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A B S T R A C T

Due to its higher porosity, the interfacial transition zone (ITZ) between cement paste and aggregates in ce-
mentitious composites is often viewed as a weak link in the microstructure. Sectional plane analysis based on
back-scattered electron scanning electron microscope (SEM-BSE) images is used to quantify the ITZ porosity
gradient, yet not much research has focused on the effect of aggregate surface morphology on the ITZ compo-
sition. In this paper, a model concrete specimen with a single spherical ceramic particle acting as an aggregate is
used to study the properties of the ITZ and its uneven distribution around the aggregate based on quantitative
analysis of SEM-BSE images. A careful treatment of the statistics of the ITZ was employed. The average porosity
of the ITZ at a smooth part of the aggregate surface was smaller than that found at a rough part of the aggregate
surface. A method is proposed to describe the local surface roughness (SR) at the pixel level and relate this
quantity to other ITZ properties. The relationship between the surface roughness and the ITZ porosity gradient
within 30 μm of the aggregate surface was analyzed with the “K-means” clustering method. The role of gravity
was seen, since more porous ITZ regions tended to form underneath the aggregate than above the aggregate,
with intermediate results at the aggregate sides.

1. Introduction

Conventional Portland cement concrete is a complex and hetero-
geneous material but is often treated as a simpler two-phase composite
material with aggregate embedded in a matrix of hydrated cement
paste. In reality, the hydrated cement paste matrix consists of hydration
products, anhydrous cement particles, and pores [1,2]. A three-phase
picture is sometimes adopted, with the third phase being the interfacial
transition zone (ITZ) [2,3], which is often viewed as a shell surrounding
each aggregate particle. The composition of the ITZ is similar to that of
bulk cement paste, but with somewhat different microstructure, mor-
phology, density, and physical properties. Compared with bulk cement
paste, the ITZ is more porous with fewer anhydrous cement particles.
For this reason, the ITZ regions are considered to form a separate phase
in the concrete microstructure [4].

The origin of ITZ is widely accepted to be the well-known “wall
effect” [5,6], where cement particles do not pack as efficiently near an
aggregate surface as in the bulk. The wall effect is probably the main
origin of the ITZ regions, but there are also other factors including:

filtration effect of cement grains, water films, micro-bleeding, gel sy-
neresis, and one-sided growth [7].

Because of its more porous microstructure compared with the bulk
paste, there is an effect of the ITZ region on mechanical and transport
behaviors [1,3,8–25], and the ITZ is often viewed as a weak link, since
its higher porosity could act as channels for the ingress of aggressive
species [26,27] or provide an easier pathway for crack growth
[24,28–31]. In order to study the influence of ITZ microstructure on the
macroscopic properties of cementitious composites, it is critical to ac-
curately quantify the main characteristics of the ITZ: porosity, thick-
ness, and volume fraction [32–34]. The microstructure and properties
of the ITZ have been studied using scanning electron microscopy (SEM)
along with other techniques including mercury intrusion porosimetry
(MIP) [35], nano indentation, and transport tests [6,36–45].

However, the actual thickness distribution of the ITZ regions is not
easy to measure. Normally, the backscattered electron (BSE) image of a
specimen with a highly polished surface, with aggregate, cement paste,
and ITZ considered as the three phases of interest, is used to obtain
detailed local morphological information about the composites.
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Successive uniform-thickness strips follow the aggregate surfaces and
are used to measure the proportions of porosity, anhydrous cement, and
hydration products in each strip, indicating how these fractions vary as
a function of distance from an aggregate surface. Results from various
locations are averaged [6,38,42,43,46,47]. The analyzed cross-sec-
tional images were chosen along the aggregate surface. However, such
a cross-section rarely goes through the normal direction from an ag-
gregate surface, which results in an overestimation of the distance
measured compared with the true perpendicular distance in three di-
mensions (3D). A recent study using the Anm model for a mortar with
real-shape sand particles showed that for such real aggregates, even
when the 3D ITZ thickness was absolutely uniform for every sand grain,
in a 2D slice there was a wide distribution of ITZ thicknesses, along with
other 2D artifacts [48]. So, in a 2D slice, the ITZ thickness is generally
overestimated, and the extent of the overestimation is affected by the
orientation and shape of the aggregate [49–56].

Due to the fact that the wall effect is thought to be the main con-
tribution to ITZ formation, Scrivener et al. [6] and Bentz et al. [57]
proposed that the thickness of ITZ should be comparable to the median
cement grain size used to make a cementitious composite [6,57], which
focuses on the cement paste matrix without regard to any effects of the
aggregate itself. However, the thickness and properties of the ITZ can
be influenced by various factors such as water:cement mass ratio (w/c),
aggregate content, curing age, and supplementary cementitious mate-
rials, as studied using both experimental and simulation methods
[1,38,40,58–64]. The ITZ thickness and porosity may vary with loca-
tion relative to the aggregates [52]. The distribution of ITZ widths and
material gradients around a single particle can be uneven, due at least
partly to examining 2D slices of a true 3D structure [48]. The aggregate
surface texture can play an important role in the variation of the ITZ
characteristics, especially close to the aggregate surface, which topic is
the focus of this present paper.

In the last two decades, with digital image processing (DIP) applied
to SEM images and X-ray computed tomography (XCT) images [65], the
physical shape and morphological properties of the aggregate have
been studied extensively. In 3D, mainly the overall shape of aggregates
but some work on surface texture, has been measured for thousands of
aggregates for many different mineralogies and size distributions
[65–74]. In 2D, many indices were defined to study the sphericity,
angularity, and convexity of aggregates at a macro-scale level [75–81].
Pan and Tutumluer [82] defined a surface texture (ST) to quantify the
surface irregularities of coarse aggregates at the pixel level. A Fourier
series method was introduced to quantitatively describe the 2D surface
(perimeter) roughness and study its effect on the bond strength of ag-
gregate/mortar interfaces in model concretes [83,84]. So far, however,
there has been limited research that focuses on investigating the effects
of aggregate surface roughness on the formation and evolution of ITZ
porosity properties.

In this study, a model concrete with a spherical ceramic particle
acting as a coarse aggregate was developed to study ITZ characteristics
affected by aggregate surface roughness. Using a spherical aggregate in
this study should, with the cross-section taken along the equator of the
sphere, overcome the overestimation of the ITZ width because of the 2D
slice effect [48]. The uneven distribution of the thickness and porosity
gradient of the ITZ around the aggregate is determined based on
quantitative analysis of back-scattered electron (BSE) 2D images. A
more porous ITZ microstructure could be detected under the aggregate
due to the water-rich pocket formed under the aggregate, which is
caused by the density discrepancy of different phases. X-ray CT is used
to determine an accurate position of the ceramic particle inside of the
specimen before cutting the specimen into two pieces along the max-
imum cross-section of the ceramic sphere so as not to have any artifacts
due to cutting through the aggregate at other locations [48]. A new
method based on Digital Image Processing (DIP) is proposed to quan-
titatively describe the aggregate surface roughness (SR) at the pixel
level and “K-means” clustering analysis is introduced to elucidate the

relationship between the defined surface roughness and porosity gra-
dient of the ITZ (SL), which shows that the ITZ regions in the vicinity of
smooth surfaces could have a steeper porosity gradient than that found
against in rough aggregate surfaces ragme.

2. Experimental methodology

2.1. Materials

Portland cement with 42.5 MPa strength grade was used (Chinese
cement). The apparent density of the cement was 3110 kg/m3, and the
chemical and mineral compositions of the cement obtained from X-ray
fluorescence and X-ray diffraction are listed in Table 1. Any calcium
sulfate phases were not separately identified but are lumped in with the
amorphous portion.

In order to study the uneven distribution of the ITZ geometry
around an aggregate particle and the effects of surface roughness on the
characteristics of the ITZ, a spherical ceramic particle, with a 15mm
diameter (shown in Fig. 1), was chosen to act as the coarse aggregate to
make a single-particle model concrete specimen. The comparison of
physical properties between a typical coarse aggregate and the ceramic
particle is listed in Table 2, showing that the ceramic particle has
physical properties similar to those of a typical coarse aggregate. The
porosity of the ceramic particle was examined by the X-CT and the
results showed that some small isolated pores were randomly located
inside the particle and some quite larger pores located near the center
of the particle, probably due to the particle manufacturing process.
Since no superplasticizer was used to adjust paste viscosity, the wa-
ter:cement mass ratio (w/c) was used to adjust the viscosity and yield
stress of the cement paste in order to hold the ceramic particle in the
center of the mold during applied vibration but still have enough
fluidity for proper mixing. After several trial experiments, the w/
c= 0.30 and w/c= 0.35 met these specifications and were selected.

2.2. Single particle specimen preparation

Cubic specimens of edge length 25mm with a 15mm embedded
ceramic sphere were cast. The specimens were prepared in three steps.

Table 1
Chemical and mineral composition of the cement.

Chemical composition (% by mass) (X-ray fluorescence)

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O TiO2 Ignition Loss
19.95 4.63 61.87 2.09 2.95 0.66 0.15 0.27 1.64

Mineral composition (% by mass) (X-ray diffraction)

C3S C2S C3A C4AF Amorphs
58.10 7.20 4.30 11.10 13.90

Fig. 1. Spherical ceramic particle 15mm in diameter.
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First, the molds were half-filled with fresh cement paste. The ceramic
aggregate was embedded half-way into the surface of the cement paste,
and the rest of the mold was filled, covering the particle with the rest of
the cement paste. The specimens were vibrated for 1min, for proper
consolidation, before they were stored in a curing room (95% ± 5%
relative humidity and 20 °C ± 1 °C) for 24 h. Then the specimens were
demolded and cured further under the same environmental conditions
until 28 d.

2.3. X-ray computed tomography

After 28 d, the single particle model concrete specimen was scanned
under the X-CT to determine the position of the particle inside of the
matrix. One 2D cross-sectional slice is shown in Fig. 2. The CT slice
image that had the largest view of the spherical aggregate was picked–
this would be a slice through the equator of the sphere. Then the center
of the particle was determined (represented by the point labelled “O” in
Fig. 2). The distance between the center and the right surface of the
25mm cubic specimen was measured to be about 13mm. It indicates
that the particle was about 0.5mm off-center of the specimen. Then the
specimen was cut into two parts through the geometrical center of the
ceramic sphere for further experiments. In actual situations, the
ceramic particle used is not a perfect sphere, also there was some loss of
the sample during the cutting process, which is measured to be 0.5 mm
of cement paste in thickness. These two factors caused some errors.
However, the position determined by X-CT is accurate enough for this
study.

2.4. BSE image analysis

2.4.1. BSE image acquisition
SEM-BSE images were used to carry out quantitative analysis of the

ITZ regions. The cut pieces were vacuum impregnated with low visc-
osity epoxy resin to support the microstructure. A grinding and pol-
ishing strategy [85–87] was used to obtain an extremely smooth testing
surface but avoid creating an apparent height difference between the
cement paste and ceramic particle due to the small hardness difference
between these two materials (see Table 2). The samples were ground
with SiC paper of 180 grit, 300 grit, 600 grit, and 1200 grit for about
3min each then polished with 3 μm, 1 μm, and 0.25 μm diamond paste
for about 15min each [88,89]. After each step, the samples were

ultrasonically cleaned in alcohol to remove polishing debris.

2.4.2. BSE image processing
BSE images with 1000×magnification were obtained. Each BSE

image included ceramic aggregate, cement matrix, and ITZ. A typical
BSE image is shown in Fig. 3(a). The size of the image is 1280
pixels× 960 pixels and the pixel size was 0.148 μm. As a result, each
BSE image is approximately a 0.19mm in width. Ten to fifteen images
were taken of the ITZ regions above the aggregate, under the aggregate,
and on the side of the aggregate, where “above” and “under” are in
reference to the vertical direction.

The boundary of the aggregate was captured manually using image
analysis software. For some of the images, there exists a 100% porosity
gap between the cement paste and aggregate, where no solid phase
shows. Due to the hardness difference between the ceramic particle and
cement paste, it is possible create a slight height difference between
these two phases during the grinding and polishing process. This height
difference may appear to be a narrow dark region (similar brightness
with pore phases) on BSE images. To eliminate the effect of this gap,
which is probably not physical, the boundary was captured along the
contour of the cement paste rather than the aggregate surface, thus
eliminating this possible artifact from the analysis. Twenty successive
strips were delineated along the captured boundary at different dis-
tances from the aggregate surface into the bulk paste, based on the
concentric expansion method [47]. Then the pore structure was seg-
mented using the threshold value obtained by the overflow point
method [37] and the porosity of each strip was determined. A sketch
map of the processing procedure is shown in Fig. 3.

3. Results and discussion

3.1. Effects of w/c ratio

The relative effect of two different w/c ratios on the ITZ porosity
gradient was measured. 47 images and 32 images were taken to get an
average value for w/c= 0.30 and w/c= 0.35, respectively and the
result plotted in Fig. 4. For both w/c ratios, the porosity decreases as
the distance from the aggregate surface increases and finally asymp-
totes at the 14th to 16th strip at 14% and 17% for w/c=0.30 and w/
c= 0.35, respectively. If we define the width of the ITZ corresponding
to where the porosity finally becomes uniform, then for both w/c ratios,
the ITZ thickness is about 70 μm. The uncertainty bars (one standard
deviation) in the measured porosity in Fig. 4 were determined by
averaging over images taken from the top, the bottom, and the side
regions around the aggregate surface.

In previous research, when measured inside a multi-particle mortar,
the ITZ thickness was generally acknowledged to be around
10 μm–50 μm [19,90–93]. When using large single aggregate particle
specimens, such as stone aggregate in the shape of slab, cylindrical
cores, or tubes to study the geometric properties of the ITZ, the thick-
nesses obtained were over 50 μm [45,94,95]. There are probably two
main factors contributing to this ITZ thickness difference between this
model specimen and real mortars. The first factor is that there is only a
single particle presented in the cement paste. Once the original parking
of cement grains was disrupted by the large ceramic particle, the mi-
crostructure would have an effectively infinite distance to adjust
without encountering another particle, which is completely different
from that in a normal mortar or concrete. But probably the more im-
portant factor is the mixing process in specimen preparation. In or-
dinary mortar or concrete, the presence of the aggregates in the paste
has a significant effect in mixing by increasing local shear rates and may
allow aggregates to acquire a coating of cement grains as they move
through paste. When preparing our specimen and specimens like it, the
ceramic particle and the cement paste was not mixed together before
pouring the paste into the mold. Both factors could contribute to the
larger ITZ thickness found in model specimens like ours than that in

Table 2
Comparison of physical properties between a typical coarse aggregate and the
ceramic particle used.

Shape Size Density Mohs Hardness

Coarse aggregate Irregular 5 mm–20mm 2600 kg/m3 6 to 7
Ceramic particle Sphere 15mm 2800 kg/m3 7 to 8

Fig. 2. An image of a CT slice through the equator of the ceramic sphere. The
circular line is simply a guide for the eye.
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common mortars or concrete.
A steep porosity gradient and a gap between the two curves in Fig. 4

can be detected at small distances from the aggregate surface, up to
10 μm. The steep porosity gradient could be attributed to the possibility
that during the casting process, a 10 μm thick water film [45] formed
around the aggregate, making the effective w/c ratio in this region
much higher than the bulk mix design w/c ratio. Also, a porous ag-
gregate may absorb some water during the mixing process and release
absorbed water during the hardening period, which would lead to an
additional increase of the effective w/c ratio in this region. The porosity
of the ceramic particle used in this work was measured using X-CT and
the particle was not found to significantly porous, at least at the voxel
size used. In this research, there is only one particle used in each spe-
cimen, so because of its limited surface area, it will not cause much of
an effect on the total water demand, At distances of 20 μm–60 μm from
the aggregate surface, no apparent difference between the two curves
can be seen in Fig. 4, which disagrees with literature results [38,42,59],

while the difference between the two curves at 60 μm–100 μm is within
the uncertainty bars. This apparent agreement between the two por-
osity curves, outside the smallest region, may simply be due to the fact
that the two w/c ratios used, 0.30 and 0.35, are not very different.

3.2. Effect of the relative location of ITZ to the aggregate

During the mixing and casting process for mortar or concrete, seg-
regation and bleeding (or micro-bleeding) are common. As the ag-
gregates settle under gravity, a narrow pocket of water can form under
the aggregate whose size depends on the size of the aggregate
[96–100].

In order to study the effect of this phenomenon on the distribution
of ITZ regions around the aggregate, BSE images obtained from the
regions labelled 1, 2, and 3 in Fig. 5 show the ITZ regions above the
upper surface of the aggregate, on the side of the aggregate surface, and
underneath the aggregate, respectively. These three kinds of ITZ were
named upper surface ITZ (U-ITZ,1), side surface ITZ (S-ITZ,2), and
lower surface ITZ (L-ITZ,3). The exact number of images taken from
these three regions of with two different w/c ratios are shown in
Table 3.

The porosity of these three kinds of ITZ are plotted in Fig. 6 as a
function of distance from the aggregate surface. For w/c= 0.30 and w/
c= 0.35, U-ITZ, S-ITZ, and L-ITZ images were analyzed respectively.
For both two w/c ratios, U-ITZ is the least porous, followed by S-ITZ
and L-ITZ, which indicates a denser microstructure on top compared to
the bottom of the aggregate, where the micro-bleeding effect is ex-
pected. Based on the definition used earlier, the ITZ thickness for both
w/c ratios was around 70 μm. But even at larger distances,
70 μm–100 μm, which is usually thought of as bulk paste, a porosity
difference can also be detected, which indicates that micro-bleeding can
have an effect on the formation of bulk paste just outside the ITZ region.
This phenomenon may not appear in real concretes or mortars, how-
ever, because the extent of the effect of micro-bleeding is enlarged in
such large-aggregate model concrete specimens [59].

Fig. 3. Schematic view of the BSE image analysis process: (a) original image, (b) boundary capture, (c) threshold determination, and (d) strip delineation.

Fig. 4. The effects of the w/c ratio on the porosity as a function of distance from
the aggregate surface for w/c= 0.30 and 0.35.
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3.3. Effect of surface texture

3.3.1. Typical exhibition of the effects of the surface texture
Examination of various BSE images taken from different points in

the same U, S, or L regions revealed different aggregate surface tex-
tures, of the same or somewhat higher length scale than the ITZ widths.
Caliskan and Karihaloo used cylindrical aggregates with varied surface
roughness cored from different rocks to study the effect of surface
texture on the ITZ, and the bond strength between aggregates and ce-
ment paste was examined to describe the ITZ characteristics [83]. Here,
we investigated whether aggregate surface roughness has an effect on
ITZ geometry. The effect of the surface texture on the formation of the
ITZ may be similar to the wall effect. When the aggregate surface is
quite rough with convex and concave areas, the anhydrous cement
grains cannot pack as compactly near the smooth surface. The existence
of the aggregates affects the packing of the cement grains, so that
smaller cement grains tend to concentrate in the vicinity of the ag-
gregate surface, which is commonly called the wall effect. The surface
morphology of the aggregate further disrupts the packing of the cement
particles and it can be viewed as a second wall effect, resulting in a
more porous ITZ microstructure.

Fig. 7(a-1) and Fig. 7(b-1) are two typical BSE images chosen from
the U-ITZ with w/c=0.35 at a smooth and a rough surface region,
respectively. To better exhibit the microstructure in these two inter-
facial transition zones, the gray-scale BSE images were converted into
binary images and are shown in Fig. 7(a-2) and Fig. 7(b-2). A binary
image is a specific type of 2D image, in this case 8 bit, in which com-
ponent pixels only have two gray-scales, black (0) or white (255) [82].
In both parts of Fig. 7, black represent pores, and white represents any
solid phase. It can be seen qualitatively from the binary images that the

ITZ pore structure at the smooth aggregate surface has fewer black
pixels than that along the rough surface, in particular within the zones
adjacent to the aggregate boundaries, which indicates a denser micro-
structure of ITZ around the smooth surface. The porosity vs. the dis-
tance from the aggregate surface is plotted in Fig. 8 for these two re-
gions. The largest porosity difference is observed at distances of
10 μm–40 μm. Fig. 8 shows that the aggregate surface morphology af-
fects the ITZ at distances from the aggregate surface greater than 10 μm.

3.3.2. Quantification of the local aggregate surface roughness (SR)
Seeing the difference that the aggregate surface roughness makes on

the ITZ structure, a method based on digital image analysis was in-
troduced to quantify the surface texture of the aggregate boundary at
the pixel level for a single BSE image.

An irregular boundary was captured using image processing soft-
ware and saved as a curve. In this study, straight lines and circular arcs
were both used to fit the boundary, since an definition of roughness can
only be defined against a baseline smooth curve to adjust with. Both
were used for the following reason. Even though the boundary of the
spherical ceramic particle was, in 2D, a circle, some local regions ap-
peared to be more like a straight line. The equation of a circle is:

− + − =x a y b R( ) ( )2 2 2 (1)

with the three fitting parameters being (a,b)=center of the fitting

Fig. 5. An image showing the three analyzed regions around the ceramic sphere
aggregate: upper surface ITZ (U-ITZ,1), side surface ITZ (S-ITZ,2), and lower
surface ITZ (L-ITZ,3).

Table 3
Number of images taken for the two w/c ratios used.

w/c= 0.30 w/c= 0.35

U-ITZ 16 12
S-ITZ 16 10
L-ITZ 15 10
Total 47 32

Fig. 6. The effect of relative location, with respect to the aggregate, on the ITZ
porosity distribution.
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circle, and R=radius of the fitting circle. The equation of a straight
line is:

+ + =Ax By C 0 (2)

with again three fitting parameters. By using a least square formulation,

the straight line and circular arc that best fit, with “best fit” defined
later, the aggregate boundary could be found. Fig. 9 shows a schematic
view of the fitting process. The aggregate boundary in Fig. 9(a) was
chosen as an example. The blue line in each image is a highlight of the
aggregate boundary and the red line is the fitting curve, either a straight
line or a circular arc.

Fig. 10 shows three typical example BSE images and both kinds of
the fits. Fig. 10(a) shows that the local aggregate boundary is visually fit
better by a circular arc than by a straight line and Fig. 10(b) shows the
opposite, while Fig. 10(c) shows a good visual fit by both.

To quantitatively describe the irregularities of the aggregate
boundary, a surface roughness (SR) index was defined based on the
fitting results. It is essentially the average distance between the true
boundary and the fitted boundary, averaged over the length of the
curves.

For the straight line, the index SRs was calculated by averaging the
absolute value of the perpendicular distance of the center of each pixel
on the boundary to the fitting line according to:

=
∑ + +

+SR
n

| |
S

n Ax By C
A B1
i i

2 2

(3)

where n =number of pixels included in each boundary, x y( , )i i =the
coordinates of the ith pixel on the boundary, i= 1,2 … …n, and A, B,
and C are the parameters of the fitting line.

For the circular arc, SRC is defined as:

Fig. 7. Typical gray-scale and binary images of the ITZ at smooth and rough texture aggregate surface regions: (a-1, a-2) smooth aggregate surface, (b-1, b-2) rough
aggregate surface. Each image is approximately 0.19 μm in width.

Fig. 8. Porosity distribution of ITZ adjacent to smooth and rough surface.

Fig. 9. Schematic map of fitting the aggregate boundary using a straight line and a circular arc: (a) original BSE image, (b) straight line fitting to the aggregate
surface, (c) circular arc fitting. The image is approximately 0.19 μm in width.
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=
∑ − + − −

SR
x a y b R

nR
| ( ) ( ) |

c

n
i i1

2 2

(4)

where n =number of pixels included in each boundary, x y( , )i i =the
coordinates of the ith pixel on the boundary, i= 1,2 … …n, a b( , )
= the center of the circular arc, and R =the radius of the circular arc.
Since the radius vector is perpendicular to a circles surface, this defi-
nition also involves the perpendicular distance between boundary and
fitted curve.

The final surface roughness SR is the minimum value of SRS and
SRC, with SR, SRS, and SRC all in units of pixels. The minimum value is
picked, since this value indicates which curve best fits the aggregate
boundary and thus is a more natural definition of roughness, since the
fit curve is better baseline.

3.3.3. Definition of slope index (SL)
The next step is to quantify the porosity gradients of the ITZ regions

between 0 μm and 30 μm from the aggregate surface, since the greatest
effect of aggregate texture seems to be in this region. A slope (SL) index
quantifying the porosity gradient within this area is defined as:

=
−

SL
φ φ

φ
max min

min (5)

where φmax is the value of the porosity in the first strip (0 μm–5 μm) and
φmin is the value of the porosity in the sixth strip (25 μm–30 μm). As
mentioned above, for some images, there exists a 100% porosity gap
between the cement paste and aggregate, which may significantly affect
the value of the SL parameter. To eliminate this artifact, the boundary
was captured entirely along the contour of the cement paste.

The value of SL for the ITZ in each image was calculated and
averaged over each strip. Fig. 11 is a graph with the SR index on the
horizontal axis and the SL index on the vertical axis. In total, 47 images
and 32 images were taken into consideration for w/c=0.30 and 0.35,
respectively. Thus 47 and 32 points were included in Fig. 11 and sub-
sequent graphs. Even though the points appear quite scattered, so that a
least-squares linear fit would not be useful, it can be seen in Fig. 11 that
the value of SL roughly decreases with increasing SR. The value of φmax
was similar for all images considered, which may be an indication that
the ITZ within 5 μm of the aggregate surface could be more affected by
a water film around the aggregate rather than the aggregate surface
morphology. Therefore, the difference in the slope index is the value of
φmin, and the larger the value of φmin, the smaller the value of SL, and
vice versa.

3.3.4. Quantification of the relationship between SL and SR
In order to better quantify the relationship between the SR and SL

indices, since a simple linear least-square fit would not be useful, a

cluster analysis method called “K-means” clustering was introduced to
perform quantitative analysis on these data points.

3.3.4.1. Illustration of “K-means” clustering. K-means clustering is a
method of vector quantization, originally used in the area of signal
processing and now widely used for cluster analysis in data mining

Fig. 10. Comparison of the local aggregate boundary fit with a straight line and a circular arc. Each image is approximately 0.19 μm in width.

Fig. 11. Relationship between the SR and SL indices, for all regions studied: (a)
w/c= 0.30, and (b) w/c=0.35.
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[101–103]. The aim of K-means clustering is to partition n observations
into K clusters and assign each observation to the cluster with the
nearest mean, which serves to define the cluster. This clustering reveals
patterns in the data collection, illustrating possible relationships. A
more detailed description of K-means clustering is given in the
Appendix.

In this study, the observations were
…SR SL SR SL SR SL{( , ), ( , ), , ( , )}n n1 1 2 2 . With the help of K-means clus-

tering, the points were divided into K=2 clusters, labelled “smooth”
and “rough” aggregate surfaces. The result is shown in Fig. 12. For w/
c=0.30, 31 surface sections were labelled as smooth and 16 surface
sections were labelled as rough. All the upper, lower, and side surface
data were combined. For w/c=0.35, 17 sites were defined as smooth
and 15 sites as rough. The black open circles containing a cross inside in
both graphs are the centroids of each cluster, and the dashed lines
connect these points in each graph. It can be seen from the graph that
for both w/c ratios, the value of SL decreases with increasing SR, which
indicates that the ITZ microstructure formed by the smooth surfaces
have a steeper porosity gradient than do the rough aggregate surfaces.
The observations were also subdivided into K= 3 and K= 4 clusters,
which were further analyzed with the same procedure as was used with
K=2 clusters. However, with increasing clusters, the porosity differ-
ence between the different clusters is not as distinct as dividing them
into 2 clusters. Thus, K= 2 was adopted to perform the K-means clus-
tering in all parts of this paper.

3.3.5. Implications of the K-means clustering results
The porosity distributions of the ITZ regions in each cluster were

averaged and a comparison between the two different clusters for both
w/c ratios examined is shown in Fig. 13. It can be seen from the graphs
that at nearly every distance, a small porosity difference can be de-
tected between the two clusters. The average porosity of the ITZs in
surface cluster was 45.1% and 47.5% for w/c=0.30 and w/c= 0.35 at
distances of 30 μm away from the surface. The average porosity in the
smooth clusters was 41.9% and 40.0% for w/c=0.30 and w/c=0.35,
respectively.

3.3.6. Discussion of the effect of surface roughness
To further investigate the effect of the surface roughness only,

without the possibly confounding effect of the location on the aggregate
surface (e.g. upper, lower, side) and w/c ratio, the w/c=0.30 data was
chosen for further analysis and the surface roughness was the only
factor that taken into consideration. The k-means clustering was per-
formed separately on the ITZ regions on the upper surface, the left side
surface, and the lower surface, dividing all these sub-groups into two
clusters, smooth and rough, as before. The results are shown in Fig. 14.
The ITZ porosity distributions included in each cluster were averaged
and a comparison between the different clusters is shown in Fig. 15.
The exact number of surfaces belonging to each cluster is shown in
Table 4.

It can be seen from Figs. 12–15 that, based on the K-means clustering

Fig. 12. Results of performing K-means clustering to partition all boundaries
into K= 2 clusters: (a) w/c= 0.30, and (b) w/c=0.35. Fig. 13. Effects of surface roughness on the porosity distribution within ITZ: (a)

w/c= 0.30, and (b) w/c=0.35.
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Fig. 14. Results of performing K-means clustering to partition boundaries to two clusters at different locations on the aggregate surface for w/c= 0.30: (a) Upper
surface (16 images), (b) Left surface (16 images), and (c) Lower surface (15 images).

Fig. 15. Effect of surface roughness on the porosity distribution within the ITZ regions located at different parts of the aggregate surface, for w/c=0.30: (a) Upper
surface (16 images), (b) Left surface (16 images), and (c) Lower surface (15 images).
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algorithm, the aggregate boundaries were clearly divided into two
clusters and the porosity gradients within this zone decrease with in-
creasing surface roughness. A porosity distribution difference can be
detected between the rough and smooth surfaces at upper and lower
aggregate surfaces but not the left side surface. At 30 μm away from the
aggregate surface, the average porosity of the ITZ for the upper surface,
rough cluster, is 37.2% and 31.5% for the smooth cluster. For the lower
surface, the average porosity is 57.2% and 49.4% for rough and smooth
clusters, respectively.

Why is there little or no apparent porosity difference observed be-
tween the rough and smooth ITZ regions obtained on the left side
surface (LS)? Consider the definition of “rough” and “smooth” obtained
for each of the three surface types, top, bottom, and side. The average
SR value of the upper smooth cluster is 18 pixels and is 19 pixels for the
lower smooth cluster. However, the average SR value for the side
smooth cluster is 26 pixels and 47 pixels for the rough cluster. Also, the
SR value for a smooth cluster is about 21 pixels when performing k-
means clustering on all 47 boundaries ignoring the effect of the relative
location. When performing k-means clustering method separately, the
average SR value of smooth surfaces in the side region is much greater
than the average SR values in the other two smooth clusters, which
means some of the labelled smooth surfaces from side regions would
have been assigned as rough surfaces when all surfaces were taken
together. Therefore, in a sense, the LS surfaces, both smooth and rough,
are actually both rough in comparison to the top and bottom surfaces,
which weakens the ITZ porosity difference between the LS rough and
smooth clusters.

3.4. Maximum difference in ITZ gradient

For both w/c ratios, it has been shown that the porosity of ITZ
around the upper aggregate surfaces is lower than that in the lower
surfaces and a denser ITZ microstructure tends to form by smooth
surfaces as opposed to rough surfaces. The effect of w/c ratio on the ITZ
porosity was clear but not pronounced in this study, probably due the
fact that the difference between the two w/c ratios was not very large.
According to the literature [38,42], the ITZ porosity decreases as the
value of w/c decreases. Therefore, the maximum difference between
ITZ porosity should be between the U-ITZ with a smooth surface and w/
c=0.30, which is expected to produce the densest ITZ microstructure,
and L-ITZ with a rough surface and w/c= 0.35, which is expected to
form the most porous ITZ microstructure. The result is shown in Fig. 16.
A large porosity gap can be observed between the two curves. The
porosity of the densest ITZ is 23.4%, while the porosity of the most
porous ITZ is 37.6% for the whole ITZ zone at a distance of 70 μm from
the aggregate surface.

4. Conclusions

In this study, a model concrete specimen with a single spherical
ceramic particle inside acting as the aggregate was prepared. The SEM-
BSE technique along with digital image processing were coupled and
used to study the uneven distribution of the ITZ around the aggregate
based on a measure of local aggregate surface roughness. Each BSE
image was processed in three steps: boundary capture, threshold de-
termination, and strip delineation. In boundary capture step, the

captured boundary was along the cement paste contour rather than the
aggregate surface to eliminate the effect of the unphysical 100% por-
osity gap between these two phases, which could be due to sample
preparation. An index SR, in units of pixels, describing the surface
roughness of the aggregate at specified locations and at the pixel level,
was defined to investigate the effects of morphology of the aggregate
surface on the formation of microstructure of the ITZ. Based on the
results of this investigation, the following conclusions can be drawn:

(a) Due to the larger size contrast between the ceramic particle and the
cement grains, the large particle has a more extended effect on the
repacking of the cement grains. Thus, the thickness of ITZ in this
model concrete is around 70 μm for both w/c=0.30 and 0.35,
which is somewhat larger than the commonly recognized value of
10 μm–50 μm found for real mortars and concretes. The cross-sec-
tion of the ceramic aggregate-cement paste sample that was ana-
lyzed was carefully taken through the equator of the sphere, as
judged by X-ray CT, thus eliminating any 3D to 2D effect on the ITZ
widths.

(b) The micro-bleeding caused by the density discrepancy of different
phases tends to form a water-rich pocket under the aggregate,
which resulted in a higher effective w/c ratio in this area and thus a
more porous ITZ microstructure.

(c) The maximum porosity gradient within 30 μm of the aggregate
surface was described by the SL index. By using the K-means clus-
tering method, the effect of surface roughness on ITZ porosity was
analyzed. A more porous ITZ microstructure formed around the
rough surfaces, for probably because the rough surfaces affected the
packing of the cement grains more than did the smooth surfaces.

(d) In this study, the ITZ around the aggregate can be divided into three
parts according to the physical factors that influence the ITZ pore
structure. First, a narrow aureole (0 μm–10 μm) around the ag-
gregate is mainly attributed to the water film formed around the
aggregate, giving this region an extremely high porosity around
70% for either w/c ratio studied (0.30 and 0.35). Second, in the
region 10 μm–30 μm away from the aggregate surface, the proper-
ties of the ITZ are more affected by the aggregate surface texture
and relative distance from the aggregate surface. Third, in the re-
gion 40 μm or farther away from the aggregate surface, the ITZ
properties are determined by the surface texture as the ITZ pore
structure relaxes to the pore structure of the bulk paste w/c ratio.
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Appendix

Description

Given a series of observations …x x x( , , , )n1 2 , where each observation is a d-dimensional real vector, the objective of the K-means method is to
divide the n observations into k (k ≤ n) sets, S= {S1, S1,…, SK,}, so as to minimize the width-cluster sum of squares (WCSS). Thus, the aim is to
realize:
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where μi is the mean value of the points in cluster Si. To carry this out, one must minimize the pairwise squared deviations of points in the same
cluster:
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Algorithms

The most widely used algorithm to solve this equivalence is an iterative refinement method and it is often called the K-means clustering algo-
rithm.

Given an initial series of K clusters μ1(1), μ2(1), …, μK(1), the algorithm processes the data by repeating the following two steps:
Assignment step: Assigning each observation to the cluster whose mean has the least Euclidean distance, is intuitively the “nearest” mean:

= ⎧
⎨⎩

− ≤ − ∀ ≤ ≤ ⎫
⎬⎭

S x x μ x μ j j K: , 1i
t

p p i
t

p j
t( ) 2 ( )

2

where each xp is only assigned to one cluster.
Update step: Further calculating the new means to serve as the centroids of the observations in these new clusters.
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Reassign values to clusters based on the new values of the means. The algorithm will stop when the cluster assignment no longer changes.

Initialization method

Widely used initialization methods include the Forgy and Random Partition method [104–106]. In this paper, the Forgy method was chosen. K
observations were picked randomly from the n observations to serve as the original K centroids.
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