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Abstract. Self-compacting concrete (SCC) is an innovative construction material with a favourable rheological behaviour,
which is caused by its modified concrete composition. Based on this fact SCC offers improved fresh concrete but also
hardened material properties and therefore many advantages regarding the productivity and the design potential com-
pared with normal vibrated concrete. Consequently, the amount of SCC, used for structural purposes has strongly
increased worldwide in the last years. In this context it is necessary to know, if it is possible to apply the current design
rules, eg Model Code 90 and Eurocode 2, that are based on years of experience on normal vibrated concrete, to
structural members made of SCC as well. This paper represents the analysis of own and internationally published test
results of the compressive strength, tensile strength, modulus of elasticity, bond behaviour and the time-dependent
deformations of SCC in comparison with conventional concrete, in order to give a general statement regarding the
agreements and differences between the hardened material properties of these concretes.

Keywords: self-compacting concrete, hardened concrete properties, tensile strength, modulus of elasticity, creep and

shrinkage, bond behaviour.

1. Introduction

SCC, primarily invented in Japan in the late 1980’s
[1, 2], has developed more intensively only in the last
decade. In this time the application of SCC has increased
and many investigations all over the world were carried
out to find optimal and economical mix compositions,
which guarantee the typical fresh concrete behaviour of
SCC. Meanwhile, there are various concepts for the pro-
duction of SCC-mixes, which vary mainly in the amount
and kind of used additives and admixtures [3-5].

Due to the optimised combination of its mix com-
ponents SCC is capable to compact itself only under its
own weight without the internal or external vibration
energy and deaerates itself almost completely while flow-
ing in the formwork. Furthermore, SCC is able to fill all
recesses and reinforcement spaces, even in high rein-
forced concrete members and flows free of segregation
near to level balance. These specific material properties
were achieved by the excellent coordination of defor-
mability and segregation resistance.

Based on these properties, SCC may contribute to a
significant improvement of the quality of concrete struc-
tures and open up new fields for the application of con-
crete [6].

The designation “self-compacting” is based on the
fresh concrete properties of this material and therefore
the degree of compactability, the deformability and the
viscosity in connection with different mix compositions

were investigated very frequently. However, it is also to
verify, to what extent the modifications of the mix com-
position of SCC have an effect on the hardened concrete
properties as well as the durability. This fact formed the
basis of the creation of a database with currently known
data of own and internationally published test results of
hardened concrete properties of SCC. Thus the database
represents the first step in the analysis and generalisation
of the numerous investigations of individual researchers.

2. Scope of the investigation
2.1. Initial situation

A good starting point to discuss the hardened mate-
rial properties of self-compacting concrete is the mix
composition of this material.

Independent of the fact that SCC consists basically
of the same components as normal vibrated concrete,
there exist clear differences regarding the concrete com-
position in order to achieve the desired “self-compacting
properties”. On the one hand, SCC has to reach a high
segregation resistance and, on the other hand, a high
deformability. Therefore the content of ultrafine materi-
als at SCC is essentially higher. For this purpose various
fillers, eg limestone powder, fly ash, blast furnace slag,
quartzite powder and silica fume, are given to the mix-
ture or the content of cement will be increased. Further-
more, a larger quantity of superplasticiser has to be added
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and stabiliser is used, if required. Fig 1 shows a typical
mix composition of SCC compared with normal vibrated
concrete in principle [7, 8].

On the basis of the stated differences between the
mix composition of SCC and conventional concrete it is
necessary to analyse the effects of these modifications
on the hardened concrete properties. So, referring to this,
the applicability of the currently existing design rules
based on years of experience on normal vibrated con-
crete has to be examined carefully.

Reasons for possible differences between the hard-
ened properties of SCC and conventional concrete may
be the modified mix composition as mentioned before,
the better microstructure and homogeneity of SCC and
the absence of vibration.

The higher content of ultrafine materials and the
accordingly lower content of coarse aggregates change
the granular skeleton. This could influence the strength
as well as the modulus of elasticity, since the modulus
of elasticity of the several components defines that one
of the concrete. Moreover, the addition of fillers leads
to a different reaction with water and therefore in con-
nection with the use of superplasticiser the water demand
changes. Due to the increased content of ultrafines (ce-
ment, filler) in SCC the grain-size distribution and pack-
ing density will be improved and therefore the bulk of
the cement paste is stable, coherent and flowable and
the porosity of the interfacial transition zone (ITZ) be-
tween aggregate and cement paste is decreased. Conse-
quently, the tensile strength of SCC could be increased
compared with conventional concrete, because of the fact
that the transfer of tensile loads is supplied by the adhe-
sion of the cement matrix or the bond within the ITZ,
by friction and by aggregate interlock between the crack
flanks.

Caused by the absence of vibration, gross defects
by vibration cannot arise but on the other hand the self-
deaeration while flowing in the formwork has to be
realised surely in order to avoid new sources of error.
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Fig 1. Comparison of typical mix compositions of SCC
and normal vibrated concrete

2.2. Aim of the investigation

The aim of the performed investigations was to com-
pare the hardened material properties of SCC with those
of normal vibrated concrete, ultimately to give a general
estimation regarding the application of the current de-
sign codes or calculation methods respectively in case
of the usage of SCC.

Thereupon a database with results of own experi-
mental investigations and a large number of internation-
ally published data of design relevant to hardened mate-
rial properties of several self-compacting concretes was
created [9-11]. The data of properties such as compres-
sive strength, tensile strength, modulus of elasticity, bond
strength and the time-dependent deformations were docu-
mented and analysed particularly with regard to the given
values and limits of the European design code “CEB-
FIB Model Code” [12]. This strategy seemed to be ex-
pedient because the [12] is the basis of the future uni-
form European rules, the Eurocode 2 [13]. A total over-
view of the test reports that were used for the creation
of the data base is given in [9].

Reports regarding the hardening properties of SCC
are quite frequently in literature, for example [6, 14, 15].
However, the import of the published test results into a
database is frequently problematic owing to the follow-
ing facts:

— there are often insufficient statements concerning the
exact mix compositions, curing conditions and di-
mensions of used specimens;

— there exists a wide spectrum of different mix com-
positions;

— the initial parameters of diverse investigations dif-
fer strongly from each other.

Nevertheless, by the interpretation of the created
database it is possible to recognise the basic relations
and dependencies of the hardened properties of self-com-
pacting concrete and to compare them with the well-
known rules, valid for normal concrete. For this purpose
all utilised data of considered concrete properties are rep-
resented in diagrams.

Based on the realities mentioned above, the follow-
ing sections try to demonstrate the present level of knowl-
edge regarding the most important design-relevant hard-
ened concrete characteristics of SCC.

3. Parameter study of the hardened material proper-
ties of SCC

3.1. Compressive strength

In general, in national and international codes con-
crete is classified on the basis of its compressive strength,
because compressive strength is the most important me-
chanical property of concrete for the most applications.
Since the compressive strength depends on the mechani-
cal properties of the hardened cement paste and the ad-
hesion within the ITZ, it is of interest whether the
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differences in the concrete composition and the positive
changes in the microstructure, as mentioned before, have
an effect on the short and long term load-bearing
behaviour. Moreover, clarification is still necessary to
determine whether the hardening process and the ulti-
mate strengths of SCC and conventional concrete differ.

Corresponding to the characteristic compressive
strength f, of cylinders and cubes, concrete is classi-
fied in concrete grades. As is known, there exists a cer-
tain dependence on the specimen geometry with conven-
tional concrete [9]:

fe,cyl (150/300)

fc, cube (150)

However, my own tests carried out in Leipzig have
shown that this well-known relation between cylinders
and cubes could not be confirmed with SCC in the ex-
pected magnitude. A clearly lower dependency was as-
certained:

= 08...0,85.

fe,cyl (150/300)

fc, cube (150)

Mostly the compressive strength of SCC and nor-
mal vibrated concrete at the age of 28 days of similar
composition does not differ drastically, but in a few cases
higher values were observed for SCC. Compared with
the majority of the published test results, the tendency
becomes obvious that at the same water-cement ratios
higher compressive strengths were reached for SCC. This
fact gets along with the decreasing water-binder-ratio
corresponding to the rising amount of fillers. However,
an explicit research programme regarding this topic does
not exist so far and therefore a generalised conclusion
cannot be drawn.

The strength development of SCC is subjected to
similar dependencies like conventional concrete in gen-
eral (Fig 2). Some of the published test results show that
an increase of the cement content and a reduction of

= 09...1,00.

filler content at the same time cause an increase in con-
crete strength. For young SCC (aged up to 7 days) the
relative compressive strength spreads to a greater extent
as given in the Model Code 90, whereas higher values
as well as lower values are reached. Especially when
limestone powder is used, higher compressive strengths
are noticeable at the beginning of the hardening process.
At higher concrete ages SCC often exceeds the valid
range according to the given limits by Model Code 90.
Using fly ash or silica fume this will be caused by the
pozzolanic effect of these fillers.

3.2. Tensile strength

All parameters, which influence the characteristics
of the microstructure of the cement matrix and of the
ITZ, are of decisive importance in regard to the tensile
load bearing behaviour. Fig 3 shows the arranged data
of the splitting tensile strength of several self-compact-
ing concretes.

By evaluating the created database it can be shown,
that the most of the measured values are within the valid
range of current regulations for normal vibrated concrete.
However, in about 30 % of all data points clearly higher
splitting tensile strengths were reached. Therefore, the
tendency of higher tensile strengths of self-compacting
concretes becomes obvious, especially if fly ash and silica
fume is applied.

Presumably the reason for this fact is given by the
better microstructure again, especially due to the lower
and more evenly distributed porosity within the interfa-
cial transition zone with SCC, which is caused by the
higher content of ultrafines. Further on, the denser ce-
ment matrix of SCC enables a better load transfer.

The time development of the tensile strength of SCC
and normal vibrated concrete is subject to a similar de-
pendence. Only few publications about SCC refer to a
more rapid increase of the tensile strength in compari-
son to compressive strength [14].
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Fig 2. Development of compressive strength of SCC with time in comparison with the regulations of Model Code 90 [12]
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3.3. Modulus of elasticity

As it is known, the modulus of elasticity of con-
crete depends on the proportion of the Young’s modules
of the individual components and their percentage by
volume. Thus, the modulus of elasticity of concrete in-
creases with higher contents of aggregates of high rigid-
ity, whereas it decreases with increasing hardened ce-
ment paste content and increasing porosity. For this rea-
son lower values of modulus of elasticity can be expected,
because of the higher content of ultrafines and additives
as dominating factors and the accordingly lower content
of coarse, stiff aggregates with SCC. The evaluation of
the data really shows the fact that the modulus of elas-
ticity of SCC is within the lower half of the scattering
range according to the Model Code 90. More exactly, the
average value valid for conventional concrete represents
the upper limit for SCC, whereas all values were always
referred to the mean compressive strength (Fig 4).

3.4. Time-dependent deformations

Shrinkage and creep are very complex processes
regarding the restructuring several components of the
concrete structure caused by changes in the humidity
balance. Furthermore, these time-dependent investigations
require time and high technological expenditure. Due to
this fact only few data of the plastic shrinkage and the
autogenous shrinkage of SCC as well as the time-depen-
dent deformation behaviour under load are published in
literature and very different conclusions about these
material properties are stated. The drying shrinkage of
SCC, however, is examined several times.

A general agreement exists on the fact that SCC is
influenced in the same way by the water-cement ratio
and the curing method as normal vibrated concrete. The
modified aggregate combination, especially the relation
of coarse and fine aggregates as well as fineness (Blaine)
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and content of ultrafines seems to influence the shrink-
age deformations. Thus such deformations of SCC can
increase due to a lower content of coarse aggregate and
the minimum paste volume, which must be present for
ensuring the optimal self-compaction of SCC without seg-
regation. As a result, the conclusion could be drawn that
the shrinkage deformations of SCC can achieve clearly
higher values than the ones of comparable normal vi-
brated concretes. However, a denser microstructure of
the cement paste can be achieved by addition of fillers
with a fineness larger than that of cement, whereby the
shrinkage can be affected positively. So, it is possible to
modify the SCC mix in such a way that smaller shrink-
age deformations appear, similar to those of normal vi-
brated concrete.

Fig 5 shows the relationship between shrinkage and
concrete age. The identified areas mark the limits for
shrinkage deformations of C20 up to C80 with a relative
humidity of 60 % and notional member size of 50 accord-
ing to the Model Code 90, since all considered self-com-
pacting concretes of the database meet these conditions.

In the majority of the evaluated data the shrinkage
of SCC is 10 to 50 % higher than the one of conven-
tional concrete. Remarkable is the substantially steeper
rise of the deformations, particularly for young concrete
aged up to 28 days.

With rising age the deformations approach to the
limit values of the current standard. Partly similar and in
some cases smaller deformations were observed, espe-
cially when limestone powder was used in the concrete
mix. The early age shrinkage of SCC is substantially
stronger pronounced in contrast to conventional concrete,
which can be related to the increased flour grain portion.

3.5. Other aspects

Due to the fact that the bond behaviour is strongly
affected by the reinforcement properties on the one hand

6
5
4
st o
2 range of splitting tensile strength
acc. to CEB-FIB Model Code 90
1]
15 25 35 45 55 65 75 85

mean compressive strength [MPa]

Fig 3. Data base of the splitting strength of SCC with reference to the corresponding compressive
strength in comparison with the regulations of Model Code 90 [12]
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and the surrounding matrix on the other hand the bond
behaviour of SCC is different from that one of conven-
tional concrete. In our own tests an improvement of the
bond stiffness in the serviceability limit state and a very
ductile bond behaviour after reaching the maximum load
was ascertained for SCC [16-20]. However, the maxi-
mum bond strength of SCC is lower than that of a nor-
mal vibrated concrete of comparable strength.

A positive effect of the high segregation resistance
of SCC is the better homogeneity. Hence, the concrete
strength could be more evenly distributed referring to
the overall member. Indeed, in some investigations it was
found that the concrete strength measured at different
locations of a construction member spreads less than in
members of conventional concrete [21].

4. Conclusions

The described investigations show that an exact iden-
tity between the mechanical properties of SCC and normal

vibrated concrete does not exist. The results of the inter-
pretation of the data base can be summarised as follows:

— The concrete strength of SCC and conventional con-
crete is similar under comparable conditions,
whereas the tendency is obvious that SCC shows
higher strengths with same water-cement ratios. The
definite relation, however, is still to be clarified.

— The development of concrete strength with time is
similar. Deviations are to be recognised depending
on the type of filler.

— The dependence of the compressive strength on the
specimen geometry of SCC is only inarticulately
pronounced compared with the well-known relation
of conventional concrete. However, this fact is sub-
ject to review.

— The splitting tensile strength achieves clearly higher
values, partly up to 40 % higher than in the current
standard. Thus, there is a need for action regarding
the minimum amount of reinforcement.

The modulus of elasticity of SCC is slightly lower
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but within the upper half of the standardised limits.

— The shrinking deformations of SCC are up to 50 %
higher, especially at concretes aged up to 28 days.
Regarding the creep deformations there are only
insufficient test results known, thus it is necessary
to carry out further investigations.

— The bond behaviour of reinforcement in SCC is
partly better than in comparable vibrated concrete.
Based on these facts, it can be concluded that extra

design rules for SCC may not be necessary. However, it
seems to be useful to add regulations regarding the mini-
mum reinforcement and the time-dependent deformations
to the current standards.

In this regard further research projects are required
to interpret the dependencies of the hardened material
properties of SCC more precisely. Referring to this the
influence of any parameter, eg type of cement and filler
as well as their portion, water-binder/ -cement ratio, pro-
portion of fine and coarse aggregates and fineness have
to be investigated specifically.

To benefit from the advantages of SCC not only
the fresh concrete properties but also the design relevant
hardened material properties have to be known accurately.
Only in this way SCC can be used conveniently and a
realistic calculation of structural members made of this
innovative material is possible.
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