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Based on an experimental programme, including autogenous shrinkage tests on concrete, ultrasonic
monitoring of fresh concrete, and mercury intrusion porosimetry, the influence of the filler type on the
autogenous shrinkage of self-compacting concrete has been investigated. The onset of percolating structure
formation (time zero) is influenced by the filler type due to a possible accelerating effect of the filler on the
cement hydration. Limestone filler accelerates the hydration process, and reduces time zero, while this is not
the case when using quartzite filler. Using fly ash, showing only a slight acceleration, a slight reduction of
time zero is obtained. A very significant swelling peak is noticed during the first day. This swelling peak is not
a measuring artefact, but is caused mainly by water absorption on the filler surface and resulting disjoining
pressure. Some part of the swelling peak might also be caused by Ca(OH)2 crystallisation. The fineness of the
filler is an important factor for this swelling behaviour, although also the nature of the filler seems to have an
influence. The superplasticiser also interacts with the fillers, influencing the swelling behaviour. The different
filler types used in this study did not lead to significant differences in critical pore diameter of the
microstructure. This might explain why no significant differences have been found in final autogenous
shrinkage values using the different filler types.
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1. Introduction

High-performance cementitious materials can be very prone to
early age cracking due to high autogenous shrinkage values.
Autogenous shrinkage is defined as the external-macroscopical
(bulk) dimensional reduction (volume or linear) of the cementitious
system, which occurs under sealed isothermal unrestrained condi-
tions [1]. The increased autogenous shrinkage is mainly related to the
low water/binder ratio. However, also the addition of fine powders
like silica fume and fly ash can have an important role [2,3].

Autogenous shrinkage is the result of the chemical shrinkage
occurring during the cement hydration process. In fluid state of the
cementitiousmaterial, the chemical shrinkage is totally converted into
autogenous shrinkage. As soon as the cementitious material shows a
percolating cluster of hydration products, the free chemical shrinkage
is obstructed, and the autogenous shrinkage deviates from the
chemical shrinkage [1,2]. In this stage, the autogenous shrinkage is
influenced by several mechanisms: changes in the surface tension of
the solid gel particles, disjoining pressure, and capillary tension [1].
The onset of cluster formation of the hydration products marks the
start of internal stress formation due to the autogenous shrinkage. The
determination of this particular percolation threshold is not straight-
forward, andmany approaches have been followed: based on the Vicat
needle test, based on strength development, based on development of
heat of hydration, based on ultrasonic testing of the fresh concrete,…
[4–7].

Self-compacting concrete (SCC) is a very fluid concrete showing
several advantages such as environmental, human, technological and
economical [8]. However, because of the particular composition, often
resulting inahigherfines content andahigherpastevolume, SCCcouldbe
more sensitive to cracking than traditionally vibrated concrete (TVC) [9].
Besides the effect of increased paste volume, the autogenous shrinkage is
also influencedby changes in the capillary networkdue to the presence of
mineral additions. The change in pore structure of capillaries induces a
change in magnitude of self-desiccation shrinkage [10].

In this paper, the effect of mineral filler type on the autogenous
shrinkage of powder-type self-compacting concrete is experimentally
investigated.

2. Materials and concrete compositions

Within the experimental programme, the behaviour of 7 self-
compacting concretes (SCC) has been studied, as listed in Table 1. The
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Table 1
Mix composition.

SCC20 SCC21 SCC22 SCC23 SCC24 SCC26 SCC27

River gravel 4/14 [kg/m³] 698 698 698 698 698 698 698
River sand 0/5 [kg/m³] 853 853 853 853 853 853 853
CEM I 52.5 R HES [kg/m³] 360 360 360 360 360 300 360
Limestone filler 1 [kg/m³] 240 – – – 240 300 240

[vol.%] 8.89 – – – 8.89 11.11 8.89
Limestone filler 2 [kg/m³] – 240 – – – – –

[vol.%] – 8.86 – – – – –

Quartzite filler [kg/m³] – – 240 – – – –

[vol.%] – – 9.09 – – – –

Fly ash [kg/m³] – – – 240 – – –

[vol.%] – – – 10.21 – – –

Water [l/m³] 165 165 165 165 165 165 198
Superplasticizer A [m% C] 1.25 1.39 1.39 1.88 – 1.25 0.69

[kg/m³] 4.50 5.00 5.00 6.75 – 3.75 2.50
Superplasticizer B [m% C] – – – – 1.39 – –

[kg/m³] – – – – 5.00 – –

W/C [–] 0.46 0.46 0.46 0.46 0.46 0.55 0.55
C/P [–] 0.6 0.6 0.6 0.6 0.6 0.5 0.6
W/P [–] 0.28 0.28 0.28 0.28 0.28 0.28 0.33
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self-compactability of the SCCmixes is obtained by using a combination
of Portland cement CEM I 52.5 R HES, filler and a polycarboxyl ether
(PCE) superplasticiser (SP). In all SCCmixes, a constantpowder quantity
(600 kg/m³) is applied, in which the powder content (P) is defined as
the sum of the cement and filler content.

In concretes SCC20 to SCC23, the filler type is changed, while the
filler content, the water/cement ratio (W/C) and the cement/powder
ratio (C/P) remain unchanged. Two types of limestone filler, 1 and 2,
one type of quartzite filler, and one fly ash have been used in the
experiments. The limestone fillers have different grading curves, filler
1 being coarser. Fig. 1 shows the grading curves of the different fillers,
while some material properties are listed in Table 2. The Portland
cement CEM I 52.5 R HES has a median particle size of 7.5 μm.

The superplasticiser A is replaced by superplasticiser B in mix
SCC24. Both superplasticisers are third generation polycarboxyl
ethers, however from different suppliers, and having a different
solid concentration. A slightly higher quantity of superplasticiser B is
needed to compensate for its slightly lower solid concentration and
lower plasticising effect in comparison with superplasticiser A.

In mix SCC26, part of the cement is replaced by limestone filler 1,
maintaining the water/powder ratio (W/P), while lowering the cement/
powder ratio (C/P) and increasing the water/cement ratio (W/C). In mix
SCC27, a lower amount of superplasticiser is used, while a higher amount
of water is added to obtain a comparable workability. This results in a
Fig. 1. Filler grading curves.
higherwater/cement ratio (W/C) andahigherwater/powder ratio (W/P),
however with unchanged cement/powder ratio (C/P).

Themixes are prepared in a planetary panmixer. The drymaterials
are introduced first. During the first 15 s of mixing, water at a
temperature of 20 °C is added. 1 min later, the mixing is stopped for
15 s, during which the SP is added to the concrete. Mixing continues
for another 2 min.

On the listed mixes, several other properties have been investi-
gated in the framework of an inter-university project in Belgium.
More details and results can be found in literature [11–13].

3. Test methods

3.1. Autogenous deformation

In literature [14], different test methods for autogenous shrinkage
can be found. Two main categories can be noticed: linear measure-
ments and volumetric measurements. It is shown that the autogenous
shrinkage measured with volumetric methods is significantly higher
than results from linear measurements [15]. The different hypotheses
formulated to explain this difference are beyond the scope of this
paper.

At the Magnel Laboratory for Concrete Research, Ghent University,
a vertical dilatometer for concrete has been developed [16]. Within
the newly developed dilatometer, the fresh concrete is cast into a
vertical Teflon tube, with a Teflon foil in between (Fig. 2). After mixing
the concrete and filling the Teflon tubes, the concrete samples are
placed into themeasuring frame, inside a climate room. Linear vertical
shrinkage measurements can start immediately after casting, by
means of LVDT-transducers. Temperature measurements are per-
formed in parallel, in order to take into account the effect of the heat
of hydration on the autogenous shrinkage results.
Table 2
Specific mass and Blaine fineness of aggregates, cement and fillers.

Specific mass
[kg/m3]

Blaine fineness
[m2/kg]

River gravel 4/14 2640 –

River sand 0/5 2640 –

CEM I 52.5 R HES 3130 600
Limestone filler 1 2700 338
Limestone filler 2 2710 558
Quartzite filler 2640 388
Fly ash 2350 346



Fig. 2. Schematic view of vertical linear dilatometer for concrete.

Fig. 3. p-wave velocity (in m/s) as a function of time, for the mixes SCC20 and SCC23.

Fig. 4. p-wave velocity gradient as a function of time, for the mixes SCC20 and SCC23.
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3.2. Ultrasonic testing of fresh concrete

The ultrasonic transmission method is known to be very sensitive
for microstructural changes in materials [17,18]. Immediately after
mixing and casting, ultrasonic monitoring is performed. The device
consists of a PC-connected controller allowing up to 8 simultaneous
measuring channels, two of which are used in this research. Each
measuring channel is composed of a cylindrical flexible siliconemould
and an ultrasonic sender and receiver pair. The mould can hold
cylindrical concrete or mortar samples measuring up to 70 mm across
and 60 mm high. It allows the lateral fitting and fixing of the sender–
receiver pair, in direct contact with the fresh concrete or mortar
sample, for the measurement of the ultrasonic wave transit time in
through-transmission. The sample can be sealed from the air with a
silicone-fixed cover.

The p-wave narrow-band ultrasonic tester pair has a resonant
frequency of 25 kHz. The transmission time is measured with a
precision of 0.1 μs, using a threshold onset picking algorithm. Each
reported measurement of the through-transmission time is the mean
of 6 consecutive measurements, within 1s. This means transmission
time is then used to calculate the p-wave velocity of the sample at the
given moment, using a predefined distance between the sender and
the receiver. The hydration of the concrete is monitored for 48 h after
the start of the test. The obtained results can be used to define the
moment of percolation of the solid structure (time zero).

3.3. Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry has been well described in
literature with its pros and cons, e.g. in [19–21]. Unlike wetting
liquid, mercury cannot enter the pores spontaneously. The pores can
only be filled at certain corresponding pressure level. The pressure on
themercury is gradually increased and the pores that are connected to
the surface, i.e. to the mercury, are gradually filled depending on the
pressure level. This procedure is known as intrusion. The extrusion
procedure is opposite to the intrusion procedure: after reaching the
highest pressure, the pressure is gradually decreased and mercury is
then desorbed from the porous sample. Due to the ink-bottle effect,
the MIP method is not fully appropriate for evaluating the pore size
distribution of cementitious materials. Furthermore, the basic
assumptions in the cylindrical pore model (see further) are not fully
in agreement with the characteristics of a real pore structure.
Nevertheless, MIP it is still a very effective aid to obtain an overview
of the pore system and its connectivity, especially when the ink-bottle
effect is carefully taken into account [21].

The cylindrical pore model is applied for the interpretation of the
test results.With thismodel, thewell-knownWashburn equation [19]
is valid to estimate the diameter of the cylindrical pores intruded at
each pressuring step:

d = − 4r ⋅ cosϑ = P ð1Þ

where d is the diameter of the cylindrical pore being intruded; r is the
surface tension of the mercury; ϑ is the contact angle of the mercury
on the solid; P is the applied pressure. In this study, a surface tension
value of 0.485 N/m and a contact angle of 130° were used for the
calculation of the pore diameters.

4. Results

4.1. Continuous ultrasonic monitoring

As a typical example, Fig. 3 shows the p-wave velocity (inm/s) and
Fig. 4 shows the p-wave velocity gradient as a function of time, for the
mixes SCC20 and SCC23. The velocity curve is a polynomial fit to the
mean of all test results for the considered mix. The standard deviation
is indicated by the shaded zone around the velocity curve. The time
(in minutes) on the axis starts with the addition of the water to the
concrete. The time corresponding to the maximum gradient of the p-
wave velocity, coinciding with the inflection point of the velocity
curves, is giving an estimation of time zero, i.e. the start of setting, or
the onset of percolating cluster formation. For SCC20, time zero is
found to be 103 min, while for SCC23 it is 143 min. An overview of the
experimentally obtained time-zero values for all mixes is given in
Table 3.



Table 3
Time-zero values for all tested mixes.

Mix SCC20 SCC21 SCC22 SCC23 SCC24 SCC26 SCC27

Time zero (min) 103 96 261 143 96 103 79
Time zero (h) 1.72 1.60 4.35 2.38 1.60 1.72 1.32
εP (μm/m) 53 416 504 485 241 52 576
tP (h) 11.30 12.98 12.04 17.80 10.57 10.75 11.72
εf (μm/m) −138 −137 −116 −174 −193 −84 −69
εP−εf (μm/m) 211 575 624 667 436 145 655

Fig. 7. Total MIP intrusion and extrusion porosity as obtained on three different samples
of mix SCC20.
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4.2. Autogenous deformation

Fig. 5 shows the experimentally obtained evolutions of the
autogenous deformation for all mixes. All curves are shown starting
from the respective time-zero values as obtained by means of
ultrasonic monitoring, and as listed in Table 3. Fig. 6 shows a detail
of Fig. 5, for the time period up to 24 h. Each curve is the average result
of two individual measurements, obtained on two different specimens
from the same mix. The variability between mixes has not been
studied in this experimental programme. However, earlier research
[15] with this testing equipment showed that deviations between
identical mixes are below 10%.

From the experimentally obtained autogenous deformation
curves, some key values have been determined, like the maximum
peak value εP, the time tP for which this maximum occurs, the final
Fig. 5. Autogenous deformation (positive values = swelling, negative values =
shrinkage).

Fig. 6. Autogenous deformation (positive values = swelling, negative values =
shrinkage) up to 24 h.
value εf at the end of the test, and the difference between maximum
and minimum value εP−εf. These values are summarised in Table 3.

4.3. Mercury intrusion porosimetry (MIP)

MIP measurements have been performed on hardened concrete
samples, with an age of 120 days or older. Capillary pores between
0.005 μm and 10 μm have beenmeasured. As an example, Fig. 7 shows
the total intrusion and extrusion porosity as obtained on three
different samples for mix SCC20. The average effective porosity, based
on the extrusion curves, is 1.9%. Fig. 8 shows the derivative curve for
the three samples of SCC20. The average critical pore diameter for
SCC20 is 64 nm. No significant differences have been found between
the critical pore diameters of the different mixes.

5. Analysis and discussion

The time-zero values for the limestone filler based mixes SCC20,
SCC21, SCC24 and SCC26 area are all within the range of 1.60 h to
1.72 h. For mix SCC22, based on quartzite filler, time zero is equal to
4.35 h, which is significantly higher. Also for mix SCC23, based on fly
ash, time zero is significantly higher (2.38 h). The observed differ-
ences depending on the nature of the filler are most probably due to
the significant accelerating effect of limestone filler on the cement
hydration [22–27], while quartzite filler does not influence the
induction period [22,26]. Fly ash is also known to often have a slight
accelerating effect on cement hydration [28], although not as
significant as limestone filler. For mix SCC27, a slightly lower time-
zero value is noticed (1.32 h), probably explained by the reduced
content of superplasticiser. As polycarboxylate-based superplastici-
sers can have a slight retarding effect [29], a reduction in
Fig. 8. MIP derivative curve for the three samples of SCC20.
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superplasticiser content leads to a slight acceleration of setting,
explaining the observed reduction in time zero for mix SCC27.

When evaluating the autogenous deformation curves given in
Figs. 5 and 6, it is remarkable to see that a very high swelling peak is
occurring for most of the tested mixes. Autogenous swelling during
the first day has also been reported by other researchers for medium
or high W/C ratio [30]. It is clear that the obtained swelling peaks are
not measurement artefacts caused by a temperature increase of the
specimens due to the heat of hydration, as a correction has beenmade
based on the measured temperature development, considering a
coefficient of thermal expansion equal to 10.10−6/°C. Moreover, the
temperature increase of the specimens (b2 °C in the centre of the
specimens) is too low to possibly explain the observed swelling peak
in case no temperature corrections would have been made. The
swelling behaviour is also not caused by reabsorption of bleeding
water, as no significant bleeding has been observed during the tests.

According to Termkhajornit et al. [3] expansionmight be caused by
ettringite formation. Baroghel-Bouny et al. [30] also mention that the
swelling after setting may be attributed to structural swelling caused
by the formation of AFt needles (tri-sulphate phases) and AFm
crystals (mono-sulphate phases), although from a chemical point of
view the formation of these products leads to a decrease in solid
volumes and contributes to chemical shrinkage. However, according
to Baroghel-Bouny et al. [30], the growth of Ca(OH)2 crystals can be
more important with regard to the occurrence of swelling, especially
when the cement has a low aluminate content. The crystal growth
generates a crystallisation pressure on the pore walls, which can
induce expansion of the microstructure. This expansion process is
more significant for higher W/C ratio. When looking at the values of
the expansion peaks shown in Fig. 6 (up to 500 μm/m), and taking
into account that the tests have been performed on concrete, it seems
however that the mentioned crystallisation pressures alone cannot
fully explain the observed swelling peaks.

Further explanation of swelling of limestone filler based mixes can
be found in thework of Esping [31]. For concretemixeswith full cement
replacement by limestone filler, a significant ‘autogenous’ swelling was
observed, with peak values within the same range as shown in Fig. 6, in
one case even up to 800 μm/m. According to Esping [31], the expansion
can be explained bywater absorption by the filler, and by the disjoining
pressure inducing expansion. This process is influenced by the fineness
(specific surface) of the limestone filler, the finer one giving a higher
expansion peak, as confirmed by the results obtained for mix SCC20
(coarser limestone filler 1) and mix SCC21 (finer limestone filler 2).

From the results shown in Fig. 6, it is clear that also mix SCC22
(containing quartzite filler) and mix23 (containing fly ash) clearly
show a swelling peak, which most probably can be explained by the
same process of water absorption and disjoining pressure. However,
although the quartzite filler and the fly ash are somewhat coarser than
limestone filler 2, a larger swelling peak occurred. This might indicate
that not only the fineness of the filler is important, but also the
chemical nature of the filler surface.

The fact that the swelling peak in case of mix SCC27 is higher can
be explained by the higher water content in comparison with the
other mixes. Changing the superplasticizer, as in the case of mix
SCC24, also seems to have a potential influence on the swelling
behaviour during the first day. This can be understood by the
interaction between the superplasticizer and the filler surface,
intervening with the water absorption phenomenon.

It can be summarised that the observed swelling peak is not a
measuring artefact, but is caused mainly by water absorption on the
filler surface and resulting disjoining pressure. Some part of the
swelling peakmight also be caused by the Ca(OH)2 crystallisation. The
fineness of the filler is an important factor for this swelling behaviour,
although also the nature of the filler seems to have an influence. The
superplasticiser also interacts with the fillers, influencing the swelling
behaviour.
After swelling, as soon as lack of water occurs, meniscus-generated
capillary tension will occur, causing contraction. The final autogenous
shrinkage values of mixes SCC20 and SCC21, made with the two
different limestone fillers, does not differ. The values of mixes SCC22
(quartzite filler) and SCC23 (fly ash) are slightly different, although
not very significant. This can be understood by the MIP measure-
ments, showing that the critical pore diameter for the different mixes
differs not significantly. As the pore structure, e.g. in terms of average
pore radius, is influencing the autogenous shrinkage values, no
significant differences have to be expected for the mixes with the
different filler types mentioned here.

A significantly lower final autogenous shrinkage value is found
however for mixes SCC26 and SCC27. This can be easily understood by
the higher W/C ratio in these mixes.

Changing the superplasticiser (mix SCC24) leads to a different (in
this case: higher) final autogenous shrinkage value. Themechanism in
this respect is not clear, but it illustrates that different super-
plasticisers, even of the same type (in this case: PCE), can have a
different effect on the autogenous shrinkage. As for mix SCC24, the
same critical pore diameter has been obtained as for mix SCC20, it is
not clear whether the plasticiser influence has anything to do with a
change in microstructure.

6. Conclusions

Based on an experimental programme, including autogenous
shrinkage tests on concrete, ultrasonic monitoring of fresh concrete,
and mercury intrusion porosimetry, the influence of the filler type on
the autogenous shrinkage of self-compacting concrete has been
investigated. The following conclusions have been obtained.

− The onset of percolating structure formation (time zero) is
influenced by the filler type due to a possible accelerating effect
of the filler on the cement hydration. Limestone filler accelerates
the hydration process, and reduces time zero, while this is not the
case when using quartzite filler. Using fly ash, showing only a
slight acceleration, a slight reduction of time zero is obtained.

− A very significant swelling peak is noticed during the first day. This
swelling peak is not a measuring artefact, but is caused mainly by
water absorption on the filler surface and resulting disjoining
pressure. Some part of the swelling peak might also be caused by
Ca(OH)2 crystallisation. The fineness of the filler is an important
factor for this swelling behaviour, although also the nature of the
filler seems to have an influence. The superplasticiser also interacts
with the fillers, influencing the swelling behaviour.

− The different filler types used in this study did not lead to
significant differences in critical pore diameter of the microstruc-
ture. This might explain why no significant differences have been
found in final autogenous shrinkage values using the different
filler types.
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