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h i g h l i g h t s

�We present a novel wet method for determination of packing density of SCC mixtures.
� The particle size distribution of all of solids in a SCC mixture is considered.
� The stability of SCC mixtures is evaluated in the horizontal and vertical movement.
� We apply a new experimental study for the measurement of solid velocity in SCC mixtures.
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a b s t r a c t

This paper presents an experimental study on the influence of packing density of solid particles on the
stability and rheology of self-consolidating concrete (SCC). Also it is tried to address a new method for
determination the packing density of SCC mixtures. Seven powder-types of SCC mixtures with different
packing density were made with inclusion of silica fume, metakaolin or low activity-granulated blast fur-
nace slag as a substitution of Portland cement. Results demonstrated that there is an optimal packing
density about 0.804 and a little lower than maximum packing density of 0.807 with minimum static seg-
regation and final plastic settlement. Moreover in the optimum packing density of particles, the calcu-
lated velocity and rheological properties of SCC are improved. The results emphasized that the effects
of mineral admixtures are completely different in the static and dynamic segregation. Mineral admix-
tures reduced static segregation (SCC at rest in vertical state) but increase dynamic segregation (SCC at
flowing in horizontal state). This finding shows that the cementitious binder content must be sufficient
in flowing state to restraint from dynamic segregation.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most important differences between SCC and con-
ventional concrete is the incorporation of mineral admixtures
and higher content of powder and fine aggregates. Since the Port-
land cement is the most expensive material of concrete, reducing
the cement content and using of recycled materials such as lime-
stone powder, fly ash and granulated blast furnace slag (GGBFS)
in SCC is an economical solution. Also utilization of industrial recy-
cled materials is one of the major arms towards sustainability
development. Thus many studies regarding the effects of mineral
admixtures on the properties of SCC have been established [1–9].

Many research studies has been published about the effects of
mineral admixtures on the properties of fresh SCC in particular
the rheology and workability [5,6,10–14]. However, one of the

most important parameters has not yet been completely studied
on SCC is the packing density of particles and the effects of mineral
powders. Packing density of the solid particles is a fundamental
parameter characterizing the properties of many granular systems;
for example in the soil and concrete. Generally, SCC is character-
ized with a combination of water and solid phases, which the solid
phases including coarse aggregates, fine aggregates, filler, cement
and mineral admixtures. On the other hand, the packing density
of solids influences SCC properties significantly. In the recent years,
researchers have attained that the performance of concrete can be
improved by maximizing the packing density of the solid particles
contained therein [15–18]. For instance, the packing density of the
materials is maximized to reduce the water to cementitious mate-
rials ratio in order to increase the strength and durability indexes
in the 1994, by Delarrard and Sedran [19] and Lange 1997 et el.
[20]. In 1996, Sedran et al. [21] tried to maximize the packing den-
sity of the entire granular skeleton, including the aggregate and
cementitious materials, for the production of SCC. Later, in 2005,
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Brouwers and Radix [22] received that however the packing of the
aggregate plays a major role; but the packing of all solid particles
including coarse and fine aggregates, filler, cement and mineral
admixtures, in the concrete mixture should be the basis for the
mix design of SCC. Khayat et el. [23] realized that SCC with near
optimum packing of aggregate exhibited lower viscosity and
high-range water reducing admixture (HRWRA) demand, and bet-
ter filling capacity than SCC with lower aggregate packing density.
SCC with the optimum packing density exhibited a better stability
due to the higher content of materials smaller than 80 lm and
lower coarse aggregate volume. In the mixtures tested, adding
more sand relative to coarse aggregates cause to reduce the binder
and consequently reducing of packing density [24]. So it can be
seen that there is a challenge on the packing density of SCC with
regard to stability and rheological properties.

Some other researchers [25,26] tried to relate the packing density
of solid materials and grading curve. In order to model the concrete
mixture, all solids (aggregates, cementitious materials, filler and
mineral admixtures) should be considered [26,27]. Consideration
of packing of granular materials, the packing of particle size distribu-
tion (PSD) is presented by Andreasen and Andrersen [28] based on a
semi-experimental study, and distanced the PSD with the higher
packing density. Funk and Digner [29] revised this PSD to calculate
for the smallest particle size (modified Andreasen and Andrersen
model). Using the mentioned PSD, the rheological properties of mix-
tures can be improved. They concluded that with the higher packing,
the more water is available to act as a lubricant for the solids, and
accordingly the better fluidity could be gained. This emphasizes a
positive relationship between rheological properties and the pack-
ing density of the concrete mixture [26,30]. In addition, there is a
concern about the stability of SCC that is very important. In other
words, it should be noted that there is a correlation between packing
density, static segregation (means stability of SCC at rest) and dy-
namic segregation (means stability of SCC at the flowing state).

The problem here is that the conventional methods of packing
density measurement, as presented in the existing standards
[31–35], propose to measure the bulk density of the coarse and fine
aggregates under dry condition and then determine the packing
density. So they do not include finer solid materials like cement
and mineral admixtures and the possible effects of water. These
problems are more serious when finer particles cause agglomera-
tion and have loosening effects on the coarser solids [36,37]. Hence
the dry packing methods are not applicable to cementitious mate-
rials. Recently Wong and Kwan [38] have presented a new method
to measure the packing density of cementitious materials. New
method proposed the wet packing method, which mixes the
cementitious materials with water and then; the solid concentra-
tion of cement paste formed at varying water to cementitious
materials ratio is measured and subsequently characterized the
packing density of the cementitious materials as the maximum
solid concentration attained [39].

Thus in this experimental study, the wet packing method is in-
tended to be applied for determination of the packing density of

the self-consolidating concrete. Moreover, the effects of mineral
admixtures on the packing density, plastic settlement strain, set-
tling velocity of particles, static segregation, dynamic segregation
and rheological properties of SCC are to be evaluated.

2. Experimental programs

2.1. Materials

In the present study, a locally available ordinary Portland cement type II con-
forming the requirements of ASTM C150 [40] was utilized. The mineral admixtures
were limestone powder, silica fume, metakaolin and a type of low activity ground
granulated blast-furnace slag (GGBFS). The chemical properties of cement and min-
eral admixtures are listed in Table 1.Two types of river sand (coarse and fine sand)
with a specific gravity of 2550 kg/m3 was also used as fine aggregate. Crushed lime-
stone with maximum size of 19 mm and specific gravity of 2600 kg/m3 was used as
coarse aggregate. The particle size distribution of materials used as solids in this
work is presented in Fig. 1. High-range water reducing admixture (HRWRA) with
base of polycarboxylate was also utilized.

2.2. Mixtures proportions

The proportions of the SCC mixtures are summarized in Table 2. As can be seen,
the volume of paste is similar for all of mixtures but with different compositions.
Seven types of SCC mixtures are prepared as follows:

S-1 as a reference SCC mixture, S-2 containing of a coarser limestone powder
comparing with S-1, S-3 containing of silica fume, S-4 containing of metakaolin,
S-5 containing of a higher percent of coarser sand comparing with S-1, S-6 contain-
ing of a higher percent of fine sand comparing with S-1 and S-7 containing of
GGBFS. Apart from the SCC mixture type S-2, fine limestone powder is used as filler
in the other mixtures.

2.3. Test procedure

2.3.1. Workability and rheology of SCC mixture
The workability tests including slump flow, J-ring, T50, V-funnel and visual sta-

bility index (VSI) were performed according to PCI methods [41]. For measuring the
rheology parameters including yield stress and plastic viscosity, a coaxial rheome-
ter was used. Fig. 2 shows the developed and utilized rheometer for this study.

2.3.2. Measurement of packing density
As it mentioned before, a new method of measuring packing density known as

wet packing method developed by Wong and Kwan [38] was applied here for mea-
suring the real packing density of SCC mixtures. Procedure of the measurements is
described as follows:After making a SCC mixture in mixer, concrete is poured into a
cylinder container of size 180 � 160 mm. The mass and volume of SCC in the mould
were measured as M and V respectively. If the SCC mixtures consist of several dif-
ferent materials, the volume of the solid materials VC in the mould may be worked
out from Eq. (1):

VC ¼
M

qwuw þ qgRg þ qsRs þ qcRc þ qlRl þ qmRm
ð1Þ

where qw is the density of water, uw is the ratio of the volume of water to the solid
volume of granular material and qg, qs, qc, ql and qm are the densities of gravel, sand,
cement, limestone powder as filler and mineral admixtures respectively. Also Rg, Rs,
Rc, Rl and Rm are the volumetric ratios of gravel, sand, cement, limestone powder and
mineral admixtures to the total solid materials respectively. Having obtained Vc and
V packing density (/) may be determined as Eq. (2):

/ ¼ VC

V
ð2Þ

Table 1
Chemical properties of cement and mineral admixtures.

Constituents Cement Coarse limestone powder Fine limestone powder Silica fume GGBFS Metakaolin

Sio2 20.74 2.80 0.76 94.00 36.06 52.80
Fe2O3 3.50 0.50 0.7 0.10 0.70 4.21
Al2O3 4.90 0.35 0.63 1.00 9.16 36.30
CaO 62.95 51.22 42 1.00 36.91 0.10
MgO 1.20 1.80 12 0.60 10.21 0.81
SO3 3.00 1.24 2.27 1.20 1.15 –
Loss of ignition 1.56 42.06 40.94 – – 3.53
Insoluble residue 0.74 2.80 0.74 – – –
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