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This paper presents a study on the use of limestone fillers with different specific surface area and their effect
on the fresh and hardened properties of self-compacting concrete (SCC). The surface area was determined by
a simplified BET method using water vapour as adsorbate. A rheometer and a slump flow test were used to

measure the flowability of fresh concrete. A concrete dilatometer was used to measure the autogenous

shrinkage, and a ring-test for the plastic cracking tendency. The compressive strength was determined at

K ds: .
c?r/lvcvroertes 28 days. It was found that the measure of BET(H,0)-area can be used to evaluate the water requirement for
Filler constant workability of the SCC, where a change in BET(H,0)-area of 1000 m?/kg corresponds to approxi-
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mately 0.8% in moisture content. The results showed that filler with a large area will result in an increased
autogenous shrinkage, decreased evaporation, lower plastic cracking tendency, and a higher compressive
strength. With additional water the results was the opposite.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Ground limestone has been used in concrete production for the last
25 years [1], not only for the main purposes of lowering the costs and
environmental load of cement production, but also to increase the
concrete durability. More recently ground limestone is also used as a
filler material to improve the workability and stability of fresh con-
crete. For a high flowable concrete, such as self-compacting concrete
(SCC), limestone filler is added to increase the packing of the granular
skeleton, bind (physically) excess water and increase the volume of
the continuous phase of lubricating paste. SCC has to possess two
incompatible properties: high flowability and high segregation
resistance. This balance is made possible by the dispersing effect of
high-range water-reducing admixture (superplasticizer) combined
with cohesiveness of high concentration of fine particles in additional
filler material [2]. The main mechanisms controlling this fine balance
are related to surface physics and chemistry; hence SCC is strongly
dependent on surface activity of the admixtures together with the
high specific surface area generated by the fines [3]. A consequence of
the high concentration of powder material and the retarding effect of
superplasticizer, the concrete may develop a large autogenous
shrinkage and plastic cracking tendency [4]. At early age, when the
cement paste is young and has poorly developed mechanical proper-
ties, evaporation and autogenous shrinkage, both incorporated in the
plastic shrinkage, are the two main driving forces for cracking. When
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the concrete dries out, the loss of water from the paste generates
negative capillary pressure, causing the paste to contract, which in
turn can lead to cracks [5]. These contracting capillary forces are in
reverse proportional to the meniscus radius, and hence the capillary
tension stresses increase with decreasing pore sizes and interparticle
spaces. For a concrete where evaporation is prevented, a contracting
negative capillary pressure will also develop, but only when the
hydration commences and the concrete sets [6]. As long as the
concrete is fluid, autogenous shrinkage is generally considered to be
equal to the chemical shrinkage; but once the self-supporting skeleton
starts to form, the autogenous will diverge from the chemical [7,8].
The setting will be manifested as a change of the slope of the
autogenous deformation, and once the internal voids are created the
development of capillary pore underpressure in the skeletal structure
will cause an external deformation [9]. The pattern of autogenous
deformation, exampled in Fig. 1, comprises three distinct stages which
can be defined as plastic, semiplastic and rigid, separated by the time
to initial and final set [9,10].

The physical nature of better packing, by addition of filler material,
will not only govern the concrete flowability, but also the compressive
strength due to the denser matrix and the better dispersion of cement
grains [12-15]. Furthermore, the surfaces of the filler material will act
as nucleation sites for the early reaction products of CH and CSH,
which will accelerate the hydration of cement clinkers (especially C3S)
and consequently increase the early age compressive strength [16-19].
The effect of nucleation on the strength is dependent on the filler's
affinity to cement hydrates, and it increases with fineness and specific
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Fig. 1. Typical early-age linear autogenous deformation and corresponding develop-
ment of temperature and capillary pore pressure (based on measures of a SCC w/c 0.45,
from [11]).

surface area of the filler. Limestone filler is not pozzolan, but nor fully
inert as it reacts with the alumina phases of the cement. If the cement
has a significant amount of tricalcium aluminate (C3A), calcium
carboaluminate will be produced from the reaction between calcium
carbonate (CaCO3) from the limestone and the C3A [20-26]. This
reaction, accelerating the hydration and increasing the compressive
strength, increases with the CzA content of the cement and the
fineness and specific surface area of the filler.

Since the ratio of surface area to volume increases exponentially
with particle irregularity (shape, texture and porosity) and decreased
size, and as this area has a predominating effect on fresh and hardened
concrete [27-30], quantification of geometrical properties of fillers
and fines is essential. Powder material (filler, cement, etc.) is
traditionally characterized by the size distribution and the specific
surface area by Blaine fineness. Due to the methodology where the
specific surface area is determined from air permeability, based on
packed spherical particles, information about the shape, texture and
surface porosity is neglected [27,31]. Other possibly more correct
methods, such as the BET with nitrogen gas and image analysis, are
more seldom used due to their complexity and costs.

In this work, the effect of the specific surface area of different
limestone fillers on the fresh and hardened properties of self-
compacting concrete (SCC) has been experimentally evaluated. The
investigated properties were rheology, autogenous deformation,
plastic cracking tendency and compressive strength. The surface
area was determined by a simplified BET method, using water vapour
as adsorbate. The change in BET(H,0)-area was translated to a change
in water demand for the concrete mix to maintain a constant
workability, based on the assumption that 30 full molecular layers
of water covering the particle surface are required to decrease
interactions and provide sufficient lubrication for flowability.

2. Materials and mix design

The mix design and its constituents, as used in this study, comprise
typical materials and compositions for self-compacting concrete with
w/c0.55 in Sweden. The cement was a type CEM I[I/A-LL 42.5R, the fine
aggregate a 0-8 mm natural pit gravel, the coarse aggregate a 8-16 mm
crushed granite stone and the superplasticizer a polycarboxylate
ether-based type. Five ground limestone fillers, with similar chemical
composition but different size distributions and specific surface areas,
were used. The area was determined by BET(H,0); A simplified
method, based on the BET theory [32], where the area was determined
gravimetrically on conditioned samples at different relative humidities
and deduced from the adsorbed volume of water molecules required to
cover and form a monolayer on the surface of the sample [27,33-36].
The measured BET(H,0)-area (Sgerh20), the area by Blaine (Spjaine) and
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Fig. 2. The five limestone fillers' specific surface area by BET(H,0) and by Blaine, and
calculated from size distribution.

the calculated area from size distribution (Ssi,e) [33,36] for the five
limestone fillers are given in Fig. 2. The size distribution, measured
with a Malvern laser diffraction instrument, is presented in Fig. 3. The
limestone filler named L40 has the smallest BET-area, and is used as a
reference. It can be noted that the filler named L70 is the coarsest, but
has the largest BET-area.

The BET(H,0)-area for the gravel is ~2800 m?/kg, and the BET(N,)-
area for the cement is ~2000 m?/kg. For cement the BET(H,0) method
is not valid. Due to the differences in size and polarity of the water and
nitrogen molecule the area by BET(H,0) is larger than by BET(N) [36].
With a linear relationship of 1.55 [11], the BET(H,0)-area for the
cement can be estimated to 3100 m?/kg.

Corresponding mixtures were made without the presence of
cement, in order to evaluate the effect (if any) of fillers' surface area on
the autogenous deformation without influence of chemical shrinkage.
The cement content (340 kg/m?) was replaced with an equal volume
of limestone filler (i.e. filler content increased from 160 to 458 kg/m?>),
whereas the other constituents was kept constant.

Finally, mixtures were made with additional water, compensating
for the fillers' differences in BET(H,O)-area in order to regain constant
flowability. A model was used where 30 molecular layers of water
covering the particle surface are required to decrease interactions and
provide lubrication sufficient to create flowability [27]. An increase in
BET(H,0)-area of 1000 m?/kg corresponds to a need for additional
water of ~0.8% by mass of filler (or gravel) content for constant
flowability. In Table 1 the changes in mixing water due to differences
in specific area of limestone filler, using L40 as reference, are given.
The fillers were selected due to their difference in size distribution, not
BET-area. As G200 provided similar area as L40, the compensation in
mixing mater was rather limited for G200 mix.

The concrete was prepared in batches of 40 1, and mixed in a BHS-
60 twin-shaft paddle mixer for 4 min after water was added to the

100
L15
80 1 G100
- L40(ref)
2. 60 G200 —=—L40
% 40 ——L15
@ ——L70
= 20 —-— G100
—— G200
01 T T |
0.002 0.004 0.008 0.016 0.032 0.063 0.125 025 05

Size [mm]

Fig. 3. Size distributions for the five limestone fillers'.
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Table 1
Mixing water, in litre/m?, with compensations for the differences in specific surface area
of limestone fillers

L40 (ref) L15 L70 G100 G200
187.00 187.68 192.89 187.12 187.02
(+0.68) (+5.89) (+012) (+0.02)

The L40 with the smallest BET-area is used as reference.

premixed dry materials. The admixtures were added directly after the
water.

3. Experimental methods
3.1. Flowability test methods

A slump flow test was carried out by using a traditional slump cone
(EN 12350-2), measuring the spread flow diameter (average from two
perpendicular directions).

Concrete rheology measurements were performed using a ConTec
Visco5 with a rotating concentric setup at a controlled shear rate ().
The experimental geometry and measuring sequence are illustrated in
Fig. 4. The rheological parameters, plastic viscosity (np) and yield
stress (0p), were evaluated in accordance with the Bingham model:

O_:UO+'Y'npl (1)

Both slump flow and the rheology test were performed at 7 and
60 min after adding water to mix.

3.2. Autogenous deformation test method

The autogenous linear deformation was monitored by a concrete
digital dilatometer (CDD), able to measure before setting when
concrete is fresh [11]. The method is a modification of the CT1
dilatometer for pastes and mortars by Jensen and Hansen [37]. The
CDD setup consists of a concrete specimen cast in a steel coil-
reinforced vapour-proof flexible PE-tube with tight end-caps, a
measuring rig in stainless steel, and a digital gauge (3 pm accuracy)
recording the unrestrained linear deformation; see Fig. 5. The test,
containing three complete CDD setups, was performed at 20+1 °C,
and was started at 30 min from water addition.

Due to greater stiffness in the radial than in the longitudinal
direction of the mould, in fluid state, the flexible mould transforms a
large part of the volumetric deformation into a linear deformation. As
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Fig. 4. The ConTec Visco5 geometry, and the measuring sequence for the Bingham
evaluation and segregation estimation (from [27]).
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Fig. 5. The concrete digital dilatometer (CDD) for linear autogenous deformation
measurement (from [11]).
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the concrete undergoes transition from a fluid to a rigid state, the
deformation becomes isotropic. Based on empirical evaluation, the
ratio between linear and volumetric deformation for a liquid is ap-
proximately 0.8 [38]. No correction for this was made as the setting
point is not a well-defined physical state but rather a continuous
transformation from liquid to a solid state.

The experiments were supplemented with measurements of
temperature and pore pressure placed in the centre of the core. The
pressure transducers were connected to a de-aired water-filled system
with a needle (internal diameter of 0.4 mm and 50 mm length).

3.3. Ring-test method for plastic shrinkage cracking

The plastic cracking tendency of concrete at early ages exposed to
drying was evaluated, using a modified ring-test method [11],
originally developed by Johansen and Dahl [39]. In the test, the
fresh concrete is cast between two concentric steel rings and then
exposed to drying; see Fig. 6. The measurement was started at 60 min
after water addition, and the sample was exposed to an air velocity of
4.5 m/s with 2312 °C and 35+5% RH. Temperature, pore pressure and
weight loss (evaporation) in the concrete specimens, and the strain in
the inner ring, were continuously recorded. After 20 h of drying the
crack index was measured as the average (of three specimens) total
crack area (crack lengthxcrack width) on the concrete surface. The
crack width was measured with a crack microscope, and the length
with a digital measuring wheel.

3.4. Compressive strength test

Compressive strength was measured on 150 mm cubes after
28 days, in accordance with EN 12390-1,-2 and -3. All presented values
of compressive strength (f.) are normalized to a porosity of 4%. Due to
the differences in limestone fillers' BET-area the flowability was not
consistent between the mixtures; hence also the air content was not
equal. A series of corresponding mixes with different air content, in
the range of 0-5%, were made in order to evaluate the effect of air
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o

? Steel rings (@300/600) Sample

Fan Base plate (steel
@ Air funnel

Air velocity

@ 300 mm
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Fig. 6. The ring-test method for evaluation of plastic shrinkage crack tendency (from

(11]).
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content (porosity) on the compressive strength. This was made in
accordance with the general equation for ceramic materials [40]:

fe=feo-€-P )

The air content (i.e. porosity), P, was determined by the measured
density in fresh and hardened states (according to EN 12350-6 and
EN 12390-7), together with the measured air content by pressure test
(EN 12350-7). The compressive strength “without” pores, f,, was
55.0 MPa for the concrete de-aired in a vacuum desiccator for 30 min
before moulding. The constant k was empirically evaluated to 6.5.

4. Results and discussion

All test results are represented by a mean value based on two or
more tests. For more details see [41,42].

4.1. Flowability

The results from the concrete flowability measurements (slump
flow, yield stress and plastic viscosity) are presented in Fig. 7.

The results shows that the limestone filler BET(H,0)-area have a
strong influence on the SCC flowability. The larger area, the higher
yield stress and viscosity, and consequently the lower slump flow. The
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Fig. 7. Limestone fillers BET(H,0)-area vs. slump flow, yield stress and plastic viscosity
for the SCC mixtures (at 7 and 60 min), and a suggested linear tendency.
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Fig. 8. Autogenous deformation for the SCC with different limestone fillers (from [42]).

loss in flowability by time is significant regarding slump flow and yield
stress, and increases with BET(H,O)-area, whereas the change in
viscosity by time is small.

Furthermore, results indicated that the differences in BET(H,0)-
area can be compensated for with a calculated change in water
content in order to regain constant flowability. All mixtures with
additional water showed nearly the same rheological measures as the
reference mix with “L40”. At 7 min the slump flow for the reference
SCC (L40) and the mixtures with additional water was 595+5 mm, the
yield stress 71+ 12 Pa, and the viscosity 35+ 2 Pa s. The deviations were
similar for the measures at 60 min. The results are presented in [41],
and also confirmed by similar tests with natural gravel with different
BET-area.

The specific area by Blaine and from size distribution (see Fig. 2)
showed a poor correlation with the flowability, which can be
explained by the differences in size distribution (see Fig. 3). Thus,
despite that “L70” is coarse, it generates a larger specific area and
thereby a stiffer consistency, and has a larger water demand. This
might be explained by the filler's geological origin and age, where
“L70” has a rougher and more porous particle surface.

4.2. Autogenous deformation

The results (from [42]) of the autogenous deformation measure-
ments are presented in Fig. 8, and the evaluated rate of deformation in
Fig. 9. As can be observed, increased surface area by BET(H,0)
increased both the magnitude and rate of shrinkage, primarily in the
plastic region. The time to initial and final set were 6.1 and 11.6 h from
mix respectively. The time of set is where the rate of autogenous
deformation reaches a minimum, see Fig. 1. The differences in BET-area
had almost no effect on times to set (shorter than +0.1 h). This was
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Fig. 9. The limestone filler's BET(H,0)-area and the evaluated rate of autogenous
deformation from autogenous deformation in the plastic and semiplastic period, and a
suggested linear tendency.
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Fig. 10. Development of capillary pore pressure during the first 12 h from water addition
(from [42]).

confirmed by the measured temperature development, showing
almost no differences.

Previous tests show that increased water content decreases the
rate and magnitude of autogenous deformation, without affecting the
time to set, which is equivalent to the effect of decreased particle
surface area [11].

Furthermore, Fig. 10 shows the development of the measured pore
pressure, and Fig. 11 the evaluated maximum rate of pore pressure
which occurred at 7-8 h from mixing [42]. The point of maximum
underpressure could not be evaluated due to the loss of pressure at
random times. This effect is usually referred to as the breakthrough
pressure [5]. It can be noted that the rate of pore pressure, and rate and
magnitude of autogenous deformation, showed to correlate with the
limestone fillers’ BET(H,0)-area.

The results of the measured “autogenous” deformation for the
mixtures without cement (same composition, but cement is replaced
with equal-volume limestone filler) are presented in Fig. 12. There was
no separation observed, thus no cement was present, and the
consistencies were similar to the corresponding SCC mixtures.

The hydration process (generating chemical shrinkage) is generally
considered to be the driving force of autogenous deformation; hence
the term “autogenous” in this case might be incorrect. Even though no
cement is present, the mixes generated an “autogenous” shrinkage of
approximately 0.8 mm/m at 24 h, counted after an initial swelling up
to 4 h. This is the same magnitude as for the mixes with cement, but
those generated no swelling and almost all shrinkage before final set.
At 48 h, the development of shrinkage levels out. It ought to be noted
that the effect of differences in surface area is augmented, as the
content of limestone filler is larger relative to the SCC mixtures (i.e.
458 instead of 160 kg/m?). The results indicate that larger BET(H,0)-
area increases the deformation (both swelling and shrinkage). The
expansion can be explained by water being absorbed by the filler (and
aggregate) and by the disjoining pressure, i.e. the adsorption of water
molecules in locations where the distance between two surfaces is
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Fig. 11. The limestone filler's BET(H,0)-area and the evaluated maximum rate of pore
pressure (at 7-8 h from mixing), and a suggested linear tendency.
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Fig. 12. Sealed (“autogenous”) deformation for the mixtures where the cement was
replaced with equal-volume filler (from [42]).

restricted, inducing pressure and expansion [43]. Once lack of water
occurs, this causes a restraining matrix of particles, and there will be
pores with meniscus-generated capillary tension and thereby a
contraction [44].

4.3. Plastic shrinkage cracking

A representative measure (from [42]) showing the relationship
between the development of strain, temperature, and pore pressure
(at 20 and 60 mm depth) for one of the concretes exposed to drying is
shown in Fig. 13. As can be seen, the pore pressure develops more
rapidly in comparison with the sealed samples, in Fig. 10. The maxi-
mum underpressure is reached at 5-6 h from mix, with approximately
30 min between the two depths. The measured strains indicate that
cracking was initiated at 3-4 h from mixing [42]. The average crack
area is presented in Fig. 14, where it can be seen that the crack
tendency is lower for concrete incorporating filler with a high BET
(H,0)-area, and that, when adding extra water to compensate for the
loss in flowability, the crack tendency increased significantly. With an
assumed linear relationship, an increase in filler's BET(H,0)-area of
1000 m?/kg results in ~20% less cracking tendency.

The differences in crack tendency are most likely a consequence
mainly of evaporation, which is verified by the initial rate of measured
evaporation (up to 4 h from mix, before initial setting) in Fig. 15. A
large particle surface area lowers the evaporation, whereas extra
water increases the evaporation.

4.4. Compressive strength

The results (from [41]) of the measured compressive strength are
presented in Fig. 16. Due to the differences in air content, the
presented values are adjusted to an equal porosity of 4%, in accordance
with Eq. (2). All test results are represented by a mean value based on
two or more mixtures.

Max

Pore pressure (low)
Pore pregsure (high
Evaporation
Temperature,
Strain
Ini1iql crack

Min
0 5 10 15 20
Time (from mix) [hour]

Fig. 13. Development of pore pressure, evaporation, temperature and strain (normalized
against maximum values), for the SCC with limestone filler L40 (from [42]).
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Fig. 14. The limestone filler's BET(H,0)-area and the plastic shrinkage crack area,
without and with extra water compensating for the differences in BET-area (“L40” as
reference), and a suggested linear tendency.

As can be observed, the compressive strength increased with BET
(Hy0)-area of the filler. For the mixtures with additional water,
compensating for the loss in flowability, the effect was the opposite.
The increased strength with particle surface area can be attributed to
the filler effect (denser packing and accelerated hydration due to
nucleation [12-19]). But as the filler with the largest area (“L70") also
was the coarsest, the increased strength can also be attributed to the
filler's porosity increasing its absorption of water and consequently
reducing the effective water/cement ratio. With an assumed linear
relationship, a change in BET(H,0)-area by 1000 m?/kg correspond to
~0.15 MPa in compressive strength for a SCC with 160 kg limestone
fillers (i.e. ~1 kPa/kg filler).

That not only the external surface (accessible to adsorption), but
the internal porosity (accessible to water absorption) is incorporated
in the BET-area is confirmed by the measured “autogenous”
deformation on the mixtures without cement (Fig. 12), where the
mixture with “L70” generated the largest shrinkage (and swelling).

5. Conclusions

This paper has presented an experimental investigation of the
effect of the specific surface area of five different commercial
limestone fillers and their influence on the fresh and hardened
properties of self-compacting concrete (SCC). The area was measured
with BET(H,0), a simplified BET method using water (moisture) as
adsorbate. Based on the experimental conditions and results in this
study, the following observations and conclusions were made:

o For better control and prediction of fresh and hardened concrete
behaviour, the specific surface area by BET is proposed as a
potential means of geometrical characterization for fillers.
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Fig. 15. Initial rate (<4 h from mix) of evaporation, without and with extra water added
to compensate for the BET(H,0)-area, and a suggested linear tendency.
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Fig. 16. The limestone filler's BET(H,0)-area and the SCC compressive strength
(28 days), both without and with the extra water added to compensate for the BET
(H,0)-area, and a suggested linear tendency.

o Coarser filler can provide larger surface BET-area than finer filler,
due to differences in surface texture and accessible porosity.

o Limestone filler with larger BET(H20)-area will decrease the SCC
flowability, increase the autogenous shrinkage, decrease the
evaporation and thus lower plastic cracking tendency, and generate
a higher compressive strength.

o An increase in BET(H20)-area of 1000 m?/kg corresponds to a
need for additional water of ~0.8% by mass of filler content for
constant flowability.

o For a SCC with 160 kg limestone filler, an increase in filler's BET
(H20)-area of 1000 m /kg results in a ~20% lower plastic cracking
tendency.

o With additional water for constant flowability, compensating for
the differences in the filler's BET(H20)-area, evaporation and plastic
cracking tendency was increased, and strength was reduced. The
effect of BET(H20)-area on the cracking tendency and strength,
with additional water, are in reverse ratio to the effect without
compensation.

o The mixtures where the cement was replaced with limestone filler
generated an “autogenous” shrinkage of ~0.8 mm/m at 24 h, counted
after an initial swelling up to 4 h. The magnitude of deformation
(both swelling and shrinkage) corresponded to the limestone filler's
BET(H20)-area.
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