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Abstract

Micro-concrete (MC) can be defined as a high performance cement-based material proportioned with micro-aggregates whose particle
sizes range from about 0.5 mm to less than 1 lm. The incorporation of micro-aggregates improve the particle packing density of the
cementitious system, by this way the rheological and mechanical properties of MCs are enhanced.

An experimental program has been conducted to investigate the effect of three types of micro-aggregates presenting three different
particle size distributions (PSDs) on the admixture requirement, compressive and flexural strength development of MC. In order to com-
pare the PSD of micro-aggregates and to find a correlation between fineness and admixture requirement, the concept of ‘‘Fineness Index’’
was described. Additionally, particle shape and surface morphology of micro-aggregates were analysed by using SEM images. Some con-
ventional commands of image analysis were employed. Possible quantification methods of shape characteristics and surface roughness of
micro-aggregates were proposed. The results showed that, in addition to PSD, particle shape and surface morphology of micro-aggre-
gates should also be quantitatively determined. Success of characterization significantly depends on preparation of appropriate and
representative SEM images and proper selection of methodology of analysis.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of high-performance cement-based
materials like self-compacting concrete (SCC) and reactive
powder concrete (RPC) have increased the research on
micro-aggregates coupled with the effects of superplasticiz-
ers. Mixture proportioning of powder-type SCC and RPC
requires high amounts of fine ground materials. While
these fine ground materials improve the particle packing
density of cementitious system, the superplasticizers help
to obtain the desired rheological properties by increasing
the workability without causing segregation in fresh state
and improve the mechanical properties and durability by
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reducing the water/cement ratio [1,2]. Some of the above
mentioned fine powder materials are either industrial
by-products or unprocessed materials. They provide envi-
ronmental relief because industrial by-products are being
recycled, hazardous emissions released into the atmosphere
due to cement production are reduced, raw materials are
preserved, and energy is saved [3,4]. Besides, semi-inert
micro-aggregates such as finely ground limestone or quartz
can be alternatively employed for high performance
concrete mix design purposes. More recent work [5] has
addressed the effects of micro-aggregates on rheological
properties of high strength concrete. In the future,
if feasibility and technical suitability are verified, the
tendency of increasing the amount of micro-aggregates in
concrete system may eliminate the use of coarse aggregate
and sand.
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Fig. 1. PSD of cement by LDS analysis and theoretically calculated PSD
of silica fume.

Table 1
Chemical analysis of Portland cement, silica fume and micro-aggregates

Chemical
composition (%)

Portland
cement

Silica
fume

Micro-aggregates

Quartz
(Q)

Limestone
(L)

SiO2 20.40 89.30 99.5 0.55
Al2O3 4.82 3.75 – 0.17
Fe2O3 2.95 0.90 – 0.15
CaO 63.86 – – 57.6
MgO 1.52 2.10 – 0.60
SO3 2.05 0.35 – –
Cl 0.037 – – –
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Micro-concrete (MC) can be defined as a high perfor-
mance cement-based material proportioned with micro-
aggregates whose particle sizes range from about 0.5 mm
to less than 1 lm. MC is a matrix phase including all fines
(cement, pozzolanes and fines in aggregates), water and
possible chemical admixtures. In order to obtain an effec-
tive MC mix-design, the particle size distribution (PSD)
of various micro-aggregates should be optimised to obtain
maximum compactness. A full three-dimensional model or
simulation of such a perfect packing system is still far from
being realized because of the difficulties to deal with the
large amount of very small particles [6]. The related works
generally classified the factors that affect the matrix com-
pactness into four groups: particle morphology, particle
packing, interparticle spacing and matrix rheology [7].
Detailed research reports related with these topics can be
found in the literature [8–20]. However, few studies have
been focused on the multiple effects of micro-aggregate
shape and surface texture in relation with PSD change.
In this paper, the effects of micro-aggregate type (particle
shape and surface morphology) and PSD on the admixture
requirement and strength of MC have been investigated.
The particle shape and surface morphology of micro-aggre-
gates were analysed by using SEM images. Some conven-
tional commands of image analysis were employed.
Possible quantification methods of characterization of
micro-aggregates were proposed.

2. Experimental

Experimental program has been divided into three parts:
(i) Characterization of materials, in particular micro-
aggregates, (ii) preparation of MCs and determination of
admixture requirement for constant consistency, and (iii)
determination of mechanical properties.

2.1. Materials

An ASTM Type I cement (CEM I 42.5) and three types
of micro-aggregates at nine different PSDs were used. A
high purity and fine non-densified silica fume was also
employed. PSD of cement by LASER Diffraction Scatter-
ing (LDS) Analysis is plotted in Fig. 1. It was not possible
to determine the PSD of silica fume. An example of theo-
retical calculated PSD of silica fume based on assumptions
(particle size distribution is supposed to be bilinear) given
by Larrard and Sedran [12] is also plotted in Fig. 1.
Micro-aggregates at different PSDs were prepared by
grinding. Each micro-aggregate has been described by a
two-component code designation: the letters reflecting
micro-aggregate type as quartz (Q), limestone (L) and river
sand (R), followed by the lowercase letters (c), (m) and (f)
reflecting coarse, medium and fine grinding, respectively.
Detailed characterization of micro-aggregates will be pre-
sented in the subsequent section. The chemical analyses
of cement, silica fume and micro-aggregates are given in
Table 1.
A polycarboxylate type high-range water reducing
admixture complying with the ASTM C 494 (Type F) spec-
ification [21] was used in all mixes. The solid content, pH
and specific gravity of admixture were 35.7%, 6.5% and
1.11%, respectively.

2.2. Characterization of micro-aggregates

2.2.1. PSD and fineness index concept

In this study PSDs of micro-aggregates were tested at
Malvern model laser particle size analyser by using the
Laser Diffraction Scattering Method (LDS) [22–24]. The
PSDs of micro-aggregates of quartz, river sand and lime-
stone are plotted in Fig. 2a–c, respectively. PSD is not a
sole number that can be used for mix proportioning design
of MC. The concept of ‘‘Fineness Index (FI)’’ containing
both surface area and volume parameters in its structure
can be used for mixture proportioning of MC. ‘‘Fineness
Index (FI)’’ of micro-aggregates were calculated by using
the results derived from PSD tests. The theoretical surface
to-volume ratio of each definite average particle size (300,
250, 200, 150, 120, 90, 80, 70, 60, 50, 40, 30, 20, 10 and
5 lm) is multiplied by the passing percentages of each
definite average particle size and the sum is called FI:

FI ðlm2=lm3Þ ¼
X300

idefinite¼5

Aidefinite

V idefinite

pidefinite

where i is the average particle size of the selected particle
diameter interval, Ai is the single surface area of definite



Fig. 2. Theoretical particle size distribution of micro-aggregates. (From
LDS analyses, assuming all particles are spherical.)
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average particle size of i, Vi is the single volume of definite
average particle size of i, pi is the cumulative passing per-
centage of definite average particle size of i. FI can also
be described as cumulative surface area of unit volume of
Table 2
Fineness index (FI) of micro-aggregates

Quartz
fine

Quartz
medium

Quartz
coarse

River sand
fine

Ri
me

Qf Qm Qc Rf Rm

Fineness index
(lm2/lm3)

61.33 21.08 12.16 41.71 17.
particles of all selected theoretical average particle sizes.
The calculated FI of micro-aggregates are listed in Table 2.
2.2.2. Particle shape and surface texture characterization

of micro-aggregates from SEM images

The fine and coarse ground micro-aggregates of each
type were examined by using SEM images. Secondary
electron images were captured. The same amounts of
micro-aggregates were poured and the same gently pressing
procedure has been applied on to the carbon band. After
sample preparation, SEM images of each type of micro-
aggregates were captured at both low (30·) and high
(250·) magnifications. The maximum areas of captured
images were approximately 12.8 mm2 and 0.16 mm2 at
low and high magnifications, respectively. Representative
images of high (250·) magnifications were selected and
are presented in Figs. 3–5. It should be noted that in case
of low magnification, the concentration of micro-aggre-
gates varies from place to place. By grinding this situation
is more valid for micro-aggregates of river sand and lime-
stone, while a more homogeneous dispersion was obtained
from the micro-aggregates of quartz. Note that the
ungrounded raw condition of micro-aggregates of quartz
is presented in Fig. 3a for comparison purpose. This very
coarse quartz was not used in mortar production stage.
The heterogeneous distribution of some micro-aggregates
brought an important problem related with image analysis:
the variability may significantly change the values of
measured parameters of micro-aggregates depending on
their concentration. To overcome this problem the image
analysis was based on specific area fraction model. In this
model the first operation was the determination of the
2D area fraction of particles on the surface area of each
image. The modified version of the proposed method by
Wong et al. [25] was used and the critical point of each
image was determined by using ‘‘cumulative threshold
area’’ method. In that study, the area fraction of pores
(dark grey to black regions) was being selected from
backscattered electron images. In the case of this study,
the target area is the 2D projective surface area of micro-
aggregate particles (light grey to white) on secondary elec-
tron images captured by SEM. After the determination of
2D area fraction of the particles, second step was the
employment of a traditionally used image analysis com-
mand (trace contour) to detect the particle shape, angular-
ity and surface morphology differences of each micro-
aggregate. Trace contour command as a specific edge con-
tour detection method [26,27] was found to be the best
ver sand
dium

River sand
coarse

Limestone
fine

Limestone
medium

Limestone
coarse

Rc Lf Lm Lc

20 12.44 62.80 28.75 18.27



Fig. 3. SEM images of micro-aggregates of quartz sands: (a) Qng, (b) Qc,
and (c) Qf.

Fig. 4. SEM images of micro-aggregates of river sand: (a) Rc and (b) Rf.
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method to determine the particle characteristics, particu-
larly shape, surface porosity and roughness. Finally the
results derived from these analyses were normalised by
using the area fractions of each image. These ‘‘specific
micro-shape and surface texture’’ values are presented in
Fig. 6.
Fig. 5. SEM images of micro-aggregates of limestone: (a) Lc and (b) Lf.
2.3. Mix proportioning, curing, preparation and testing

of specimens

Micro-concrete mixtures were designed by targeting the
same consistency at the same W/C ratio (0.46). Consistency
tests were conducted according to ASTM C187 [28] and
flow values were kept constant (125–135 mm) by changing
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Fig. 6. ‘‘Specific micro-shape and surface texture’’ values of SEM images of micro-aggregates.

Table 3
Mixture proportions of micro-concretes (kg/m3)

Materials MC-Qc MC-Qm MC-Qf MC-Rc MC-Rm MC-Rf MC-Lc MC-Lm MC-Lf

Micro-aggregates

Portland cement 651 652 658 663 663 661 652 652 652
Silica fume 130 130 132 133 133 132 130 131 130
Water 298 298 301 303 303 302 298 300 298
Fine ground – – 1127 – – 1134 – – 1117
Medium ground – 1117 – – 1137 – – 1125 –
Coarse ground 1116 – – 1137 – – 1118 –
Admixture 4.7 7.8 10.5 3.2 7.0 9.5 7.0 10.8 13.3

Total 2200 2204 2228 2239 2242 2240 2205 2218 2210
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the admixture dosages. The mix proportioning was based
on theoretically filling one cubic meter of volume, like con-
ventional concrete. However, the aggregate phase was
reduced due to the extremely high surface area of micro-
aggregate particles. At the same time, binder phase (includ-
ing silica fume) was increased. The aims of using silica
fume can be listed as follows: to enhance the particle pack-
ing of the system and due to its pozzolanic reactivity to
improve the mechanical properties of MC. Pre-trials were
conducted to determine the appropriate binder content to
maintain the targeted high strength values (>60 MPa).
Details of selected MC mix proportions are given in
Table 3. The volumetric micro-aggregate content was
kept constant for all micro-aggregate types. Slight differ-
ences of weights between concrete mixture ingredients
were originated from the different specific weights of
micro-aggregates. The same mixing sequence was replied
for all mixtures. Prismatic samples of 40*40*160 mm were
moulded and compacted on a vibration table. A total of
five series (including nine samples for each of the batches)
were prepared. All samples were moist cured by immersing
them in lime-saturated water until the testing ages of 1, 7,
28 days. The flexural and compressive strengths of
specimens were determined by using TS EN 196-1 standard
[29].
3. Results and discussion

3.1. Effects of FI, micro-shape and surface texture of

micro-aggregates on admixture requirement of

MCs at constant consistency

FI ‘‘a sole number as an indication of PSD change’’ can
be used in the determination of admixture demand of MCs.
It is valid that, as the FI increases, the micro-aggregates
become finer. The admixture requirements of MCs pre-
pared with micro-aggregates at different finenesses are plot-
ted in Fig. 7. There was a good logarithmic relationship
between FI and admixture requirement to obtain constant
workability. Note that in cases of limestone and river sand
micro-aggregates (Figs. 7b and 7c), the increasing tendency
of logarithmic curves by increasing FI was more significant
than the quartz originated one (Fig. 7a). The comparison
of admixture requirements of MCs at constant fineness
index (for example, 40 lm2/lm3) can be more useful to
compare the performance of micro-aggregate types. The
admixture requirements of MCs prepared with micro-
aggregates of quartz, river sand and limestone at constant
FI were 9.1, 9.6 and 11.5 l/m3, respectively.

As a first approximation, FI can be used to calculate the
admixture requirement of different types of micro-aggre-



Fig. 7. Relationship between fineness index and admixture requirement
for a constant consistency ((a) Q – quartz, (b) R – river sand and (c) L –
limestone).
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Fig. 8. Relationship between ‘‘specific micro-shape and surface texture’’
value and admixture demand .
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gates incorporated mixes. However, it must be kept in
mind that when micro-aggregates from different origins
were employed, the correlation may reduce due to the
assumption of equivalent sphericality and surface texture
differences of micro-aggregates. Micro-aggregates from dif-
ferent sources may have angular surface and needle like or
rectangular shape rather than spherical and/or may have
rough and porous surface texture. In order to verify this
situation, the admixture demands of MC’s at constant FI
(40 lm2/lm3) were compared with micro-shape and surface
characteristics of micro-aggregates particles. For this pur-
pose the ‘‘specific micro-shape and surface texture’’ values
previously calculated by using image analysis methods were
plotted against admixture demand (Fig. 8). High correla-
tion coefficients were derived due to the improved reflec-
tance of surface characteristics by using ‘‘specific micro-
shape and surface texture’’ values. As a result it was pro-
posed that admixture demand is not solely related with
the PSD, also particle micro-shape and surface characteris-
tics are important. A better approximation can be obtained
by taking the micro-surface characteristics into account.
3.2. Role of high-range water reducing admixture with

respect to micro-aggregate characteristics

3.2.1. Surface charge of cement and micro-aggregate

particles

Various kinds of forces coexist in cement, micro-aggre-
gates suspension. There are forces of colloidal origin that
arise from mutual interactions between particles, and are
affected by the polarizability of water. When the van der
Waals attraction between cement grains and the electro-
static attraction between unlike charges on the surface of
particles are dominant, the net result is an attraction, and
the particles tend to flocculate.

In case of micro-aggregates of limestone origin and par-
tially river sand, the increase in fineness index resulted with
coagulation of particles even in the absence of water. This
situation can be observed from the SEM images of micro-
aggregates presented in Figs. 4b and 5b where local coagu-
lation of particles can be identified. If particles also tend to
flocculate at dry state, they may also be susceptible to floc-
culate when contact with water.

However, in the presence of polymeric or surfactant
materials on the surface of cement grains and micro-aggre-
gate particles, the net result is repulsion and the particles
remain separate. In this respect, the fine ground material
can influence the electrostatic forces depending on its min-
eralogical nature and the state of its particle surface
charges. Because colloidal forces depend also on the aver-
age distance between nearest neighbour particles, the inter-
position of finer grains between cement particles may affect
their electrostatic attraction and thus their flocculated
structure. Note that the effectiveness of admixture also
depends on mixing sequence and nature of particle
characteristics.
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3.2.2. Effects of PSD, shape and surface texture

Broader particle-size ranges were obtained as the FI
increased. Theoretically, micro-aggregates with high FI
have a higher maximum particle packing possibility
because the finer particles may easily fit into the gaps
between the coarser particles. Note that, it is not enough
to broaden the PSD to obtain maximum particle packing.
Other parameters like shape and surface texture should
be taken into consideration.

Any deviation from a spherical shape implies an increase
in viscosity for the same phase volume. For example, car-
bonate powder (a precipitated powder) is known to have
a shape that is very close to a perfect sphere while the other
powders will differ more from the spherical shape and this
may affect the rheology. Thus, in the presence of fluidifiers
the finer and the more spherical is the filler, the better are
the rheological properties. However, the above-mentioned
opinions did not take surface texture differences into
account. In this study, if Figs. 3–5 are observed, it can be
realized that micro-aggregates of quartz have more angular
shape when compared to limestone at the similar PSD.
However, the surface porosity of micro-aggregates of lime-
stone was extremely higher than that of quartz both at fine
and coarse PSDs. From the viewpoint of admixture
demand, one can claim that high amounts of admixture
should be required for MC prepared with micro-aggregates
of quartz due to its angular shape.

On the other hand, high amounts of admixture should
also be required for MC prepared with micro-aggregates
of limestone due to its high surface porosity. The net result
of admixture demand at constant FI showed that the sur-
face texture properties were more dominant in the determi-
nation of admixture requirement when micro-aggregates of
limestone and quartz were compared. Highly porous sur-
face area increased the admixture absorption capacity of
micro-aggregates of fine ground limestone, and the free
(effective) admixture content was reduced. In this case, to
obtain the same consistency higher admixture content
was required.

Fine ground limestone materials can also have negative
efficiencies in the adsorption of HRWR admixtures due to
their physico-chemical interaction with water. They can
introduce soluble calcium ions that may neutralize the
chemical activation of HRWR admixtures and affect the
kinetics of the hydration reaction, possibly the nucleation
of hydration products at initial periods of mixing. All these
effects may increase the admixture demand of MC to
obtain the targeted consistency. On the other hand, the
micro-aggregates of quartz accepted to be inert in the
initial periods of mixing.

3.3. Mechanical performance

Test results of the effects of micro-aggregate types and
PSD on the compressive strength of MC are presented in
Fig. 9. When the micro-aggregates of quartz were focused
(Fig. 9a), it was observed that the increase in FI did not
cause any significant compressive strength increase. This
can be attributed to the surface texture of micro-aggregates
of quartz. As can be observed from SEM images (Fig. 5)
while grinding reduced the sizes of the particles, the surface
textures were partially roughened. The increase in surface
area was not enough to obtain higher compressive strength
values. Cracking due to grinding usually results with smal-
ler particles whose surface textures partially preserve their
smooth surface structure. On the other hand, the 28 days
compressive strength results of all mortars prepared with
micro-aggregates of limestone were significantly higher
than those prepared with micro-aggregates of quartz
(Fig. 9c). If SEM images of limestone-based micro-aggre-
gates are investigated, the higher surface porosity can easily
be identified when compared to quartz at the similar PSD
(Figs. 3 and 5). The mechanical interlocking capacity
between particle and matrix phase, which improves the
mechanical performance of transition zone, can directly
be related with compressive strength. Poorer mechanical
interlocking can be expected in the case of micro-aggregate
of quartz.

On the other hand, flexural test results presented in
Fig. 10 showed that there is a tendency of decrease in flex-
ural strength when the particle size of micro-aggregates
became coarser. Except micro-aggregates of highest fine-
ness index (Qf, Rf and Lf), flexural strength changes with
respect to micro-aggregate type were comparatively simi-
lar. A significant flexural strength difference was observed
between MCs prepared with fine ground micro-aggregates
of limestone (Lf) and quartz (Qf). Despite its high compres-
sive strength, the flexural strength of MCs prepared with Lf
was lower compared to the MCs prepared with Qf. The
unexpected low flexural strength of MCs prepared with
Lf can be attributed to the random particle coagulation
susceptibility of limestone particles. As mentioned before
limestone particles (if finely ground) had a tendency to
coagulate (Fig. 5). Note that the local coagulation of these
particles may entrap very small capillary pores if the visco-
sity of matrix phase is high or inadequate mixing was
applied. This may increase the local micro-entrapped air
content of matrix phase, which results with a more hetero-
geneous concrete network. In case of application of com-
pressive stress, these micro-pores will tend to close with
time due to the increased compressive strain and will have
no negative influence on compressive strength. On the
other hand, the mode of collapse is extremely different in
case of flexure stress. The randomly distributed micro-
porosity accumulations as the weakest chains of the link
at cross-section may play a significant role in the determi-
nation of flexural strength. Note that in case of micro-
aggregates of quartz, there is no evidence of coagulation
(Fig. 3). As a result more homogenously dispersed micro-
pore system can be obtained. In this study, the mixing time
was kept constant for all mixtures. It seems that this time
might not be enough to disturb the local coagulation of
limestone particles even in the presence of higher amounts
of HRWR admixture. As a general statement it can be



Fig. 10. Flexural strengths of MC specimens.

Fig. 9. Relationship between fineness index and compressive strength of MC mixes.
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interpreted that mixing time should be increased to guaran-
tee the homogeneous dispersion of fine ground micro-
aggregates of limestone in order to obtain higher flexural
strength values.
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4. Conclusions

The first step of mixture proportioning of MC is the
characterization of micro-aggregates. In addition to SEM
images supported by digital analysis methods, the concept
of ‘‘Fineness Index’’ containing both surface area and
volume parameters in itself can be used for the characteri-
zation of micro-aggregates. The comparison of different
micro-aggregates can give valuable information to design-
ers for both in determination of fresh properties (admixture
demand to obtain constant consistency) and in predicting
mechanical performance. The main conclusions derived
from this study are divided into two parts:

1. The surface porosity of micro-aggregates of limestone
was extremely higher than quartz both at fine and coarse
PSDs. The net result of admixture demand comparisons
at constant FI showed that the surface texture properties
were more dominant in determination of admixture
requirement when micro-aggregates of limestone and
quartz were compared.

2. In the case of extremely ground limestone and quartz
(Lf and Qf), the effect of micro-aggregate type on com-
pressive strength was not parallel to the effect of flexural
strength. This can be attributed to the possible coagula-
tion of fine ground limestone due to the different surface
roughness compared to quartz in fresh MC system.
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