3]. During
cement hydration the pores in the ITZ get partly filled mainly
due to a redistribution of calcium hydroxide and C–S–H [4].
The ITZs of individual aggregates can be interconnected
depending on their width and the content of aggregates. Such
connectivity or percolation is regarded by many authors as a key
feature governing the permeability and transport properties of
mortar and concrete [e.g. 5,6]. But the concept of percolation is
not universally accepted due to the inhomogeneous distribution
of porosity in the ITZ and the bulk paste [7].

There are several factors influencing the properties of the
ITZ. Its width increases with increasing water/binder-ratio (w/b)
and aggregate/cement-ratio [8]. The composition and particle
size distribution of the binder can affect the porosity of the ITZ;
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the addition of microsilica has been shown to decrease its
porosity [9]. When the mixing time of a concrete is short the
ITZ is less pronounced compared to a well mixed concrete [7].
The type of compaction may have an influence; qualitative
observations have shown that the increase of porosity in the ITZ
of self-compacting concrete (SCC) seems to be less pronounced
compared to conventionally vibrated concrete (CVC) [10].
Additionally segregation, bleeding and settlement may have an
influence on the porosity of the ITZ. Because the latter
processes are influenced by gravity they may lead to an
anisotropic ITZ with increased porosity at the bottom of
aggregates and decreased porosity at the top [11]. Consequently,
this anisotropy may cause differences in the transport properties
of the concrete in either horizontal or vertical direction [12].

So far the focus of research in SCC has been mainly on mix
design and mechanical properties [13,14]. Relatively little work
has been done on the durability and microstructure of SCC in
spite of its increasing use worldwide. In order to obtain a better
understanding about the differences between SCC and CVC the
influence of compaction on the porosity of the ITZ needs to be
investigated. In this study, the interfacial microstructure of a
SCC and two CVC is characterized using an optical microscope
(OM) and an environmental scanning electron microscope
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Table 1
Composition and workability of the concrete

SCC CVC 1 CVC 2

Aggregate [kg/m3] 1700 1700 1920
Grain size [mm] 0–16 0–16 0–32
Sand/gravel ratio 1.0 1.0 0.54
Cement [kg/m3] 465 465 360
Superplasticizer [kg/m3] 7.9 1.9 1.4
Water [kg/m3] 181 181 140
Volume of paste [l/m3] 330 330 255
W/b-ratio 0.39 0.39 0.39
Slump flow [cm] 64 – –
Flow time L-box [s] 2.8 – –
Flow [cm] – 58 35

Fig. 1. Paste below an aggregate (OM).
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(ESEM). The volume and distribution of pores was quantified
by image analysis software. Furthermore, the influence of the
porosity of the ITZ and its possible anisotropy on oxygen
permeability and water conductivity were examined.

2. Methods and materials

The composition of the SCC and CVC 1 was identical apart
from the dosage of superplasticizer (SP) (Table 1). Therefore, it
should be possible to attribute any differences in microstructure
and transport properties between these two mixes to compac-
tion. The w/b of CVC 2 was identical with the SCC and CVC 1.
But the volume of paste and sand was reduced and the maxi-
mum grain size was increased. Any differences of CVC 2
compared to CVC 1 should be attributed to the variation of these
parameters. Regarding the volume of paste and the grain size
distribution CVC 2 represents a typical CVC used in
Switzerland.

Ordinary Portland cement CEM I 42.5 (Blaine: 2980 cm2/g,
density: 3.13 kg/m3) was used for the SCC and the two CVCs
(Table 2). The mixes were produced with natural sand and gravel
as aggregate. The SP used is based on polycarboxylate ether. A
pan-type mixer was used to produce the concrete. The mixing
time of the components was 120 s. The workability of the SCC
was determined using an Abraham's cone and an L-box [15]. The
slump of the CVCwasmeasured according to Ref. [16]. Assessed
visually, all three mixes were stable and did not exhibit signs of
segregation. Two small prisms (l×d×h=36×12×12 cm3) and
one large prism (l×d×h=60×30×30 cm3) were produced from
each mix. CVC 1 and CVC 2 were compacted with a vibrator
(Dynapac AH15) immediately after casting. The vibrator has a
front element with a length of 330mmand a diameter of 40mm. It
vibrateswith a frequency of 270Hz and an amplitude of 0.40mm.
The concrete was vibrated until its upper surface was smooth and
no signs of further compaction like rising air bubbles were
Table 2
Composition of the CEM I 42.5

CaO
[%]

SiO2

[%]
Al2O3

[%]
Fe2O3

[%]
MgO
[%]

K2O
[%]

Na2O
[%]

SO3

[%]
Loss on
ignition [%]

63.5 19.8 4.6 2.5 1.8 0.89 0.10 3.2 2.7
observed. The prisms were cast and stored in a room at 20 °C and
90% relative humidity.

The examination of the concrete was conducted at an age of
28 days. Compressive strength was determined on the prisms
(12×12×36 cm) stored at 20 °C and 90% relative humidity
according to Ref. [17]. Cores with a diameter of 50 and 68 mm
were taken from the large prisms in vertical and horizontal
directions. Water conductivity according to Ref. [17] was de-
termined on 30 cores (diameter and height of 50 mm) per prism.
The values were calculated based on water sorption of the
preconditioned samples, their total water take up and their
overall porosity. The oxygen permeability (OP) coefficient was
measured on cores with a diameter of 68 mm and a height of
25 mm following the method presented in Ref. [18]. The test
method is based on the decrease of the applied pressure gradient
due to oxygen passing through the samples. 22 cores were
measured per prism.

From each mix the uppermost 12 cm from a vertical core
with a diameter of 50 mm were used to prepare the samples for
the microscopic investigation. The cores were sawn in two
halves and dried for three days at 50 °C. They were impregnated
with an epoxy resin containing a fluorescent dye. One half was
used to prepare thin sections (area of 50×60 mm2) with a
Fig. 2. Identified classes. Black: aggregate (1), dark grey: aggregates and
anhydrous cement (2), grey: unspecified areas (3), and light grey: porous paste
(4).



Fig. 3. Paste above an aggregate (ESEM). White bar measures 50 μm.
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Fig. 5. Distribution of porous paste and cement/aggregates in the lower ITZ of
the SCC (OM).
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thickness of 30 μm. The other half was used to produce polished
samples (area of 50×60 mm2) for the ESEM.

The thin sections were studied with a Zeiss Axioplan. The
incident-light illumination of the OM excites the fluorescent
dye in the epoxy resin in the whole thickness of the thin section.
Therefore, luminescence of the images is proportional to the
porosity and represents an average for the thickness of the thin
section. As a result, the transitions of the different components
of the concrete like aggregates and hardened paste are gradual.
A lot of pores in the concrete have a diameter smaller than
30 μm. They cannot be identified individually due to the
thickness of the thin section. But they increase the luminosity of
the paste. The appearance of the transition zone between ag-
gregate and paste is influenced by two factors. Firstly, ag-
gregates are not opaque and some of the fluorescence of the
paste illuminates the edge of the aggregates. This translucency
is dependent on the type of aggregate. Secondly, the edge of an
aggregate is sharp and its transition to the paste is well defined
only when the tangent of its surface is parallel to the optical axis
of the microscope lens. When the aggregate is not cut equa-
torially and the tangent of its surface is not parallel to the
microscope lens, the transition is poorly defined with a gradual
change from the dark aggregate to the bright paste usually
measuring 5–20 μm. In the first case, the distances measured in
two dimensional sections represent the true perpendicular dis-
Fig. 4. Identified classes. Black: aggregate (1), dark grey: anhydrous cement (2),
grey: background (3), light grey: unspecified areas (paste and aggregates/4), and
white: pores (5).
tance to the aggregate in three dimensions. An overestimation of
the distance to the aggregate results when a section does not cut
an aggregate perpendicular to its surface. For the investigation
with the OM aggregates with sharp edges were chosen in order
to minimise an overestimation of ITZ thickness due to effects of
sectioning. Therefore, no factor was used to correct the dis-
tances measured between the analysed classes. After marking
all aggregates with sharp edges 35 of them were randomly
selected for each concrete mix. Digital images of these ag-
gregates were made with a Sony DKC-5000 mounted on the
Zeiss Axioplan. The illumination intensity was identical for all
images. The images have a resolution of 1520×1144 pixels
(pixel size: 0.33×0.33 μm). Six images were made for each
aggregate studied; two at the top, two at the side (alternately on
the right or the left side) and two at the base of each aggregate
resulting in 192 images per concrete.

The polished samples for the ESEM were examined with the
OM first. The aggregates were selected in the same manner as
the aggregates studied in the thin sections. They were studied
with a Phillips ESEM-FEG XL30. The samples were not coated
and the operating conditions of the ESEM were 15 kV and
1.0 Torr in the low vacuum mode using a back scatter detector.
25 aggregates were studied per concrete mix. The images taken
have a resolution of 1420 × 968 pixels (pixel size:
0.22×0.24 μm). Nine images were made per aggregate studied;
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Fig. 6. Average volume of porous paste in the ITZ (OM). Number of images
analysed per concrete: 192.
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Fig. 7. Volume distribution of porous paste in the ITZ of the SCC (OM).
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Fig. 9. Volume distribution of porous paste in the ITZ of CVC 2 (OM).
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three at the top, three at the side (alternately on the right or the
left side) and three at the base of each aggregate resulting in 225
images per concrete.

The software for image analysis has been developed in a
Matlab 6.5 environment. It supports a fast interactive seg-
mentation. For the segmentation of OM images four different
classes were defined based on their grey level values; main
aggregate, residual aggregates and anhydrous cement, porous
paste and background (Figs. 1 and 2). Cracks and large air voids
were defined as “background”. The threshold value to identify
porous paste was kept constant for all samples in order to obtain
comparable results while the threshold to identify aggregates
and cement grains was adjusted individually for each image to
optimize the fit. The latter step was necessary to compensate for
the varying translucency of the aggregates that was mainly
caused by variations in the luminescence of the surrounding
paste. The threshold was chosen in a way that a minimal amount
of porous paste was detectable even in the densest parts of the
thin sections. Four different classes were made in the ESEM
images; main aggregate, pores, cement grains and background.
Again cracks and large air voids were defined as “background”
(Figs. 3 and 4).

The relative volume share of each different class in the OM
and ESEM images was analysed as a function of its distance to
the aggregate. The calculation accuracy was one pixel.
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Fig. 8. Volume distribution of porous paste in the ITZ of CVC 1 (OM).
The ITZ was defined as the area where the volume of porous
paste (OM) and pores (ESEM) were 20% higher than in the bulk
paste.

3. Results

3.1. OM

The distribution of porosity is very inhomogeneous
throughout the paste of all three mixes. Areas of porous paste
are distributed in a patchy manner along the interface and in the
bulk paste (Figs. 1 and 2). The occurrence of such patches
seems to increase with decreasing distance from the aggregates.

The quantitative analysis verifies the qualitative observation.
In all three mixes the volume of porous paste increases and the
volume of aggregates and anhydrous cement decreases on a
profile towards the interface (Fig. 5). The width of the ITZ in the
three mixes varies. The zone of increased porosity (average
values for upper lateral and lower ITZ) is about 70 μm wide in
CVC 1 and CVC 2 and about 50 μm in the SCC (Fig. 6). The
maximum volume of porous paste occurs at a distance of about
10 μm from the aggregates in all three mixes. After reaching this
maximum there is a sharp drop towards the aggregates. This is a
particularity of the method used. The predominate part of the
area in this 10 μm thick shell between maximum porosity and
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Fig. 10. Distribution of pores and anhydrous cement in the lower ITZ of the SCC
(ESEM).
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Fig. 11. Average volume of pores in the ITZ (ESEM). Number of images
analysed per concrete: 225.
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Fig. 13. Volume distribution of pores in the ITZ of CVC 1 (ESEM).
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aggregate is classified as “unspecified” due to its grey value.
This is an effect of the gradual transition between the different
components caused by the thickness of the thin section and the
partial translucency of the aggregates. Because the edge of the
aggregates might be classified as “unspecified” due to their
translucency the ITZ appears to be somewhat wider than in
reality.

CVC 1 shows the highest value and the SCC the lowest.
There are differences between the relative volume of porous
paste below, at the side and above the aggregates (Figs. 7–9).
The SCC and CVC 1 have a significantly lower porosity in the
upper than in the lateral and lower ITZ. The porosity of the SCC
is hardly increased above the aggregates. The porosity in the
lateral ITZ is slightly lower than in the lower ITZ in the SCC
and CVC 1. The relative differences are less pronounced in
CVC 2.

About 50% of the cross-sections of the aggregates studied
have diameters smaller than 4 mm. In general the ITZ of the
small aggregates is slightly less porous than the one of the large
aggregates in all three mixes.

Ten of the aggregates studied were located in the uppermost
2.5 cm of the prisms investigated. A comparison of the ITZ
around these aggregates with the ones in greater depth shows no
systematic difference in the three mixes. The qualitative dif-
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Fig. 12. Volume distribution of pores in the ITZ of the SCC (ESEM).
ference in the microstructure observed in the thin sections is the
occurrence of microcracks perpendicular to the surface of the
concrete. The width of these microcracks is typically around
5 μm and they reach a depth between 5 and 15 mm. They are
presumably caused by drying shrinkage.

3.2. ESEM

In the ESEM images the same patchy pattern of pore
distribution already observed with the OM is present. Usually
the diameter of such porous patches is below 0.5 mm. In the ITZ
there are some patches elongated parallel to the aggregates.
There seems to be an increase in the frequency of porous
patches approaching the aggregates. Assessed qualitatively the
pore diameter in the ITZ below the aggregates is larger in CVC
1 than in the SCC and CVC 2.

The quantitative analysis shows an increase in the volume of
pores and a corresponding decrease in the volume of cement as
the aggregates are approached (Fig. 10). The zone of increased
porosity (average values for upper, lateral and lower ITZ) is
about 40 μmwide in the SCC and CVC 2 and about 60 μmwide
in CVC 1 (Fig. 11). After showing a decrease of the gradient in
the region of about 10 μm to the analysed aggregates there is a
sharp increase in the volume of pores about 3 μm away from the
aggregates. The reason for this increase in the volume of pores
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Fig. 14. Volume distribution of pores in the ITZ of CVC 2 (ESEM).



Table 3
Properties of the concrete

SCC CVC 1 CVC 2

Compressive strength [MPa] 69.5 63.4 70.8
Coefficient of variation [%] 2.5 1.9 2.5
OPC horizontally [10−11 m/s] 1.91 2.38 1.30
Coefficient of variation [%] 26.5 19.9 19.2
Bulk density [kg/m3] 2325 2332 2421
OPC vertically [10−11 m/s] 1.90⁎ 2.66⁎ 2.11⁎

Coefficient of variation [%] 14.6⁎ 38.2⁎ 25.6⁎

Bulk density [kg/m3] 2297 2321 2376
Water conductivity horizontally [g/m2 h] 5.35 6.89 3.50
Coefficient of variation [%] 13.62 14.44 19.00
Bulk density [kg/m3] 2312 2285 2392
Water conductivity vertically [g/m2 h] 5.50 5.45 4.17
Coefficient of variation [%] 14.05 8.16 18.66
Bulk density [kg/m3] 2293 2298 2390

⁎Covercrete excluded.
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Fig. 16. Horizontal distribution of OPC in the concrete prisms.
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is not obvious. Recognizable bonding cracks were defined as
background and do therefore not appear in the analysis of the
pores. But the peak may be the result of bonding cracks that
have a width in the range of the resolution of the images.
Sometimes these cracks may be wide enough to be resolved and
are classified as “pores” and sometimes they may be too narrow
to be resolved and are classified as “unspecified”. The cracks
are most likely caused by the drying of the concrete before
impregnation. However, the decrease of the gradient of the pore
volume observed by ESEM at a distance to the aggregates of
10 μm is related to the deposition of calcium hydroxide at the
edge of the aggregates. These deposits are dense and locally
decrease the volume of pores.

In general, the volume of pores in the ITZ of CVC 1 is higher
compared to the SCC and CVC 2. The relative volume of pores
in the lower, lateral and upper ITZ differs (Figs. 12–14). In all
three mixes the upper ITZ displays the lowest porosity. While
the SCC and CVC 1 show a higher volume of pores in the lower
than in the lateral ITZ the opposite applies to CVC 2. The same
peculiarity appears in the analysis of the images made with the
OM where the lateral ITZ of CVC 2 displays the highest
porosity.
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The aggregates with a diameter of the cross-section below
4 mm have a slightly less porous ITZ than the larger aggregates
but the zone of increased porosity has the same width.

Ten of the aggregates studied were located in the uppermost
2.5 cm of the prisms investigated. A comparison of the porosity
of the ITZ shows that the aggregates in the uppermost 2.5 cm
have a slightly higher porosity in the ITZ and in the bulk paste
than the ones in greater depth. This applies to all three mixes.

3.3. Concrete properties

The SCC and CVC 2 exhibit about the same compressive
strength and oxygen permeability (Table 3, Figs. 15 and 16).
The compressive strength of CVC 1 is lower and the oxygen
permeability higher compared to the other two mixes. In the
cores taken in vertical direction the oxygen permeability of the
covercrete at the top of the prisms always displays the highest
values (Fig. 15). For the calculation of the coefficient of
variation of the OP coefficient the covercrete was excluded.

The SCC displays identical values for oxygen permeability
and water conductivity in vertical and horizontal direction.
While the same applies for the oxygen permeability of CVC 1,
its water conductivity is about 25% higher in horizontal di-
rection. Both oxygen permeability and water conductivity of
CVC 2 are slightly higher in vertical direction. The coefficient
of variation of the OP coefficient is higher in horizontal
direction in all mixes.

4. Discussion

4.1. Microscopy

Regarding the results there is a good agreement between the
relative values for the volume of porous paste determined with
the OM and the volume of pores determined with the ESEM
respectively. The ratio of porous paste and pores between upper,
lateral and lower ITZ in the different concrete mixes is similar.

The ESEM enables the analysis of individual pores with a
much higher resolution than the OM, because the resolution
with the latter is limited by the thickness of the thin sections.
Furthermore, the volume of pores can be quantified in the
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ESEM while the OM gives information about the relative
porosity of a 30 μm thick slice of concrete by its relative
luminescence. Another advantage of the ESEM versus the OM
is the possibility to accurately identify cracks and define them as
background. Some of the cracks present in the thin sections are
not well defined due to the thickness of the samples and are
therefore classified as “porous paste”. The main advantage of
the OM in comparison with the ESEM is its ease of operation
and the fast data acquisition.

There is a certain latitude in defining the threshold for the
different components which may affect reproducibility. In the
ESEM images the difference in grey level values between pores
and anhydrous cement to the paste is significant making the
definition relatively easy. Due to the gradual transition between
the different components in the thin sections the definition of a
representative threshold is more challenging. On the other hand
the volume of porous paste is not affected by this problem,
because the illumination was kept constant for all samples.
However, luminescence and with it the volume of porous paste
may be affected by variations in the thickness of the thin
sections.

4.2. Properties of the microstructure

The increased frequency of pores or porous patches in the
ITZ cannot be explained only by poor particle packing due to
the wall effect. In particular because there are significant
differences between the upper, lateral and lower ITZ. The
increased porosity below and at the side of the aggregates of the
SCC compared to the top may be caused by accumulation of
ascending pore fluids. Aggregates can function as a barrier to
this ascending pore fluids leading to an increased porosity
below and at the side of the aggregates. At the top of the
aggregates there is no accumulation but rather a depletion of
pore fluids resulting in the dense ITZ observed. Apart from the
dosage of SP and the method of compaction the SCC and CVC
1 are identical including overall porosity. Therefore differences
in the ITZ can be directly attributed to compaction. Regarding
CVC 1 the accumulation of pore fluid must have been in-
tensified due to the vibration induced by the vibrator during the
casting of the concrete. Evidently this process leads to an
increased porosity all around the aggregates as it is also seen for
CVC 2. The higher porosity of the ITZ of CVC 1 compared to
CVC 2 is possibly caused by the differences in water content
and workability. Because of the differences in the rheological
properties as indicated by the flow, CVC 1 may be more prone
to an accumulation of pore fluid.

These results explain the contradiction about the anisotropy
of the ITZ found in literature. While Hoshino [11] and Gold-
mann and Bentur [19] observed a wider ITZ below the aggre-
gates than above, Crumbie [8] did not find a clear difference.
Because the development of anisotropy is dependent on the
compaction of the concrete and possibly on workability, the
anisotropy may vary from concrete to concrete.

The increased oxygen permeability present in the covercrete
of the vertical cores may be caused by several factors. The
analysis of the images made with the OM shows no systematic
difference in the porosity of the ITZ with depth while in the
images made with the ESEM the porosity of the ITZ of the
aggregates in the covercrete is slightly increased. Moreover,
the relatively low bulk density of the covercrete suggests that
the volume of aggregates is lower. Air voids were not covered
in the analysis of the microstructure, but they might be the
reason for the reduced bulk density. The higher oxygen per-
meability of the covercrete may also be attributed to the ob-
served occurrence of microcracks perpendicular to the surface of
the concrete caused by drying shrinkage.

4.3. Microstructure and permeability

The analysis of the images allows conclusions to be drawn
about the distribution of the pores but not about their con-
nectivity. Winslow et al. [5] used the hard core–soft shell model
to calculate the influence of the thickness of the ITZ and the
content of aggregates on the connectivity of pores in mortar and
concrete. The model is based on the assumption that all ag-
gregates are surrounded by a shell of homogeneous porosity.
The model might be too simplified to explain connectivity and
therefore be not realistic mainly due to the patchy distribution of
the pores present in mortar and concrete [7,20].

According to the hard core–soft shell model the ITZ of a
concrete with a volume of aggregates above 50% should be
fully percolated [6]. The concrete mixes used in this study have
a considerably higher volume of aggregates and the ITZ should
therefore fully percolate. Consequently, their transport proper-
ties should be dependent on the width and porosity of the ITZ.
The anisotropic distribution of pores in the ITZ could have an
influence as well. Keller [12] measured water conductivity of
bridge concrete and observed higher values in horizontal than in
vertical direction. He supposed that the high porosity below
aggregates observed by Hoshino [11] was responsible for this
phenomenon. But in order to cause such a difference the com-
bined permeability of the lower and upper ITZ has to be higher
than the permeability of the lateral ITZ.

The differences in the concrete properties between the SCC
and CVC 1 can be explained by the porosity of the ITZ. The ITZ
of the SCC is narrower and less porous than that of CVC 1.
Consequently, the SCC has higher strength, lower oxygen per-
meability and lower water conductivity than CVC 1. But the
observed anisotropy in the ITZ of both concretes does not cause
a systematic anisotropy in oxygen permeability or water con-
ductivity; the oxygen permeability is identical in vertical and
horizontal direction and the increased horizontal water con-
ductivity observed with CVC 1 is not confirmed by the data
obtained from the SCC. Obviously, there is no systematic dif-
ference in the combined permeability of the lower and upper
ITZ compared to the lateral ITZ.

There seems to be some contradictions when only the
porosity of the ITZ and its width are taken into consideration to
explain the observed differences in the concrete properties
between the SCC and CVC 2. Due to the slightly lower porosity
in the ITZ, its anisotropy, the lower volume and smaller size of
the aggregates, the SCC should show a lower permeability. This
is not the case as the oxygen permeability is slightly higher and
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the water permeability is clearly higher than in CVC 2. This
indicates that other factors in addition to the ITZ contribute to
the transport properties of the concrete mixes studied. Possibly
the lower volume of paste of CVC 2 means that there is less
penetrable volume and that the large aggregates are obstacles.
The slightly increased oxygen permeability and water conduc-
tivity of CVC 2 in vertical direction could be the result of the
slightly higher porosity in the lateral ITZ compared to the upper
and the lower ITZ. In general, the reasons for differences in the
properties of SCC and CVC of similar strength are difficult to
assess due to frequent differences in volume of paste, type of
cement and type of mineral admixtures. As a result, the con-
clusions from different studies can differ. For example, the
oxygen permeability of SCC can be significantly lower than the
one of CVC of similar strength [21], but it is also possible that
both are in the same order of magnitude [22].

The microstructural observations clearly show that the pores
in the ITZ and the bulk paste are distributed in a patchy manner.
Because their frequency increases towards the interface the
possibility of a connectivity of such patches increases. But the
ITZ is not a shell of homogeneously increased porosity. The
main problem in linking the porosity and the transport pro-
perties is the fact that little data about the real connectivity of
pores exist. An attempt to directly identify connected pores by
the intrusion of concrete with Wood's metal has shown that
pores in the ITZ seem to be better connected than pores in the
bulk paste [23]. But in order to really improve the data base the
three dimensional connectivity of the pore system in cementi-
tious materials would have to be studied.

5. Conclusions

The heterogeneity and microstructural complexity of the ITZ
is a challenge for quantitative image analysis. For statistical
reasons a large data base with hundreds of images is necessary
to document compositional gradients on a profile through the
interfacial zone. In addition, different localities at the top, at the
sides and at the bottom of the aggregates have to be investigated
systematically in order to characterize anisotropy caused by
gravitational effects and the accumulation of pore fluid.

Optical microscopy on thin sections permits the distribution
of porous paste in mortar and concrete to be to characterized,
based on the definition of a “fluorescence threshold value”.
ESEM investigations on polished samples provide a higher
resolution and enable discrete pores to be identified. For both
methods constant imaging and segmentation parameters are
crucial for the reproducibility of the results.

The software developed for quantitative image analysis
enables characterization of continuous compositional profiles
across the ITZ. It takes full advantage of the resolution of the
images and enables an automated and reproducible quantifica-
tion of the defined classes. In combination with the number of
pictures analysed it provides a reliable data base for the com-
parison of ITZ porosity.

Compaction has a significant influence on the porosity and
width of the ITZ. Therefore, the porosity of the ITZ of CVC is
generally higher compared to SCC resulting in a lower com-
pressive strength, higher oxygen permeability and higher
water conductivity. However, the lower volume of paste and
the generally larger aggregates used for CVC reduce these
effects.

Considerable differences in the porosity of the lower, lateral
and upper ITZ can occur. This fact is of great importance for
investigations dealing with the microstructure of the ITZ. If it is
not taken into account results may be of limited significance.

An anisotropic distribution of pores in the ITZ does not
necessarily cause anisotropy in oxygen permeability and water
conductivity.

In order to improve the understanding about the connectivity
of pores in cementitious materials direct observations in three
dimensions are necessary.
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