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h i g h l i g h t s

� High performance SCC with silica fume (SF) and metakaolin (MK) were characterized.
� The particle size distributions of pozzolans were similar.
� The autogenous shrinkage of SCC with MK was lower than those with SF.
� SCC with SF had slightly higher flexural strength but lower fracture energy.
� MK addition in FRC improved the matrix/steel fiber bonding properties.
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a b s t r a c t

Partial replacement of cement by metakaolin (MK) increases the strength of concrete, but since the prop-
erties of MK are important parameters it is not entirely clear whether MK is more effective than silica
fume (SF) in enhancing the properties of concrete. In this study, in high-performance self-compacting
concretes (SCC) with two different water/binder (w/b) ratios (0.28 and 0.35), cement was replaced by
MK or SF at the weight fraction of 10%. In order to provide a meaningful comparison, the pozzolans with
similar particle sizes were used. The effectiveness of MK and SF on the autogenous shrinkage, calcium
hydroxide (CH) consumption, flowability, mechanical properties and fracture behavior of SCC was exam-
ined. In addition, the performances of these two types of mineral additives in fiber reinforced concrete
under four-point bending were documented. It was shown that both MK and SF had an increasing effect
on autogenous shrinkage of paste with 0.35 w/b ratios, while at 0.28 w/b ratio the mixtures with MK
showed a lesser amount of autogenous shrinkage at 48 h. CH consumption was found to be slightly
higher in the pastes containing MK compared to those with SF. The long-term autogenous shrinkage of
SCCs with MK was lower than those with SF. The use of MK and SF as mineral additives caused a decrease
in fracture energies of concretes, and this effect is more pronounced in SF blended concretes, while no
significant change was observed in the compressive strength developments of the mixtures. Fiber
reinforced concretes containing MK were found to have much higher fracture energy than that with
SF, indicating that the MK addition improves the matrix/steel fiber bonding properties.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

There is a growing interest in the application of high perfor-
mance self-compacting concretes (SCCs) that are now used in
many different types of buildings including fire- or impact-
resistant structures. High strength concretes are denser and
relatively more homogeneous compared to ordinary concrete,
and these characteristics lead to an increase in the brittleness of
hardened concrete [1–3]. In a study on the effects of water to

cement ratio and curing time on the critical pore width (which is
one of the parameters to be examined in investigating the inner
structure of hardened cement paste) it was shown that the critical
pore width of the hardened cement paste decreased significantly
(from 110 to 30 nm) with decreasing water to cement ratio and
increasing curing time [4]. It is well known that the mechanical
behavior and fracture of concrete is largely affected by the
microstructure of concrete; the interfacial transition zone (ITZ)
between the aggregates and cement paste is particularly the
weakest link [5–7]. Although earlier studies on the fracture and
microstructure of high strength concrete with silica fume (SF) have
provided some useful information [8–10], more research is needed
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for better understanding of the early age and fracture behavior of
concrete with metakaolin (MK).

SF and MK are the most commonly used mineral additives in
producing high performance concrete. SF forms as a byproduct in
the silicon metal and ferrosilicon alloys industry. MK, however, is
not a byproduct of an industrial process, and thus it is not entirely
natural. It is produced by calcination of kaolin rich clay to temper-
atures of 500–600 �C. Therefore, unlike many other mineral addi-
tives, MK can be produced for specific conditions in required
particle size, composition and whiteness [11].

Both types of pozzolans react with calcium hydroxide (CH).
While the reaction of SF produces only Calcium-Silicate-Hydrate
gel (C-S-H), the pozzolanic reaction of MK forms C-S-H and calcium
hydroaluminasilicate with calcium hydroaluminate such as
C2ASH8-stratlingite, C4AH13 and rarely C3ASH6-hydrogarnet [12–
13]. The formation of different types of reaction products results
in variable fresh and hardened concrete properties. For example
Curcio et al. [14] showed that the rate of strength at early ages
was quicker in mortars with MK than those with SF. These authors
explained the early high reactivity of MK to be a result of two dif-
ferent Al2O3 contents as AlIV and AlV and stated that the formation
of alumina phases (especially C2ASH8) increased the early strength
of mortars. It has been reported that the setting time of mixtures is
not affected by the amount of SF, while there is a significant delay
especially at initial setting time in pastes with MK [11]. It is known
that drying shrinkage behavior of concrete with MK is similar to
that with SF and the addition of any of these pozzolans causes less
drying shrinkage to develop [15]. In many cases, porosity of con-
crete containing pozzolanic additive are equal or smaller than that
of Portland cement concrete which is an important parameter for
high performance and strength. Since concretes with SF or MK
have denser microstructures than plain concrete, and they display
additional changes in their hydration characteristics, the autoge-
nous shrinkage is more pronounced in these materials [16–20].
The autogenous shrinkage leads to the development of substantial
volume changes in early ages, and this, together with internal and
external restraints, causes cracking especially in high performance
concrete, in which water/cement ratio (w/c) is low and there are
large amounts of cementitious materials.

There exists extensive information in the current literature on
the durability properties of concrete with SF and MK [20–25].
The pozzolanic and filler effects of ultrafine pozzolans cause pore
refinement to occur in cementitious materials. Justice and Kurtis
[26] showed that the surface area of MK has important effects on
the properties of concretes. In many of the previous studies con-
ducted to provide comparisons between the effects of SF and MK,
the particle sizes of admixtures are not indicated [20,14–27], or
there are some differences in particle sizes of these materials
[20,22,24,25,28–30]. One additional effect of pozzolans is the
acceleration of Portland cement hydration, and this effect becomes
more significant when MK is used as an additive in cement paste
[31]. Partial replacement of cement by MK increases the strength
of concrete, but it is not yet clear whether MK is more effective
than SF [28,32]. Caldarone et al. [33] produced concretes with SF
or MK at water/binder ratio of 0.40 and found that the mixtures
with 5 and 10% of MK had 10% more compressive strength than
that with the same amount of SF. The mixture with 5% of MK
had the highest compressive strength (78.3 MPa) at the end of a
year, which decreased gradually with using 10% of MK, 10% of SF
and finally 5% of SF (63.5 MPa).

High performance concrete is a term used to describe concrete
with high strength and also highly improved durability. It is, how-
ever, known that one of the main disadvantages of high strength
concrete is its brittleness, as mentioned above. Thus, to overcome
this disadvantage, it may be necessary to use fibers, considering
that their existence may considerably increase the toughness of

high strength concrete. On that occasion it is essential to define
the effects of both SF and MK on workability and mechanical prop-
erties of FRC.

In this study, in high performance SCC with low water/binder
(w/b) ratios, cement has been replaced by MK or SF at weight frac-
tions of 10%. In order to make a meaningful comparison, care was
taken to use MK and SF with almost identical particle sizes. This
makes it possible to see the effects of pozzolans on the properties
of concrete when they have the same filler effect due to their sim-
ilar particle size distribution. The amount of MK used was deter-
mined based on the experimental results presented in Akcay
et al. [34], in which an optimum value to obtain higher mechanical
strengths and lower shrinkage was identified. The aim here is to
investigate the hydration and autogenous shrinkage development,
as well as the mechanical and fracture performance of SCC and FRC
with SF and MK.

2. Experimental works

2.1. Materials and mix proportions

The mixtures used in the experiments were prepared using typical CEM 42.5R
cement with a Blaine specific surface area of 349 m2/kg. Chemical compositions
of the binders are presented in Table 1. The SF used is an amorphous silicon dioxide
powder that contains 93.7% of SiO2 and has an average particle size of 0.8 lm and a
specific surface area of 13200 m2/kg. The MK used is an anhydrous calcined form of
kaolinite with 53% of SiO2, 43.8% of Al2O3, an average particle size of 1.3 lm and a
specific surface area of 13000 m2/kg. The particle size distributions of SF and MK are
shown in Fig. 1. The SF was used in dry condition and mixed with cement before the
water addition. Specific gravities of Portland cement, SF and MK were 3.14, 2.4 and
2.5, respectively. In order to regulate the slump of fresh concrete close to that of SCC
we used a polycarboxylic ether-based high-range water reducing admixture
(HRWRA) in the mixtures. The amount of mixture was arranged to achieve slump
flow diameter of 60 cm.

Aggregates we used contain natural sand, crushed sand and crushed limestone.
Their specific gravities were 2.6, 2.61, and 2.72, respectively, while effective water
absorptions were found to be 2.1%, 1.2% and 1.1% according to ASTM C127-C128
[35–36]. The grading curves of aggregates are shown in Fig. 1.

To produce fiber reinforced concretes, hooked-end steel fibers were added into
the mixtures. The steel fibers that were coated with brass were 30 mm in length
and 0.55 mm in diameter, with an aspect ratio (L/d) of 55. The tensile strength of
fiber was 1150 MPa, and the volume fraction was 1%. Partial replacement of aggre-
gate by steel fiber was based on one-to-one volume basis.

First of all the reference concretes with two different w/b ratios (0.28 and 0.35)
were produced (REF-0.28 and REF-0.35). Then, cement was replaced by SF or MK at
weight fractions of 10% (0.28-SF; 0.28-MK; 0.35-SF and 0.35-MK). Finally, steel
fibers were introduced into the concretes that were produced using 0.35 w/b ratios
and contain pozzolans (FRC-SF and FRC-MK). The mix design and codes of the con-
cretes are listed in Table 2.

During sample preparation, the binders were first blended in dry condition, and
then the aggregates were added into the mixture. Care was taken to ensure homo-
geneity of the mixture by adding HRWRA and water into the mixture progressively.
Finally, fibers were added if they were to be used. The samples were cast in steel
moulds following the fresh state investigations. They were demoulded after 24 h,
and kept in a curing tank saturated with lime at 20 �C until the testing day.

2.2. Test procedure

To define the early age properties, paste phases of concretes were also pro-
duced. In order to characterize the volumetric autogenous shrinkage of pastes the

Table 1
Chemical compositions (%) of Portland cement, SF and MK. The pozzolans and their
oxide contents were provided by BASF.

Portland cement SF MK

CaO 64.66 0.47 0.02
SiO2 20.07 93.7 53.0
Al2O3 4.49 0.81 48.8
Fe2O3 3.44 1.33 0.43
MgO 1.23 – 0.03
SO3 2.76 0.40 –
K2O 0.23 1.52 0.19
Na2O 0.30 0.45 0.23
Loss on ignition 2.61 3.28 1.01
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