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The aim of this experimental work is to study shrinkage evolution with age in self-compacting concretes
(SCC) made with w/c=0.6 and different limestone filler and viscosity-modifying admixture (VMA) contents.
The results show that limestone fillers speed up hydration reactions and provide a finer porous structure. As a
result, when specimens are hardened under water, SCC made with limestone fillers tends to shrink, since the
water only penetrates the outer layers of the specimen, while the interior is subject to self-desiccation. If the
concrete contains substantial air content (3.2%) the water finds it easier to penetrate and the concrete swells.
When hardening takes place in the open air, autogenous shrinkage in SCC is lower than in normally-vibrated
concretes (NVC) and the higher the fines content, the lower the shrinkage. This is more than likely due to the
use of limestone filler as addition, finer porous structure and higher amount of absorbed water from the
aggregate which compensates for the auto-desiccation of the concrete. On the whole, drying shrinkage in
SCC is greater than in NVC. However, when filler is replaced by VMA the porous structure is coarser and
shrinkage is reduced by 33%, thanks to the lower capillary pressure. This means that due to the reduction
in autogenous and drying shrinkage, SCC made solely with VMA presents 7.7% lower total shrinkage than
NVC. In SCC made with limestone filler, total shrinkage is only slightly higher than in NVC, the differences
being under 9.2%.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Total shrinkage is the sum of various types of shrinkage: chemical,
autogenous, drying and carbonation. Even though changes of temper-
ature and carbonation reactions have an effect on shrinkage, this
phenomenon is mainly the result of water loss and the reduction of
the volume of hydrated products compared with the reacting
constituents (cement, active additions and water). During the hydra-
tion of cement after the start of setting, chemical shrinkage does not
occur freely, since it is hindered by the stiffness of the paste itself,
by the granular skeleton and possibly by the reinforcement. As a
result, an increasing volume of very fine pores is formed inside the
hydrated cement paste which drains water from the coarser capil-
laries. If water is not supplied from an external source, as hydration
of the cement progresses, the volume of water in the pores decreases,
a process which is known as self-desiccation, and water menisci are
formed. Due to the water surface tension, as the water content in
the capillary pores is reduced, the force of attraction between pore
walls is increased, giving rise to increased shrinkage. This shrinkage,
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known as autogenous shrinkage, is higher at low w/c ratios and be-
comes especially significant when the w/c ratio falls below 0.4 [1,2].
In concrete with a w/c ratio over 0.60, autogenous shrinkage is usual-
ly between five and ten times less than that caused by drying, so that
its effects are not normally taken into consideration [1]. In general, a
low w/c ratio and a high cement content cause increased autogenous
shrinkage, possibly due to the greater volume of small-diameter
pores and the reduction of the available water [3]. Before initial
setting of the concrete, capillary forces are almost negligible, so that
chemical shrinkage is practically the only contributor to autogenous
deformation.

When water is applied during curing, the water lost from the
capillary pores in the concrete is replaced by water from the external
source, so that self-desiccation does not occur. However, when the
water/binder ratio is very low, even when there is an external
water supply, the products formed by hydration may obstruct some
capillaries and prevent the water from getting to certain zones in
the concrete, in which autogenous shrinkage will also occur. The in-
fluence of this phenomenon on total shrinkage depends on the size
of the specimen [4].

Drying shrinkage is a relatively slow process. The driving force
behind it is the loss of water from the pores due to the lower humidity
prevailing outside the concrete. The diffusion of water through the
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Fig. 1. Grading curves of cement, aggregate fines and limestone filler.
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material mainly depends on its porous structure, the size and shape of
the specimen, the duration of drying and the prevailing atmospheric
conditions [5–7].

High fines and cement content and a higher paste volume than in
NVC are normally used in making SCC. Since the cement paste is
mainly responsible for changes of volume, the higher the paste
content, the greater the shrinkage will be [5,8,9], so that, in theory,
SCC is liable to suffer a considerable degree of shrinkage. However,
significantly increasing the paste volume does not necessarily lead
to greater shrinkage, since other factors also intervene in the process,
such as the continuity of the capillary network and the density of the
matrix [10]. Shrinkage may also be promoted by the retarding effect
of the powerful superplasticizers used to make SCC [11–13]. In
addition, the higher the dosage, the longer the delay in hydration
reactions [13].

Many authors point out that shrinkage is higher in SCC than NVC
[10,11,14–17]. However, there are also studies that did not find sig-
nificant differences between both types of concrete [18–23], and
even some that found lower shrinkage in SCC [24]. However, it should
be pointed out that in many of these studies the SCC, unlike the NVC
used as a reference, contained a high content of active additions, in
order to meet this type of concrete's great need for fines. These addi-
tions may affect the concrete's fresh and hardened properties and
therefore may also affect its shrinkage. Shrinkage may be increased
by increasing the content of silica fume [25–27] or granulated blast
furnace slag [28–30]. On the other hand, the use of fly ash or lime-
stone filler may reduce both autogenous and drying shrinkage
[8,9,28,31–33]. Some authors consider that the limestone fines con-
tent has no influence either on autogenous [10,19,23] or on total
shrinkage if the same water/powder ratio is maintained [21].

Viscosity-modifying admixtures (VMA) may be used to increase
the viscosity of SCC. Some studies have shown that by using VMA
more stable concrete is obtained in view of water variations in the
mixtures than that obtained with fines only [34,35]. This enhanced
stability seems to have a bearing on the quality of the aggregate–
paste interface, with a denser structure in the transition zone
[34,36,37]. The major construction chemical industries are at present
developing a new family of VMA that will allow SCC to be made with-
out additional fines. With these new admixtures the aim is to obtain a
Table 1
Mixture proportions of concretes.

N-300 S-300/125 N-350 S-350/0 S-350/45 S-350/90

Cement
(kg/m3)

300 300 350 350 350 350

Limestone filler
(kg/m3)

0 125 0 0 45 90

Water
(l)

180 180 210 210 210 210

w/c 0.6 0.6 0.6 0.6 0.6 0.6
Superplasticizer
(kg/m3)

3.60 5.70 1.05 5.60 5.25 5.08

VMA
(kg/m3)

0 0 0 1.75 1.23 0

Coarse aggregate
(kg/m3)

865.9 733.6 883.9 642.4 684.3 726.4

Fine aggregate
(kg/m3)

1070.6 1072.7 939.0 1164.9 1080.1 996.5

Total aggregates
(kg/m3)

1936.5 1806.3 1822.9 1807.3 1764.4 1722.9

Total fine particles
(kg/m3)

493.5 613.6 524.6 548.7 582.7 616.9

Paste volume
(dm3)

354.6 402.8 391.1 406.3 418.6 430.4

Water absorbed by
aggregates and
filler (l)

14.31 16.37 13.22 13.95 14.77 15.59

VMA: viscosity-modifying admixture.
more robust concrete, although this could involve the loss of the ben-
efits of fines, such as the better particle-packing which leads to a
denser cementitious matrix.

Bearing in mind the foregoing, the aim of this experimental work
was to study shrinkage in SCC made with differing limestone filler
and VMA contents, comparing the results obtained with those
obtained from traditionally vibrated concrete. Due to the fact that
shrinkage is directly related to the porous structure of the material,
the microstructure of the different types of concrete was analysed
in order to explain the behaviour observed.
2. Experimental programme

2.1. Concrete mixtures, materials and mixing procedure

Six types of concrete were made: four self-compacting and two
normally-vibrated concretes, using different cement, limestone filler
and viscosity-modifying admixture contents. In order to obtain
strengths approaching those normally used for building, all of them
were manufactured with a 0.60 w/c ratio. The characteristics of each
mix are shown in Table 1. The nomenclature used to identify each
type of concrete refers to self-compacting (S) or normal (N) type
concrete, cement content (300 or 350 kg/m3) and the limestone filler
addition (0, 45, 90 or 125 kg/m3).

To produce the self-compacting concretes, CEM II/A-S 42.5 N ce-
ment was used with crushed limestone aggregates: 4/10 gravel and
0/3 sand. Additionally, limestone filler was also used. The grading
curves of the cement, the fines of coarse and fine aggregates and the
filler (particle size b0.063 mm) are determined by means of laser dif-
fraction (Fig. 1). The properties of the aggregates are shown in Table 2
and the characteristics and composition of the cement are shown in
Table 3. The admixtures used were a polycarboxylate-based
superplasticizer (Viscocrete 3425) and a modified starch-based VMA
(Stabilizer 4R). The properties of the mixtures are displayed in
Table 4.

Taking as a reference the mixes established for SCC, the corre-
sponding reference NVC were made with the same types and
amounts of cement. The superplasticizer was in this case a calcium
Table 2
Properties of the aggregates.

Type of aggregate Specific gravity
(g/dm3)

Fines
(%)

Water absorption
(%)

Filler limestone 2.65 – 1.16
Fine sand 0/3 2.63 14.9 0.90
Gravel 4/12 2.70 3.9 0.54



Table 3
Characteristics and chemical composition of the cement.

Type of cement Blaine fineness
(cm2/g)

Strength (28 days)
(MPa)

Composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Ti2O5 P2O5 CO2 LOI

CEM II/A-S 42.5N 3850 51.1 23.02 4.93 3.70 60.41 2.79 2.46 0.60 0.51 0.33 0.11 0.55 1.76
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lignosulfonate (Sikament 175). Its content was adjusted to achieve a
slump of 90±10 mm in the Abrams cone for the two mixtures.

The mixing sequence of the concrete was carried out by firstly
adding the aggregates, the filler and the cement. Once a homogenous
mixture was obtained, 3/4 of the water was added and after mixing
for a furtherminute, the superplasticizer was addedwith the remaining
water. Total mixing time was 6 min for NVC and 8 min for SCC made
with limestone filler. In the specific case of SCC with VMA, it was
observed that a longer mixing time was required since the initial
viscosity of the mixture was much higher, but then gradually re-
duced until it stabilised. More specifically, 3 min after adding the
superplasticizer, the VMA was added and mixing continued until
completing the total time of 12 min.

2.2. Test programme and methodology

2.2.1. Shrinkage test
To determine autogenous shrinkage, total shrinkage and swelling,

prismatic specimens measuring 100×100×400 mm were used. To
obtain further information on this phenomenon, setting time (ASTM
C 403-08), temperature and weight loss were also measured. Thermo-
couples were inserted into the centre of the specimens immediately
after casting (Fig. 2) to determine the evolution of temperature rise
due to the hydration reaction.

In order to measure shrinkage of the specimens until mould
removal (48 h), the specimens were made in accordance with the
recommendations of the Technical Committee on Autogenous Shrink-
age of Concrete of the Japan Concrete Institute [38]. A polystyrene
sheet (thickness 3 mm) was placed on the bottom and on both
sides of the mould so that free movement of the specimen was not
restricted by themould. A polyesterfilmwas also placed on the polysty-
rene sheet on all sides of the mould and on the surface of the specimen.
At the time of initial setting, the end plates of themould were removed
and two dial gaugeswere put into place (Fig. 3). Later, at the age of 48 h,
the specimens to be used for measuring autogenous shrinkage, drying
shrinkage and weight loss were stored in a vertical position inside a cli-
matically controlled chamber for more than one year at 20 °C and 50%
RH (Fig. 4). To determine autogenous shrinkage, half of the specimens
were sealed with various layers of plastic film to avoid moisture loss.
Those used to measure total shrinkage were not sealed. In order to
study swelling, some specimens were submerged in water at 20 °C in
containers for a period of 90 days.

Three batches were made from each mix. One specimen for each
type of test was made from each batch, the result of each test being
the arithmetic mean of the three values obtained. Two 150 mm
Table 4
Results of the mixture properties.

Mix Air content
(%)

Slump flow test Compressive strength (28 days)
(Mpa)

Øf

(cm)
T50
(s)

N-300 1.1 No test No test 39.4
N-350 1.5 No test No test 39.0
S-300/125 3.2 62 3.5 40.4
S-350/0 1.1 67 1.5 39.6
S-350/45 0.9 69 1.2 36.9
S-350/90 0.9 71 1.0 38.7
diameter×300 mm high cylindrical specimens were also made
from each batch for compressive strength tests at 28 days (EN
12390-3:2003). The compressive strength results are shown in
Table 4.

2.2.2. Mercury intrusion porosimetry (MIP) test
At the age of 28 days, pore size distribution was determined using

a Micromeritics AutoPore IV-9500 mercury porosimeter with a
maximum pressure of 60,000 psia (414MPa). At this pressure, the
smallest pore size into which mercury can be introduced is 3 nm.
This testwas carried out on small drilled cores (12 mmdiameter×23 mm
high), weighing approximately 6 g. The cored samples were obtained
from 100×100×100 mm cubic specimens. The samples were first dried
in an oven at 110 °C and then immersed in mercury under gradually in-
creasing pressure. Using this technique, a measure of the total porosity
of the sample may also be obtained, as well as the surface area of the
pore network. However the MIP technique has certain limitations. First,
the assumption that the intrudedpores are cylindrical is not fully in agree-
ment with the characteristics of real pore structure. Second, the sample
must be dried prior to intrusion and this can cause microstructural dam-
age. Due to surface tension, when the water evaporates the tensile stress
generated by the water menisci in the capillaries causes the collapse of
some of the fine pores [39]. Moreover, microcracking may be induced in
concrete as result of cement hydrates desiccation and as result of differen-
tial thermal expansion of the aggregates and hardened cement paste. As a
Fig. 2. Measurement of the temperature inside concrete.
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Fig. 3. Measurement of shrinkage before mould removal (age less than 48 h).

Fig. 4. Shrinkage test (age more than 48 h).
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result, capillary porosity increases [39,40] and specific surface area of the
pores is reduced [41]. However, total mercury porosity values are not so
much influenced by the drying technique [39]. A third problem is
known as the ink-bottle effect, in which a larger pore is preceded in the
intrusion path of the mercury by a smaller neck. This may produce pore
size distribution curves with an exaggeratedly high volume of smaller
pores and a small volume of larger pores. Despite these limitations, the
MIP technique is still a very effective aid for comparing the pore structure
and pore network characteristics of different types of cement-based ma-
terials. The main characteristics of the pore structure of the concretes
under study are given in Table 5. A sample was taken from each of the
three batches of each type of concrete. The results shown in Table 5 are
the arithmetic mean of the three values obtained.

3. Results and discussion

Shrinkage strain and thermal strain due to heat generation during
cement hydration are generated simultaneously. The temperature of
the concrete was monitored by thermocouples from casting up to
the age of 72 h (Fig. 5). During this period, the temperature change
was not very significant (of the order of 4.4 K), due to the chemical
composition of the cement (low C3A content) and to the small size
of the concrete specimen. In Fig. 5 it can be seen that the temperature
rise occurs during the first day (from 5 to 25 h), after which it falls to
ambient temperature approximately one day later. In order to
eliminate the temperature effect, the shrinkage values were corrected
considering that Δε=α·ΔT, where Δε is the thermal strain, α is the
coefficient of thermal expansion (1/K) and ΔT is the temperature
change (K). In order to determine temperature distribution across
the specimen, a 100×100×400 mm specimen was also made from
each mix, which was broken into four pieces after 24 h. Temperature
distribution was recorded in each of the three resulting cross-sections
by means of a thermographic camera with a resolution of 0.1 K
(Fig. 6). The results show a fairly homogenous distribution, with tem-
perature differences throughout the cross-section of less than 0.4 K.
The strain/time curve corrected for the temperature effect
corresponds to the volumetric change of concrete under isothermal
conditions. As in other similar studies [4], α=10−5/K was selected.
After 60 h the temperature variation in the mixtures studied was
quite small, so this effect was neglected.

The cement hydration rate tended to be a little faster in S-350/90,
due to the accelerating effect of limestone filler on cement hydration

image of Fig.�3
image of Fig.�4


Table 5
Pore characteristics of concrete mixtures.

N-
300

S-300/
125

N-
350

S-350/
0

S-350/
45

S-350/
90

Total cumulative volume
(mm3/g)

53.4 48.5 63.9 64.3 68.9 66.1

Total specific surface area
(m2/g)

7.89 8.27 8.76 9.66 10.94 10.78

Average pore diameter
(nm)

28.2 23.5 29.2 26.9 25.3 24.6

Threshold diameter
(μm)

0.4 0.15 0.15 0.15 0.15 0.1

Total porosity
(%)

12.57 11.54 14.52 14.64 15.49 15.76

Fig. 6. Temperature distribution throughout the specimen (thermography test).
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[42–44] (Fig. 7). As fines content is reduced in the mixture, initial set-
ting time increases. Thus, for example, there is a difference of 135 min
between S-350/90 and S-350/45 and between S-350/45 and S-350/
0 the difference is 90 min. NVC initial setting time was slightly less
than SCC made without additional fines (S-350/0), probably due to
a reduced content of superplasticizer in the NVC mix. As
polycarboxylate-based superplasticizers can have a strong retarding
effect, a reduction in superplasticizer content leads to faster setting
[11–13].

3.1. Concrete pore size distribution

Figs. 8 and 9 show the increase in mercury intrusion volume
according to the equivalent pore diameter. Pore volume distribution
follows a similar pattern in the six mixes. Total pore volume was
very similar in all the concretes made with the same cement content
(Table 5). The most significant differences between the different
mixes are seen to be in the capillary pore volume (0.01–1 μm). This
is an important aspect, since, according to Kumar and Bhattacharjee
[45] although the smallest pores have no effect on the concrete's
strength properties, they are directly related to shrinkage and creep.

3.1.1. Comparison of SCC and NVC mixes
SCCs show a finer porous structure than NVCs. In N-300 the

volume of pore size between 0.15 and 0.4 μm is far higher than in
S-300/125 (around 130%), with the below-0.15 μm pore volume
being very similar in both mixes (Fig. 8). For the concrete made
using 350 kg/m3 (Fig. 9), the differences between SCC and NVC are
lower, which is logical because the volume of paste in both types of
concrete is similar (Table 1). In N-350 the maximum concentration
of pores tends to be around larger pore sizes than in SCCs (mixes
S-350/0, S-350/45 and S-350/90), with a lower volume of smaller
capillary pores and greater volume of large capillary pores. In Figs. 8
Fig. 5. Temperature evolution in the first 72 h.
and 9 and Table 5 it can also be seen that the threshold diameter is
lower for SCCs than in the corresponding reference NVCs. This
diameter marks the limit from which the highest number of pores is
concentrated and therefore is a good indicator of the fineness of the
porous structure. Furthermore, average pore diameter is smaller in
SCCs and the specific surface area of the SCCs is greater than that of
the NVCs. These results agree with those obtained in previous work
[46]. SCCs can therefore be said to show a finer porous structure
than NVCs, probably due to the higher content of aggregates in
NVCs (in the aggregate/paste interfacial transition zone (ITZ) the
porosity is higher and the capillary pores are larger than those in
cement paste [47]) and to the addition of limestone filler in SCCs
which produces the following effects: a) filler effect, b) creation of
more nucleation sites (since there are more nucleation sites, the
size of portlandite crystals is smaller and therefore porosity is lower
since, on the one hand the ITZ is not so thick [48] and on the other,
the crystals behave like microcracks that create additional porosity
[49]), and c) a small part of the CaCO3 present in the limestone filler
promotes the reconversion of monosulfoaluminate to ettringite,
leading to an increase of the total volume of the hydrate phase
[50–53] (as ettringite has a low density and thus a relatively large
volume per formula unit). Besides, by using a more powerful super-
plasticizer in SCC than in NVC, cement dispersion is enhanced, thus
reducing the formation of floccules that leave pores on the inside
[54]. On the other hand, the vibration involved in NVC enhances
bleeding, creating an interconnected network of capillary pores.

3.1.2. Influence of fines and VMA content
The composition of the three SCC types made with 350 kg/m3 of

cement differs in the limestone fines and VMA contents. As can be
Fig. 7. Setting time.
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Fig. 8. Pore size distribution.

Fig. 10. Concrete strain under water.
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seen in Fig. 9, in S-350/90 the threshold diameter is lower than for the
other two types of SCCs (S-350/0 and S-350/45): 0.10 μm compared
to 0.15 μm. Moreover, the volume of large capillary pores (larger
than 0.1 μm) and macropores (larger than 100 μm) is 35.2% less
than in S-350/0 and 31.7% less than in S-350/45. In other words, the
porous structure is finer. This is because of better particle packing
afforded by the limestone fines, which broaden the grain-size distri-
bution and provide a denser cementitious matrix, since they occupy
the spaces between cement particles. Also, since the S-350/90 con-
crete has a lower aggregate content (Table 1), the aggregate-paste
ITZ is smaller and therefore, in accordance with Section 3.1.1, there
are fewer large capillary pores.

3.2. Compressive strength

The compressive strength results are shown in Table 4. Although
SCC pore structure is finer than NVC, total pore volume is quite
similar, which means that the compressive strength values of all the
concretes are also similar, with no statistically significant differences
between SCC and NVC.

3.3. Swelling

As shown in Fig. 10, all the specimens undergo an increase in
volume due to water absorption after being submerged in water.
However, after the third day, the SCC types containing limestone filler
(S-350/45 and S-350/90) change their behaviour and start to shrink.
This is probably due to the greater fineness of their porous structure,
Fig. 9. Pore size distribution.
as shown by the MIP tests, so that water is only absorbed by the outer
layer of the specimen, while the interior undergoes self-desiccation.
In this case, the mean change in specimen length is influenced by
both swelling and autogenous shrinkage, which occur simultaneously
in the cross section. This behaviour was also observed in other studies
[55] involving concrete with a low w/c ratio.

However, an exception was observed in the case of S-300/125,
which did not behave like S-350/45 and S-350/90, in spite of having
smaller total pore volume, smaller mean pore diameter and similar
pore threshold diameter. This could have been due to the consider-
able content of trapped air in S-300/125 (Table 4) caused by the
greater viscosity and lower fluidity of the mixture in fresh state
[56]. The presence of these macropores facilitates water absorption
and thus the swelling of the specimen. The rest of the concrete types
all show very similar swelling values with no significant
differences. Similarly to S-350/45 and S-350/90, deformation pro-
gresses rapidly and tends to stabilise after approximately 20 days of age.

3.4. Autogenous shrinkage

Figs. 11 and 12 give the evolution of autogenous shrinkage with
time. As expected from concrete made with a w/c ratio of 0.6, this
shrinkage is only a small percentage of the total shrinkage in the
first few days (Fig. 13). However, in the longer term, autogenous
shrinkage is not as insignificant as some other authors have found [4].
As the specimens lose water and approach hygrometric equilibrium
with the atmosphere, drying shrinkage slows down and stabilises.
However, as cement hydration continues, autogenous shrinkage carries
Fig. 11. Autogenous shrinkage.
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Fig. 12. Autogenous shrinkage.
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on due to self-desiccation within the specimen, so that after one year
the autogenous/total shrinkage ratio increases to between 0.4 and
0.55, depending on the type of concrete (Fig. 13).

3.4.1. Comparison of SCC and NVC mixes
Since SCC is made with a higher volume of paste (Table 1) and has

a finer porous structure, in theory it could be expected to undergo
greater shrinkage than NVC, given that cement paste is the principal
material responsible for changes of volume [5,8,9] and the finer the
capillaries the greater the tensile stress generated by the water
menisci in the capillaries. However, this did not turn out as expected;
the SCC presented less shrinkage than the corresponding reference
NVC, the differences being on average between 14.3% for concrete
made with 300 kg of cement and 19.8% for those made with 350 kg.
This could be due to various causes. The calcium carbonate present
in the limestone filler promotes the reconversion of monosulfoalumi-
nate to ettringite (see Section 3.1.1), leading to an increase of the total
volume of the hydrate phase [52,53]. Also, the filler not involved in
the reaction (i.e. most of the filler) behaves like a normal aggregate,
hindering shrinkage of the cement paste. On the other hand, as SCC
has a finer porous structure, water diffusion from the capillary pore
network to the gel pores formed during cement hydration is also
slower and this slows down the self-desiccation process in the larger
capillary pores, which means that less autogenous shrinkage takes
place.

Another factor exists which, as far as we are aware, has not been
considered in other studies, which is the water absorbed by the
Fig. 13. Ratio between autogenous shrinkage and total shrinkage.
aggregates. Since mixes are designed assuming that aggregates are
saturated with a dry surface, in the course of concrete
self-desiccation the aggregates compensate for the loss of water
from the paste with the water they have absorbed. Table 1 indicates
the quantity of water absorbed by aggregates and filler. It can be
seen that the capacity to provide extra water is greater in the SCC
mixes than in the corresponding reference NVC mixes and thus the
self-desiccation is lower in SCC. The SCC types therefore show less
long-term autogenous shrinkage than the NVC. This also explains
why in S-350/45 and S-350/90 water loss in unsealed specimens is
higher than in N-350 (Fig. 14) in spite of the finer porous structure
of the former (slower water diffusion), due to the fact that total
water content is higher (mix water+water absorbed by aggregates).
This can also be verified by comparing S-300/125 and N-300.

3.4.2. Influence of fines and VMA content
Taking mixes S-350/0, S-350/45 and S-350/90 as reference, in

Fig. 12 it can be seen that concrete made with VMA only (S-350/0)
tends to present higher shrinkage than those made with limestone
filler addition: 10.7% more than mix S-350/45 and 11.6% more than
S-350/90. According to the information given in the preceding
section, this can be explained by the high water absorption coefficient
of the filler, since the extra water from the filler and aggregates was
less in S-350/0 than S-350/45 and 350/90 (Table 1). Also, when
VMA is used as a substitute for limestone filler, the favourable effect
of the filler on hindering shrinkage disappears, as also does its filler
effect, which helps to speed up internal water diffusion and thus
also autogenous shrinkage.

3.5. Drying shrinkage

Drying shrinkage cannot be measured. As many authors have
pointed out, this shrinkage is obtained by subtracting autogenous
from total shrinkage. However, this process involves a small error,
which can be seen in Figs. 15 and 16 in the form of a descent in the
curve at advanced ages. This, of course, is impossible, since it would
mean that the concrete stops shrinking and starts to swell. The
error is due to the fact that in unsealed specimens self-desiccation is
less important than in sealed specimens, since when the ambient
RH is higher than that in the concrete, a small quantity of water
vapour is absorbed by the concrete, which compensates for its self-
desiccation.

3.5.1. Influence of fines and VMA content
As shown in Fig. 16, the higher the fines content in SCC mixes (0,

45 and 90 kg/m3), the higher the shrinkage. At the age of one year
Fig. 14. Weight loss.
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Fig. 15. Drying shrinkage. Fig. 17. Ratio between drying shrinkage and weight loss.
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shrinkage in S-350/90 was 18.1% higher than S-350/45 and 50%
higher than S-350/0. Given that the volume of cement paste (cement,
water and additives) was the same in all three, the differences ob-
served can be explained by the fineness of their porous structure,
since the finer the capillaries, the greater the force of attraction
exerted by the capillary walls. In addition, due to the water surface
tension, since total specific pore surface area is greater (Table 5),
the total force of attraction exerted is also greater. In fact, in the figure
drawn to illustrate the relationship between shrinkage and water loss
(Fig. 17), it can be seen that the concrete with the finest porous struc-
ture (S-350/90) shows the greatest shrinkage for the same quantity of
evaporated water and vice-versa. The use of VMA to replace lime-
stone filler therefore can be said to produce concrete with reduced
drying shrinkage.

3.5.2. Comparison of SCC and NVC mixes
In general, SCC presents greater drying shrinkage than NVC

(Figs. 15, 16). This can also be explained by the influence of the lime-
stone filler, which gives SCC a finer porous structure and a larger total
specific pore surface area and thus greater capillary forces. In fact, the
smallest differences between SCC mixes and the corresponding refer-
ence NVC mixes were recorded between N-350 and S-350/0 (4.6%),
which have a very similar porous structure. In this particular case,
the lower shrinkage shown by the SCC in relation to NVC could be
due to the action of the VMA in limiting water migration by bonding
with the hydrogen in the water [57,58] (in other tests carried out in
Fig. 16. Drying shrinkage.
parallel with this research, we found that water evaporation is re-
duced when mixed with VMA.). On the other hand, the biggest differ-
ences were obtained between N-300 and S-300/125 (22.7%) and
N-350 and S-350/90 (43.4%); i.e. when a considerable amount of filler
was added to the SCC.
3.6. Total shrinkage

Drying shrinkage composed the most important part of the total
shrinkage of the concrete mixes analysed in this work, especially at
an early age. Thus, in conformity with the contents of the previous
section, SCC in general suffers greater deformation than NVC, and
the higher the fines content the greater the total shrinkage (Figs. 18,
19). However, the differences between individual concretes are not
as significant as in drying shrinkage, due to the lesser autogenous
shrinkage of concrete made with higher fines contents. For example,
the differences between S-350/90 and mixes S-350/45 and S-350/0
are 9.8% and 18.3%, respectively. Also, the differences between NVC
mixes (N-300 and N-350) and the corresponding SCC mixes made
with high fines contents (S-300/125 and S-350/90) are below 9.2%.
Even the SCCmadewith VMA only (S-350/0) shows 7.7% less shrinkage
than N-350, not only due to lower autogenous shrinkage but also to
its lower drying shrinkage. The use of VMA as a substitute for lime-
stone filler therefore definitely produces SCC with lower total
shrinkage.
Fig. 18. Total shrinkage.
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Fig. 19. Total shrinkage.
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4. Conclusions

In accordance with the results of the experimental work carried
out, the following conclusions can be drawn:

- The higher the limestone fines content in the mix, the shorter the
initial and final concrete setting times.

- SCCs have a finer pore structure than NVCs, because of the use of
lower amount of aggregates, higher fines content and powerful
superplasticizers that enhance dispersion of the finest particles.

- When submerged in water, SCC made with limestone filler and
low air content (0.9%) do not suffer swelling but shrinkage, due
to their finer porous structure, so that water only penetrates the
outer layers of the specimen, while the interior is subject to self-
desiccation. However, if the air content is significant (3.2%)
water finds it easier to enter and so the concrete swells.

- Even though at early ages the autogenous/total shrinkage ratio is
small, as time passes it increases. After one year this ratio reaches
values ranging between 0.4 and 0.55, depending on the type of
concrete.

- Autogenous shrinkage in SCC was lower than in NVC and the
higher the fines content the lower the shrinkage. This is probably
due to a combination of factors: the use of limestone filler as
addition, a finer porous structure, which slows down water
diffusion within the specimen, and a higher amount of absorbed
water from the aggregate, which compensates for concrete self-
desiccation. The average differences between both types of
concrete were 14.3% for those made with 300 kg of cement and
19.8% for those made with 350 kg of cement.

- The use of VMA to replace limestone filler produces SCC with
lower drying shrinkage, being about 33% less than SCC made
with limestone filler without VMA.

- Drying shrinkage in SCC is higher than NVC, except in the case of
those made with VMA without additional fines.

- Total shrinkage in SCC made with limestone filler is slightly higher
than in NVC (differences below 9.2%). However, SCC made with
VMA shows 7.7% less shrinkage than NVC, due to lower autogenous
and drying shrinkage.
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